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Photoluminescence Characterisations of Dynamic Aging Process 

of Organic-inorganic CH3NH3PbBr3 Perovskite  

R. Sheng, X. Wen,* S. Huang, X. Hao, S. Chen, Y. Jiang, X. Deng, M. A. Green and A. W. Y. Ho-

Baillie  

After unprecedented development of organic-inorganic lead halide 

perovskite solar cells over the past few years, one of the biggest barriers 

towards their commercialization is the stability of the perovskite 

material. It is thus important to understand the interaction between the 

perovskite material and oxygen and/or humidity and the associated 

degradation process in order to improve device and encapsulation design 

for better durability. Here we characterize the dynamic aging process in 

vapour-assisted deposited (VASP) CH3NH3PbBr3 perovskite thin films 

using advanced optical techniques, such as time-resolved 

photoluminescence and fluorescence lifetime imaging microscopy 

(FLIM). Our investigation reveals that the perovskite grains grow 

spontaneously and the larger grains are formed at room temperature in 

the presence of moisture and oxygen. This crystallization process leads to 

a higher density of defects and a shorter carrier lifetime, specifically in 

the larger grains. Excitation-intensity-dependent steady-state 

photoluminescence shows both N2 stored and aged perovskite exhibit a 

super-linear increase of photoluminescence intensity with increasing 

excitation intensity; and the larger slope in aged sample suggests a larger 

density of defects is generated, consistent with time-resolved PL 

measurements. 

Introduction  

Organometallic halide perovskites are attracting great 

research interest for next generation solar cells due to 

exceptional progress in device performance.1-9 Rapidly 

improving power conversion efficiencies of 20.1%3 and 10.4%1 

have been reported for methylammonium lead iodide and 

bromide perovskite solar cells, respectively. Moreover, organic-

inorganic perovskite materials have been demonstrated as 

promising candidates for application in efficient light emitting 

diodes (LEDs) and on-chip coherent light sources due to their 

high photoluminescence (PL) quantum efficiencies and 

wavelength-tunable lasing performance.10-12 However, the 

relatively poor stability of the perovskite materials is one of the 

largest barriers towards their commercialization.13-15 Significant 

efforts have been made to understand the degradation of 

devices and materials, with many reports focused on device 

performance versus time and humidity.16-19 Zhou et al. recently 

reported that by exposing the perovskite solar cell fabrication 

process to a low level of humidity (30%), it was possible to 

achieve 19.8% power conversion efficiency .20 Another study 

found that using P3HT/ SWNTs-PMMA as the hole transport 

material (HTM) results in improved thermal stability and 

resistance to moisture.21 There have also been several studies 

focusing on the perovskite material itself.22, 23 In particular, 

enhanced crystallinity has been observed when a CH3NH3PbI3-

XClx film is stored under Ar,24 and in mixed iodide-bromide 

perovskites reversible light-induced trap formation has been 

observed.25 

Although of great importance and effort, the comprehensive 

physical understanding of the aging process in organic-

inorganic perovskites has not yet been available. Specifically, 

nanoscale investigations can provide unique insights into 

physical phenomena occurring within the perovskite, which 

may be concealed by large area averaging. Fluorescence 

lifetime imaging microscopy (FLIM) provides nanoscale 

spatially- and nanosecond lifetime- resolved morphology.  This 

technique is very suitable for perovskite solar cells, for which 

the solar cell performance is closely correlated with the 

perovskite grain morphology. In this work, we study the 

dynamic aging processes in CH3NH3PbBr3 films, using steady 

state photoluminescence (SS-PL), time resolved PL (TRPL), 

FLIM and fluorescence imaging microscopy. Our results reveal 

that the perovskite grains keep growing spontaneously at room 

temperature and the larger grains are formed. We show that 

recrystallization during aging leads to an increased density of 

defects and a decreased carrier lifetime, specifically in larger 

grains. 

Experimental section 

CH3NH3Br was synthesized by mixing methylamine (33% 

in methanol, Sigma-Aldrich) with hydrobromic acid (48% in 

water, Sigma-Aldrich) in a 1:1 molar ratio in a 250 ml round 

bottom flask under continuous stirring at 0 ºC for 2 h. The 
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precipitate was recovered by rotary evaporation at 60 ºC, and 

washed three times with diethyl ether in an ultrasonic bath for 

30 min. The final product was collected after dehydration at 60 

ºC and dried further in a vacuum chamber overnight.  

CH3NH3PbBr3 films were deposited using the VASP 

method, which was originally developed by Yang Yang et. 

al.47PbBr2 (1 M in DMF) was spin-coated on to a glass 

substrate at 2000 rpm for 60 s. After annealing at 70 ºC for 30 

min, the film was treated by CH3NH3Br vapour for 10 min by 

suspending above CH3NH3Br powder in a closed glass petri-

dish on a hotplate at 175 ºC.  The treated film was then rinsed 

in isopropanol at room temperature. All processing was done in 

a N2 glovebox. 

X-ray diffraction (XRD) patterns were measured using a 

PANalytical Xpert Materials Research Diffractometer system 

with a Cu Kα radiation source (λ=0.1541 nm) at 45 kV and 

40 mA. Scanning electron microscope (SEM) images were 

taken by an FEI Nova Nano SEM230 with TLD mode, at 3 kV 

and with a spot size of 2.5, SEM samples were coated with 

Chromium to reduce charging. Steady state PL spectra were 

recorded using a spectrophotometer comprising a 405 nm laser 

as the excitation source and a thermoelectrically cooled Si CDD 

detector. Fluorescence images were taken using a modified 

Leica TCS SP5 microscope. A 488 nm continuous-wave laser 

was used for excitation. The PL decay traces and fluorescence 

lifetime imaging spectroscopy were measured by a 

microtime200 microscope (Picoquant) using TCSPC technique 

with laser excitation at 470 nm and detection at 536 nm. The 

experiment was undertaken at room temperature. 

Results and discussion 

To monitor dynamic processes during aging of perovskite 

films, five CH3NH3PbBr3/glass samples were fabricated by the 

VASP method in the same batch and using the same bottle of 

solution.26 The films then went through different storage or 

aging conditions and were characterised by electron 

microscopy, optical microscopy, X-ray diffraction (XRD), 

photoluminescence measurements and fluorescence imaging. 

Figure 1 shows SEM images of the six samples from the 

same batch. Figure 1 (a) shows the sample when it is freshly 

made while Figure 1 (b) shows the sample after 2 weeks of 

storage in N2. Figure 1 (c); (d); (e) and (f) show the samples 

after 1 day; 2 days; 1 week; and 2 weeks of aging in air where 

the relatively humidity RH = 50%-60% and the temperature T = 

25 ºC. Very little change in morphology and crystal size can be 

observed for the sample after 2 weeks of storage in N2.  A 

similar result was observed in XRD patterns which are shown 

in Figure 2 (a). These results reveal that N2 suppresses any 

change in morphology and crystallinity. 

 In contrast, storage in air does have an effect on grain size. 

In Figure 1 (c) to (f), small grains can be seen to merge with 

each other to form larger grains during storage in air, and there 

are stretch marks on these large grains, parallel with grain 

boundaries. From day 7 to day 14, the stretch marks grow into 

contours, which have also been observed in over-annealed 

perovskite films.27 A statistical analysis of the grain sizes 

present in these films is shown in Figure 1 (g). 

 

 

Fig 1. SEM top-view images of CH3NH3PbBr3 films (a) when it is 

freshly made (b) after 2 weeks of storage in N2, (c) after 1 day; (d) 2 

days; (e) 1 week; (f) 2 weeks of aging in air where relatively 

humidity RH=50% to 60% and temperature T = 25 ºC. (g) 

Histogram of grain size at different stages. 

XRD was performed on these samples to check for 

decomposition of CH3NH3PbBr3 and changes in crystallinity. 

Figure 2 (b) shows the XRD patterns of CH3NH3PbBr3 films 

before and after aging and storage in N2 (for 2 weeks). The 

peaks at the 2θ values: 15.2°, 21.4°, 30.4°, 33.9°, 37.9°, 43.4°, 

46.0°, correspond to the (101), (121), (040), (141), (240), (242) 

(060) reflections of cubic crystalline CH3NH3PbBr3.
28 No 

additional peaks are detected from all aged samples. 

Remarkably, higher XRD counts are obtained from samples 

exposed to ambient air for longer periods of time. This can be 

attributed to enhanced crystallinity. A similar phenomenon has 

also been observed in mixed iodide -chloride perovskite films.24  
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To check whether the luminescence of the films changes 

due to aging, the steady state PL (SSPL) was measured for each 

sample.  Figure 2(c) shows that each sample exhibits very 

similar SSPL, with no obvious change in peak wavelength or 

peak width. Furthermore, no additional PL peaks were observed 

between 450 and 1100 nm; for example, PbBr2 has a PL peak at 

2.5eV, 29 which would be present if PbBr2 was generated during 

the aging process. In contrast, there are changes in PL lifetime 

and PL intensity at different stages of the aging process.  This is 

illustrated in Figure 2 (e), where lifetime values were obtained 

by fitting the PL decay traces in Figure 2(d). These figures 

show that both the PL intensity and the effective lifetime 

decreases with increasing aging time, which  together show that 

the PL quantum yield decreases with aging. 

 

Fig 2. XRD patterns of (a) freshly made and N2 stored (2 weeks) 

samples, and (b) air stored samples.  (c) Steady-state PL of the 

CH3NH3PbBr3 film at different aging stages. (d) PL decay traces and 

(e) Change in PL intensity and PL lifetime  for the films over time. 

To begin to understand what is occurring on the nano-scale, 

we measured the fluorescence images…  Figure 3 (a) and (b) 

show the fluorescence images of N2 stored and aged (2 weeks) 

CH3NH3PbBr3 films. They agree well with the SEM images in 

Figure 1. The N2-stored sample exhibits smaller grains with 

higher uniformity, while aged samples show the results of grain 

growth. It is interesting to note that there are several larger 

grains which exhibit lower PL intensity and so appear darker in 

the aged sample (Figure 3(b)). In contrast, the N2 stored sample 

exhibits fairly uniform PL intensity. 

 

Fig 3. Fluorescence image of (a) N2 stored (2 weeks) and (b) air 

stored (2 weeks) CH3NH3PbBr3 film. 

 

To obtain further insight into the microscopic mechanism of 

the aging process, we performed FLIM for the N2 stored and 

aged samples based on a confocal microscope. Figure 4 (a) and 

(b) show the FLIM images of N2 stored and aged (2 weeks) 

samples under 470 nm excitation and 536 nm detection.  The 

N2 stored sample exhibits small, uniformly-sized grains, with 

uniform and long PL lifetimes while the aged sample exhibits 

larger grains with lower PL intensity and shorter PL lifetimes. 

These observations are consistent with the SEM and optical 

images in Figure 1 and Figure 3, respectively. Figure 4 (c) 

compares the PL decay of the same N2 stored and aged samples 

averaged over an area. The PL decay of the aged sample 

exhibits a fast component which is associated with defect 

trapping.30, 31  

Figure 4 (d) compares the PL decays of a bright point (from 

a smaller grain) and a dark point (from a larger grain) from 

Figure 4(b), and the average from the observed area. Again the 

larger grain exhibits a fast decay component (defect trapping), 

and the small grain exhibits a longer lifetime and a higher PL 

intensity, similar to the N2 stored sample.   

The carrier dynamics in perovskite can be usually expressed 

as: 30, 32-34 

 

 

where the terms correspond to defect trapping (Shockley-Read-

Hall recombination via subgap trap states), free electron-hole 

recombination (bimolecular) and Auger recombination, 

respectively. Under low excitation intensities, defect trapping 

and electron-hole recombination are dominant. The observed 

faster decay in the darker grains implies a faster defect trapping 

time which in turn implies a higher defect density.35-36 

2 3

1 2 3

dn
Cn C n C n

dt
  
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Fig 4. FLIM images of (a) N2 stored and (b) aged (2 weeks) 

perovskites. The scale bar is in nanoseconds; (c) PL decay traces of 

the same N2 stored and aged (2 weeks) samples averaged over a 

20×20 μm2 area, and (d) the PL decay traces from a small, bright 

point and a large, dark point from Figure 4 (b).  

 

Figure 5 shows the PL intensity vs. excitation intensity in a 

double-logarithmic scale.  Here in the low excitation regime the 

PL intensity exhibits a superlinear increase with increasing 

excitation intensity.30 due to the correlation between the defect 

trapping and bimolecular recombination. The slope, k, of the 

super linearity in double-logarithmic coordinates has been 

shown to closely correlate with the ratio of the trap-state 

density to the depopulation rate of trapped states,37 and for a 

general single photon excitation, where the PL intensity 

𝐼𝑃𝐿 ∝ 𝐼𝐸𝑋
𝑘 ,38-42 this slope should be approximately equal to 1 if 

the quantum yield remains constant. For a steady state PL 

measurement in the low excitation range, the defect trapping 

and bimolecular recombination are two only possible 

recombination mechanisms, therefore the PL intensity is the 

difference of the total excitation intensity and the defect 

trapping. Thus, the increment of PL intensity with increasing 

excitation intensity can be expressed as    

where 𝐼𝐸𝑋 , η, δ are excitation intensity, absorption efficiency 

and cross section, respectively; C is constant.43, 44 fs is the 

saturation filling factor of the defect states which is correlated 

with the excitation intensity, defect density and relaxation rate 

of the defect states. With increasing excitation intensity, the 

trapping by defect states will decrease due to saturation filling 

and slow relaxation of the defect states, which results in the 

super-linear increase of the electron-hole radiative 

recombination.  

 

Fig 5. PL intensity as a function of excitation intensity for (a) N2 

stored and (b) aged (2 weeks) perovskite samples. Both figures are 

plotted on logarithmic scales so that the power factors can be 

obtained by linear fitting in the low excitation range.   

The slope of 1.625 and 1.740 were determined for N2 stored 

and aged samples, respectively. For samples of the same 

composition and with an identical fabrication method, it is 

reasonable to assume the species of the defect states and thus 

the relaxation rate are the same. Therefore, the saturation factor 

fs is determined by the density of these defects, and the larger 

slope corresponds to a higher density of defects. This 

conclusion is consistent with the TRPL and FLIM 

measurements.  

In Figure 4(b) the larger grains from the aged sample 

exhibited low PL intensity (dark) due to the presence of sub 

bandgap trap states.30, 31 Numerical simulations have been done 

to predict defect states at several positions spanning the whole 

band gap of the methylamonium lead halide perovskite.44, 45 

Our study shows no spectral shape of the PL or low-energy PL 

band associated with defect state emission were observed, 

which indicate the aging generated defects are independent with 

the nature of the defect. This observation agrees well with other 

investigations of methylammonium lead iodide perovskite 

films.23 

Conclusions 

In summary, we have investigated the dynamic aging 

processes in VASP fabricated CH3NH3PbBr3 films. The results 

reveal that the uniformly small grains can merge into the larger 

grains at room temperature in air. Such a slow process does not 

result in decomposition but a slow recrystallization. The larger 

grains were confirmed to introduce higher density of defects, 

exhibiting a shorter lifetime and higher super-linear slope in 

log-log representation of PL intensity versus excitation 

intensity relation. This study indicates that the CH3NH3PbBr3 

crystallises spontaneously at room temperature in air without 

any annealing. In nitrogen it has been shown that the 

crystallisation process is suppressed. Therefore, surface 

passivation and encapsulation is critical to maintain the quality 

of perovskite absorber for high performance perovskite-based 

devices. 
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