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Abstract

We report preparation and nanoscale photophysical characterization of mixed cation 

perovskites films of the composition MA1-xFAxPbI3, with x = 0, 0.3 and 0.5. The films with 

x = 0.5 and 0.3 prepared in air using ethyl acetate as an antisolvent in one-step spin-coating 

process are compositionally stable in ambient air for more than a year, in contrast to films 

prepared using the antisolvent of chlorobenzene. The onset of degradation of the films near 

the film edges was monitored using in-situ photoluminescence (PL) spectroscopy. The PL 

spectra of the degradation products are consistent with PL spectra of 2D perovskite sheets of 

varying thickness. Morphologically, the aging of the films brings about coalescing of the film 

grain structure into larger crystal grains. Further, monitoring of the time traces of the PL from 

individual nanoscale locations in the films (PL blinking) reveals that the aging of the films 

does not change the extent of dynamic PL quenching or affect the observed long-range charge 

diffusion on the order of micrometers.

Page 1 of 22 Nanoscale

mailto:vacha.m.aa@m.titech.ac.jp


2

1. Introduction

Organic-inorganic hybrid perovskite solar cells (PSCs) have attracted considerable attention 

around the world owing to their excellent semiconducting properties. The progress in power 

conversion efficiency improvement of the solar cells has been very rapid, overcoming 25% 

efficiency1,2 in the last few years. The preparation of high-quality and long-term stable 

perovskite thin films is the key to obtaining highly efficient and environmentally stable 

perovskite solar cells. The commonly used technique for the fabrication of the perovskite 

active layer is one-step spin coating, as the method is simple and easy to control. However, 

the films often have incomplete surface coverage and poor morphology, which results in 

nonradiative recombination in the solar cells. So far, solvent engineering including the use 

of antisolvents has been considered one of the most efficient ways to control the morphology 

and crystal structure of perovskite materials and obtain highly uniform perovskite film.3 A 

mixture of N,N-dimethylformamide (DMF), and dimethyl sulfoxide (DMSO) is a well-

known polar solvent for the preparation of perovskite precursor solution. The function of the 

antisolvent is to remove the high boiling-point solvent DMF and form a transparent 

intermediate (e.g., FAxMA(1-x)I−PbI2−DMSO) from its perovskite precursor solution, which 

leads to a smooth and uniform perovskite films with fewer pinholes and with good 

optoelectronic properties.4 

At the same time, even the most uniform perovskite films have concerns with stability in 

ambient air. When the fabrication is carried out in environment with uncontrolled presence 

of humidity or air, the perovskite absorber layer is very sensitive to moisture and oxygen and 

can easily degrade as a result of high humidity either during the fabrication process or during 

device operation. To solve this problem, PSCs are being prepared mostly inside inert gas-

filled gloveboxes to avoid humidity, which potentially increases the solar cell manufacturing 

costs.5 Therefore, research into the area of fabricating perovskite films in ambient air is 

highly desirable.6-8 In addition, most of the high-performance reported PSCs are based on 

toxic antisolvents, such as chlorobenzene, methylbenzene, diethyl ether or toluene which is 

another major issue for the potential commercialization of PSCs. As a solution to both the 
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above issues, the use of acetates including ethyl acetate (EA) as antisolvents9 has been 

proposed. EA features relatively low toxicity and low boiling point. During the formation of 

perovskite grains from the precursor solution under ambient conditions, high moisture 

resistance of acetates can reduce pinholes and achieve complete coverage on the substrate, 

forming high-quality perovskite films.7

   So far, great effort has been spent on improvement of the stability of the PSCs by choice 

of charge-transporting materials, perovskite compositional engineering or use of a wide array 

of additives.10,11 On the other hand, less attention has been paid to the long-term ambient 

stability of the perovskite films themselves. In terms of compositional engineering, mixed 

cation MA1-xFAxPbI3 with x between 0.3 and 0.8 have shown increased stability due to 

optimized tolerance factor.12 Further, the use of EA antisolvent has been also shown to 

increase stability of perovskite films in ambient humidity.6 Using these approaches, stability 

of 80 days for devices without sealing in ambient air with controlled humidity has been 

demonstrated.13 

   Here, we report preparation of mixed cation perovskite films in air with long-term stability 

and characterization of their degradation process by photoluminescence (PL) microscopy and 

spectroscopy over extended periods of time. PL microscopy has been a powerful tool to find 

relationship between nanoscale structure and properties in a variety of perovskite materials14 

including films15-18 and micro-/nanocrystals.19,20 We show that MA1-xFAxPbI3 films with x 

of 0.3 and 0.5 prepared in air using EA antisolvent are compositionally stable in ambient air 

for more than a year. The onset of degradation in these films is characterized by in-situ PL 

spectra which reveal emission of the decomposition intermediates.

2. Results and Discussion

   The MA1-xFAxPbI3 films with x = 0, 0.3 and 0.5 were prepared on PEDOT-PSS layer using 

one-step spin coating followed by the application of the antisolvent, as reported before.15 The 

antisolvent application step was optimized with respect to the deposition time. Apart from 

the EA antisolvent, chlorobenzene (CB) was used as a reference. After annealing the resulting 
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film thickness was on the order of 450 nm. The films were kept in ambient conditions with 

air humidity ranging between 40% and 60% and in ambient light for prolonged periods of 

time. The films prepared 12 months ago, 9 months ago, 6 months ago, as well as freshly 

prepared films were then compared and their properties examined. The Fig. 1a shows 

photographs of the x = 0, 0.3 and 0.5 films (denoted as FA 0%, FA 30% and FA 50%, 

respectively) prepared using EA and for comparison the FA 50% film prepared using CB, at 

different stages of aging. The remaining compositions prepared using CB are shown in Fig. 

S1. The size of each sample in the figure is 24 x 24 mm. The FA 0% (EA) and the FA 50% 

(CB) films show a color change from brown to yellow after 6 months, and further color 

bleaching as the aging proceeds. Compared to that, the FA 30% (EA) and FA 50% (EA) films 

keep their original brown color throughout the 12 months period. The effect of aging can be 

seen as slightly lighter color pattern mainly near the edges of the films but overall the films 

retain their original appearance.

   To check the corresponding changes in the film morphology we carried out SEM imaging 

near the center of the films for the FA 0% (EA), FA 30% (EA) and FA 50% (EA) samples, 

as presented in Fig. 1b. All fresh films show good crystal quality with very few pinholes, 

which is largely retained for the FA 30% (EA) and FA 50% (EA) after 6 months. In the FA 

0% (EA) sample the crystal morphology starts progressively disappearing even after 6 

months, and the 12 months sample does not show any of the original film structure. 

Compared to that, for the FA 30% (EA) and FA 50% (EA) samples the individual crystal 

grains appear to coalesce into larger ones, but the crystal morphology is still visible even 

after 12 months, especially in the FA 30% (EA) sample. In addition, UV-Vis absorption 

spectra of all samples shown in Fig. S2 confirm the presence of perovskite absorption bands 

in all films during the aging. 

   To study the effect of aging on nanoscale compositional stability of the perovskite films 

we carried out microscopic in-situ PL spectroscopy of the samples. The PL is excited with 

442 nm laser and spectra are recorded from diffraction-limited size locations across the films. 

The results for the 12 months EA samples are shown in Fig. 2. Here, we measured and 

analyzed separately the center areas of the films (5 x 5 mm) and the areas close to the edges. 
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The two types of locations are schematically indicated in the photographs of the films in Fig. 

2a-c. For the FA 30% (EA) and FA 50% (EA) samples, the center areas show exclusively 

spectra corresponding to the mixed cation perovskite phase. Examples of such spectra at 

different locations in the film spanning more than 25 m are plotted as 2D spectral plots 

(position vs. wavelength) in Fig. 2g, j. These plots show distributions of the PL peaks within 

the spectral range of the corresponding perovskite composition. Typical PL spectra 

exhibiting a single peak are shown in Fig. 2h, k. We further analyzed the spectral peak 

positions (by Gaussian fitting) for a statistical sample of locations and plotted their 

distributions as histograms in Fig. 2i, l, together with bulk PL spectra of the corresponding 

freshly prepared films. Both FA 30% (EA) and FA 50% (EA) samples show broad 

distributions of the local PL spectral peaks, with the distribution maxima corresponding to 

the bulk PL spectral peaks. The distribution is broader for the FA 50% (EA) sample where it 

spans a range from 790 nm to 825 nm. This range covers the whole spectral range of all 

compositions from FA 0% to FA 100%, as reported before.15 This result is an evidence of 

local compositional heterogeneity of the films and means that the FA 50% (EA) samples 

contain purely MA domains (FA 0%-like spectra), purely FA domains (FA 100% -like 

spectra) and domains composed of mixed MA/FA cations of varying ratios. The wavelengths 

corresponding to the FA 0% and FA100% compositions are marked in the histograms by red 

lines. Compositional heterogeneity is found in the FA 30% (EA) films as well, but in this 

case the longest-wavelength components (corresponding to FA100%) are missing in the 

histogram. We have reported such compositional heterogeneity for freshly prepared samples 

before15 and it is interesting to observe how the heterogeneity evolves with aging of the 

samples. Histograms of the PL peak positions for all three samples (FA 0% (EA), FA 30% 

(EA) and FA 50% (EA)) in the film center areas are shown in Fig. S3 at different stages of 

aging, i.e., from fresh to 6 months, 9 months and 12 months. Most interestingly, the 

wavelength ranges of the distributions for the FA 30% (EA) and FA 50% (EA) samples have 

not changed over the period of one year, and the shapes of the histograms at different times 

are also similar. This means that the samples (in their center areas) are compositionally stable 

for at least one year, and that there is no observable cation migration over this period that 
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would change the shape of the histograms, shift their positions, or cause appearance of FA 

100% components in the FA 30% (EA) samples. 

   PL spectral data for center area of the 12 months old FA 0% (EA) sample (which is 

apparently degraded in the Fig. 1) are shown in Fig. 2d-f. The 2D spectral plots as well as 

the typical PL spectrum show peaks around 785 nm corresponding to pure MAPbI3 

perovskite phase from all measured locations. This is a surprising result since in the film 

appearance and SEM images the sample looks completely degraded, but the UV-Vis 

absorption spectra (Fig. S2) do show weak perovskite absorption together with a band 

corresponding to PbI2. In addition, there are broader PL peaks with higher intensity which 

are shifted to the blue from the perovskite peaks. Histogram of the PL spectral peaks shown 

in Fig. 2f confirms a narrow distribution of the perovskite peaks at 785 nm and broad 

distribution of the blue-shifted band which spans a range from 641 to 759 nm. We assume 

that the blue shifted PL originates from products of the degradation process. 

   Similar features are observed for the PL spectra of all samples taken from the edges of the 

films. For the FA 30% (EA) and FA 50% (EA) samples (Fig. 2p-u) the main fraction are PL 

spectra corresponding to the mixed cation perovskite phase. Distribution of these spectra are 

similar to those obtained from the center areas and for the FA 50% (EA) sample cover the 

whole spectral range of all mixed cation compositions. The blue-shifted spectra are 

distributed between 680 and 711 nm and their fraction is larger for the FA 50% (EA) sample. 

This result indicats that on microscopic scales there are domains which are compositionally 

stable as well as domains which are degrading. Since occasionally both types of spectra are 

observed from the same diffraction limited spot, the size of the domains can be smaller than 

that, less than ~ 200 nm. The spectral data for the FA 0% (EA) sample (Fig. 2m-o) closely 

resemble those of the center area, i.e., show similar narrow distribution of the pure MAPbI3 

phase at 785 nm and broad distribution of the blue-shifted peaks between 639 and 758 nm.

   Evolution of the PL spectral distributions taken from the film edges during the aging 

process is shown in Fig. S4. Similar to the center areas, for the FA 30% (EA) and FA 50% 

(EA) samples the wavelength ranges of the distributions and the peaks of the histograms are 

mostly stable over the observation period. For the FA 30% (EA) sample we observe slight 
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widening of the histogram without a change of the wavelength range, caused by increased 

fraction of spectra in the wings of the distributions from fresh to 12 month samples. This 

points to some degree of the cation migration which leads to an increase of the pure MA 

phase and corresponding increase of the FA rich phase. In contrast to that, the blue shifted 

PL is increasing with the aging, in agreement with the assumption that this PL is due to the 

degradation product. The fraction of the blue-shifted emission spectra relative to the 

perovskite spectra is shown as percentage points in the Fig. S4. In both FA 30% (EA) and 

FA 50% (EA) samples it is increasing from ~ 20% (in the FA 30% (EA) sample) to close to 

50% (in the FA 50% (EA) sample). The evolution of the PL spectra of the FA 0% (EA) 

sample is similar both at the film center and at its edges. Compared to the mixed cation 

samples, the fraction of the blue shifted PL is constant with aging after 6 months, i.e., every 

location examined shows the degradation product spectra.

   In the following, we look for plausible interpretation of the blue shifted spectra that could 

appear in perovskite films or their degradation products. Studies on the degradation 

mechanism of perovskite films and solar cells20-27 commonly conclude that the final product 

of the degradation is PbI2 which is formed via several intermediates. PbI2 as the degradation 

product has been identified also by low-temperature PL spectroscopy.28 We attempted to 

detect the PL from PbI2 in the spectral range of its peak emission around 520 nm but failed 

to detect any spectral band that could be identifiable with PbI2 even with single-molecule 

level detection sensitivity. The only degradation products we detect in all samples are 

spectrally located between 632 and 760 nm. Blue shifted PL spectra in similar spectral range 

as that observed here have been reported before. The appearance of PL in a broad range 

between 600 and 760 nm during the formation of MAPbI3 films29,30 was explained by initial 

growth of small nanocrystals which continue to form the films by Ostwald ripening.29 

Quantum confinement in MAPbI3 nanocrystals has been shown to produce PL with emission 

peak between 650 and 760 nm.31 However, in our films we have not observed any nanocrystal 

formation with aging in the SEM images – on contrary, the crystal grains tend to coalesce 

and form larger structures. The origin of the blue shifted emission due to quantum 

confinement in nanocrystals is thus unlikely. Alternatively, blue-shifted PL has been ascribed 
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to emission of trap sites at the interface between PbI2 and MAPbI3.32 Such PL has been shown 

to disappear with increasing excitation intensity, but in our case we do not observe any 

intensity dependence of the ratio of the blue-shifted and perovskite PL, and thus we exclude 

the trap origin of the blue-shifted PL. 

   Most likely candidates for the degradation intermediates that give rise to the blue-shifted 

PL are 2D-layered perovskite sheets.33,34 It has been known that the 2D perovskites work as 

quantum wells with quantum confinement effective in 1 dimension. Further, it has been 

shown that MAPbI3-based 2D perovskites have PL spectral peaks between 525 and 713 

nm,35-37 depending on the 2D sheet thickness (number of layers). The possible mechanism of 

formation of the 2D perovskite phases could involve, as a first step, air oxygen-induced 

decomposition of the MA cation and creation of MA vacancy. This could be followed by 

slow MA cation migration into the vacancies and further decomposition, and finally 

formation of 2D perovskite layers of varying thickness. The proposed mechanism is shown 

schematically in Fig. 3a. A similar mechanism was proposed as an explanation of spectral 

blue shift in MAPbI3 nanocrystals.38 We note that the longer-wavelength part of the 

distribution (up to 760 nm) cannot be explained by known 2D perovskite emission but could 

originate from the sheet edges.39 

   Further support for the existence of 2D perovskites in the partially degraded films comes 

from the results of the XRD experiments shown in the Fig. 3b-e. Freshly prepared films of 

all three compositions (Fig. 3b, c) show a typical 2 diffraction peak which shifts from 14.0o 

to 13.9o with increasing FA content, as expected for this type of perovskite films.40 After 12 

months the diffraction peaks in the FA 0% sample essentially disappear due to the 

progressive degradation. For the FA 30% and FA 50% samples, on the other hand, the 

perovskite peak around 14.0o is accompanied by additional peaks at lower angles. The 2 

peaks at 12.7o represent the (001) reflection of PbI2.12 We note that we have not detected any 

PL signal from PbI2, probably due to its very low PLQY at room temperature. The 2 peaks 

at 8.3o (FA 50%) and 8.4o (FA 30%) show similar shift with the change of composition as 

the main perovskite peak around 14.0o, indicating the perovskite origin of these peaks. We 

note that multiple diffraction peaks at various 2 angles below the 3D perovskite peak are 
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observed in 2D perovskites with varying number of layers.34 Here, we propose that the 

observation of the low angle diffraction peaks at 8.3o and 8.4o may support the presence of 

the 2D perovskite fractions in the partially degraded films.

   Degradation of perovskite films in environment with high humidity has been shown to 

proceed via hydration intermediates, including monohydrate CH3NH3PbI3·H2O and 

dihydrate (CH3NH3)4PbI6·2H2O.41,42 Structurally, the monohydrate is a 1D perovskite and 

we looked into the possibility if this phase could be the origin of the blue-shifted PL. PL 

spectra of a closely related 1D perovskite crystal have been reported recently.43 The PL bands 

are indeed blue-shifted from the 3D perovskites but their maxima appear around 600 nm at 

room temperature, at far shorter wavelength than the degradation products observed here. 

Perovskite hydrates are thus unlikely the origin of the blue shifted emission in the aged 

perovskite films. 

   Apart from the above nanoscale spectral characterization we also analyzed the phenomenon 

of fluctuations of PL intensity from individual locations in the perovskite films (PL blinking). 

PL blinking in mixed cation perovskite films has been reported before15 and it is interesting 

to verify how the film aging affects such nanoscale photophysical properties. An example of 

PL blinking in the form of PL intensity time trace is shown in Fig. 4a. The PL blinking 

presumably originates from the presence of a very efficient photoactive charge trap in the 

film which can switch between active and inactive states.19 In the active state, photocarriers 

which are excited nearby the trap are captured and recombine nonradiatively, leading to a 

decrease of PL intensity and appearance of the low-intensity values in the PL blinking trace. 

If the trap is in its non-active state such photocarriers recombine radiatively, resulting in high 

intensities in the PL blinking. For the blinking analysis we use the concept of potential PL 

intensity loss which reflects dynamic PL quenching in the film. This concept is explained in 

the Fig. 4a which shows an example of widely fluctuating PL intensity over the measurement 

interval. For further analysis, the intensity is normalized on a scale from 0 to 1. Here, 1 

corresponds to the maximum intensity that was recorded from this particular location within 

the observation interval. This means that this location in the sample is potentially capable of 

emitting PL with such intensity (potential maximum PL) and that PL intensities lower that 
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that indicate PL quenching (PL intensity loss). To quantitatively evaluate this PL quenching 

we integrated the blue-shaded area in the Fig. 4a. This area corresponds to the total PL 

intensity loss during the measurement interval. This was further normalized by the total 

integrated potential intensity (corresponding to constant potential PL intensity of 1 during 

the interval) and expressed in percentage points. This value, which we call potential PL 

intensity loss, reflects dynamic quenching of PL, that is, the process of activating-

deactivating the photoactive charge trap, and it is monitored over a limited time interval of 

tens of seconds. As such, it does not account for permanent PL quenching or quenching 

dynamics occurring with much longer time spans. The analysis was carried out for a 

statistical sample of locations both for the fresh and 12 month old films.

   The potential PL intensity loss is presented in the form of histogram for 12 months old 

films of the FA 30% (EA) and FA 50% (EA) samples in the Fig. 4b, c. In both samples the 

peak of the distribution is around 20% intensity loss value, with the distribution of the FA 

50% (EA) sample being narrower. For comparison, the Fig. 4d, e shows PL intensity loss 

distributions for freshly prepared films of the same samples. The peaks of these distributions 

are around the same 20% loss values, and the distribution of the FA 50% sample is also 

narrower compared to the FA 30% sample. We can thus conclude that the film aging does 

not lead to an increase in the dynamic PL quenching.

   Another interesting result comes from comparison of the blinking traces from different 

locations in the films. Generally, due to the multi-crystalline nature of the films and the 

presence of grain boundaries, individual locations in the films are expected to emit PL 

independently in uncorrelated manner. Here, comparison of the PL blinking traces from 

different locations in the films together with the locations indicated in PL images are shown 

in the Fig. 4f, g for the FA 30% (EA) sample and in the Fig. 4h, i for the FA 50% (EA) 

sample. In both samples there are locations (denoted by numbers 1 – 3) which are separated 

by several m but which show highly correlated PL blinking behavior. In concrete terms, for 

the FA 30% (EA) film the distances between spots 1 and 2, and those between 1 and 3 are 

2.4 m and 1.8 m, respectively, and the corresponding Pearson’s coefficients calculated for 

the blinking traces are 0.73 and 0.75. The distances for the 1-to-2 and 1-to-3 locations in the 
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FA 50% (EA) film are 2.1 m and 2.5 m, and the Pearson’s coefficients are 0.77 and 0.76, 

respectively. As in the case of the results previously reported on freshly prepared films,15 

these values indicate very efficient charge migration over micrometer scales. As mentioned 

above, the PL blinking originates from the presence of a very efficient photoactive charge 

trap which can switch between active and inactive states.19 The fact that we observe well-

correlated blinking from locations in the film that are 2 – 3 m apart means that these 

locations share the same charge trap and that the charges are transported to the trap very 

efficiently over distances of up to ~ 3 m. We note that long-range carrier diffusion in 

perovskites has been discussed before mainly in terms of delayed PL,44,45 and charge 

diffusion lengths exceeding 1 m have been estimated from the lifetime values for trihalide 

perovskite films.46 In single perovskite microcrystals such charge diffusion estimates are 

even higher, reaching 4.3 µm in rods and 8.2 µm in platelets.19 Compared to these studies, 

the spatially correlated blinking in the film observed here provides a direct visualization of 

the efficient charge diffusion.

3. Conclusions

In conclusion, we report long-term ambient air stable mixed MA/FA cation perovskite films 

prepared using ethyl acetate as antisolvent. The films containing 30% and 50% of the FA 

cation are largely compositionally stable for more than a year as observed from nanoscale PL 

spectra. In terms of morphology, the films retain their grain structure but show coalescence 

into larger crystal grains during the aging. The morphology change and aging do not affect 

the long charge diffusion lengths observed for the freshly prepared samples. Slow cation 

decomposition and migration causes local degradation of the 3D perovskites, presumably 

into fragments of 2D layered perovskites and PbI2. This process starts from the film edges 

where the quality of the spin coated film might be lower than in the center. The center area 

of 5 x 5 mm does not show any signs of compositional degradation in the PL spectra. 
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   In contrast, reference mixed cation samples prepared by identical process using 

chlorobenzene as the antisolvent degrade fast within 6 months. Currently, we have not 

identified any single factor that would solely be responsible for the long term stability of the 

FA 30% (EA) and FA 50% (EA) films. It is likely a combination of several factors including 

the optimum tolerance factor in the crystal structure of the two compositions. The main 

difference between chlorobenzene and ethyl acetate that could affect the long-term stability 

appears to be the water-absorbing capability of the latter. The use of the EA antisolvent 

ensures that minimum solvent-absorbed water remains in the films even during the 

fabrication under ambient conditions with 50 % humidity. The lack of residual water in the 

films then slows down the film decomposition from within and assist the long-term stability.

4. Experimental Section

Synthesis of mixed MA/FA perovskite films: MA1-xFAxPbI3 films with x = 0, 0.3 and 0.5 were 

synthesized as reported before.15 Prior to the perovskite synthesis, a freshly cleaned 

microscope cover glass was spin-coated (at 4000 rpm for 40 s) with 40 nm thick layer of 

PEDOT: PSS (Clevios P AI4083, H. C. Starck) and annealed at 150 °C for 15 min. To prepare 

the perovskite film on top of the PEDOT:PSS, 1M perovskite precursor solutions were 

prepared by mixing PbI2, MAI (methylammonium iodide) and FAI (formamidinium iodide) 

with molar ratios of 1:1:0, 1:0.7:0.3 and 1:0.5:0.5, respectively, in mixed solvent of DMSO 

(20%) and DMF (80%) by stirring at 60 °C. The precursor solutions were spin-coated on the 

substrates at 1000 rpm for 10 s followed by 5000 rpm for 30 s. Antisolvents were applied in 

the last 10 s of the 5000 rpm spinning, by dropping either 100 μL of ethyl acetate (EA) or 

100 μL of chlorobenzene (CB). The deposition time of the antisolvent was optimized by 

choosing different pipette tips and adjusting their diameters. The time range between 0.6 s 

and << 0.1 s was tested, and the optimal deposition time of 0.1 s was used in the film 

preparation. The films were then annealed at 100 °C for 40 min. The film thickness was 

around 450 nm, as measured by SEM. 
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PL microscopy and spectroscopy: The setup for the PL characterization was described 

previously.15 Briefly, PL from the perovskite films was measured using an inverted 

microscope (IX 71, Olympus) with 442 nm cw laser excitation. The signal was collected by 

an oil immersion objective lens (UplanFLN 100×, N.A. 1.3, Olympus) and detected with an 

electron-multiplying (EM) CCD camera (iXon, Andor Technology) with an exposure time 

of 30 ms for blinking and of 50 ms for spectral measurements. For the spectral measurements 

the signal was dispersed using an imaging spectrograph (CLP-50LD, Bunkou Keiki) placed 

between the microscope and the CCD camera.

Characterization: Scanning electron microscopy (SEM) was performed using JSM-7500F 

(JEOL Ltd.). UV–Vis absorption spectra were measured using V760 (Jasco) absorption 

spectrometer. The XRD analysis was carried out using benchtop powder X-ray diffraction 

instrument (Rigaku MiniFlex 600).
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Figure 1.  (a) Photographs of perovskite films of prepared on 24 x 24 mm microscope cover 
glass at different stages of aging from 1 day to 12 months. The perovskite compositions and 
antisolvent used are indicated in the figure (EA: ethyl acetate, CB: chlorobenzene). (b) SEM 
images of the perovskite films of different compositions prepared using the EA antisolvent 
at the same stages of aging as in (a). The images are taken from the centers of the films, the 
scale bars are 500 nm.
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Figure 2. Spectroscopic characterization of the degradation process. (a)-(c) Photographs of 
perovskite films of different compositions as indicated in the figure taken 12 months after 
the films fabrication. The squares and arrows indicate symbolically the areas used for the 
spectral measurements. (d), (g), (j) Representative 2D PL spectral plots (position vs. 
wavelength) for central locations in the respective films. (m), (p), (s) Same plots for locations 
close to the film edges. (e), (h), (k) Examples of typical PL spectra taken in central locations 
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in the respective films. (n), (q), (t) Same PL spectra taken in locations close to the film edges. 
(f), (i), (l) Histograms of local PL spectral maxima (blue and red bars) measured in central 
locations in the respective films. The vertical red lines indicate the positions of the 
distribution peaks for FA 0% and FA 100% samples. Bulk PL spectra of freshly prepared 
films of the respective composition are shown by solid grey lines. (o), (r), (u) Same 
histograms obtained from spectra measured in locations close to the film edges.
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Figure 3. (a) Scheme of the proposed degradation process. X-ray diffraction pattern of 
freshly prepared (b), (c), and 12 months old (d), (e) perovskite films with the compositions 
as indicated in the legend. The starred peaks in (e) are proposed to correspond to signal of 
2D perovskites.
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Figure 4. (a) Example of a PL blinking trace indicating schematically the definition of the 
potential PL intensity loss. (b), (c) Histograms of the potential PL intensity loss obtained 
from PL blinking traces measured 12 months after film preparation, for sample compositions 
as indicated in the figure. (d), (e) Same for freshly prepared films. (f), (h) Microscopic PL 
images of the 12 months old films. The numbered circles indicate positions where the 
blinking was analyzed. (g), (i) PL intensity time traces (blinking) obtained at different 
locations in the two films, including the positions indicated in (f) and (h). The black traces 
show highly correlated blinking, the red traces are taken from locations that do not show 
correlated behavior.
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