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4. PRESSURE-DEPENDENT MANIPULATION OF 

PHASE SEGREGATION 

 

 

The easy bandgap tunability of mixed-halide perovskites makes them promising 

candidates for LEDs and tandem solar cells. However, illuminating mixed-halide 

perovskites leads to the formation of segregated phases enriched in a single-halide. This 

segregation occurs through ion migration and its control is essential for the long-term 

stability of the devices. Using pressure-dependent transient absorption spectroscopy, we 

find that the formation rates of both iodide- and bromide-rich phases in MAPb(BrxI1-x)3 

(x = 0.25, 0.5, 0.7) reduce by 2 orders of magnitude upon increasing the pressure to 0.3 

GPa. At high pressure, we find that the segregation is also almost suppressed, as indicated 

by the energy of the final phase that is very similar to the mixed phase. A similar 

mechanism occurs when the unit cell volume is reduced by incorporating a smaller cation 

(e.g. Cs+). These findings reveal that external pressure can manipulate both the kinetics 

and thermodynamics of the phase segregation and this stability with respect to halide 

segregation can be achieved either physically through compressive stress or chemically 

through compositional engineering.  
 

 

This chapter is based on the following publications: 

L.A. Muscarella, E.M. Hutter, F. Wittmann, Y.W. Woo, Y.-K. Jung, L. McGovern, J. Versluis, A. 

Walsh, H.J. Bakker and B. Ehrler, Lattice Compression Increases the Activation Barrier for Phase 

Segregation in Mixed-Halide Perovskites, ACS Energy Letters, 2020, 5 (10), 3152-3158 

 

E.M. Hutter, L.A. Muscarella, F. Wittmann, J. Versluis, L. McGovern, H.J. Bakker, Y.W. Woo, 

Y.-K. Jung, A. Walsh and B. Ehrler, Thermodynamic Stabilization of Mixed-Halide Perovskites 

against Phase Segregation, Cell Rep. Phys. Sci., 2020, 1 (8), 100120, 1-11  
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4.1. Introduction 

 In Chapter 1.3 we have discussed the characteristic softness of the 

perovskite lattice and how the relatively weak covalent-ionic bond nature can 

cause the so-called ion migration process. This process consists in the migration 

of the halide or the organic cation species within the perovskite lattice 

compromising the long-term stability of the associated devices1. For mixed-

halide perovskites, halide migration2 during continuous light exposure3 or applied 

bias4 leads to phase segregation where domains enriched in one of the halides are 

formed.  

The bandgap of mixed-halide perovskites can easily be tuned by mixing halides 

in different ratio5. For instance, mixing iodide and bromide in MAPb(BrxI1-x)3 

(with MA = methylammonium, CH3NH3
+) results in bandgaps in between that of 

full iodide (x = 0, 1.6 eV) and full bromide perovskites (x = 1, 2.3 eV).6,7 The easy 

fabrication of compositions with the desired bandgap makes the mixed-halide 

perovskites promising candidates for light emitting diodes (LEDs)8,9 and tandem 

solar cells10. However, methylammonium(MA)-based mixed-halide perovskites, 

MAPb(BrxI1-x)3, with x > 0.20 lack long-term bandgap stability under standard 

solar cell operating conditions11 because these compositions have been shown to 

suffer from phase segregation2. As a result of continuous light exposure, low- and 

high-bandgap phases are formed within the mixed composition. The low- and 

high-bandgap phases correspond to iodide-rich and bromide-rich domains2. 

Phase segregation affects the homogeneity of the bandgap required for many 

applications such as lighting and displays as the photogenerated charges transfer 

into the low-bandgap iodide-rich domains, where they recombine.  

 The activation energies reported for halide migration in single-halide 

systems12,13 and in mixed-halide systems2,13 are comparable, suggesting a similar 

transport mechanism in both cases. Therefore, both single- and mixed-halide 

perovskites would benefit from increasing the activation energies for ion 

migration, as this would slow down the degradation rate and hence increase the 

lifetime of the corresponding device. For commercial purposes, a long-term 

stability of 20 years may not be possible with kinetic stabilization only, as this 

would require a five order of magnitude lower segregation rate14 or an order of 
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magnitude higher activation energy. Therefore, understanding how to manipulate 

the segregation rate to a substantial extent and push toward a thermodynamic 

stabilization route would be the key to obtain long-term stability in devices.  

Phase segregation has been shown to depend on various factors such as 

light intensity13,15,16, duty cycle17, and film quality and thickness16,18. Reducing 

the halide vacancy concentrations19 and passivating electron traps20 whose 

electric field has been proposed to initiate halide migration by accumulating 

holes, have been suggested as ways to reduce the rate of phase segregation. 

Slower phase segregation rate has also been achieved by partial replacement of 

the organic cation with the smaller Cs+ in the mixed-perovskite21–24.  

 In this Chapter, we investigate how the kinetics and thermodynamics of 

phase segregation can be manipulated upon compressing the unit cell volume by 

increasing physical pressure in mixed-halide perovskite MAPb(BrxI1-x)3. We use 

pressure-dependent transient absorption spectroscopy, previously introduced in 

Chapter 1.6. The measurements are performed at hydrostatic pressures ranging 

from 0 (ambient pressure) to 0.3 GPa using an additional light beam to induce 

phase segregation. We find that phase segregation is substantially slower at high 

pressure for all MAPb(BrxI1-x)3 mixing ratios (x = 0.25, 0.5 and 0.7). We explain 

this reduction in the phase segregation rate by the increase of the activation 

energy (𝐸𝑎 , in light) for halide migration upon compression of the unit cell 

volume. Theoretical calculations corroborate this interpretation, revealing an 

increase in the energy barrier required for a halide species to diffuse into a 

vacancy under pressure. In addition, we find that the reduction of the unit cell 

volume at ambient pressure by partial replacement of the MA+ cation with the 

smaller Cs+, (e.g. MA0.7Cs0.3Pb(Br0.5I0.5)3  and CsPb(Br0.5I0.5)3), also leads to 

slower segregation, in a similar manner to the reduced segregation rate of 

MAPb(Br0.5I0.5)3 under high-pressure conditions. Surprisingly, we find that 

increasing pressure, the final mixing ratio of the segregated phases is closer to the 

one of the initial mixed-phase ratio, suggesting that pressure changes the 

thermodynamic landscape for phase segregation. This finding can be understood 

from a change in the thermodynamics (Gibbs free energy) as a function of 

pressure, paving a route to obtain mixed-halide perovskites stable against phase 

segregation regardless of their initial halide mixing ratio. Altogether, these 
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findings suggest that the reduction of the unit cell volume, achieved through 

compositional engineering or physical pressure, can be effectively used to delay 

halide migration by increasing the activation barrier of the halide migration 

process and push toward a thermodynamic stabilization. 

4.2. Pressure-dependent Phase Segregation 

 MAPb(BrxI1-x)3 thin films with x = 0, 0.25, 0.5, 0.7 and 1 were prepared 

by spin coating the precursor solutions onto quartz substrates as reported in the 

Experimental Methods 4.6. Absorption measurements and X-ray diffraction 

patterns are collected to confirm the successful fabrication of mixed-halide 

perovskites film as reported in Figure A4.1. To further confirm whether the 

desired halide mixing ratio was achieved after the fabrication, we performed 

elemental analysis using SEM/EDS and the results are reported in Table 4.1. The 

EDS analysis show a slight deficit of bromide in the case of the x = 0.5 sample 

and a slight excess of bromide for the x = 0.7. Overall, the real composition 

slightly differs from the stoichiometric one. We use the stoichiometric 

composition to label our samples throughout the entire chapter. 

 

Table 4.1. Stoichiometric Br fraction x compared to the real Br fraction 

incorporated in the mixed-halide films after fabrication. 

Stoichiometric Br- fraction (x) Real Br- fraction (EDS) 

0.25 0.25±0.02 

0.50 0.45±0.03 

0.70 0.74±0.03 

 

Transient absorption spectroscopy (TAS) allows us to probe the excited state of 

MAPb(BrxI1-x)3 by recording absorption spectra of the probed area at each delay 

time (from 0.05 ps to 800 ps) following a pulsed pump excitation (400 nm, with 

excitation density of ~1018 absorbed photons/cm3 corrected for the fraction of 

absorbed photons by each composition). Figure 4.1a shows a 2D plot of the ∆T/T 

signal of MAPb(Br0.5I0.5)3 as a function of the delay time between pump and probe 

and the probe pulse energy. In absence of an additional light-source, 



 4.2 - Pressure-dependent Phase Segregation 

117 

MAPb(Br0.5I0.5)3 shows a ground state bleach at (2.08±0.01) eV in agreement with 

the onset obtained from steady-state absorption measurements reported in  

Figure A4.1 at ambient pressure. We then focus a continuous wave (CW) light 

source (λ = 405 nm, I = 2.37 × 103 mW/cm2) on the pump spot to induce phase 

segregation. In Figure 4.1b we show the 2D plot of MAPb(Br0.5I0.5)3 after 20 

minutes of light-soaking, when the phase segregation is complete.  

 Here, we observe two bleaching signals, one at (1.88 ± 0.01) eV and one 

at higher energy (2.12 ± 0.003) eV compared to the initial bleach attributed to the 

mixed phase. These two features can be assigned to iodide- and bromide-rich 

domains, respectively. At later times, the bleaching signal from the bromide-rich 

phase decays, indicating the transfer of photogenerated charges into the iodide-

rich phase. To investigate the phase segregation in MAPb(Br0.5I0.5)3 during light-

soaking, we fixed the delay stage position at 15 ps, after most of the hot charge 

carriers induced by the high-energy pump have cooled25,26 to the band edges of 

the high- and low-energy phases.  

 

 

Figure 4.1. Transient absorption to probe the segregated domains at ambient 

pressure. a) ∆T/T as a function of the probe energy and delay time between the 

pump and probe pulse for MAPb(Br0.5I0.5)3 before light-soaking where only the 

bleach from the mixed-halide composition (x = 0.5) is observed and b) after 20 

minutes of light-soaking with a CW-laser where a bleach from two phases 

peaking at 1.88 eV and 2.12 eV are observed, indicative of halide segregation. 

The measurements are performed at ambient pressure. The dashed lines indicate 

the delay time chosen to study the evolution of phase segregation. 
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In Chapter 3, the hot-carrier cooling time at an excitation density of ~1018 

photons/cm3 was found to be ~ 3ps for MAPbI3. MAPbI3 is the composition with 

the largest excess of energy generated after photo-excitation at 400 nm, thus we 

expect a faster cooling time for mixed-halide compositions where the excess of 

energy is lower. An important advantage of TAS with respect to time-resolved 

photoluminescence (TRPL) is the ability to track the excited population from 

both the iodide- and bromide-rich phase15, whereas TRPL mainly probes the 

emissive low-energy phase.  

We record ∆T/T spectra every second for 20 minutes. When only the 

pump excitation is present, we do not observe any phase segregation (see Figure 

A4.2) and the positive GSB feature peaking at (2.08±0.01) eV corresponds to the 

ground state bleach of the mixed iodide-bromide perovskite phase. When the 

mixed-halide perovskite film is irradiated by a CW laser at ambient pressure, we 

observe the appearance of a second feature at lower energy peaking at (1.88 ± 

0.01) eV almost immediately, which subsequently grows in amplitude.  

 

 

Figure 4.2. Transient absorption in real time to probe phase segregation. a) ΔT/T 

as a function of the probe energy and real time (minutes) at a pump-probe delay 

of 15 ps for MAPb(Br0.5I0.5)3 during light-soaking where both the iodide- and the 

bromide-rich domains is visible from early times after illumination. b)  Cross-cut 

of the measured ΔT/T at 2, 47, 97, 247 and 347 s (from light to dark color) 

showing the reduction and the blue-shift of the initial peak attributed to the 

mixed-halide phase and the growth of the iodide-rich peak. 
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At the same time, the initial bleach shifts to higher energy peaking at (2.12 ± 

0.003) eV and reduces in amplitude. The evolution of the ΔT/T as a function of 

time in minutes at ambient pressure is shown in Figure 4.2a as 2D plot and the 

growth of the amplitude of the low-energy peak is highlighted in the cross-cut at 

different times in Figure 4.2b. When the light-soaking is complete, two positive 

features are present in the ΔT/T spectrum, indicating the presence of an iodide-

rich and bromide-rich domain with bandgaps of 1.88 and 2.12 eV, respectively. 

Subsequently, we investigated the phase segregation as a function of compressive 

stress induced by external pressure which reduces the unit cell size. We first 

calculate the change in the unit cell volume for each composition by fitting the 

pressure-dependent unit cell volume extracted from Jaffe et al.27 for x = 0, 0.2 0.6 

and 1 (Figure 4.3a-d) to the second-order Birch-Murnaghan28 equation as 

following 

 

𝑃 =
3

2
𝐾𝑇0 [(

𝑉0

𝑉
)

7
3

− (
𝑉0

𝑉
)

5
3

] (4.1) 

 

where 𝐾𝑇0  is the isothermal bulk modulus at standard temperature, 𝑉0  is the 

initial volume, V is the volume at pressure P. Then, the bulk moduli for the mixed-

halide perovskites 𝐵(𝑥) are calculated according29 to  

 

𝐵(𝑥) =
(1 − 𝑥)𝑎𝐼𝐵𝐼 + (𝑥)𝑎𝐵𝑟𝐵𝐵𝑟

𝑎𝑥  
 (4.2) 

 

where 𝑎𝐼 and 𝑎𝐵𝑟  are the lattice parameters and 𝐵𝐼 and 𝐵𝐵𝑟 the bulk moduli of 

MAPbI3 and MAPbBr3, respectively. The lattice parameter as function of 𝑥 is 

determined from the XRD measurements shown in Figure A4.1b. The calculated 

bulk moduli are shown in Figure 4.3e. From ambient pressure to 0.3 GPa, the 

unit cell volume change is about 3% for x = 0.25, 2.5% for x = 0.5 and 2.2% for 

x = 0.7 indicating higher compressibility for compositions with higher content of 

iodide.  

In addition, Figure 4.3f shows that the lattice mismatch between the full MAPbI3 

and MAPbBr3 decreases with pressure.  
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Figure 4.3. Bulk moduli in mixed-halide perovskites. a-d) P-V relation as a 

function of pressure adapted from Jaffe et al.27 and the resulting bulk moduli 

obtained from the second-order Birch-Murnaghan equation in the inset. The error 

on the fit is displayed in (e). e) Fit to obtain the bulk moduli for the mixed-halide 

perovskites as a function of x. f) Lattice parameter mismatch between pure 

MAPbI3 and MAPbBr3 as a function of pressure. 

 

 

Now that the change in the unit cell volume induced by external pressure is 

known, we perform pressure-dependent transient absorption measurement of the 
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sample with x = 0.5 inside a hydrostatic pressure cell filled with inert liquid (FC-

72, see Experimental Methods 4.6). The change in hydrostatic pressure is 

achieved by increasing the amount of inert liquid through a manual pump, with a 

resulting pressure ranging from 0 (ambient pressure) to 0.3 GPa. 

In Figure 4.4, after 20 minutes of light-soaking, we observe that the 

features attributed to the iodide- and bromide-rich domains change in energy as 

a function of the applied pressure. The narrower energy difference between the 

iodide and bromide phase is related to thermodynamic changes in the system and 

further discussed in Chapter 4.3. In addition, we observe a change in the rate at 

which the phase segregation occurs as a function of the increased pressure that 

can be related to a change in the kinetics behaviour of the system, further 

discussed in Chapter 4.4. The same behaviour under pressure as described above 

is observed for the composition with x = 0.7 shown in Figure A4.3 and Figure 

A4.4. The 2D ΔT/T plot in Figure A4.4 shows that, for the composition x = 0.25, 

closer to the threshold where the phase segregation does not occur, a complete 

suppression of phase segregation occurs already at 0.1 GPa and no clear iodide-

rich or bromide-rich phase is observed. For x = 0.5 and 0.7, the phase segregation 

also becomes less visible. At 0.3 GPa, the phase segregation only leads to a 

broadening of the initial mixed-halide peak, and no clear separate iodide-rich 

phase is observed. In the following sections, we investigate how the composition 

of the segregated phase changes and how the dynamics of the formation rate of 

halide-rich domains is affected by the external pressure. 

 



4.2 – Pressure-dependent Manipulation of Phase Segregation 

122 

 

Figure 4.4. Phase segregation as a function of pressure. ΔT/T as a function of the 

probe energy and real time (minutes) for MAPb(Br0.5I0.5)3 under light-soaking at 

a) 0.1 GPa, b) 0.2 GPa and c) 0.3 GPa. The dashed lines are a guide for the eye 

to highlight the iodide- and bromide-rich phase. 

 



 4.3 - Thermodynamics Changes under Pressure 

123 

4.3. Thermodynamics Changes under Pressure 

 Figure 4.5a shows cross-cuts of T/T traces after different amounts of 

time (2 - 347 seconds) of light-soaking at ambient pressure for mixed-halide 

perovskites with x = 0.5. At ambient pressure, the initial bleach attributed to the 

mixed phase peak at (2.08±0.01) eV for x = 0.5 in agreement with steady-state 

absorption measurements shown in Figure A4.1a. After 20 minutes light-

soaking, when the phase-segregation process is complete, the sample with 

composition x = 0.5 shows two features at an energy of (1.88 ± 0.01) eV and 

(2.12 ± 0.003) eV attributed to the iodide- and bromide-rich phase, respectively. 

By using the position of the initial bleach for x = 0, 1, 0.25, 0.5 and 0.7 at a pump-

probe delay of 15 ps, we calculate the relation to convert the peak energy 

associated with the iodide- and bromide-segregated phase to the fraction of 

bromide in the segregated domains (xs,Br and xs,I) after the phase segregation is 

complete (Figure A4.6). The energies reported above for the segregated phase in 

x = 0.5 correspond to a composition xs,I of 0.28 ± 0.02 for the iodide-rich phase, 

and xs,Br = 0.63 ± 0.01 for the bromide-rich phase. Upon increasing pressure at 

0.3 GPa (Figure 4.5b), we find that the segregated iodide-rich phase has a 

different energy, much closer to the energy of the initial mixing ratio.  

 In fact, light soaking the same mixed-halide perovskite at high pressure 

(0.3 GPa) does not lead to the formation of distinct iodide and bromide phases. 

Instead, only a small side peak appears corresponding to xs,I = 0.41 ± 0.03, next 

to the initial ΔT/T peak (xs,Br = 0.51±0.04). This observation shows that halide 

segregation is substantially suppressed at high pressure. For x = 0.25 (Figure 

A4.6), we find that this composition is entirely stable against phase segregation 

already at 0.2 GPa and no significant shift of the main peak is observed. For x = 

0.7 (Figure 4.5c), the initial bleach at ambient pressure has an energy of (2.19 ± 

0.01) eV. After 20 minutes light soaking at ambient pressure, we observe two 

features at (1.83 ± 0.01) eV and (2.26 ± 0.02) eV, attributed to the iodide- and 

bromide-rich phase. The corresponding composition are xs,I = 0.29 ± 0.02 and xs,Br 

= 0.81 ± 0.05. At high pressure, x = 0.7 remains mostly stable (Figure 4.5d) 

showing no iodide-rich or bromide-rich feature. 
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Figure 4.5. Pressure-induced suppression of phase segregation in mixed-halide 

perovskites. ΔT/T traces at different time for a,b) x = 0.5, c,d) x = 0.7 at 0 GPa 

and 0.3 GPa 

 

We observe that whereas the iodide-rich phase has the same final composition 

independent of initial composition (at ambient pressure), the bromide-rich phase 

changes substantially with x, as indicated by the different positions of the high-

energy peaks in Figure 4.5a-d after light-soaking. Table 4.2 summarizes for each 

composition (x = 0.25, 0.5 and 0.7, stoichiometric fraction) the values of the peak 

energy of the mixed phase before light soaking at different pressures Emixed and 

the corresponding composition xmixed, the peak energy attributed to the iodide- 

and bromide-rich phase after light soaking together with the corresponding 

bromide fraction. Previously, it has been proposed30,31 that the onset of the phase 

segregation matches with the bromide fraction at which the phase transition in 

the mixed-halide perovskites occurs (x > 0.2). When x < 0.2, the mixed-halide 

compositions show a tetragonal crystal structure, while when x > 0.2, the crystal 

structure adopted by the perovskite is cubic. In other words, the cubic phase was 

considered unstable under light and thus the origin of the immiscibility of iodide 
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and bromide in mixed-halide under illumination. However, our observation that 

the composition of the segregated phase xs does vary with x at high pressure 

indicates that xs is not determined by the cubic-to-tetragonal phase transition. As 

found by Jaffe et al.27, x = 0.2 and x = 0.4 are still cubic at 0.3 GPa and thus the 

pressure-dependent terminal x cannot be explained with the cubic-to-tetragonal 

phase transition. 

 

Table 4.2. Peak energy of the mixed phase for x = 0.25, 0.5 and 0.7 before light 

soaking Emixed at different pressures and the corresponding composition xmixed, the 

peak energy corresponding to the iodide- and bromide-rich phase after light 

soaking, Ex,I and Ex,Br, respectively, and the corresponding bromide fraction. 

 

x 
P 

(GPa) 

𝑬𝒎𝒊𝒙𝒆𝒅 

(eV) 
𝒙𝒎𝒊𝒙𝒆𝒅 

𝑬𝒙,𝑰 

(eV) 

𝑬𝒙,𝑩𝒓 

(eV) 
𝒙𝒔,𝑰 𝒙𝒔,𝑩𝒓 

0.25 

0 1.79±0.01 0.22±0.01 1.76±0.03 - 0.19±0.02 - 

0.1 1.77±0.02 0.22±0.01 1.76±0.01 - 0.21±0.02 - 

0.2 1.78±0.01 0.21±0.01 1.77±0.01 - 0.21±0.02 - 

0.3 1.79±0.01 0.23±0.01 1.77±0.01 - 0.21±0.02 - 

0.5 

0 2.08±0.01 0.59±0.01 1.84±0.01 2.10±0.01 0.28± 0.02 0.63±0.05 

0.1 2.07±0.01 0.60±0.01 1.83±0.01 2.04±0.02 0.30± 0.02 0.56±0.04 

0.2 2.07±0.01 0.59±0.01 1.89±0.03 2.03±0.02 0.36± 0.03 0.54±0.03 

0.3 2.07±0.01 0.59±0.01 1.93±0.03 2.00±0.01 0.41± 0.03 0.51±0.04 

0.7 

0 2.19±0.01 0.75±0.01 1.83±0.01 2.26±0.02 0.29± 0.02 0.81±0.05 

0.1 2.19±0.01 0.75±0.01 1.89±0.01 2.19±0.02 0.37± 0.02 0.75±0.04 

0.2 2.19±0.02 0.74±0.01 2.00±0.01 2.18±0.02 0.50± 0.03 0.74±0.02 

0.3 2.18±0.01 0.75±0.01 2.09±0.03 2.18±0.01 0.63± 0.03 0.74±0.03 

 

As origin of the phase segregation, we propose an alternative explanation 

for the suppression of the phase segregation process at high pressure that 

considers the mechanical effects associated with the less compressible and 

smaller unit cell volume for samples with higher bromide content. In Figure 4.6a 

we plot the composition of the segregated phase xs for x = 0.25, 0.5 and 0.7 as a 

function of the unit cell volume calculated in Figure 4.3e and we observe that the 

final iodide-rich composition significantly shifts with the changes in the unit cell 

volume induced by the external pressure applied. In other words, the smaller the 

unit cell volume, the closer the composition of the segregated phase is to the 

original mixing ratio. At ambient pressure, the positive mixing enthalpy for 

MAPb(BrxI1-x)3 drives photo-induced segregation at x > 0.232,33. For high pressure 
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and thus smaller unit cell volumes, the mixing enthalpy is reduced so that the 

entropy dominates for a larger range of mixing ratios. 

 

 

Figure 4.6. Smaller unit cell volumes result in a more stable mixed-halide 

composition regardless from the initial mixing ratio. a) Composition of the 

segregated phase xs as a function of the unit cell volume calculated using the bulk 

moduli. The larger volumes correspond to ambient pressure conditions, whereas 

smaller volumes result from compression at 0.3 GPa. b) Schematic representation 

of the suppression of segregation by compressing the mixed-halide perovskite.  

 

 MAPb(BrxI1-x)3 is a pseudo-binary mixture (or solid solution) and its 

accessible solubility range at a certain temperature T is determined by the free 

energy of mixing ΔG(x), i.e. the free energy of the mixed phase with respect to 

the phase-separated iodide (x = 0) and bromide (x = 1) compounds assuming that 

Δ𝑈 = 0. The free energy of mixing holds an enthalpic and entropic term, ΔH(x) 

and ΔS(x), respectively. Both depend on the material’s composition x.  

 

𝛥𝐺(𝑥) =  𝛥𝐻(𝑥) − 𝑇𝛥𝑆(𝑥) (4.3) 

 

First-principles calculations of Eq. 4.3 confirm a positive enthalpic term H(x = 

0.5) ~ 2 kJ/mol  due to chemical strain in the mixed MAPb(I1-xBrx)3 perovskite,33 

originating from the ionic size mismatch of I- (2.22 Å) and Br- (1.96 Å). This 

enthalpic cost of straining the bonding environment is offset by the gain in 

configurational entropy (TS).33 For a binary mixture, the entropy S (x) reaches 

a maximum at x = 0.5 with a value of also ~ 2 kJ/mol  (0.7 kBT at T = 300 K). 
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Analysis of G(x) shows two minima (at x ~ 0.2 and at 0.75) under ambient 

pressure conditions. The region in between these minima represents the 

miscibility gap (i.e. the range of compositions that are thermodynamically 

unstable). We propose that the externally applied pressure changes the PV term 

contained in the enthalpic term , whereas S is unchanged under the mild 

pressure we apply, because the regular perovskite structure is maintained. For 

most solid semiconductors, the PV term is often neglected due to a large 

resistance to compression under pressure. However, lead-halide perovskites are 

polar semiconductors and their bulk modulus is smaller than that of other 

conventional semiconductors (e.g. Si = 105 GPa, GaAs = 75 GPa) as discussed 

previously in Chapter 1.4 and as reported in Table 1.1. Thus, manipulating the 

H by inducing a change in the PV term can be used as an additional lever to 

control and extend the stability range of mixed-halide compositions. Combining 

a pressure of 0.3 GPa for a composition x  = 0.5 results in ΔV = 5Å3, and PΔV = 

1 kJ/mol. Given that the magnitude of TΔS is limited to 2 kJ/mol, this represents 

a substantial contribution. Furthermore, because the bulk modulus of the iodide 

perovskite (9 GPa for MAPbI3) is much smaller than that of the bromide 

perovskite (18 GPa for MAPbBr3), the iodide-rich regions undergo a larger 

volume change and pay a larger enthalpic penalty. As previously shown in Figure 

4.3f, the compositions with a larger fraction of iodide are more compressible than 

the composition where a larger fraction of bromide is present. Therefore, upon 

increasing pressure the ionic size mismatch is reduced and so is the microscopic 

strain, which allows TS to dominate and stabilize the mixture for larger values 

of x as schematically depicted in Figure 4.6b. Local inhomogeneities in halide 

distribution may result in low-bandgap regions (already present in the dark),34 

which act as traps to photo-excited holes. The bandgap difference Eg between 

the high- and low-bandgap domains then provides the driving force for the light-

induced phase segregation process.32 We note that this electronic term in the 

phase diagram is expected not to change significantly with pressure, as the 

bandgaps of both the iodide- and bromide compounds, and their mixtures, show 

a similar pressure dependence as reported in Table 4.2.  These observations show 

that the unit cell volume is an important factor determining the x-values at which 

mixed-halide perovskites are stable. Another strategy to tune the unit cell volume 
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is by compositional engineering, i.e. replacing the MA+ cation with a smaller 

cation, for instance Cs+ as schematically depicted in Figure 4.7a. Indeed, we find 

that chemically reducing the unit cell volume of x = 0.5 by replacing 30% of MA 

with smaller Cs cations reduces the halide segregation roughly to the same extent 

as applying 0.2 GPa external pressure to the pure MA cation perovskite, as shown 

in Figure 4.7b. Note that the Cs-based perovskites have larger bandgaps than 

MA-based perovskites,35 so that the absolute peak energies cannot be compared.  

 

 

Figure 4.7. Suppression of phase segregation in compositions where the unit cell 

volume is reduced by Cs incorporation. a) Schematic representation of the unit 

cell volume reduction when the organic MA+ is replaced by the smaller inorganic 

Cs+. b)  ΔT/T traces after 20 minutes of light soaking of composition with x = 0.5 

where the cation MA+ (red trace) is partially (blue trace) or fully replaced by Cs+ 

(black trace). 

 

When the MA+ cation is fully replaced by Cs+, the phase segregation is almost 

suppressed with the energy difference between the two peaks of only ~ 100 meV, 

similar to applying 0.3 GPa to the MA-based perovskite. While the pressure-

dependent measurements on MAPb(BrxI1-x)3 allowed us to isolate the effect of 

pressure, reducing the unit cell by replacing MA+ with Cs+ may lead to changes 

in the defect density or the halide ratio. Therefore, a direct comparison between 

the physical and chemical pressure should not be made. However, the qualitative 

observation that phase stability in general can be improved on decreasing the unit 

cell volume, either physically or chemically, may explain the previously reported 
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absence of segregation in CsPb(BrxI1-x)3 for x < 0.4 (compared to x < 0.2 for MA 

analogues).36  

4.4. Kinetics Changes under Pressure 

 Not only the composition of the segregated phase xs is affected by 

pressure but also the segregation rate, i.e. the formation rate of the iodide- and 

bromide-rich domains. The dynamic ingrowth of the iodide- and bromide-rich 

phases during light-soaking is shown in Figure 4.8a.  As pressure increases, we 

observe a substantially slower phase segregation. This observation holds true for 

all MAPb(BrxI1-x)3 compositions studied, x = 0.25 (which barely segregates from 

0.1 GPa onward), x = 0.5 and x = 0.7, as reported in Figure A4.7. To extract the 

segregation rate as a function of pressure, Gaussian profiles are fitted to the 

ground state bleaches of the low- and high-energy peaks position, and we monitor 

the peak energies of these Gaussians as a function of the light-soaking time. All 

kinetic traces are characterized by a continuous change in the ground state bleach 

energy, due to a change in composition, followed by saturation at a certain energy 

when segregation is complete. We observe that the time at which this final 

composition is reached changes substantially with pressure. The traces were fitted 

with mono-exponential curves, 𝐴𝑒𝑘𝑠𝑒𝑔𝑡 + 𝑐 (eV, offset), to determine the 

segregation rate 𝑘𝑠𝑒𝑔. Our rates at ambient pressure are comparable to previous 

work calculated under comparable light-soaking conditions15,37. Under pressure, 

the iodide-rich phase formation rate decreases by almost two orders of magnitude. 

For x = 0.5, 𝑘𝑠𝑒𝑔  decreases from (0.08±0.01) s-1 at ambient pressure to 

(0.003±0.001) s-1 at 0.3 GPa. At 0.3 GPa the difference between the initial and 

final energies is much smaller than at ambient pressure38. However, still the time 

constant associated with the evolution towards the terminal xs-value is much 

longer, indicating that segregation is substantially slower at 0.3 GPa. A similar 

trend is observed for x = 0.7 and x = 0.25, where the segregation rate decreases 

from (0.1±0.03) s-1 at ambient pressure to (0.003±0.001) s-1 at 0.3 GPa, and from 

(0.028±0.002) s-1 to (0.004±0.001) s-1, respectively. For x = 0.25, there was no 

detectable change in the mixed peak position within our resolution. For the other 

compositions, the formation rate of the bromide-rich phase is slower and less 
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affected by pressure compared to the iodide-rich one (Figure 4.8b). This 

observation will be discussed in more detail later. 

 

 

Figure 4.8. Peak energy evolution of the iodide- and bromide-rich phase. a) 

Dynamic evolution of the low-energy iodide-rich phase (red) and high-energy 

bromide-rich phase (blue) from ambient pressure to 0.3 GPa. b) Segregation rates 

for the iodide- and bromide-rich phases as function of pressure for all the 

MAPb(BrxI1-x)3 compositions (x = 0.25, x = 0.5 and x = 0.7). 

 

 We explain the diminution of the segregation rate upon increasing 

pressure from an increase of the activation energy associated with the migration 

of halide ions, consequently delaying the accumulation of ions in the low-energy 

phase. Density functional theory calculations on the model systems CsPbI3 and 

CsPbBr3 in Figure 4.9a show the energy barrier associated with vacancy-assisted 

halide diffusion. The potential energy surface for ion diffusion is calculated, and 

the saddle point is identified, as a function of applied pressure. The transition 

state increases in energy as the cell volume decreases (see Figure A4.8). As a 

result, the energy barrier increases with pressure for both materials, with a change 

of 0.134 eV (I-) and 0.138 eV (Br-) when the pressure is increased from 0 to 2 

GPa. 
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Figure 4.9. Calculated and observed activation energy for halide migration of 

perovskites under pressure. a) Calculated (DFT/PBEsol) activation energy for 

iodide and bromide diffusion in CsPbI3 and CsPbBr3 as a function of unit cell 

volume. b) −𝑙𝑛(𝑘𝑠𝑒𝑔) (which is proportional to the activation energy for phase 

segregation), plotted against the external physical pressure applied for x = 0.5 and 

x = 0.7 

 

To derive the relation between the segregation rate and the activation 

energy for the halides migration we use the definition of the diffusion 

coefficient39 (see Appendix 4.7.2 for the full derivation)  

 

𝑘𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛 =
𝑞2𝑁𝜈0𝑑2

6 𝜖0𝜖𝑝𝑒𝑟𝑜𝑘𝐵𝑇
𝑒𝑥𝑝

(
𝛥‡𝑆°

𝑘𝐵
)

𝑒𝑥𝑝
(−

𝐸𝑎
𝑘𝐵𝑇

)
 (4.4) 

 

Where 𝛥‡𝑆°  is the entropy change between the initial state and the activated state, 

as opposed to the entropy difference between reactant and product, kB is the 

Boltzmann constant, 𝜐0 is the attempt frequency for an ion to hop, d is the ionic 

hopping distance, Ea is the activation energy, q is the elementary charge, 𝜖𝑝𝑒𝑟𝑜 is 

the permittivity of the perovskite, 𝜖0 is the permittivity in vacuum and N is the 

doping density. The attempt-to-escape frequency has been commonly attributed 

to the frequency of an attempt to break or loosen a bond. For ion migration in 

halide-based perovskites, the vibrational frequency relevant for halide migration 
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is determined by the Raman frequency of the [PbI6]4– cage (10-50 cm-1)40. As a 

function of pressure, this term has been found constant for MAPbI3
41 and 

temperature-dependent Raman42 shows similar results for MAPbX3 (X=Br-,Cl-) 

below their phase transition, therefore we assume that this term remains relatively 

constant in the range of pressures we studied. At such mild pressure, we do not 

expect a change in the mechanism of halide migration and hence we can assume 

the 𝛥‡𝑆° to be constant in the range of pressure used. Similarly, we expect only 

small changes in the remainder of the pre-factor  
𝑞2𝑁𝜈0𝑑2

6 𝜖0𝜖𝑝𝑒𝑟𝑜𝑘𝐵𝑇
 under pressure. The 

jump distance 𝑑 can change as a function of pressure similarly as the strain (2-

3%) as it depends on the lattice parameter of the unit cell. 𝜖𝑝𝑒𝑟𝑜 and 𝑁 may both 

change proportionally to the volume change, which will be well below 5% at the 

mild pressures applied. Hence, the pre-factor cannot account for the large change 

in the migration rate. As a consequence of the discussion above, it follows that 

the natural logarithm of the migration rate is largely proportional to the activation 

energy for the migration process 

 

−ln(𝑘𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛) ∝ 𝐸𝑎 (4.5) 

 

For simplicity, we define the experimental −ln(𝑘𝑠𝑒𝑔) as the effective activation 

energy 𝐸𝑎
∗. Typical activation energies for halide migration in these perovskites 

are in the order of 100-200 meV (see transient ion drift (TID) measurements 

below)13,37,43.  The experimental 𝐸𝑎
∗   plotted as a function of physical pressure 

applied increases by a factor three upon increasing pressure to 0.3 GPa for all the 

compositions (Figure 4.9b).  

Interestingly, we show in Figure 4.10a that similarly to what was observed in 

Chapter 4.3, the reduction in unit cell volume by partial or complete replacement 

of MA+ with the smaller cation Cs+ results in a similar kinetic behaviour as under 

high pressure. This observation suggests that slower ion migration is a 

phenomenon that is more generally linked to a reduction of the unit cell volume, 

independent of how this reduction is achieved (see Figure A4.9 for 𝐸𝑎
∗  as a 

function of unit cell volume change induced by chemical and physical pressure). 

We note here again that partial replacement of MA+ with the smaller Cs+ may 



 4.4 - Kinetics Changes under Pressure 

133 

result in different defect densities, crystallinity and strain which will also affect 

the absolute segregation rate. As local stoichiometric variations could also play a 

role in establishing the absolute rates of phase segregation, further investigations 

on single crystals would be useful as they show less stoichiometric variations 

compared to thin films44. By applying external physical pressure, we essentially 

vary only one parameter while moving from MA+ to Cs+ may also change other 

parameters. However, the similarity in the trends observed in Figure 4.9b and 

Figure 4.10b indicates that the unit cell volume plays a key factor in the phase 

segregation rate. 

 

 

Figure 4.10. Chemical modification to reduce the phase segregation rate. a) 

Dynamic evolution of the low-energy iodide-rich phase measured by pressure-

dependent TAS during light-soaking for compositions where the A cation is MA+ 

(red trace), MA+ : Cs+ in 0.7 : 0.3 ratio (blue trace) and Cs+ only (black trace). 

Corresponding b) −𝑙𝑛(𝑘𝑠𝑒𝑔) plotted against the unit cell volume. We observe 

that −𝑙𝑛(𝑘𝑠𝑒𝑔) follows the same trend as when the pressure is varied. 

 

Ion migration plays a large role in the degradation of perovskite thin 

films, and the effect of strain shimmers through many observations related to 

perovskite stability. Under tensile strain, the inorganic [PbX6]4- framework is 

distorted resulting in longer and weaker Pb−X bonds and less strongly tilted 

octahedra45. This strain results in a decreased formation energy for defects and a 

lower activation energy for ion migration46. A source of tensile strain which 

lowers the activation energy for ion migration46,47,48 is the presence of light during 
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light-soaking, which has been shown to lead to thermal expansion in MA-based 

mixed halide perovskite unit cells49. We also find a lower activation energy under 

light exposure than under dark conditions, which we measured using TID on an 

x = 0.20 sample, the composition with the highest mixing ratio which does not 

segregate under light-soaking. We found two negatively charged species 

migrating with comparable activation energy in dark, namely (0.15 ± 0.03) eV 

and (0.14 ± 0.01) eV. In single-halide composition only one negative species was 

observed12 so it is likely that the two species found in the mixed-halide 

compositions represent both iodide and bromide. In light, the activation energy 

of the former species is reduced to (0.09 ± 0.01) eV, whereas the latter remains 

constant at (0.13 ± 0.02) eV. The decrease in activation energy in light is 

consistent with the observation that light-induced tensile strain leads to increased 

ion migration. We note that some of the change in activation energy could be due 

to heating but it cannot explain the full magnitude50. Since light changes the 

activation energy of only one of the two halide migration processes, we propose 

that the process with the lower activation energy in light may be mainly 

responsible for phase segregation (see Appendix 4.7.3 and Figure A4.12 for TID 

traces and details on the fitting method).  

 Our observation that the rate of phase segregation strongly depends on 

the physical pressure demonstrates the large role that strain plays for ion 

migration. We hypothesize that pressure-induced compressive stress counteracts 

the effect of thermal expansion induced by light. Therefore, by strengthening the 

Pb−X bonds, pressure mitigates the reduction of the activation energy for halide 

migration. A scheme of the proposed mechanism at the microscopic and 

macroscopic level is shown in Figure 4.11a-b.  

A similar reduction of phase segregation can be obtained at ambient 

pressure by inducing strain via either regulating strain in the perovskite film 

through charge-transport layers as recently reported by Xue et al.51 or through 

compositional engineering, by partial replacement of MA+ with smaller cations. 

As a consequence, Cs+ incorporation further slows down phase segregation in 

MA-based mixed halide perovskites52. Ferdani et al.53 have also reported 

increased ion migration activation energy in dark also when MA+ is partially 

replaced by larger cation. In  fact, strain can also play a key role in mixed-cation 
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mixed-halide perovskite compositions which are reported to be less sensitive to 

light-induced thermal expansion50 and phase segregation22,23,24. 

 

 

Figure 4.11. Schemes of the proposed mechanism to kinetically stabilize phase 

segregation by external physical pressure. a) Light induces thermal expansion 

strain and decreases the energy barrier for halide migration by weakening the 

Pb−X bonds. At high pressure, the compressive strain counteracts the light-

induced strain and increases the activation energy for halide migration. b) At 

ambient pressure, mainly the iodide ions move to the illuminated areas (dashed 

circle) to increase the volume of quickly formed iodide-rich islands, increasing 

their volume. At high pressure, halide ions move slower given the higher 

activation energy, leading to slower phase segregation. 

 

From our measurements the formation rate of the low-energy iodide-rich 

phase appears to be faster than the high-energy bromide-rich phase for all the 

compositions and pressures explored. The total mixing ratio before light-soaking 

at ambient conditions calculated from the area and the energy position of the 

bleach is 0.531 ± 0.001 for x = 0.5. Now that we know the x-values of the 
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segregated phases calculated from the bleach energy positions, and their relative 

peak areas, we can calculate whether the total mixing ratio has changed during 

the segregation. After 20 minutes of light-soaking, the mixing ratio is 0.46 ± 0.01, 

suggesting iodide-enrichment of the illuminated area. Although most of the 

halide ions move within the illuminated area, the decrease in the total mixing ratio 

suggests that some iodide ions have moved from outside the illuminated region. 

At high pressure, a similar trend is observed (x = 0.47± 0.01 after light-soaking). 

This similarity in total mixing ratio suggests that despite the changes in 

segregation rate and final composition, the total number of iodides moving into 

the probed area does not change with pressure. Furthermore, while both the 

segregation rate and the final composition of the iodide-rich phase are heavily 

affected by physical pressure38, the bromide-rich phase does not show a clear 

trend with pressure. As an additional observation, the rate of evolution of the area 

of the bleach of the low-energy phase (roughly proportional to the volume 

fraction) is slower as compared to the rate obtained by the peak energy position 

in time, whereas the high-energy phase shows the same rate for the peak energy 

and peak area decay as shown in Figure A4.10. We speculate that all these 

observations could be explained by the formation of local, small iodide-rich 

islands (low-energy phase) with a well-defined composition from a small portion 

of the film which does not substantially affect the high-energy phase. Then, once 

those islands are formed, the bulk of the halides segregate via the migration of 

iodide ions into the initially-formed islands, growing the volume of these 

domains32. It is important to note that the different rates extracted from the areas 

can also be the result of different dynamics before 15 ps for the low- and high-

energy phase. Therefore, the interpretation is not trivial. In addition, we observe 

that during halide segregation, the total area of the two bleaches changes over 

time at low pressure (see Figure A 4.11). Finally, given that the halide migration 

likely occurs via a similar vacancy-mediated mechanism both in mixed- and 

single-halide compositions, we propose that unit cell size is equally important for 

halide migration in single-halide systems, and that a similar chemical approach 

as in mixed-halide compositions could be used to reduce the rate of halide 

migration in single-halide compositions, e.g. MAPbI3. 
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4.5. Conclusion 

 We used pressure-dependent transient absorption to investigate the 

evolution of the phase segregation in several mixed-halide perovskites, 

MAPb(BrxI1-x)3 (x = 0.25, 0.5 and 0.7) by tracking the iodide- and bromide-rich 

phase formation over time. We have shown that the segregation threshold (xs ~ 

0.2 at ambient pressure) is substantially shifted with pressure, reaching xs ~ 0.6 

at 0.3 GPa for an initial mixing ratio of x = 0.7. We propose that the external 

pressure applied alters the Gibbs free energy via the previously overlooked PΔV 

term. This term, often neglected in conventional semiconductors due to the 

stiffness of their lattice in comparison with the perovskite one, supplies a lever to 

extend the range of thermodynamically stable mixed-halide compositions by 

increasing the pressure or decreasing the volume. This suggests that, in principle, 

any iodide-bromide mixing ratio could be thermodynamically stabilized against 

halide segregation by tuning the crystal volume and compressibility. We also 

found that the phase segregation rate is reduced by the external pressure applied. 

We attribute the reduced segregation rate to a pressure-induced increase in the 

effective activation energy for the halide migration process. First-principle 

calculations support this explanation. We show that a similar thermodynamic and 

kinetic manipulation can be achieved by reducing the unit cell volume achieved 

via partial or complete replacement of the MA+ cation by the smaller Cs+ cation. 

Hence, chemically tuning the unit cell at ambient conditions (instead of applying 

physical pressure) may be used to manipulate ion migration/phase segregation. 

These findings will help in understanding the key factors affecting the rate of 

halide migration and to develop an effective strategy that combine 

thermodynamic and kinetic manipulation to suppress halide migration for the 

lifetime of the perovskite-based devices. 
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4.6. Experimental Methods 

Sample fabrication 

Quartz substrates were sonicated with deionized water, acetone, and isopropanol 

sequentially for 15 minutes, followed by an oxygen plasma treatment for 20 

minutes at 100 W. The solvents N,N-dimethylformamide (DMF, Sigma Aldrich 

anhydrous, ≥ 99%) and dimethylsulfoxide (DMSO, Sigma Aldrich anhydrous, ≥ 

99.9%) were mixed in a 4:1 (DMF:DMSO) volume ratio. The solvent mixtures 

were used to prepare stock solutions of lead iodide (TCI, 99.99%, trace metals 

basis), CH3NH3I (MAI, TCI, >99%), lead bromide (Sigma Aldrich, trace metals 

basis) and CH3NH3Br (MABr, TCI, >98%) by dissolving these precursors at 1.1 

M concentration. MAPbI3 and MAPbBr3 solutions were prepared by mixing the 

MAI with PbI2 and MABr with PbBr2 stock solutions at 1:1 molar stoichiometric 

ratios (i.e. 1:1 v:v). Similarly, CsPbI3 (0.4 M) and CsPbBr3 (0.4 M) stock 

solutions were prepared in a nitrogen-filled glovebox mixing CsI (99.999% trace 

metals basis), CsBr (99.999% trace metals basis), PbI2 and PbBr2 in DMSO. Note 

that CsBr is soluble in DMSO only at smaller molar concentration compared to 

the MA equivalent. Stock solutions were mixed to obtain the desired halide and 

cation ratios. The MA-based mixed-halide solutions were spin coated on quartz 

at 9000 rpm for 30 s and anti-solvent of chlorobenzene was dropped 15 s after 

the start of spin coating. The films were annealed at 100 °C for 1 hour. For Cs-

based compositions, no antisolvent was used and the annealing was done at 65°C 

for 15 minutes.  

 

X-Ray Diffraction 

The XRD pattern of perovskite films deposited on quartz was measured using an 

X-ray diffractometer, Bruker D2 Phaser, with Cu Kα (λ = 1.541 Å) as X-ray 

source, 0.01° (2θ) as the step size, and 0.100 s as the exposure time. 

 

Steady-State Absorption 

Absorption spectra of MAPbI3 films on quartz were measured with a LAMBDA 

750 UV/Vis/NIR Spectrophotometer (Perkin Elmer) from 550 nm to 850 nm. 
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Elemental analysis 

Elemental analysis was performed using a FEI Verios 460 field emission 

scanning electron microscope (SEM) combined with an energy-dispersive X-ray 

detector operating at 10 kV.  

 

First-principles defect diffusion 

Activation energies were calculated for vacancy-assisted halide migration in both 

the cubic phases of CsPbI3 and CsPbBr3. These were performed within density 

functional theory and the PBEsol54 exchange-correlation functional as 

implemented in VASP55,56. Scalar-relativistic projector-augmented wave 

pseudopotentials were combined with a plane-wave kinetic energy cutoff of 700 

eV and a k-point sampling of  444. To begin, the volume of the CsPbX3 (X = 

Br, I) unit cell was optimized in each case to obtain the equilibrium lattice 

constant a (CsPbI3 = 6.25 Å, CsPbBr3 = 5.87 Å) and bulk modulus B (CsPbI3 = 

17.34 GPa, CsPbBr3 = 21.70 GPa). In the optimization procedure, the calculated 

energy-volume data was fit using the Birch–Murnaghan equation of state. Point 

defect calculations were then performed for a positively charged halide vacancy 

in a 444 supercell. In the cubic phase, all nearest-neighbour ion diffusion 

pathways are equivalent, so we chose one pathway in a (100) plane and mapped 

the ion diffusion on a real-space 4141 2D grid. This provides direct access to 

the activation energy. These defect migration calculations were repeated as a 

function of the supercell volume, which was converted to pressure using the 

calculated bulk moduli. 

 

Pressure-dependent transient absorption spectroscopy 

The setup in use is described extensively in Chapter 1.6. During the 

measurement, the sample is kept inside the pressure cell filled with FC-72 

previously degassed in a Schlenk line. The range of pressures applied is from 

ambient pressure (0 GPa) to 0.3 GPa in steps of 0.1 GPa. We wait 7 minutes for 

equilibration of the material under pressure prior to the measurement. The pump 

fluence used during the experiment was ~1018 photons/cm3. To induce the phase 

segregation, we focus a 405 nm continuous wave (CW) light beam in the pressure 
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cell. The spot size of the light-soaking beam used was 243 μm in diameter with 

an intensity of 2.37 × 103 mW/cm2 (~24 sun).  

 

Transient ion drift spectroscopy (TID) 

TID is measured using a commercially available DLTS system from Semetrol. 

The sample is loaded into a Janis VPF-100 liquid nitrogen cryostat where the 

temperature is swept from 210 K to 330 K in steps of 3 K, with a temperature 

accuracy of 0.2 K. To ensure thermal equilibrium, the sample is held at 210 K for 

30 minutes before starting the measurement. The cryostat is further linked to a 

turbo pump which maintains the pressure below 2 × 10-6 mbar. TID relies on the 

application of a voltage pulse close to the built-in voltage, here 1.5 V for 2 

seconds. Measurements under light are taken using a 405 nm continuous wave 

(CW) single-mode fibre-coupled laser source (Thorlabs), equivalent to the one 

used as the third light source in the pressure-dependent transient absorption 

spectroscopy experiments. 
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4.7. Appendix 

4.7.1. ADDITIONAL FIGURES 

 

 
Figure A4.1. a) UV-VIS absorption spectrum and b) X-Ray Diffraction pattern 

of MAPb(BrxI1-x)3, showing that on a macroscopic level, the halides are 

homogeneously mixed and both the bandgap and unit cell size scale with x. For 

simplicity, only the diffraction peak corresponding to the (100) reflection is 

shown.  

 

Figure A4.2. ∆T/T as a function of the probe energy and real time at a pump-

probe delay of 15 ps for MAPb(Br0.5I0.5)3 at ambient pressure without CW light-

soaking source, showing that the pulsed pump and probe used in the TA 

measurements do not induce phase segregation. The bleach of x = 0.5 is stable at 

(2.08±0.01) eV during the whole measurement and no second peak related to the 

formation of the iodide-rich phase is observed.  
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Figure A4.3. ΔT/T 2D plot as a function of the probe energy and real time 

(minutes) at a pump-probe delay of 15 ps for x = 0.7 during light-soaking at a) 0 

GPa, b) 0.1 GPa, c) 0.2 GPa and d) 0.3 GPa. Dashed lines are used as a guide for 

the eye to highlight the iodide- and bromide-rich phase. 
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Figure A4.4. ΔT/T 2D plot as a function of the probe energy and real time 

(minutes) at a pump-probe delay of 15 ps for x = 0.25 during light-soaking at a) 

0 GPa, b) 0.1 GPa, c) 0.2 GPa and d) 0.3 GPa.  
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Figure A4.5. Bromide content determined with SEM-EDX elemental analysis 

for x = 0, 1, 0.25, 0.5, 0.7 plotted against the energy (eV) of the bleach before 

segregation determined from fitting Gaussians to the T/T spectra at a delay time 

of 15 ps at pressures of 0, 0.1,0.2 and 0.3 GPa. The lines represent the following 

fits Eg = 0.79x + 1.61 (0 GPa), Eg = 0.80x + 1.59 (0.1 GPa), Eg = 0.78x + 1.61 (0.2 

GPa), Eg = 0.76x + 1.61 (0.3 GPa). These functions are used to convert the energy 

peak associated with the formation of iodide- and bromide-rich phase at the end 

phase segregation to the bromide fraction present in the segregated phase. 

 

 

Figure A4.6. ΔT/T traces at different time for a) x = 0.25 at ambient pressure and 

b) at 0.3 GPa. 
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Figure A4.7. Dynamic evolution of the low-energy iodide-rich phase (red) and 

high-energy bromide-rich phase (blue) phase for a) x = 0.7 and b) x = 0.25 

measured by pressure dependent TA during light-soaking with the CW-laser from 

ambient pressure (light color) to 0.3 GPa (dark color). 

 

 

 

Figure A4.8. Calculated (DFT/PBEsol) activation energy for iodide and bromide 

diffusion in CsPbI3 and CsPbBr3 as a function the unit cell volume. 
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Figure A4.9. Effective activation energy 𝐸𝑎
∗ as a function of unit cell volume 

change induced by physical pressure (for x = 0.25, 0.5 and 0.7) and chemical 

pressure (Cs+ incorporation). The unit cell volume at ambient pressure is 

calculated from XRD, whereas the one resulting from external physical pressure 

is calculated from the bulk moduli of the perovskite compositions. 
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Figure A4.10. Dynamic evolution of the area of low-energy iodide-rich phase 

(red) and high-energy bromide-rich phase (blue) and corresponding rate for a,b) 

x = 0.25, c,d) x = 0.5 and e,f) x = 0.7  
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Figure A 4.11. Total area calculated as ( 𝐴𝑏𝑟 +  𝐴𝐼) in time for a) x = 0.5 and b) 

x = 0.7 as a function of pressure. The total area decreases over time at low- and 

remains almost constant at high-pressure 
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4.7.2. RELATION BETWEEN THE SEGREGATION RATE AND THE 

ACTIVATION ENERGY FOR HALIDE MIGRATION 

 

To derive the relation between the segregation rate and the activation energy for 

ion migration we use the definition of the diffusion coefficient39 

 

𝑘𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛 =
1

𝜏
=

𝑙2

𝐷
 (4.6) 

 

where 𝑙 is the ion diffusion length which is assumed to correspond to the Debye 

length  
 𝜖0𝜖𝑝𝑒𝑟𝑜𝑘𝐵𝑇

𝑞2𝑁
 and the diffusion coefficient D can be expressed as 

𝜈0𝑑2

6
𝑒𝑥𝑝 (

𝛥‡𝑆°

𝑘𝐵
)  exp (−

𝛥‡𝐻°

𝑘𝐵𝑇
). Combining these expressions, the migration rate 

can be written as  

 

𝑘𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛 =
𝑞2𝑁𝜈0𝑑2

6 𝜖0𝜖𝑝𝑒𝑟𝑜𝑘𝐵𝑇
exp

(
𝛥‡𝑆°

𝑘𝐵
)

𝑒𝑥𝑝
(−

𝛥‡𝐻°

𝑘𝐵𝑇 )
 

=  
𝑞2𝑁𝜈0𝑑2

6 𝜖0𝜖𝑝𝑒𝑟𝑜𝑘𝐵𝑇
exp

(
𝛥‡𝑆°

𝑘𝐵
)

𝑒𝑥𝑝
(−

𝐸𝑎
𝑘𝐵𝑇

)
 

 

(4.7) 

where 𝛥‡𝐻° and 𝛥‡𝑆°  are the changes in enthalpy and entropy of a single ion 

migration step, kB is the Boltzmann constant, 𝜐0 is the attempt-to-escape 

frequency, d is the ionic jump distance, Ea is the activation energy, q is the 

elementary charge, 𝜖𝑝𝑒𝑟𝑜 is the permittivity of the perovskite, 𝜖0  is the 

permittivity in vacuum and N is the doping density. We refer to the change in 

Gibbs free enthalpy as the activation energy Ea
39.  
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4.7.3. QUANTIFICATION OF HALIDE MIGRATION USING TID  

 To determine the activation energy of halide migration in MA-based 

mixed-halide perovskites, we use MAPb(I1-xBrx)3 with x = 0.2, i.e. the highest 

mixing ratio which does not segregate under light. Our measurement would be 

impossible with a device that segregates because the timescale of the 

measurement is much longer than the segregation time. In dark we notice that the 

capacitance transients decrease with time until they reach a plateau after ~200 

ms, while in light, the capacitance transients decrease in the first 200 ms before 

they start increasing in the remaining time window (see Figure A4.12). 

A detailed discussion of the TID technique can be found elsewhere4. In TID of p-

type semiconductors, negative peaks are associated to anion migration, i.e. in the 

case of mixed-halide perovskites, to halide migration. We choose to focus on the 

halide migration process, as it is the relevant process when studying phase 

segregation. The fitting procedure goes as follows. To obtain the time constants 

for ion migration, the capacitance transients measured in dark are fitted with a 

function containing two exponential decay components, and the capacitance 

transients in light with a function containing three exponential decay components. 

In our case we are interested only in the two negative contributions originating 

from halide migration. We obtain the lifetime of the halide migration processes, 

τ, for each temperature. Finally, we analyse these lifetimes in an Arrhenius plot, 

as shown in Figure A4.12. The results for activation energy, 𝐸𝑎 , diffusion 

coefficient, 𝐷0, and concentration of the mobile halide ions, 𝑁𝑖𝑜𝑛, are shown in 

Table 4.3. 𝑁𝑖𝑜𝑛  is measured by using the following equation for mobile ion 

density 

 

𝛥𝐶 =  𝐶(∞) − 𝐶0 = 𝐶(∞)
𝑁𝑖𝑜𝑛

2𝑁𝐴
 (4.9) 

 

where 𝛥𝐶 is the magnitude of the transient, 𝐶(∞) is the capacitance at steady-

state, 𝐶0 is the initial capacitance at time t = 0 after releasing the voltage pulse 

and 𝑁𝐴 is the electronic doping density. In the case of the light measurement, we 

use the minimum capacitance 𝐶𝑚𝑖𝑛 instead of 𝐶(∞), to avoid accounting for the 

cation concentration. 
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Figure A4.12. Relative difference in the capacitance transients ΔC =  C(t) −

C0 of a MAPb(I0.8Br0.2)3 solar cell  (ITO/NiOx/Perovskite/C60/BCP/Ag) measured 

with a DC voltage of 0 V and an AC voltage of 20 mV at 10 kHz, after applying 

a pulse of 1.5 V for 2 seconds, between 210 K (blue) and 330 K (red) a) in dark, 

and b) in light. c) Arrhenius plots of the same composition in dark and d) in light. 

In both conditions, the negative transient corresponding to halide migration is 

decomposed into two contributions, shown here in red and orange. 
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Table 4.3. Characteristics of mobile halide ions in MAPb(Br0.2I0.8)3, under light-

soaking and dark conditions 

 

 Ea (eV) D at 300 K (cm2s-1) Nion (cm-3) 

Dark 
0.15 ± 0.03 

0.14 ± 0.01 

(8.5 ± 22) x 10-12 

(1.9 ± 1.5) x 10-10 
(1.2 ± 0.3) x 1016 

Light 
0.09 ± 0.01 

0.13 ± 0.02 

(3.9 ± 0.8) x 10-11 

(2.3 ± 3.6) x 10-10 
(4.3 ± 1.3) x 1016 
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