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Abstract 

MAPbBr3 and MAPbI3 films cast onto glass slides and physically paired together, undergo halide exchange 

to form mixed halide films. The change in halide composition in these two ~130 nm thick films occurs 

concurrently with Br diffusing towards the MAPbI3 film and I diffusing towards the MAPbBr3 film. The 

diffusion of these halide species, which is tracked through changes in the absorption, offers a direct 

measurement of thermally activated halide diffusion in perovskite films. The increase in the rate constant 

of halide diffusion with increasing temperature (from 5×10-5 s–1 at 23 °C to 2.2×10-3 s–1 at 140 °C) follows 

an Arrhenius relationship with activation energy of 51 kJ/mole.  The thermally activated halide exchange 

shows the challenges of employing layers of different metal halide perovskites in stable tandem solar cells. 
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The interplay between ionic conductivity and electronic conductivity of metal halide perovskites has 

dominated the discussion of explaining their unusual optoelectronic and photovoltaic properties.1-6  In 

particular, halide ion mobility in metal halide perovskites plays an important role in determining the 

performance of perovskite solar cells.7-9 For example, the high ionic conductivity in MAPbI3 compared to 

the electronic conductivity along with high native ionic disorder leads to the trapping of the electronic 

carriers.10 The intrinsic ionic defects, specifically halide ion vacancies, often dictate the mobility of halide 

species within the perovskite film during the operation of solar cells.11,12 One such effect is the 

accumulation of halide ions near the electrode surface during the solar cell operation, thus increasing the 

cell capacitance. This effect often results in hysteresis between forward and reverse J-V (current-voltage) 

scans during solar cell operation.12-17  Thus, control of ion migration becomes important in decreasing such 

hysteresis effect.18 The built-in potential bias in the solar cell also induces drift velocity for the movement 

of halide ions which has been visualized through emission microscopy techniques.19-22 Impedance 

spectroscopy is another technique that is commonly used to elucidate the ionic conductivity both in dark 

and under illumination. Recently, Peng et al have correlated low-frequency response of MAPbBr3 single 

crystals with the chemical reactivity of moving ions towards hole transport layer interface to show the 

diffusion of halide ions through perovskite.23 The diffusion of halide ions towards the surface can either 

remediate the defects24,25 or can induce degradation of perovskite solar cells.26,27 

One of the interesting aspects of halide mobility is the photoinduced phase segregation seen in mixed 

halide perovskite films under steady state irradiation11,28-32  and its effect on solar cell performance.33-35  

The halide ion segregation in these films has been tracked through absorption and emission 

spectroscopy.29,31,36 Upon storage in dark, the process is reversed and the original mixed halide 

composition is restored. Several explanations have been provided to gain insight into the photoinduced 

movement of halide ions. These explanations include polaron induced strain,37 two state model in the 

excited state38 and halide ion defect driven movement.31,39 While the debate continues to explain 

photoinduced halide ion segregation, a similar one on why they reverse movement in dark to regenerate 

mixed halide composition is ongoing.  

The recent results on halide ion exchange between semiconductor nanocrystals to form mixed halide 

perovskite nanocrystals or nanostructured films show that site sharing between halides is favored by 

perovskite nanocrystals.40-42 For example, Akkerman et al have shown previously that the exchange of 

halide ions between CsPbBr3  and CsPbI3  readily proceeds when two nanocrystals are mixed in solution.40 

The mixed phase appears to be thermodynamically favored phase when these two separately synthesized 
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nanocrystals are stored together in the dark. In order to establish thermally activated halide movement 

of halide ions in metal halide perovskite films we have spectroscopically probed the evolution of mixed 

halide composition at different temperatures. The mechanistic and kinetic details of bromide and iodide 

movement between physically paired films are discussed. 

Homogenization of Paired Perovskite Films. Films of MAPbBr3 and MAPbI3 (see Supporting information 

for experimental  procedure) were cast onto separate FTO (fluorine doped tin oxide) coated glass slides 

in a glove box and annealed at 100 C for 10 minutes for MAPbBr3 while MAPbI3 films were annealed for 

1 minute at 65C followed by immediate annealing at 100 C for 2 minutes. The annealed films were 

paired together such that the films are physically in contact with each other. The slides were clamped with 

binder clips and placed on a temperature-controlled hot plate. Care was taken to maintain the 

temperature around the glass slide assembly at constant temperature. The clamped slides were 

periodically transferred to a Carry-50 UV-visible spectrophotometer to record the absorption spectra at 

different times and monitor changes in the absorbance associated with variations in the halide 

composition leading to homogenization of the films. 

Figure 1A shows the individual slides coated with MAPbBr3 and MAPbI3 films before (pre-homogenization) 

and after (post-homogenization) heat treatment at 100 C for 1260 min (21 hours). The corresponding 

absorption spectra of these two films are shown in Figure 1B. As prepared films of MAPbBr3 and MAPbI3 

are visibly and spectrally different exhibiting excitonic absorption at 523 nm and 750 nm respectively. 

Both films exhibit matching absorption onsets following homogenization at 100 C indicating the same 

 

Figure 1. A. Photographs of the two separate MAPbI3 and MAPbBr3 perovskite films deposited on 

FTO glass before (a, b) and after (c, d) homogenization. The two films facing each other were 

clamped and kept at 100 °C for 1260 min to achieve homogenization (B) Absorbance spectra of the 

films in A, recorded pre and post thermal treatment.   

Post homogenizationPre homogenization

100°C

MAPbI3

(a)

MAPbBr3

(b)

MAPbI3-xBrx

(c)

MAPbBr3-xIx

(d)

A B
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optical band gap, which is supported by visual 

inspection of the separated films color (Figure 

1A). These results show that upon subjecting 

these two paired films to a temperature of 100 

°C they undergo homogenization as the Br and 

I migrate from one film into the other, viz: Br 

moving towards MAPbI3 film side and I moving 

towards MAPbBr3 side until complete 

homogenization occurs and a mixed halide 

perovskite is formed. 

 Figure 2 shows the SEM images of the two films 

employed in the illustration of Figure 1A. The 

overall morphology of the two films remains 

unaffected following the halide exchange 

between the two films at 100 °C after 1260 min. 

(The SEM images of intermediate samples recorded after 600 min and 900 min are shown in Figure S1 and 

cross-sectional SEM images are shown in Figure S2.) However, a slight increase in grain size seen in Figures 

2C and D is likely to arise from to the effect of extended thermal annealing during homogenization step. 

The average MAPbI3 grain size increases from 120 to 155 nm following homogenization at 100 °C (Figure 

S3) as seen in previous studies into perovskite grain growth under annealing.43 Based on these images it 

is possible to conclude that there is no major change in morphology following the halide exchange 

process.  

In another experiment, we employed two different mixed halide films with dissimilar Br:I ratios (viz., 

MAPbBr2.25I0.75 and MAPbBr0.75I2.25). These films were paired together and left to homogenize at 100 °C. 

The absorption spectra recorded before and after 1260 min of homogenization period are shown in Figure 

S4 (supporting information). Despite the initial Br:I ratio both films attained similar 1:1 mixed halide 

composition as confirmed by the absorption spectra and also by XPS analysis.  These results further 

confirm the ability of halides to mobilize to attain a stable mixed halide composition. 

Figure 2. Top down SEM images of as prepared (A) 

MAPbI3 and (B) MAPbBr3 films (pre (0 min) 

homogenization) (C) and (D) same films following 

homogenization at 100 °C (1260 min). All images 

were acquired at 100 000X magnification. 
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The absorption spectra in Figure 3A show the collective absorption changes of the paired MAPbI3 and 

MAPbBr3 films at intermediate time points of annealing (100 C). The changes in absorption was probed 

by rapidly transferring the clamped slides to the spectrophotometer at different time points, acquiring a 

spectrum, and returning the clamped system to the hotplate. The constant temperature maintained 

during the homogenization process allowed exchange of Br and I to proceed between the two films 

continuously. The changes in the Br/I composition during the homogenization process is seen from the 

red-shift of the MAPbBr3 excitonic peak (523 nm) and simultaneous blue-shift of the MAPbI3 band edge 

(750 nm) with increasing time. At the end of homogenization period (1260 min) the two absorption peaks 

merge exhibiting a maximum at 589 nm. This excitonic peak, which lies between the absorption edge of 

the original MAPbBr3 and MAPbI3 films corresponds to the absorption of a mixed halide film confirming 

the homogenization of both perovskite films. The position of the peak at 589 nm is also indicative of 1:1 

distribution of Br and I in the homogenized film. The peak shift seen in these absorption spectra during 

the initial period are plotted in Figure 3B. At the end of the homogenization process these peaks become 

indistinguishable thus confirming the two films to contain identical Br:I ratio. 

The difference spectra recorded in Figure 3C further highlights the changes in the absorbance of the films 

during annealing. The dominant MAPbBr3 peak at 523nm shows continuous decrease in its absorption 

with time. During the same period the loss of iodide absorption is represented by the change in the band 

edge with a blue shift in the peak. Once no further shift in the absorbance spectra is seen, and when the 

two films were taken apart and measured separately, the band positions were the same (Figure 1B). With 

the exchange of Br and I between the films the increased absorption at 580 nm becomes a dominant 

 

Figure 3. (A) Absorption spectra of paired MAPbI3/MAPbBr3 perovskite films recorded at different times 

of homogenization (100 °C). (B) Gradual change in absorbance of paired films during homogenization 

process is tracked through the shift in excitonic peak in terms of wavelength and energy.  The kinetic 

traces have been fitted with a monoexponential fit to guide the eye. (C) Difference absorbance spectra 

obtained from spectra b-j in (A) with 0 minute spectrum (a) being used as a reference.  

BA C
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feature of the paired film. The experimental results presented in Figures 1 and 3 show that the halide ions 

are mobile and cross the physical barrier when the two films are kept in contact with each other. The 

ability to undergo complete Br/I exchange between the two physically paired film highlights that the most 

favored phase consists of mixed halide composition. 

Thermally Activation of Halide Ion Mobility. Thus far, we have discussed films at annealed 100 °C. If the 

exchange of Br/I is induced by thermal activation, we should be able to see a strong dependence on 

temperature for the rate of diffusion. The experiment described in Figure 3 was therefore repeated by 

maintaining different temperatures for homogenization. The halide ion exchange rates as measured from 

the changes in the absorption of MAPbBr3 excitonic peak at 523 nm with time at different temperatures 

are shown in Figure 4.  The individual absorption spectra corresponding to these experiments are included 

in Figure S5. The halide ion exchange rate was negligibly slow at room temperature but becomes more 

prominent as the paired films are subjected to elevated temperature. At temperatures greater than 100 

°C the homogenization was completed within ~10 hours. All traces in Figure 4A were fitted to 

monoexponential decay to determine the pseudo first order rate constants of halide ion mobility. The 

apparent rate constant for halide ion movement increased from 1.14 × 10-5 min–1 to 3.70 × 10-4 min–1 as 

the temperature was increased from 60 °C to 140 °C. This dependence of halide ion mobility on 

temperature was further analyzed through the Arrhenius expression (1) 

ln(k) = -Ea/RT + ln(A)    (1) 

 

Figure 4. (A) Change in absorbance of MAPbBr3 excitonic peak (523 nm) with time during the 

homogenization process (a) 23 °C, (b) 60 °C, (c) 80 °C, (d) 100 °C, (e) 120 °C, and (f) 140 °C. The 

traces were fitted with a monoexponential fit to determine pseudo first rate constants of halide 

ion mobility. (B) Arrhenius plot of natural log of the rate constants versus the inverse of 

temperature. 

A B
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The straight line fitted to the plot of ln(k) versus 1/T (Figure 4B) confirms the validity of Arrhenius 

relationship with activation energy of 50.7 kJ/mole for the movement of halide ions. This value is 

comparable to activation energy of 0.62 eV (or 59 kJ/mole) estimated from the photocurrent 

measurements.44 While previous studies36,45 estimate the diffusion of iodide (or iodide vacancies) under 

light irradiation, the present study exclusively estimates the halide diffusion under thermal activation in 

the film. Although the diffusion of halide ions in perovskite films is extremely slow, it becomes faster at 

elevated temperature. At 60 °C the halide ion diffusion coefficient is estimated to be around 1.13 × 10-13 

cm2/s which increases with an order of magnitude at 120 °C (Table 1). Mobility of halide ion vacancies 

(10 μm s–1) have also been measured for MAPbI3 films under electrical bias with iodide diffusion 

coefficient of 2.4 × 10-8 cm2/s.46 The difference in values obtained in our study arises from lack of external 

driving force (e.g. lack of uniform contact between two films) other than thermal activation. 

Using a simplified version of Fick’s second law for diffusion, an effective diffusion coefficient is calculated. 

The argument for using a simplified version and the term effective diffusion coefficient is that for this 

process, two different sized ions (I- and Br-) diffuse in opposite directions with different rates hence 

making the law of diffusion analytically unsolvable.  The effective diffusion coefficients as measured from 

the expression (2) are listed in Table 1. 

 Deff = L2/τdiff (2) 

Deff is the effective diffusion coefficient, diff is the lifetime measured from the plots in Figure 4A and L is 

the diffusion length or the average film thickness (128.5 nm). The diffusion length is set to the distance 

between the center of the two films, which is made under the assumption that there is only diffusion in 

one direction between the films and no lateral ion movement with the film. 

Table 1 

Halide Ion Diffusion Parameters 

Temperature (°C) Lifetime, τ (s) Diffusion Coefficient, D (cm2 s-1) 

23 ~2000 ~8.26 x 10-14 

60 1460.0 1.13 x 10-13 

80 566.0 2.92 x 10-13 

100 226.2 7.30 x 10-13 
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120 85.6 1.93 x 10-12 

140 45.0 8.26 x 10-12 

 

The observed values are consistent with the reported values from theoretical modeling. For example, 

Walsh and Stranks estimated a diffusion coefficient of 10−12 cm2 s–1 for I− ions at a temperature of 50 °C.47  

However, a greater halide ion diffusion coefficient (1.76 × 10-8 cm2 s–1 ) was estimated for MAPbBr3 single 

crystals using impedance spectroscopy.23 It should be noted that the halide ion migration in the present 

study is a bulk diffusion of two physically separated films leading to the complete homogenization. Hence 

the conditions for halide ion diffusion differs from those in single crystals or halide vacancy driven 

migration under photoirradiation. Additionally, the measurements presented in the present study deal 

with the movement of halide ions of different ionic radii, which also contributes to the overall mobility of 

the halide ions through the crystal structure. 
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  XPS Analysis. To further study the movement of halide ions across the interface of the MAPbI3 and the 

MAPbBr3 films during the 

homogenization process, 

XPS analysis was carried 

out in order to determine 

the concentration of 

bromide and iodide ions 

on the surface of the 

films.  

XPS spectra were 

recorded at 0, 600, 900, 

and 1260 minutes 

following the thermal 

treatment of paired films 

at 100 °C.   Figures 5A-5C 

show representative XPS 

of selected elemental 

regions for the MAPbBr3 

film throughout the 

thermal treatment process. At 0 minutes (before subjecting to thermal treatment), no iodide peaks can 

be resolved due to the absence of iodide in the films.  However, by 600 minutes of annealing, iodide is 

clearly present in the film.  Similar trend of increasing concentration of Br with increasing time of heating 

was observed in the opposite fashion for the MAPbI3 film (Figure S6).  

Using pseudo-Voigt fitting parameters, the ratio of halide ion composition of the MAPbBr3 film was found 

throughout the annealing process.  Figure 5D shows that the halide composition shifts from 100% bromide 

at 0 minutes of annealing to 50% bromide at the end of the homogenization process.  This supports the 

spectral data in Figure 3 which shows that a mixed halide perovskite with a chemical formula of 

MAPbBr1.5I1.5 was obtained. For every time point 3-4 areas on each of the slides were analyzed showing 

less than 1% deviation in the halide ion composition ratio.  The same trend was seen in the MAPbI3 film 

in Figure S6D showing that all halide ions are accounted for and do not preferentially migrate to one side 

of the films. It should be mentioned that the use of XPS is only a surface technique, as it was not possible 

 

Figure 5. XPS spectra of one of the two films (MAPbBr3 film) acquired 

during halide homogenization at 100 °C, at 0, 600, 900 min, and 1260 

min. The probed regions were (A) Pb 4f, (B) I 3d, (C) Br 3d, where fits 

of individual peaks are shown in red and green, the cumulative fit is 

shown in blue, while the original data is shown as a black scatter plot. 

Complementary data for the MAPbI3 film is presented in Figure S6.  

(D) The change in halide composition of iodide and bromide during 

homogenization is plotted over time. 

A B

C D
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to perform depth analysis using XPS due to degradation of the perovskite films. Hence, the measured 1:1 

ratio of I:Br is only at the interface (< 5nm).   

We also probed the chemical changes at the surface of both films during the thermal treatment process. 

The binding energy of the various species were analyzed to determine changes that might have occurred 

at the surface of perovskite films during the homogenization process.  Between 0 minutes and 600 

minutes of homogenization step, the binding energy of both the bromide and lead peaks shift to higher 

binding energy. This shift indicates that these species are slightly oxidized and therefore more strongly 

bound through coulombic interactions than they are at the prehomogenization process.  We attribute this 

shift to oxidized states formed as a result of exposure to air at elevated temperatures 48 similar to the 

effect seen on MAPbI3 films under irradiation.49   All of the binding energies, both before and throughout 

the annealing process, show a high fidelity to previously reported binding energies for MAPbX3 films.50  It 

should be noted that the surface changes probed through XPS is a minor pathway and does not influence 

the overall halide exchange process in the bulk. 
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Excited State Dynamics of Pre- and Post-Homogenized Films. We also employed femtosecond transient 

absorption spectroscopy to probe the completion of halide ion exchange and its influence on excited state 

dynamics. Each of the paired films (MAPbBr3 and MAPbI3) were subjected to 387 nm laser pulse excitation 

before and after the completion of the homogenization step. These films correspond to those discussed 

in Figure 1. The time resolved transient absorption spectra and corresponding bleaching recovery are 

presented in Figure 6. As prepared films of MAPbBr3 and MAPbI3 exhibit characteristic bleach at 

wavelengths of 529 nm and 757 nm respectively following the excitation with 150 fs laser pulse (387 nm). 

The bleach recovery is seen over the period of nanoseconds as photogenerated charge carriers 

recombine. A detailed discussion of bimolecular and trap assisted charge carrier recombination in pristine 

lead halide films can be found in earlier published work.51-55  Prior to homogenization the individual films 

exhibit bleach maxima at 757 nm and 529 nm for MAPbI3 (Figure 6A) and MAPbBr3 (Figure 6B), 

respectively. The interesting aspect is when these two films are brought in contact with each other and 

allowed to homogenize at 100 °C. The transient absorption spectra of the homogenized films now exhibit 

similar bleach maximum at 637 nm thus confirming the matching composition of the mixed halide film 

(Figures 6C and D). These transient absorption measurements confirm that the perovskite films do not 

 

 

Figure 6. Time-resolved transient absorption (TA) spectra recorded following laser pulse excitation 

with 387 nm of MAPbI3 and MAPbBr3 films (A, B) before and (C, D) after homogenization. (E) 

Recovery of bleaching of four films recorded at bleach maxima: (a) MAPbI3 (757 nm), (b) MAPbBr3 

(529 nm) and (c) & (d) homogenized films (637 nm). Insets in (A) to (D) panels are the 

photographs the films employed in the respective TA measurements. 
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retain the individual excited state characteristics of the original films, but with those of mixed halide 

perovskites.56 

We also investigated the charge carrier recombination of the pre- and post- homogenized films (Figure 

6E).  The bleach signal of the now mixed halide perovskite films recovers with a rate faster than those of 

original perovskite films. The average lifetimes of bleaching recovery (844 ps for MAPbBr3 and 1722 ps for 

MAPbI3) decreased to about 457 ps for the homogenized mixed halide films. The fitting parameters are 

shown in Table S1. The marked change in the excited state decay of the film before and after annealing 

can be attributed to the heterogeneity of the halide ions in mixed-ion lead perovskite thin films which 

have been shown to affect local charge carrier dynamics.57 The decreased excited state lifetime also 

suggests that the halide exchange process has created more surface defects at the grain boundaries 

leading to enhanced rate of charge recombination.  Such additional movement of halide ions under 

photoirradiation can also be beneficially used to remediate surface defects and overcome some of the 

adverse effects. 26  

On the Mobility of Halide Ions. Halide ion exchange has been extensively used to obtain the desired 

composition of mixed halide films of different bandgaps by exposing a lead halide film (e.g., MAPbBr3) to 

another halide ions (e.g., iodide) solution.41,42 This exchange of halide ions is fully reversible and the 

original film can be restored by treating the mixed halide film with original halide ions in solution. Similarly, 

exchange of Br and I can also be achieved by mixing CsPbBr3 and CsPbI3 nanocrystals suspended in 

solution.40,58  The simplicity of halide ion exchange process can be utilized to design a halide gradient 

structure within the CsPbBr3 film by controlling the exposure time to halide solution.59  The ease of halide 

ion diffusion and exchange between these two lead halide perovskite films shows inherent softness of the 

perovskite crystal structure. The results discussed in the present study offer a unique way to investigate 

the halide ion diffusion between two physically paired films of MAPbBr3 and MAPbI3.  

There have been several theoretical and spectroscopic studies to explain the halide ion movement within 

the perovskite films.7,12,29,30,39,60,61 The defects or halide ion vacancies are thought to be crucial in driving 

the halide ion movement within the perovskite film. While such defect driven halide ion movement plays 

an important role during photoirradiation (as in the case of solar cell operation), the thermally activated 

diffusion shows the thermodynamic preference to attain a mixed composition of halides in perovskite 

films (Scheme 1).  
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Scheme 1. Thermal activation of halide diffusion to produce homogenized perovskite films 

The thermally activated halide ion diffusion presented in the present study contrasts the movement of 

halide ions under light activation. Under photoirradiation the mixed halide films undergo halide 

segregation to produce Br-rich and I-rich domains. These domains remain segregated as long as light 

continues to shine the film. The light activation enables halide ions to overcome the thermodynamic 

barrier of entropy of halide ion mixing in perovskite films.62 Once the light is turned off the perovskite 

films return to original mixed halide favored configuration. The results presented here offer an 

explanation to why the films prefer to attain a mixed halide composition when the photoirradiated films 

are stored in the dark. This process occurs due to entropy of mixing favoring a homogenized configuration 

for metal halide perovskites at room temperature. Efforts are therefore needed to minimize the interlayer 

diffusion by including a chemical barrier (e.g., PbSO4)63 or employ long-chain organic ammonium capping 

layers64 between layered films of different  halide composition. Additionally, as shown in this study the 

mobility of halide ions in perovskite films is strongly dependent on the temperature and gets accelerated 
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at higher temperature. Since the outdoor operation of solar cell involves both light and heat, the halide 

ion mobility becomes an important issue.  Thus, there is a need to obtain greater insights into the 

combined effect of irradiation, which causes halide segregation, and heat, which causes halide ion mixing, 

in mixed halide perovskite films. Efforts are underway to investigate these effects as well as their influence 

on the perovskite solar cell operation. 
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