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and Haiping He *a

Lead halide perovskites are promising semiconductors for various optoelectronic devices working in a wide

photo-excitation density regime. However, photo-induced instability, attributed to illumination-activated

mobile ions, has been an obstacle to their application. Herein, we use the time evolution of

photoluminescence (PL) to investigate the light illumination effects of CH3NH3PbBr3 perovskite films

under relatively high excitation (up to 4.5 W cm�2). We demonstrate that continuous illumination can

lead to both PL enhancement and PL quenching simultaneously, with their weight ratios depending on

the excitation density. The experimental data can be well described and interpreted by considering the

coexistence of and competition between the photo-induced annihilation and the formation of long-

living filled trap states. Our study may provide in-depth insight into the photo-induced instability of

perovskite films and help to improve the performance of perovskite-based optoelectronic devices.
1. Introduction

Organic–inorganic lead halide perovskites have attracted
growing attention on account of their great potential in the
photovoltaic and light-emitting applications for the past
decade.1–3 Owing to their excellent optoelectronic properties,
such as balanced long-range hole and electron diffusion
lengths,4 high photoluminescence (PL) quantum efficiency,5

and high defect tolerance,6 organic–inorganic lead halide
perovskites have been regarded as promising materials for their
unprecedented development in low-cost solar cells7–9 with
increasing power conversion efficiency (PCE) and efficient light
emitting diodes (LEDs).10–13 The PCEs of perovskite solar cells
have rapidly exceeded 25% for the past few years,14 despite
Miyasaka and co-workers reporting a CH3NH3PbI3 dye-
sensitized solar cell with a PCE of only 3.81% in 2009.7 Mean-
while, highly efficient perovskite LEDs have been gradually
making progress, and operate with constantly improving
external quantum efficiency exceeding 20%.11

Despite the remarkable progress in device efficiency, there
still exists a huge obstacle in the future application. A proverbial
difficulty of perovskite-based optoelectronic devices is their
unstable performance when exposed to oxygen,15,16 moisture,17
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heat,18,19 and light,20–24 which have gradually attracted more and
more attention. Different types of environmental factors can
lead to various degradation pathways, and light itself also can
induce diverse illumination effects under different operational
conditions, making it difficult to study the mechanism behind
the instability of perovskite thin lm. In general, oxygen and
moisture both can be prevented from interacting with the
perovskite layer by using the appropriate encapsulation.25,26

However, light illumination is inevitable in the materials pro-
cessing and devices operating. Therefore, it is of high impor-
tance to investigate the features and mechanisms of the photo-
induced instability.

In previous reports, a photoluminescence intensity
enhancement (PLIE) under continuous light excitation has been
reported in organic–inorganic lead halide perovskites as the
consequence of photoinduced trap annihilation mecha-
nism.22–24,27 In direct contradiction, a photoluminescence
intensity decrease (PLID) has also been observed, which was
explained by ion migration and photoinduced trap forma-
tion.28,29 The increase of defect density has been interpreted as
a result of enhanced illumination-induced ion migration under
light excitation. In comparison, all-inorganic perovskites
exhibit superior light-stability,30 however are also slightly
subject to illumination effects, such as photo-induced phase
transition.31,32 For example, Xue et al.32 has observed photo-
induced reversible phase transition in CsPbBr3 nanocrystals.
In some reports, Cs is replaced with formamidinium (FA) to
form (NH2)2CHPbI3 (FAPI) which presents an improved struc-
tural stability.33 Despite noble effort, the comprehensive
consensus of the illumination effects in lead halide perovskites
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) Low-magnification (b) high-magnification of SEM images of
CH3NH3PbBr3 perovskite films on the glass substrate.

Fig. 2 (a) The PL spectra of CH3NH3PbBr3 films under various exci-
tation power densities. The intensities are normalized to the peak
value; (b) the evolution of PL intensity with time in CH3NH3PbBr3 film
under different excitation power densities.
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has not yet been available. For example, it is easy to imagine
that the photo-induced instability is sensitive to the excitation
density, and it is important to evaluate such effects under high
excitation close to the operating regime of concentrated
sunlight solar cells or high-power LEDs.

In this study, we prepare and encapsulate methylammonium
lead bromide (CH3NH3PbBr3) perovskite thin lms to make
them suitable for studying the photo-induced instability sepa-
rately. Time-dependent steady state and time-resolved PL
spectroscopy are used to investigate the dependencies of PLIE
and PLID effects on the excitation density. We demonstrate that
both the two effects can occur and compete with each other,
which can be interpreted in term of defect annihilation and
formation under different excitation densities. We adopt
a suitable model to explain the PL results and the competition
between PLIE and PLID under different excitation densities.

2. Experimental section

We fabricate the CH3NH3PbBr3 perovskite lms by virtue of
chloroform-assisted process technology.34 CH3NH3Br (MABr,
99.9%) are purchased from Xi'an Polymer Light Technology
Corp and lead bromide (PbBr2, 99.99%) are purchased from
Sigma-Aldrich. Dimethyl sulfoxide (DMSO, 99.8%) are obtained
from Alfa Aesar and chloroform (CHCI3, AR) are obtained from
Sinopharm Chemical Reagent Corp. The precursor solution,
prepared by mixing equal molar portions of PbBr2 and CH3-
NH3Br to form 40 wt% solutions in DMSO, is spin-coated with
speed of 3000 rpm on a clean glass in N2 atmosphere. During
the spin-coating process, a few drops of chloroform are dripped
on the lm to promote the crystallization. At last, CH3NH3PbBr3
lms are thermally annealed at 90 �C for 10min. All the samples
are encapsulated and kept in a glove box before measurements,
thus minimizing the impacts of oxygen and moisture.

Time-dependent steady state and time-resolved PL
measurements are performed on an MS3504i uorescence
spectrophotometer (SOL Instruments) to study the evolution of
PL intensity and lifetime with illumination time under gradient
increasing excitation densities, and the time resolution of the
TCSPC system is around 100 ps. A semiconductor pulsed laser
operating at a repeating frequency of 10 MHz and a wavelength
of 405 nm is used as the excitation source. Field-emission
scanning electron microscope (FE-SEM, SU-8010) is utilized to
study the morphology of samples. X-ray diffraction (XRD),
equipped with a PANalytical X'pert PRO diffractometer oper-
ating at 40 keV and 40 mA using Cu Ka radiation (l ¼ 0.15406
nm), is performed to study the crystallinity of lms.

3. Results and discussion

The morphology of CH3NH3PbBr3 perovskite lm is displayed
in Fig. 1. From the low-magnication of SEM image shown in
Fig. 1a, we nd the CH3NH3PbBr3 perovskite lm has a smooth
and compact surface. High-magnication of SEM image shown
in Fig. 1b displays the uniform distribution of large grains with
an average grain size of �200 nm and clear grain boundaries.
The XRD pattern (Fig. S1†) shows the CH3NH3PbBr3 lms have
This journal is © The Royal Society of Chemistry 2020
a good crystallinity, consistent with previous reports.35 The good
repeatability of the preparation process and high quality of
CH3NH3PbBr3 lm ensure the reliability of experimental
results.

In the following study, we compare the evolution of PL
intensity and lifetime of the CH3NH3PbBr3 lm with time under
different excitation densities during continuous illumination.
Fig. 2a displays the PL spectra of the same sample under
different excitation densities. The emission peak is around
537 nm, consistent with the results reported in literature.36 It
should be noted that the PL peak position and spectral line-
shape almost remain unchanged with increasing excitation
density up to 4.5 W cm�2, indicating that the perovskite lm
does not suffer degradation. Fig. 2b displays the evolution of PL
RSC Adv., 2020, 10, 11054–11059 | 11055
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Fig. 3 (a) The PL decay traces (b) the weight ratio of fast decay (black
line) and slow decay (red line) (c) the short lifetime (black line) and long
lifetime (red line) of CH3NH3PbBr3 films under 0.5 W cm�2 excitation
recorded after continuous illumination of 0, 10, 20, 30 min,
respectively.
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intensity with time in the CH3NH3PbBr3 lm at increasing
power densities. During continuous illumination, the PLID and
PLIE are both observed in the CH3NH3PbBr3 lm, each playing
a dominant role at different power densities. At a low power
density of 0.3 W cm�2, the PL intensity shows a quick but slight
increase, followed by a continuous decrease lasting for over
30 min. When the power density increases to 0.5 W cm�2, an
obvious increase (�39%) of PL intensity within 10 min is
observed in the CH3NH3PbBr3 lm, followed by a slow decrease
to 87% of the maximum value. However, when we increase the
power density to 0.9 W cm�2, only a monotonic PLIE occurs and
the PL intensity undergoes a continuous increase to 138% of the
initial value during 8 min until it reaches a stable state.
Nevertheless, at a higher power density of 4.5 W cm�2, only
a monotonic PLID is observed in the same CH3NH3PbBr3 lm
and the PL intensity drops to 71% of the initial value within
6 min. Chen20 has also reported that CH3NH3PbI3 lms suffer
from PLIE and PLID respectively under low and high excitation
densities, which however are different from our experiments in
two aspects. Firstly, in terms of experimental conditions we
excite the same CH3NH3PbBr3 lm with continuously increased
excitation densities up to 4.5 W cm�2 lasting for 30 min.
Secondly, in terms of results we observe that CH3NH3PbBr3
lms undergo PLIE and PLID successively under low excitation
densities, however Chen reported that CH3NH3PbI3 lms only
suffer from PLIE maybe due to the limit of illumination time.

We also monitor the evolution of PL lifetime with the illu-
mination time. Fig. 3a shows the PL decay kinetics of CH3-
NH3PbBr3 lm under 0.5 W cm�2 excitation recorded aer
continuous illumination of 0, 10, 20, and 30 min, respectively.
The decay clearly consists of a fast and a slow component,
which can be well tted (Fig. S2†) by a bi-exponential decay
function, I(t) ¼ I0 + A1 exp(�t/s1) + A2 exp(�t/s2), where s1 and s2
are lifetimes for the two decay channels and A1, A2 the corre-
sponding weight ratios. The tting results give a short lifetime
of �0.5 ns with a weight ratio of �0.3 and a long lifetime of�22
ns with a weight ratio of �0.7. The short lifetime can be
assigned to excitonic recombination considering the relatively
large exciton binding energy of CH3NH3PbBr3, while the long
lifetime represents the trapped-assisted recombination.37 As
shown in Fig. 3b, aer 10 min illumination, the weight ratio of
trap-assisted recombination decreases, which suggests
a decrease of trap density and is consistent with the PLIE in the
initial stage shown in Fig. 2b. Aer that, the weight ratio does
not change markedly, while the excitonic lifetime decreases
from 0.50 to 0.43 ns (Fig. 3c), suggesting the formation of non-
radiative defects. This also agrees with the PLID observed in
Fig. 2b.

In the previous reports, the PLID and PLIE in the organic–
inorganic lead halide perovskites under light illumination were
observed and explained separately.21,23,38 In general, the defect
curing has been put forward to explain the PLIE effect occurring
in the organic–inorganic lead halide perovskite materials.
Mosconi et al.23 has proposed an explanation in which illumi-
nation could promote the annihilation of VI

+/Ii
� Frenkel pairs,

where VI
+ and Ii

� represent iodine vacancies and iodine inter-
stitial ions respectively, accompanied by a decrease of trap
11056 | RSC Adv., 2020, 10, 11054–11059
density, in methylammonium lead iodide perovskite thin lms.
In CH3NH3PbI3 lms, the lead-related defects are reported with
high migration barriers ranging from 0.8 to 1.4 eV,39,40 however
the iodide-related defects including VI

+ and Ii
� have small

activation barriers (0.10 and 0.24 eV, respectively),41 thus
considered to be the fasted migrating defects. However, the
PLID is more likely to be attributed to illumination-activated
mobile ions.28,42 Domanski et al.38 provided direct evidence of
photo-driving defect migration and accumulation which are the
origin of degradation occurring in the CH3NH3PbI3 lm. CH3-
NH3PbBr3 and CH3NH3PbI3 both show a remarkably similar
defect chemistry which is dominated by interstitial halogen
defects and lead vacancies,24 therefore defect curing and ion
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 The evolution of PL intensity with time and the fitting curve
based on saturation and quenching functions together and respec-
tively in CH3NH3PbBr3 films when the power densities are (a) 0.5 W
cm�2, (b) 1.9 W cm�2, (c) 4.5 W cm�2 respectively.
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migration could both apply to CH3NH3PbBr3 and CH3NH3PbI3.
We propose that the evolution of PL intensity and PL lifetime in
the CH3NH3PbBr3 lm is the result of competition between the
PLIE and PLID effects, which will eventually reach a dynamic
equilibrium state. To further explore the illumination effects in
the CH3NH3PbBr3 lm, PL intensity could be described as
a function of illumination time for 0.5, 1.9 and 4.5 W cm�2,
which represent low, medium, and high excitation density
respectively. Therefore, the PL intensity could be described as
following:

IðtÞ ¼ I0 þ Asat

t

1þ t=ssat
� Aexp

�
1� exp

� �t
sexp

��
(1)

where I0 is the initial PL intensity, Asat and Aexp are the relevant
weight ratios, ssat and sexp the time constants.37 Asat and Aexp
show the impact of the PLIE and PLID respectively to the
evolution of PL intensity, and ssat and sexp respectively represent
the time required for PLIE or PLID to reach saturation. In
general, the second term of the right side of eqn (1), which is
a saturation function, is a representation of PLIE induced by
defect curing.23 Meanwhile, the third one, which is an expo-
nential quenching function, is a description of PLID attributed
to the illumination-activated mobile ions.20 The tting time
constants of ssat and sexp are shown in Table 1, and the tting
curves of PL intensities with time are displayed in Fig. 4.

We propose that the formation and annihilation of defects
both take place in the whole illumination process, the domi-
nant part of which would determine the occurrence of PLID or
PLIE. At the low excitation density of 0.5 W cm�2, we observe
a PLIE effect at rst and a PLID effect in the subsequent time in
CH3NH3PbBr3 lms. As shown in Fig. 4, the contributions of
both PLIE and PLID are plotted separately according to the
tting parameters, and they have different effect on the PL
intensity during different periods. At this point, ssat is 165 s,
which means PLIE gradually reaches saturation within this
period, while PLID is still in the state of accumulation until it
reaches saturation with a time constant of 2938 s. Since the
PLID during light illumination is ascribed to the increase of
defect density, the PLID occurs aer the PLIE indicates that the
formation of defects is suppressed at the initial stage but
dominates in the subsequent process. When the power density
is 1.9 W cm�2, the PL intensity shows only increase. However,
the tting results indicate that the result is still a competition
between the PLIE and PLID effects, while the saturation time
constant of PLIE increases signicantly to 720 s. It suggests that
the annihilation of defects prevails over the formation of
Table 1 Fitting parameters of saturation and quenching functions in
CH3NH3PbBr3 films under power densities of 0.5, 1.9, and 4.5 W cm�2

respectively

Power density
(W cm�2) ssat (s) sexp (s)

0.5 165 2938
1.9 720 2593
4.5 1003 58

This journal is © The Royal Society of Chemistry 2020
defects, resulting in the decrease of defect density during whole
illumination process. Nevertheless, when the power density is
4.5 W cm�2, PLIE has no more advantage in the competition of
two illumination effects during irradiation, and only PLID is
observed in the whole process. Moreover, compared with sexp
when the power density is 0.5 W cm�2, sexp decreases to 58 s,
which mean the PLID effect reaches saturation faster due to the
increasement of excitation density. In fact, as shown in Fig. 4c,
we can observe that the formation of defects takes place quickly
during short period and the annihilation of defects is greatly
suppressed during the whole time. Based on the experimental
data and tting results, we put forward that the annihilation
and formation of defects always coexist in the CH3NH3PbBr3
lms and both processes will be inuenced by the excitation
density.
RSC Adv., 2020, 10, 11054–11059 | 11057
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With assistance of the model proposed by Motti et al.24, we
could explain the excitation density dependent illumination
effects taking place in CH3NH3PbBr3 lms. Motti et al.
demonstrated that PLIE and PLID coexist and compete in the
CH3NH3PbBr3 and CH3NH3PbI3 lms which are associated with
the formation and annihilation of defects triggering
illumination-induced photochemical reaction and material
transformation. In general, the PLIE effect is attributed to defect
curing process, specically caused by annihilation of VBr

+/Bri
�

Frenkel pairs where VBr
+ and Bri

� represent bromine vacancies
and bromine interstitial ions respectively, as shown in Fig. 5.
When an electron is trapped in at Bri

+ to form Br0i , along with
the release of energy, Bri

� and VBr
+ migrates to each other in the

opposite direction with a small activation energy.41 In terms of
result, this defect curing process would lead to the decrease of
trap density. Meanwhile, the accumulation, migration and
reaction of generated defect Br0i could induce a battery of
compensation effects resulting in the increase of trap density.
On the one hand, the Br0i could accumulate in the grain
boundary acting as a new kind of nonradiative recombination
center. On the other hand, the concentration gradient of
Br0i decreasing from bulk to surface and sufficient energy could
apply a driving force to promote the long-distance migration of
Br0i from bulk to surface, in which the bimolecular reaction of
Br0i to form Br2 is favored by a relatively high trap density,
effectively increasing the probability of encountering between
two Br0i molecules. Moreover, the migration of Br0i could evoke
the unbalanced distribution of bromine and result in a series of
compensation reactions in the bulk. Therefore, the new VBr

+/
Bri

� Frenkel pairs are generated through these reactions, which
further improves trap density and the proportion of non-
radiative recombination. These detailed photochemical reac-
tions are presented in Fig. S3 and ESI Note 1.† On the basis of
a Boltzmann exponential function,43 tting of the high-energy
side of PL spectrum, we calculate the corresponding plasma
Fig. 5 The ion migration behind PLIE and PLID process. A represents
the annihilation of VBr

+/Br� Frenkel pairs with an electron trapped at
Br+, resulting in PLIE; B represents the formation of new defects as the
compensation for migration of Br0 from bulk to surfacewhich form Br2
through bimolecular reaction, leading to PLID.

11058 | RSC Adv., 2020, 10, 11054–11059
temperatures at different excitation densities. In terms of
results, the plasma temperature increases slightly from 304 to
319 K when the excitation densities are 1.9 and 4.5 W cm�2

respectively (Fig. S4†). In essence, both PLIE and PLID involve
ion migration, but PLIE effect is ascribed to short-distance
movement of VBr

+/Bri
� Frenkel pairs, while PLID effect is

attributed to long-distance migration of Br0i , which requires
higher activation energy. Therefore, with the increase of exci-
tation density, PLIE effect plays a dominant role in the rst
stage under low or middle excitation densities, but PLID grad-
ually dominates the whole irradiation process at higher excita-
tion densities.

4. Conclusion

In summary, we have studied the dependence of photo-induced
instability of methylammonium lead bromide perovskite lms
on the excitation power density. We conrm that illumination-
triggered PLID and PLIE both take place and compete with each
other in the perovskite. Depending on specic excitation
density, one effect could prevail over the other, thus deter-
mining the variation of PL intensity and PL lifetime within
illumination time. The overall PL intensity evolution can be well
reproduced by a formula taking into account the two effects. A
model regarding the formation and migration of long-living
trapped Br0i species is adopted to explain the mechanism
behind the competence between PLIE and PLID. The PLIE is
associated with the annihilation of VBr

+/Bri
� Frenkel pairs

driven by an electron trapped at Bri
+. The PLID is related with

a bimolecular reaction of two Br0i to form Br2 molecule, which is
favored at higher excitation density.
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