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Abstract 

Photoinduced halide segregation (PHS) is a process of critical importance for the performance of 
perovskite solar cells with mixed halide absorber layers. However, PHS is still not well understood, 
especially in the case of layered metal halide perovskites (MHP), which are less commonly studied 
compared to their 3D counterparts. Here we investigated temperature- and light-induced PHS in 2D MHP 
with phenylpropylammonium (PPA) spacer. We found that 2D PPA-based MHP exhibited complex 
segregation behavior dependence on temperature and illumination intensity, with suppression of 
segregation observed at high temperature (attributed to highly exothermic nature of the process), as well as 
moderate illumination intensities, illustrating importance of additional processes present in this particular 
material, which exhibits distinctly different behavior compared to 2D MHPs with other aromatic cations. 

Metal halide perovskites have widely tunable bandgaps by simple composition adjustments. They 
have a general formula of ABX3, where A= MA, FA or Cs, B= Sn or Pb, and X= I, Br or Cl. With different 
combinations of A, B and X ions, the bandgap can be varied from 1.24 eV to 3.55 eV.1   Wide range of 
bandgap tunability, coupled with versatile preparation procedures, enables new solutions to existing 
challenges such as deep blue light emitting diodes (LEDs)2,3 and multi-junction photovoltaics (PVs).4-6 
While the multi-junction perovskite-Si tandem cells have recently reached a power conversion efficiency 
(PCE) of 29.5%,7 exceeding the theoretical limit of single silicon cell,8 challenges remain in terms of 
device stability. The ideal bandgap of the top absorber in a tandem cell is about 1.7 eV which can be easily 
achieved by halide mixing method. However, mixed halide perovskites (MHPs), noted as AB(I1-xBrx)3, are 
commonly observed to segregate under illumination, i.e. exhibit photoinduced halide segregation (PHS) to 
form iodide-rich and bromide-rich domains.9 The segregation can lead to rapid degradation in devices,10 
and the iodide-rich domain with lower bandgap energy behaves as a carrier sink which can cause open-
circuit voltage (Voc) deficit.11 Although the correlation between vacancy and PHS has been evidenced,12,13 
mechanisms of PHS are still not well understood.  

Different models have been proposed to describe PHS. The two commonly used models are 
thermodynamic miscibility gap model14,15 and polaron model.16,17 According to miscibility gap model,14,15 

PHS is a thermodynamic governed process where the illumination can provide energy to overcome the 
energy barrier of separating the mixed phase, and halide segregation does not occur when the illumination 
drops below threshold intensity which is determined by material properties and the temperature. In a 
polaron model,16,17 segregation is a carrier-driven process where the energy difference of the parent mixed 
phase and lower bandgap phases lead to carrier funneling which, coupled with the lattice structure, induces 
polaron formation. Neither of the two common models is fully able to explain the contradictory 
experimental observations simultaneously, namely remixing of the segregated phases at high 
temperature,18,19 and the insensitivity of terminal composition to temperature.20 Another thermodynamic 
model, thermodynamic energy bandgap model,20 which attempted to reconcile the predictions of the two 
models, predicted a terminal composition close to zero, and the difference with experimental observations 
was attributed to kinetic limitations and a temperature-independent percolation threshold.20 In addition to 
differences in the prediction of terminal composition and its temperature dependence, the predicted 
illumination values for illumination suppression also vary greatly, with low illumination levels (~20 to 230 
µW cm-2) estimated by miscibility gap and high illumination levels (0.75 to 200 W cm-2) estimated by 
polaron model. In addition, the importance of hole trapping and oxidation of iodide species has been 
recently recognized.21,22 Obviously, further refinement of PHS models is necessary due to its complex 
nature that includes several factors which cannot be distinguished easily.   
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In addition, while PHS in 3D perovskites is widely investigated, limited knowledge exists for PHS 
and ion migration in layered Ruddlesden-Popper (RP) and/or Dion-Jacobson (DJ) perovskites,23-30 which 
have a general formula L2An-1BnX3n+1 (RP) or LAn-1BnX3n+1 (DJ), where L is the bulky organic spacer cation 
and n is the number of octahedral lead halide layers sandwiched between spacer cation bilayers. Similar to 
3D perovskites, the divergence between different PHS models persists in these materials as well, and its 
interpretation is further aggravated by the effect that the choice of spacer cation has on PHS, which is 
absent in 3D perovskites. Despite increased complexity, elucidation of processes occurring in 2D MPH are 
particularly important since those materials demonstrated significant ability to suppress the halide 
segregation. Several spacer cations were found to impede halide segregation, for example butylammonium 
(BA) spacer for electric field driven halide segregation in LEDs23 and benzylammonium (BZA) spacer for 
PHS under 200 mW cm-2 LED light soaking at 85 ºC.24 Furthermore, a rigid spacer of phenethylammonium 
(PEA) was found to significantly suppress PHS in 2D MHP, compared with the BA spacer.25 Thus, it is 
critical to improve our understanding of the PHS to fully utilize the use of 2D MHP to develop PHS-
resistant devices. Unfortunately, the problems with different models developed for PHS in 3D perovskites 
also extend to their 2D counterparts. For example, the activation energy of PHS in PEA2Pb(Br0.5I0.5)4 was 
21.7 kJ mol-1 which is smaller than that in MAPb(Br0.5I0.5)3 (28.9 kJ mol-1),18,26 which would indicate that 
PHS in PEA2Pb(Br0.5I0.5)4 would be more pronounced compared to MAPb(Br0.5I0.5)3, different from 
experimental observations. Recently, study on mixing-demixing process in (PDMA)Pb(Br0.5I0.5)4 (PDMA: 
1,4-phenylenedimethanammonium) thin film revealed a miscibility gap under illumination which supports 
the idea that the process is governed by thermodynamics rather than kinetics.27 This implies that the 
segregation resistance cannot be evaluated by comparing the activation energies in different MHPs due to 
different experiment conditions, such as sample preparation methods (which would affect the grain sizes 
and defect levels in the samples and consequently ion migration) and illumination intensities. It has been 
well recognized that there are still several unanswered questions concerning PHS, and that the analysis is 
complicated by conflicting data in the literature.31,32 To rationalize the diverging phenomena, we investigate 
the PHS dependence on temperature and illumination intensity in a 2D MHP. We have developed an in-situ 
absorption measurement to monitor the halide composition of 2D MHP with phenylpropylammonium (PPA) 
spacer under illumination. Since it has been shown that layered perovskites with aromatic and aliphatic 
spacer cations show distinctly different behavior25 and that PHS and/or ion migration are strongly 
dependent on the spacer cation used,25,29,30 we have chosen PPA cation as an aromatic spacer with a longer 
alkyl chain tail compared to more commonly studied PEA. As shown in Figures S1 and S2, PPA-based 
perovskite exhibits significantly different behavior compared to both BZA and PEA, where for PEA we 
observe suppressed segregation at both 25ºC and 84ºC, for BZA we observe no suppression at both 
temperatures, while for PPA we observe suppression only at 84ºC (for a given illumination intensity of 6.5 
mW/cm2). This makes PPA an excellent candidate for performing comprehensive investigation of PHS as a 
function of both temperature and light intensity, as it has potential to uncover complex behavior that can 
eventually lead to better understanding of this important phenomenon. In addition, the investigation of PHS 
over a wide range of temperature and illumination intensities is important as the solar cells operating 
outdoors will be exposed to wide range of conditions, and those operating indoors (perovskite solar cells 
are particularly promising for indoor applications33,34) are operating at significantly lower illumination 
intensities compared to 1 Sun (100 mW/cm2). 

A complex dependence of the segregation on temperature and illumination intensity was indeed 
observed for this material for the investigated illumination power (6.5-100 mW/cm2) and temperature (25-
84ºC). The segregation process was then interpreted in the aspects of kinetics and thermodynamics with 
Arrhenius and Van´t Hoff equations, respectively. At the lowest illumination intensity (6.5 mW/cm2), the 
photoinduced segregation can be well described by Van´t Hoff equation. With the increase of illumination 
intensity, other mechanisms start to dominate the process and a more complex behavior emerges which can 
no longer be approximated by a simple linear function. At rarely considered moderate illumination 
intensities around 0.1 Sun, particularly interesting behavior of segregation suppression at both high 
temperature and increased illumination intensity was found, which was attributed to the thermodynamic 
nature of PHS, instead of its kinetic property. Further increase of the illumination intensity, however, leads 
to re-emergence of segregation, which can be attributed to increased effects of hole trapping and/or 
polaron-induced strain. Interestingly, the segregation at high intensity can be described by bi-exponential 
process at lower temperatures but it can be described with a single exponential function again at 84ºC.  
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The 2D perovskite film of PPA2Pb(Br0.5I0.5)4 was deposited on glass substrate by spin-coating in 
an argon filled glovebox. Pure bromide and pure iodide 2D perovskite thin films were also prepared as for 
reference. A homogenously mixed halide perovskite was obtained, as evidenced by the exciton peak at 450 
nm in the absorption spectrum (Figure S3), which is in agreement with other 2D mixed halide perovskites 
(MHPs).25,26 The XRD patterns of PPA2PbI4, PPA2PbBr4 and PPA2Pb(Br0.5I0.5)4 are shown in Figure S4. 
Although bromide is smaller than iodide, PPA2PbBr4 structure exhibit larger periodicity along the c-
direction (d = 19.35 Å) compared to PPA2PbI4 which exhibits periodicity of d = 16.9 Å. This indicates that 
the packing of the spacer cations and the intermolecular interactions within the bilayer have stronger 
influence on the contraction/expansion of the unit cell than the difference in sizes of the halide ions. This is 
often not the case with alkylammonium spacer, such as butylammonium. But various types of π-π 
interactions, that can be established when alkylphenylammonium spacers are used, seems to have the 
prevailing effect on the overall size of unit-cell. The same as in the case of PPA, the smaller unit was 
reported for the iodide structure with phenylethylammonium (PEA) compared to its bromide analogue.35,36 

So, while the pure bromide shows larger interlayer distance than the pure iodide PPA-based perovskite, the 
interlayer distance of PPA MHP (d = 19.51 Å) exceeds those of both pure halide perovskites. Since the 
difference between PPA2PbI4, PPA2PbBr4 and PPA2Pb(Br0.5I0.5)4 is not caused only by the (partial) 
substitution of halides on crystallographic B site but instead it also includes the reorganization of spacer 
bilayer accompanied with the conformational changes of PPA cations, Vegard’s law is not applicable, thus 
making XRD unsuitable method to investigate PHS. In order to continuously follow the PHS and prevent 
remixing process in dark, the in-situ visible absorption measurements with a xenon lamp as excitation 
source and AM0 filter were conducted (Figure S5).  Films were encapsulated with cover glass and epoxy to 
prevent potential degradation due to oxygen and moisture.37 The absorption spectra were obtained from the 
light transmittance with Beer–Lambert law. The obtained in-situ absorption exhibits a minor blue shift in 
exciton peak when compared with the steady-state absorption spectrum [Figure S6].  

Figure 1a shows the in-situ absorption spectra of PPA2Pb(Br0.5I0.5)4 film at 25 oC for 30 min. 
Under prolonged illumination, the intensity of exciton peak at 443.0 nm decreases and blue-shifts with a 
simultaneous increase of absorption intensity at longer wavelengths. Blue shifting of the parent peak 
indicates bromide enrichment in the parent phase while the emerging absorption implies the formation of 
iodide-rich phase. The segregation process can be described by Eq. 1 

2PPA!Pb(Br".$I".$)%
&'
*+ PPA!PbBr% + PPA!PbI%     (1) 

This observation resembles the PHS in 2D MHPs with other spacer cations.25,26 Also, the newly 
evolved exciton peak at longer wavelength agrees with the formation of iodide rich phase during halide 
segregation.15,38 The increased peak width suggests that the segregated sample is composed of a wide range 
of halide compositions. To visualize the composition changes, the absorption difference spectrum was 
obtained by subtracting the initial spectrum (Figure 1B). The absorption difference spectrum clearly 
exhibits a depletion of the parent composition, accompanied with the growth of bromide-rich and iodide-
rich phases. The equilibrium state between the mixed and segregated phases can be revealed by two 
isosbestic points at 422 nm for the mixed-bromide rich phases and 456 nm for the mixed-iodide rich phases. 
The composition change was quantified by integrating the peak area in absorption difference spectrum and 
plotted as a segregation trace (Figure 1C). The trace was fit with monoexponential function; pseudo-first-
order rate constant (k) of 3.04 × 10-4 s-1 was obtained. The obtained rate constant is comparable to the value 
obtained with PEA2Pb(Br0.5I0.5)4 film (<4 × 10-4 s-1 at 100 mW cm-2 and 295K)26 and it is an order 
magnitude smaller than that with (PDMA)Pb(Br0.5I0.5)4 film (6 x 10-2  s-1 at 1.5 mW cm-2 and 313 K),27 but 
neither of them showed obvious segregation in the given condition. Thus, it should be noted that the degree 
of segregation cannot be revealed by the rate of reaction. 
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Figure 1. (a) In-situ absorption spectra recorded at different times during the segregation process of 
PPA2Pb(Br0.5I0.5)4 at 25 oC under a xenon lamp with 6.5 mW cm-2 (b) absorption difference spectra and (c) 
segregation trace.   

The photoinduced halide segregation process in the PPA2Pb(Br0.5I0.5)4 films was further 
investigated at elevated temperatures. The in-situ absorption spectra, absorption difference spectra and 
corresponding segregation traces recorded at different times during the segregation process of 
PPA2Pb(Br0.5I0.5)4 at T = 41 oC, 56 oC, 71 oC and 84 oC under a xenon lamp with 6.5 mW cm-2, are shown in 
Figure S7. With an increase in temperature, the rate constant increases from 3.04 × 10-4 s-1 at T = 25 o C to 
3.36 × 10-3 s-1 at T = 84 o C. The influence of temperature on the rate constant can be expressed with the 
Arrhenius equation (Eq. 2):18 

ln(𝑘) = − (!
)*
+ ln	(A)     (2) 

where A is a pre-exponential factor, E+ is the activation energy of photoinduced halide segregation process, 
R is the universal gas constant and T is temperature, as shown in Figure 3b. Although the rate of 
segregation reaction increases with temperature, as can also be seen from the Arrhenius diagram where ln(k) 
decreases linearly with 1/T, one should always keep in mind that the reaction rate itself does not address the 
extent of segregation reaction, as this is actually controlled by thermodynamic factors (vide infra). This is 
seen at highest temperatures where the reaction rates are largest while the segregation is almost suppressed. 
Figure 2a shows almost no bromide enrichment of parent phase nor the formation of iodide-rich phase at 
the temperatures of 71 o C and 84 o C. The extent of the segregation reaction and corresponding 
thermodynamic equilibrium will be addressed and discussed later. From Figure 2a it can also be seen that 
segregation readily occurs even at room temperature despite the activation energy, calculated from the 
slope of the Arrhenius diagram, of 32.0 ± 3.8 kJ mol-1. The obtained value is larger than that of 
PEA2Pb(Br0.5I0.5)4 (21.7 kJ mol-1) which has shown negligible halide segregation under 1 sun.26  

In addition to temperature, excitation intensity has been shown to have an important effect on the 
photoinduced halide segregation processes. Threshold excitation intensity was introduced to explain the 
absence of segregation at low intensity (in a range from ~20 to 230 µW cm-2).17,18 On the other hand, it was 
reported that the segregated phases remixed at high intensity (0.75 to 200 W cm-2).39,40  To elucidate the 
effect of excitation intensity on the photoinduced segregation processes in the PPA2Pb(Br0.5I0.5)4 films, we 
further investigated the segregation processes at moderate light intensities in between the low and high 
intensity extremes commonly investigated in the literature, i.e. with illumination intensities of 9.5 mW cm-2 

and 12.0 mW cm-2. From Figure 2b and Figure 2c we observe that the increase in intensity significantly 
affects the segregation process at T = 25 °C, while the impact of intensity on the segregation occurring at T 
= 84 o C is insignificant.  
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Figure 2. In-situ absorption spectra of PPA2Pb(Br0.5I0.5)4 recorded at t = 0 s and exposed to a xenon lamp 
for 30 min under different conditions. (a) T = 25 oC, 41 oC, 56 oC, 71 oC and 84 oC at 6.5 mW cm-2, (b) T 
=25 oC and (c) T = 84 oC at 6.5 mW cm-2, 9.5 mW cm-2 and 12.0 mW cm-2. 

The in-situ absorption spectra, absorption difference spectra and segregation traces recorded at 
different times during the segregation process of PPA2Pb(Br0.5I0.5)4 at T = 41 oC, 56 oC, 71 oC and 84 oC 
under a illumination of 9.5 mW cm-2 and 12.0 mW cm-2 are shown in Figure S8 and S9, respectively. The 
obtained rate constants were presented in Figure 3a and Table S1. At low temperature, the increase of 
intensity accelerates the segregation process significantly. This is expected since the higher excitation 
power assists in overcoming the activation barrier.7 However, with the increase in temperature, at T = 56 oC 
and 71 oC, the impact of increased intensity on the rate of segregation gradually diminishes. Finally, at T = 
84 o C, photoinduced segregation processes under all three illuminating conditions have almost the same 
rate. Furthermore, it is important to notice that under the illumination of 6.5 mWcm-2, the rate of reaction in 
whole temperature range strongly depends on the temperature. However, for 9.5 mW cm-2 and 12.0 mW 
cm-2 the segregation rates do not depend on temperature in the range from 25 °C to ~70 °C. In short, the 
kinetics of segregation reactions under 6.5 mWcm-2 is temperature-driven while in the case of increased 
intensity the kinetics of segregation is primarily determined by the intensity. Although the rate constant at      
12 mW cm-2 is comparable to that in 84 oC at 6.5 mW cm-2 (3.36 × 10-3 s-1), PHS is readily observed in the 
former while it is absent in the later. This result clearly differentiates kinetic and thermodynamic properties 
of PHS in our sample.  

Figure 3b-d shows Arrhenius diagrams for the segregation reactions under 6.5 mW cm-2, 9.5 mW 
cm-2 and 12.0 mW cm-2. We can observe that at higher excitation (9.5 mW cm-2 and 12 mW cm-2), the 
observed dependence can no longer be described with a single linear function. This indicates that additional 
mechanisms start to dominate the reaction, and consequently we can distinguish two different regions at 
high temperature (temperature dominated region, TDR) and low temperature (light dominated region, 
LDR). The data in each region were fitted by a straight line, and for TDR one additional temperature data 
point has been added. The activation energy for the segregation under 6.5 mWcm-2 is 32.0 ± 3.8 kJ mol-1. 
For both 9.5 mW cm-2 and 12 mW cm-2, activation energies in TDR are of the same order of magnitude as 
at lower power (91±29 kJ mol-1 and 42.1±1.5 kJ mol-1, respectively), while in LDR the activation energy is 
reduced by an order of magnitude, i.e. low values of 3.5 ± 0.8 kJ mol-1 and 3.6 ± 2.2 kJ mol-1 are obtained. 
This suggests that the shift from the temperature-dependent regime to the intensity regime remarkably 
reduces the activation energy. In the intensity regime, increase of the intensity mainly results in the increase 
of the reaction rate with only a slight change of activation energy.  

Finally, we address the thermodynamic aspects of photoinduced segregation processes in the 
PPA2Pb(Br0.5I0.5)4 films. If the photoinduced segregation process described by the Eq. 1 is assumed to be 
reversible, the reaction will approach equilibrium state at infinite time (Figure S10): 

2𝑀			
k
⇌
𝑘′
		𝐵 + 𝐼      (3) 

Therefore, an equilibrium constant (𝐾,-) can be defined as: 

K,- =
[/]×[2]
[3]"

= 4#4$
4%"      (4) 

With an assumption that 𝑎5 = 𝛾5𝑥5  with 𝑥5  as the molar fraction and 𝛾5 = 1. In practice we can define 
𝑥/2 = 𝑥/ = 𝑥2 and 𝑥3 = 1 − 𝑥 so that: 

K,- =
6"

%(896)"
      (5) 

We assume that the molar fraction is proportional to the change in absorption e.g. 𝑥 = ∆<=>%
<=>&,%

 where 𝐴𝑏𝑠",@ 

and ∆𝐴𝑏𝑠@  are the initial absorbance of the mixed phase and the change in absorbance, respectively. 
∆𝐴𝑏𝑠@ was obtained from the pre-exponential factor in the kinetic curve fitting while 𝐴𝑏𝑠",@ was obtained 
from the peak area of the exciton peak in the mixed phase. The obtained Keq are presented in Figure 3e and 
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Table S2. At T = 25 °C, with the increase in intensity, the equilibrium is strongly shifted towards mixed 
parent structure. However, with further increase in temperature, at T = 56 oC and 71 oC, the impact of 
increased intensity on the equilibrium gradually is reduced. Finally, at T = 84 oC, equilibrium under all 
three illuminating conditions is almost the same. It is important to notice that under the illumination of 6.5 
mW cm-2, the equilibrium in the whole temperature range strongly depends on the temperature (as it is 
valid for the rate of segregation). With the increase in temperature, the equilibrium shifts towards the mixed 
phase. This is meaningful as because the reaction entropy change, expected to be quite relevant in this 
process, will dominate at large T. However, for 9.5 mW cm-2 and 12.0 mW cm-2 the equilibrium is weakly 
temperature-dependent in the range from 25 °C to 71 °C, similar to the observed two distinct regions in 
Arrhenius plots. 

Additionally, we can consider enthalpy changes calculated from the Van´t Hoff diagram for the 
segregation process at different intensities. A plot of ln(K,-) vs 1/T is shown in Figure 3f-h and the linear 
curve is described by the Van´t Hoff  equation as 

lnEK,-F = − ∆A
BC
+ ∆D

B
     (6) 

where ∆𝐻 and ∆𝑆 are the enthalpy change and the entropy change of PHS. Data at higher temperature for 
9.5 mW cm-2 and 12 mW cm-2 (TDR region) have been fitted separately, as the reaction under these 
illumination intensities can no longer be described as a single linear function. The enthalpy change under 
6.5 mW cm-2 is -152 ± 9 kJ mol-1. The large negative value indicates that photoinduced segregation is a 
highly exothermic reaction, meaning that increase in temperature shifts the equilibrium towards the mixed 
parent phase. For illumination intensities of 9.5 mW cm-2 and 12 mW cm-2 in TDR region, we observe 
enthalpy changes of -344 ± 66 kJ mol-1 and -197 ± 87 kJ mol-1, in agreement with the behavior observed for 
lower illumination intensity. In LDR, however, we observe a significant reduction of the enthalpy change 
to 2 ± 8 kJ mol-1 and 7 ± 11 kJ mol-1. The obtained uncertainties in this region are comparable to the 
uncertainty obtained for 6.5 mW/cm2, but due to the low values of ∆𝐻 resulting from weak dependence on 
temperature (dependence close to horizontal line) relative uncertainties of parameters are large. Low 
enthalpy change suggests that the shift from the temperature-dependent regime to the intensity regime 
results in the significant decrease in the magnitude of heat release. In the intensity regime, the increase of 
the intensity results in a significant decrease of equilibrium constant with only a slight change in the 
amount of released heat. To elucidate the effects of light intensity, the enthalpy change and entropy change 
with different intensities are plotted in Figure S11a. The intensity driven equilibrium shift can be described 
by the entropy change which was obtained from the y-intercept of the Van´t Hoff diagram. The reaction 
entropy changed from -478 ± 28 J K-1 mol-1 for 6.5 mW cm-2 to -1020 ± 190 J K-1 mol-1 and -597 ± 249 J K-

1 mol-1 for 9.5 mW cm-2 and 12 mW cm-2, respectively, in TDR. The negative value reveals that the entropy 
in the mixed phase is larger than that in the segregated phases. Also, the equilibrium is shifted to the mixed 
state because the increased intensity magnifies the amount of entropy loss. In LDR, however, the reaction 
entropy reduced to 5 ± 25 J K-1 mol-1 and -2 ± 33 J K-1 mol-1 for 9.5 mW cm-2 and 12 mW cm-2, respectively. 
In this case as well, the uncertainties are similar to that obtained for 6.5 mW/cm2 (likely limited by 
experimental uncertainties of our setup), but the low value of ∆S results in large relative uncertainty. The 
significant changes in entropy loss and large uncertainties of fitted parameters illustrate that with the 
increase of illumination power the process can no longer be well described by a simple Van´t Hoff model, 
i.e. ∆H and ∆S are temperature dependent in this range. This illustrates that with increase of the 
illumination power additional mechanisms become significant. 
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Figure 3. (a) ln(k) versus temperature plot and b) Arrhenius plots for the photoinduced halide segregation 
processes in PPA2Pb(Br0.5I0.5)4 film at T = 25, 41, 56, 71 and 84 o C under (b) 6.5 mW cm-2, (c) 9.5 mW cm-

2 and (d) 12.0 mW cm-2. (e) ln(Keq) versus temperature plot and Van ‘t Hoff  plots of PPA2Pb(Br0.5I0.5)4 film 
at T = 25, 41, 56, 71 and 84 o C under (f) 6.5 mW cm-2, (g) 9.5 mW cm-2 and (h) 12.0 mW cm-2. The 
polynomial fit curves (dot line) show that data are converging at high temperature. Solid lines are linear fit 
of the data. Red and yellow shadings indicate temperature-dominated region (TDR) and light-dominated 
region (LDR), respectively. 

In parallel to Keq, we can extract the Gibbs free energy that directly expresses if the reaction is 
shifted towards the reactant or the product. A full heatmap diagram of this quantity is shown in Figure S11b.  
The calculated reaction Gibbs free energy shifts from negative to positive with increased temperature at 6.5 
mW cm-2. It coincides with the thermodynamic based model where halide mixing/demixing process is 
temperature dependent.18-20 On the other hand, increase in illumination power is found to increase the Gibbs 
free energy and thus favor the mixing process. This observation hints the remixing behavior of MHP at 
strong illumination condition.39-41 We speculate that the observed shifts in k and Keq are caused by light 
induced surface deformation42 such as redistribution of strain gradient40 or microstructure evolution.41 
Photothermal effect, which has been shown to remix segregated phases,41 is excluded since the light 
intensity here is significantly lower than the reported power and the power dependent effect is fading at 
high temperature. However, it could play a role at higher illumination intensities, especially since measured 
temperature increase of the sample using a thermocouple for the short duration of the experiment (30 min) 
may not necessarily reflect localized heating of the perovskite layer due to low thermal conductivities of 
glass and MHP. 

The observed PHS process can be described with Gibbs free energy surface in the Figure S11c. An 
equilibrium condition is established between the parent mixed phase and halide segregated phases. Under 
illumination, the populated photoexcited state features a free energy surface which is favorable to the halide 
segregation. However, the shape of the ground free energy surface connecting the mixed and segregated 
phases (∆!𝐺" ) depends on the temperature (Figure S11d). Entropy and enthalpy control the reaction 
equilibrium (and its behavior with temperature) while equilibration pathways take place regardless of 
illumination intensity. With increasing intensity, the PHS occurs faster because of the larger photoexcited 
population (effectively corresponding to a barrier reduction), but at the same time the free energy 
difference is reduced, likely due to microstructure evolution, slightly affecting the properties of reactant 
and product state. At large intensity the reaction is then shifted towards the mixed parent phase.   

It should be noted that the observed trends (in terms of segregation and segregation suppression at 
a certain illumination intensity and/or temperature) are highly reproducible. However, the kinetics can vary 
from sample to sample, as illustrated in Figure S12. This is not surprising, since the ion diffusion is 
dependent on native defects and grain boundaries, which would be affected by glove box atmosphere at the 
time of synthesis, variations in manual application of antisolvent, etc. An important factor affecting the 
starting absorption spectrum and XRD pattern was found to be the use of different precursor combinations 
to obtain the films with the same final stoichiometry, as illustrated in Figure S13. It can be observed that 
there is a significant difference in the films prepared from 2PPABr+PbI2 and 2PPAI+PbBr2, indicating that 
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the precursors used affect the mixing in the final film, with shift possibly occurring either due to internal 
strain or due to differences in mixing at nanoscale. Finally, it should be noted that at high illumination 
powers and/or temperatures the encapsulation of the samples plays an important role, since delamination 
can occur.43 As shown in Figure S14, using a cover glass held together with clips (method previously 
reported18) results in erroneous result of suppression of segregation (likely due to increased ion diffusion 
due to partial solvation due to moisture ingress), while segregation followed by re-mixing with significant 
intensity drop is obtained with epoxy-only encapsulation, and finally no remixing is observed when edges 
of the epoxy+cover glass encapsulated sample are additionally sealed by tape. At room temperature, 
epoxy+cover glass encapsulation is sufficient and reliable, but simple cover glass held together with clips is 
not, as illustrated in Figure S15. This strongly indicates that the experimental investigations must be 
performed on properly encapsulated samples to ensure reproducibility.  

Finally, while PPA2Pb(Br0.5I0.5)4 is exhibiting interesting and unique dependence of PHS behavior 
at moderate light intensities, PHS under higher intensity (1 Sun or 100 mW/cm2) is highly relevant for 
practical applications. Thus, we examined the behavior of the PPA2Pb(Br0.5I0.5)4 under higher illumination 
power, as shown in Figure 4, as well as Figures S16-S18.  

 

 

Figure 4. In-situ absorption spectra of PPA2Pb(Br0.5I0.5)4 films at (a-c) 25 oC and (d-f) 84 oC for 30 mins of 
illumination with white light intensities of  (a,d) 50 mW cm-2 (b,e) 75 mW/cm2 and (c,f) 100 mW/cm2. 

While photosegregation observed is strong at higher illumination intensities, different trends are observed 
for different illumination powers. At room temperature the PHS is marked at 0.5 Sun and even more at 0.75 
and 1 Sun. However, in all cases illumination at 84ºC results in some suppression of the segregation. At 1 
Sun illumination, the segregation rate decreases with increasing temperature (Table S3), different from the 
observed temperature dependence at low illumination intensity of 6.5 mW/cm2. This led to a false 
estimation of activation energy with a negative value (Figure S19) and implies that the segregation consists 
of multistep processes under strong illumination. At the microscopic level, the increased light intensity will 
result in increased photogenerated hole concentration, with the hole trapping at iodide sites potentially 
increasing lattice instability,22 and thus enhancing the segregation. For 0.5 Sun illumination at 84ºC we can 
observe some suppression of the segregation. We have already mentioned strain redistribution40 and 
microstructure evolution41 as possible reasons for segregation suppression. Another possible connected 
phenomenon is the photostriction effect. It is known that MHPs exhibit photostriction effect under 
illumination, and the lattice compression saturates with increasing light intensity.44 Since lattice 
compression increases the activation barrier for phase segregation,45 this could contribute to the PHS 
suppression at light intensities, with further increase in the intensity and consequent increase in hole 
concentration, followed by increased hole trapping and polaron-related deformation, resulting in 
segregation dominance at high light intensity. The observed dependence of the PHS on temperature and 
light intensity indicates that additional mechanisms, different from the recognized processes (polaron-
induced strain leading to the formation of I-rich domains, valence band edge variation, localization of holes 
at iodide sites, concentration gradients of halide species, defect involvement),32 exists in these samples. 
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These elements point to a different regime for the PHS compared to low illumination powers: as both 
internal and polaron-induced lattice strain can serve as driving forces for PHS,21 we speculate that in some 
materials lattice compression can result in suppression of PHS for certain certain light intensities. The 
coexistence of strain effects with other more general critical elements, such as hole and defects densities, 
may also play a role in approaching saturation regimes. Obtained results further suggest that the critical 
temperature for photo-miscibility gap (the temperature where segregation will stop) depends not only the 
temperature but also the interaction of material properties, exposed environment and illumination 
condition.32 

Observation of such unusual dependence of PHS on light intensity and temperature in PPA2Pb(Br0.5I0.5)4 
films highlights the need for comprehensive in situ characterizations which would enable obtaining the 
information on structure/strain under illumination and at elevated temperature, such as in situ XRD or 
Raman spectroscopy under white light illumination. At the same time, it is highly relevant to perform the 
measurements either for encapsulated samples or under inert atmosphere since the presence of moisture and 
oxygen can not only cause degradation but also significantly alter the observed kinetics, likely due to 
higher ion mobility in the presence of moisture. 

We studied the PHS process in PPA2Pb(Br0.5I0.5)4 film with the in-situ absorption measurement. 
The segregation process under Xe light was successfully captured without any interruption of remixing in 
dark. Our observations indicate that the increase in temperature can result in the suppression of PHS despite 
the increase in the segregation rate with the increase in temperature. Also, we spotted the distinctive 
impacts of temperature and excitation intensity on PHS. At low intensity, the PHS process is primarily 
controlled by the temperature and the photoinduced segregation is hindered at high temperature because of 
its highly exothermic nature. Increasing the intensity to moderate level (~0.1 Sun) results in the emergence 
of dominance of other mechanisms and consequently more complex behavior is observed with two distinct 
regions present in temperature dependence. Thus, under excitations of 9.5 mW/cm2 and 12 mW/cm2, 
shifting of the equilibrium to the mixed state is observed. Further increase in intensity, however, results in 
segregation again becoming dominant at powers exceeding 0.5 Sun, but at illumination intensity of 1 Sun 
the segregation rate decreases with temperature different from observed behavior at low illumination 
intensity of 6.5 mW/cm2. This complex dependence on the intensity and temperature highlights the need for 
the development of in situ characterization techniques, as well as the necessity for further investigations 
utilizing different spacer cations to develop improved understanding of PHS in layered halide perovskites. 
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