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solar cells.[15] Tandem perovskite–perov-
skite[16–18] and perovskite–silicon[19–21] solar 
cells are especially promising commer-
cially,[15,22,23] having already demonstrated 
PCEs exceeding those of single-junction 
silicon solar cells.[4,5] Incipient studies 
have further suggested potential for appli-
cations in solar concentrator cells that 
enable PCEs above the standard Shockley–
Queisser limit.[24–26]

Successful implementation of perov-
skites in the top cells of tandem perovskite 
photovoltaic devices has however been 
hampered by the phenomenon of halide 
segregation,[27–29] which afflicts the mixed 
iodide–bromide compositions used to 
achieve the wide-bandgap (>1.7 eV[22,23]) 
perovskites desired for sun-facing layers 
harvesting the high-energy parts of the 
solar spectrum. Under above-bandgap 

illumination[27] or charge-carrier injection,[30–32] these mate-
rials undergo a demixing process, resulting in the formation of 
localized regions of iodide-rich and bromide-rich phases.[33–36] 
Removal of the external stimulus results in recovery from the 
segregation.[27,37–39] Although this reversible phase separation 
only affects a small minority of the perovskite volume,[34,40] 
the resultant spatially inhomogeneous bandgap seriously 
undermines the suitability of mixed-halide perovskites for 
tandem cell applications, not only by limiting the bandgap tun-
ability necessary for such devices[41] but also through adversely 
affecting charge-carrier extraction[41–43] and recombination,[44] 
and causing voltage losses.[40,45] Consequently, considerable 
research attention has been devoted to understanding this phe-
nomenon in order to prevent it, as laid out in several recent 
review articles.[46–50]

The precise mechanism of light-induced halide segregation 
remains contentious, with the proposed microscopic models 
falling into three broad categories.[47,48,51,52] The first set of 
models identify localized lattice strain as the driving force for 
halide segregation. This strain either arises from intrinsic lattice 
mismatch between the iodide and bromide ions[53] or is caused 
by the formation of polarons, that is, photoexcited charge car-
riers and their associated lattice distortion.[54–60] The second set 
of models (“bandgap-difference” models) meanwhile suggest 
the free energy reduction achieved by photoexcited charge car-
riers when funneling into spontaneously formed low-bandgap 
iodide-rich domains as the cause of halide segregation.[29,52,61–65] 
The third set of models invoke photogenerated charge-carrier 
gradients[66] or local electric fields[39,41,67,68] resulting in defect-
mediated halide ion migration. This set of models requires 

Understanding the mechanism of light-induced halide segregation in mixed-
halide perovskites is essential for their application in multijunction solar 
cells. Here, photoluminescence spectroscopy is used to uncover how both 
increases in temperature and light intensity can counteract the halide segre-
gation process. It is observed that, with increasing temperature, halide segre-
gation in CH3NH3Pb(Br0.4I0.6)3 first accelerates toward ≈290 K, before slowing 
down again toward higher temperatures. Such reversal is attributed to the 
trade-off between the temperature activation of segregation, for example 
through enhanced ionic migration, and its inhibition by entropic factors. High 
light intensities meanwhile can also reverse halide segregation; however, this 
is found to be only a transient process that abates on the time scale of min-
utes. Overall, these observations pave the way for a more complete model 
of halide segregation and aid the development of highly efficient and stable 
perovskite multijunction and concentrator photovoltaics.

ReseaRch aRticle
 

1. Introduction

Metal halide perovskites perform particularly well as photo-
voltaic active layers,[1–3] with the record power conversion 
efficiency (PCE) of single-junction perovskite solar cells now 
in excess of 25% after just over a decade of development.[4,5] 
This success derives from excellent optoelectronic properties 
combined with facile and inexpensive fabrication routes.[6,7] 
Straightforward variation of their chemical composition (ABX3, 
A = methylammonium(MA)/formamidinium(FA)/Cs, B = Pb/
Sn, X = I/Br/Cl) results in bandgap tuning across a wide spec-
tral range of around 1.2 to 2.3 eV,[8–11] enabling versatile appli-
cation in light-emitting diodes,[12] lasers,[13,14] and multijunction 
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differential halide mobilities, and so is related to recently pro-
posed mechanisms in which trapped holes preferentially oxi-
dize iodide ions to more mobile species.[69–71] Despite the multi-
plicity of models, to date none have been able to fully explain all 
reported observations of light-induced halide segregation.[47,70,72]

Understanding the influence of temperature and light inten-
sity on halide segregation is of particular interest for the real-
world application and commercialization of perovskite tandem 
solar cells. Whereas in many research laboratories, photovoltaic 
devices are typically tested under an illumination intensity of 
100 mW cm−2 (corresponding to 1 sun, AM1.5) at 25 °C, cell 
temperature outdoors can reach 60 °C[73] while concentrator 
solar cells may experience up to 200 W cm−2.[24,26] Despite the 
evident importance of temperature and light intensity on perfor-
mance, the field still lacks a clear picture of their effect on halide 
segregation. Photosegregation kinetics in the temperature range 
150–375 K have been suggested to be governed by an Arrhenius 
relation,[27,52,63,66,74,75] whose activation energy has been associ-
ated with that of halide ion migration.[27,63,66,76,77] Such effects 
may be expected because higher temperatures may hasten ionic 
motion. However, increased temperature should also enhance 
the entropic contribution to the free energy of a thermodynamic 
system, and so promote the remixing of the I-rich and Br-rich 
phases.[46] Recovery from halide segregation in the dark has been 
attributed to entropy of mixing,[53,54,61] and has been measured 
to speed up with increasing temperature (also with an Arrhe-
nius relationship);[63] however, the entropic effect on the segre-
gation dynamics is still surprisingly unclear at this point. The 
conflicting contributions of temperature to halide segregation 
are mirrored by those of light intensity. Higher excitation power 
has been widely reported to speed up segregation,[33,39,54,56,61–63] 
above some illumination threshold[61–64] which increases with 
temperature due to entropic effects.[63] Remarkably however, suf-
ficiently high excitation powers have sometimes been shown to 
reverse segregation, either entirely[59,60] or partially.[78–80] Clearly, 
further investigation into the role of temperature and light 
intensity in halide segregation is needed[46,47] in order to estab-
lish a more unified picture, given its direct relevance to the per-
formance of mixed-halide perovskite tandem and concentrator 
solar cells under operating conditions.

In this work, we investigate the influence of temperature 
and light intensity on light-induced halide segregation in 
MAPb(Br0.4I0.6)3 by measuring changes in the photolumines-
cence (PL) spectra across an exceptionally wide parameter 
space. We reveal a reversal in the temperature trend in halide 
segregation rate, which speeds up as temperature is increased 
from 125  K to ≈290  K, but slows down again with further 
increases in temperature. This trend holds across a wide range 
of excitation intensities, and clearly demonstrates the opposing 
influences of kinetic and entropic factors on halide segrega-
tion. We further show that while halide remixing indeed occurs 
at highly elevated light intensities, and becomes more pro-
nounced at higher temperatures, this effect is only transient, 
reversing on its own over the time scale of minutes under con-
tinued illumination. We utilize our findings to elucidate the 
validity of the most commonly examined models describing 
the origins of halide segregation, and discuss their relevance to 
applications of mixed-halide perovskites in tandem and concen-
trator solar cells.

2. Results

2.1. Temperature and Light-Intensity Dependence 
of Halide Segregation

The progress of halide segregation under photoexcitation may 
be tracked via measurement of the absorption,[33,61–63,76,81] 
X-ray diffraction (XRD),[61,65,82–85] or PL[27,39,41,54,61,62,65,66,76,86,87]  
spectra. Whereas light absorption and XRD measurements 
probe the volume average of the mixed- halide perovskite, the 
PL spectra are dominated by emission from the low-bandgap 
iodide-rich domains, into which charge carriers funnel.[29,61,82] 
PL measurements therefore have the advantage of being highly 
sensitive to halide segregation,[29,78] in which fractions of the 
material ranging from ≈20%[27,33] to as little as ≈1%[27,30] have 
been estimated to participate. In contrast, the absorption spec-
trum, especially above the bandgap, is usually barely affected 
by halide segregation.[41,61,81] The archetypal mixed-halide perov-
skite series MAPb(BrxI1−x)3 has been studied extensively[46,47] and 
segregates for halide ratios 0.2 < x < 1.[27,56,66] While the x = 0.5  
composition has been widely investigated in halide-segrega-
tion studies,[39,41,61,63,82] mixed halides with x  = 0.4 result in a 
bandgap that is optimal for top cells[88] in perovskite-silicon tan-
dems.[18,30,82,85,88] Mixed-halide perovskites with lower bromide 
fractions exhibit slower segregation rates,[27,65] aiding the tem-
poral resolution of changes that occur under illumination, while 
the correlation between their degree of phase segregation and 
PL intensity is stronger.[65] Here, we study both MAPb(Br0.4I0.6)3 
and MAPb(Br0.5I0.5)3 solution-processed thin films, topped with 
a layer of poly(methyl methacrylate) (PMMA) to exclude atmos-
pheric influence on halide segregation dynamics,[39] prepared 
as described in the Supporting Information.

To explore the temperature-dependent nature of the halide 
segregation process, we measured the evolution of the PL 
spectra of PMMA-coated MAPb(Br0.4I0.6)3 films under illumina-
tion at temperatures between 125 and 375 K. Experiments were 
conducted on fresh thin-film regions for each new measure-
ment and only those runs were analyzed for which permanent 
material degradation could be excluded. Figure  1 shows the 
time dependence of the normalized PL spectra recorded at 200, 
295, and 325 K under 5 W cm−2 excitation with 532 nm light. At 
295 K, the emission initially peaks at 1.79 eV before redshifting 
within seconds and settling around 1.64 eV, consistent with pre-
vious reports for this material.[27,78,89,90] These dynamics capture 
the initial emission from predominantly mixed-halide domains, 
followed by growth in emission from iodide-rich domains 
at lower emission energy, typically corresponding to a mate-
rial with bromide content x  ≈  0.2.[27,47,61,62,84,91] We note that 
the energy of the initial mixed-phase emission blueshifts with 
increasing temperature, as is characteristic for the bandgap 
shifts of lead halide perovskites,[92] while the iodide-rich peak 
shows the same trend,[52] which Vicente et  al.[80] attributed to 
entropically driven re-homogenization of bromide into the 
iodide-rich regions. The shift in the PL peak at 325 K appears 
to proceed via emission at intermediate energy, similar to that 
observed by Mao et  al.[93] and reminiscent of other previously 
reported transient emissions.[68,78,80,94]

These false-color plots of normalized PL spectra show an 
easily identifiable “switch-over” point where the intensities 
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from mixed-halide and iodide-rich phases momentarily become 
equal. Visual inspection of the normalized PL spectra shown in 
Figure  1 thus immediately reveals the temperature-dependent 
reversal of halide segregation rates. Halide segregation pro-
ceeds very slowly at 200 K which exhibits a long initial induc-
tion time up to the switch-over point, then accelerates rapidly 
as temperatures are raised to 295  K, but subsequently slows 
again as temperatures are raised further to 325 K. This reversal 
in trend is notable as halide segregation has typically been char-
acterized as a simple Arrhenius process, for MAPb(Br0.4I0.6)3 
thin films[27,66] and other mixed-halide compositions.[63,75] We 

note that although a threshold excitation intensity has been 
found to be required to induce halide segregation, and this 
increases with temperature, it lies well below our illumina-
tion conditions, only reaching 100 µW cm−2 even at 363  K,[63] 
meaning that such threshold effects cannot explain the effects 
we observe. While there have been isolated reports of higher 
temperatures preventing halide segregation altogether,[46,56,57] 
the dynamic reversal in halide segregation kinetics as a func-
tion of temperature has not previously been reported.

In order to quantitatively capture such temperature-
dependent reversal of halide segregation, it is necessary to iden-
tify a parameter describing the rate of halide segregation. The 
commonly used exponential fits to the growth of the iodide-
rich PL feature[61,63,66,74] are unable to capture the latency that 
is evident in the halide segregation in Figure  1a and which is 
a common feature of processes involving nucleation.[54,64,65] 
Although more phenomenological expressions have been pre-
viously employed to capture this lag time in the process,[39,95] 
here we simply parametrize the halide segregation speed by 
the easily apparent “switch-over” time taken for the iodide-rich 
emission to become brighter than the original mixed-phase 
emission, as described above and detailed in the Supporting 
Information. This switch-over time, tsw, is plotted in Figure 2a 
for MAPb(Br0.4I0.6)3 between 125 and 375  K and under light 
intensities ranging from 10 mW cm−2 to 300 W cm−2. It is 
evident that the reversal of trend shown in Figure  1 under 
5 W cm−2 also occurs under higher and lower light intensities, 
with halide segregation occurring most quickly at temperatures 
in the range of ≈275–300 K. Similarly, temperature-dependent 
measurements of the switch-over time for MAPb(Br0.5I0.5)3 (bro-
mide content x = 0.5) are shown in Figure S1, Supporting Infor-
mation, for light intensities from 30 mW cm−2 to 40 W cm−2. 
A reversal of temperature-dependent trend in the switch-over 
time also occurs between 275 and 300  K, although compared 
to the case of x = 0.4 it is somewhat less pronounced owing to 
the absence of higher-temperature data and moreover only is 
apparent under light intensities of 20 W cm−2 and above.

Consistent with previous reports,[33,39,54,61,62,66,76,81] we gen-
erally observe halide segregation to proceed faster under 
higher light intensities. Figure 2b shows the evolution of the 
average emitted photon energy at 250  K, which exhibits the 
sigmoidal shape indicative of a lag time during the nuclea-
tion of iodide-rich domains[39,58,65] followed by segregation and 
ultimately saturation.[39,47,54,61,62,66] Interestingly, above room 
temperature however, segregation is not the fastest under 
the highest-intensity illumination (see Figure  2a, indicating 
that above 300 K switch-over times are shorter for intensities 
lower than 300  W  cm−2). This observation is suggestive of 
the photothermal remixing proposed by Vicente et  al.[79,80] in 
which higher incident intensities cause heating which drives 
entropic remixing of the halide ions, although such a mecha-
nism might also be expected to result in the trend in halide 
segregation rate reversing at lower nominal temperatures for 
higher light intensities, which we do not observe. At low tem-
peratures and light intensities, halide segregation was so slow 
that tsw was longer than the duration of the measurement. 
Indeed, our observation of halide segregation at 150  K under 
300 W cm−2 is in line with the lowest-temperature reports of 
this phenomenon.[57,66]

Adv. Mater. 2023, 35, 2210834

Figure 1. a–c) Normalized time-dependent PL spectra of MAPb(Br0.4I0.6)3 
thin films under 5 W cm−2 excitation at 532 nm at temperatures of 200 K 
(a), 295 K (b), and 325 K (c). The individual PL spectra were normalized 
against their own maximum intensity within the range 1.51–1.98 eV.
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2.2. Light-Induced Remixing

Highly elevated light intensities have also recently been reported 
to inhibit halide segregation, which we examine here in detail. 
For example, several studies have observed that following halide 
segregation in thin films of MAPb(BrxI1−x)3 with 0.33 ≤ x ≤ 0.9 
the final PL emission gradually blueshifts with time, with the 
shift becoming more pronounced as the light intensity is raised 
from 10 mW cm−2 to 16 W cm−2.[78–80] This blueshift has been 
attributed to local photothermal remixing[79,80] following the 

rapid formation of especially iodide-rich domains, and does not 
recover the initial pristine mixed-halide composition, that is, 
represents only partial reversal of halide segregation. However, 
one much more dramatic report has been made by Mao et al.[59] 
of almost total recovery from halide segregation in single-crystal 
microplatelets of MAPb(Br0.8I0.2)3 when the light intensity was 
increased from 10 to 200 W cm−2 under pulsed excitation by a 
400 nm laser at 295 K, as reproduced in Figure S2b, Supporting 
Information. These authors have reported that following initial 
10 W cm−2 excitation, the PL emission redshifts from 2.25 to 
1.75 eV as expected for halide segregation, but upon application 
of the 200 W cm−2 light, the main PL emission blueshifts to 
2.23 eV, very closely approaching the initial mixed-phase emis-
sion—an effect attributed to halide remixing. Once the light 
intensity is reduced back to 10 W cm−2 after 20 s, halide seg-
regation resumes and the PL emission again redshifts. Mao 
et  al. attributed this remixing to the elimination of the strain 
gradients driving halide segregation, owing to the high charge-
carrier density causing the polarons in the material to overlap, 
allowing entropy-driven remixing to dominate.

We here aim to re-produce such effects for the 
MAPb(Br0.4I0.6)3 thin films under investigation, and to probe 
the extent to which they last beyond the initial period of tens 
of seconds explored in the study by Mao et al. Figure 3 shows 
our measurements of the time-dependent PL emission from 
MAPb(Br0.4I0.6)3 thin films when exposed to low and high light 
intensities, with care taken that the region of the sample under 
illumination did not drift spatially. At all three temperatures, 
initial exposure to 5 W cm−2 light resulted solely in the expected 
PL redshift caused by halide segregation. Increasing the inci-
dent light intensity to 50 W cm−2 did not cause any significant 
change in the PL, nor were any changes observed upon a return 
to the lower 5 W cm−2. However, increasing the light intensity 
to a much higher 300 W cm−2 from 5 W cm−2 did result in a 
blueshift in the PL, indicative of some halide re-mixing. At a 
temperature of 295  K this blueshift was not very pronounced 
in comparison to that observed by Mao et al.,[59] as highlighted 
in Figure S2, Supporting Information, in which the PL spectra 
from the two studies are presented alongside each other. We 
note that for the MAPb(Br0.4I0.6)3 thin films we examined 
here, the observed blueshift occurred within 1 s of exposure to  
300 W cm−2 intensity, while for the MAPb(Br0.8I0.2)3 microplate-
lets examined by Mao et al.[59] a slower shift over ≈20 s occurred 
under 200 W cm−2 intensity, most likely because of higher bro-
mide content and higher crystallinity for their materials.[9,46] 
However, we note that importantly, the remixing we observed 
here proves to be only transient, as the PL soon redshifted again 
under continued illumination with 300 W cm−2 light, indicating 
that the halides re-segregated again over the time scale of min-
utes. Furthermore, as shown in Figure  S3, Supporting Infor-
mation, when pristine, well-mixed films of MAPb(Br0.4I0.6)3 
are excited with 300 W cm−2 at the same temperatures, they 
respond by rapid halide segregation, showing that highly 
elevated intensities do not as such provide a stabilizing force 
against halide segregation. Interestingly, such halide segrega-
tion of a pristine film under 300 W cm−2 excitation (as shown 
in Figure  S3, Supporting Information) proceeds on similar 
timescales to those of the re-segregation process observed in 
Figure  3 following the brief re-mixing effect. Increasing the 
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Figure 2. a) Temperature dependence of the switch-over time, tsw for 
MAPb(Br0.4I0.6)3 under light intensities ranging from 10 mW cm−2 to  
300 W cm−2. tsw is the time taken for the PL intensity of the iodide-rich 
peak to exceed that of the mixed-halide peak. The solid lines are guides to 
the eye, indicating that maximum halide segregation rates (minimum tsw) 
are reached at temperatures of ≈275–300 K. The upward arrows indicate 
the duration of experiments for which halide segregation was so slow that 
the switch-over condition was not achieved and thus represent a lower 
bound on the tsw under these conditions. b) Time dependence of the 
average photon energy <Eph> of the PL emission at 250 K is shown under 
excitation intensities ranging from 10 mW cm−2 to 300 W cm−2.
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temperature enhances the effect of remixing (see Figure  3 
and Figure  S4, Supporting Information) likely because of the 
photo thermal remixing effect proposed by Vicente et al.,[80] with 
the PL spectra recorded at 350  K even blueshifting past that 
recorded initially for the mixed-phase PL emission. Importantly, 

in all cases the remixing effect is transient, only very briefly 
reversing apparent halide segregation, after which it re-com-
mences with much the same speed as originally observed for 
the pristine, well-mixed material, for which such elevated inten-
sities seem to have no stabilizing effect at all. We note that the 
transience and short timescale of this remixing distinguishes it 
from the light-induced defect formation that has been reported 
to promote protection from material degradation in metal 
halide perovskites over longer timescales.[65,96]

3. Discussion

Our findings have important implications for the identifica-
tion of mechanisms underpinning halide segregation in lead 
iodide–bromide perovskites, and for their application in tandem 
and concentrator solar cells. We begin our discussion by exam-
ining how our findings can be rationalized by various models 
that have been proposed for the halide segregation phenom-
enon. We note that below room temperature, our observations 
are qualitatively consistent with the widely reported tempera-
ture-activated enhancement of the segregation rate,[27,52,63,66,74,75] 
although we did not find a good agreement with an Arrhenius 
relationship. However, at temperatures around 275–300  K for 
both MAPb(Br0.4I0.6)3 and MAPb(Br0.5I0.5)3, we find a reversal 
of halide segregation dynamics, with slower rates for higher 
temperatures. We attribute this observed reversal to a trade-
off between kinetic enhancement from increased halide ion 
mobilities and entropic hindrance of halide segregation with 
increasing temperature.

Theoretical backing for entropic hindrance of phase segre-
gation can be found from calculated thermodynamics phase 
diagrams assuming presence of some strain,[53,54] and bandgap-
difference,[64] which indicate that the initial mixed phase should 
be stabilized against segregation at sufficiently high tempera-
ture, in particular under strong photoexcitation. However, such 
phase diagrams also posit that the initial mixed phase should 
be thermodynamically unstable even in the dark below some 
critical temperature, variously calculated as 343,[53] 266,[64] and 
190  K[54] for MAPb(BrxI1−x)3. While of course the thermody-
namic favorability of a process does not necessarily determine 
its rate,[72] these predictions are nonetheless difficult to recon-
cile with the above-mentioned reports that halide segregation 
is temperature-activated at lower temperatures, and reports of 
efficient solid-state halide ion exchange between lead iodide 
and bromide films upon physical contact.[76]

Explanations for the phenomenon of light-induced remixing 
have been proposed either in terms of photothermal heating 
driving entropic remixing[79,80] or polaron overlap leading to 
the elimination of strain gradients.[59,60] Whereas bandgap-dif-
ference models fare better than polaron models at explaining 
the excitation threshold[47,64] necessary for halide segregation to 
take place at all, they struggle to rationalize such light-induced 
halide remixing since increasing light intensity is expected 
to strictly drive segregation more strongly.[51,64] However, the 
polaronic conception of remixing proposed by Mao et  al.,[59] 
which assumes that at sufficiently high intensities, interpenetra-
tion of polarons leads to elimination of lattice-strain and there-
fore halide segregation, cannot explain why this effect would 
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Figure 3. a–c)  Evolution of normalized PL emission spectra from 
MAPb(Br0.4I0.6)3 thin films at 295 K (a), 325 K (b), and 350 K (c) under 
successive continuous-wave excitation intensities of 5, 50, 5, 300, and 
5 W cm−2 at 532 nm. These conditions correspond to approximate 
steady-state charge-carrier densities of 2.4 × 1015, 1.6 × 1016, 2.4 × 1015,  
5.2 × 1016, and 2.4 × 1015 cm−3, respectively (see Section S2.1, Supporting 
Information). The dashed black-and-white lines indicate the transitions 
between the different excitation intensities. The individual PL spectra 
were normalized against their own maximum intensity within the range 
1.51–1.98 eV.
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be transient, as we show here, even when light intensities are 
kept high. The occurrence of the transient light-induced halide 
remixing we observe here for MAPb(Br0.4I0.6)3 thus demands an 
alternate explanation. We further note that the dynamics of the 
re-segregation process following the remixing upon the sudden 
increase in excitation power are very similar to those of the ini-
tial segregation dynamics observed for a pristine film. These 
findings suggest that the initial flood of photoexcited charge 
carriers following the increase in intensity only momentarily 
resets the situation in the material, after which the previous 
equilibrium of segregated material quickly re-establishes itself.

We propose that this reset is a photothermal effect, triggered 
by the sudden arrival of an abundance of excited charge carriers 
generated by the newly applied, highly elevated illumination 
intensity. This flood of charge carriers funnels into the relatively 
small volume of iodide-rich domains formed under the previous, 
lower excitation power, with their size and abundance having 
been determined by the opposing forces of entropic remixing 
and light-induced halide segregation at the previous, lower light 
intensity. Given that such charge-carrier funneling has been 
shown to occur on the picosecond time scale in slightly segre-
gated materials,[44] while ionic rearrangements take minutes to 
occur, the system is therefore momentarily imbalanced. Impor-
tantly, upon arrival at the iodide-rich inclusions, each charge-car-
rier pair loses a quantum of energy corresponding to the bandgap 
difference between the mixed phase and iodide-rich phase  
(≈175 meV). Owing to the low thermal conductivity of metal 
halide perovskites,[97] the energy dissipated by the charge carriers 
results in local heating of the iodide-rich domains. The sudden 
strong increase in illumination intensity therefore results in a 
significant increase in the heat dumped into the existing small 
volume of iodide-rich domains, elevating their temperature sub-
stantially. As we showed in Figure 2, for MAPb(Br0.4I0.6)3 at tem-
peratures above ≈290 K a sufficient increase in temperature will 
result in the balance tipping in favor of entropic remixing, thus 
explaining the observed reversal of halide segregation.

This picture also explains why such remixing is however 
transient under prolonged high illumination intensities. Under 
such conditions, mixed-halide material will continue to segre-
gate, generating iodide-rich domains as a larger volume frac-
tion, which will gradually distribute the heat load arising from 
charge-carrier funneling more evenly across the film. As a 
result, the temperature within the iodide-rich domains eventu-
ally falls below that needed for entropic effects to dominate and 
halide segregation again re-emerges. Therefore, the transience 
of the remixing observed in Figure  3 is a consequence of the 
timescale of iodide-rich domain growth (for which the switch-
over time, tsw, shown in Figure 2a is a proxy) being too slow to 
counterbalance the entropic remixing induced by charge-carrier 
funneling and photothermal heating under higher excitation 
intensities.[79,80] This model also explains why direct excita-
tion of a pristine, fully mixed iodide–bromide perovskite with 
high illumination intensity still induces halide segregation 
(Figure S3d–f, Supporting Information): since such a material 
does not initially contain iodide-rich domains, the imbalance 
between locally intensified heating and segregating forces is 
never present in the first place and the material simply segre-
gates rapidly. We further note that this explanation is in accord-
ance with our observation of more pronounced light-induced 

remixing at higher temperatures (Figure  3). Since the switch-
over time tsw displays a parabolic temperature-dependence 
(Figure  2a) with a minimum near ≈290  K, any remixing 
effects are expected to increase prominently with temperature 
increases above that point, as we indeed observe in Figure 3.

From an application perspective, our observation of tempera-
ture-dependent reversal of halide segregation and the transient 
nature of halide remixing under high illumination intensities 
has important implications for tandem photovoltaics and concen-
trator cells. Clearly, it is somewhat unfortunate that the perovskite 
compositions with the most suitable bandgap energies for tandem 
cells with silicon exhibit the fastest halide segregation rates near 
room temperature. However, the ensuing reversal of halide segre-
gation speeds toward elevated temperatures means that, provided 
materials are optimized to be stable at room temperature, more 
elevated cell operating temperatures outdoors in excess of 60 °C[73]  
will not pose a problem. Even higher temperatures reached under 
solar concentrator scenarios would be beneficial toward reducing 
halide segregation, as these iodide–bromide perovskites would 
clearly be in the entropic limit of the curve. However, as we show, 
halide remixing deriving from high light intensities alone may 
not necessarily be beneficial to concentrator cell operation as the 
effect appears to be relatively short-lived.

4. Conclusion

We have systematically demonstrated how changes in tem-
perature and light intensity affect halide segregation in lead 
bromide–iodide perovskite thin films with intermediate bro-
mide content. We find a reversal in the halide segregation rate 
around room temperature, resulting from a trade-off between 
the countervailing influences of entropic remixing and tem-
perature-activated halide ion migration. We further show 
that while an apparent light-induced halide remixing effect 
occurs in MAPb(Br0.4I0.6)3 under high illumination intensi-
ties of 300 W cm−2, such effects are shortlived, and arise from 
charge-carrier funneling resulting in photothermal heating 
and entropic remixing of the iodide-rich domains, after which 
halide segregation re-forms larger iodide-rich domains of suf-
ficient size that spread the heat load, thus re-establishing the 
segregation dynamic. Such understanding of the influences of 
temperature and light intensity on halide segregation provides 
critical insight into the mechanisms causing such effects, and a 
grasp on how it impacts the application of mixed-halide perov-
skites in multijunction and concentrator solar cells.
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