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ABSTRACT: Recent reports on temporal photoluminescence (PL) intensity ﬂuctuations (blinking) within localized
domains of organo-metal lead halide (hybrid) perovskite
microcrystals have invoked considerable interest to understand their origins. Using PL microscopy, we have investigated
the eﬀect of atmospheric constituents and photoillumination
on spatially extended intensity ﬂuctuations in methylammonium lead bromide (MAPbBr3) perovskite materials, explicitly
for micrometer (ca. 1−2 μm)-sized crystals. Increase in the
relative humidity of the ambience results in progressive
reduction in the PL intensity, and beyond a threshold value,
individual microcrystalline grains exhibit multistate PL
intermittency (flickering), which is characteristically diﬀerent from quasi two-state blinking observed in nanocrystals. Such
ﬂickering disappears upon removal of moisture, accompanied by considerable enhancement of the overall PL eﬃciency. We
hypothesize that initiation of moisture-induced degradation marked by the lowering of PL intensity correlates with the
appearance of PL ﬂickering, and such processes further accelerate in the presence of oxygen as opposed to an inert (nitrogen)
environment. We ﬁnd that the intrinsic defects not only increase the threshold level of ambient moisture needed to initiate
ﬂickering but also modulate the nature of PL intermittency. Our results therefore establish a strong correlation between
initiation of material degradation and PL ﬂickering of hybrid perovskite microcrystals, induced by transient defects formed via
interaction with the ambience.

■

perovskite materials, temporal ﬂuctuation in the PL intensity is
observed not only in smaller dimension particles7,10 but also in
aggregates11 and submicron size grains.6 In larger size particles
(≥few microns), such ﬂuctuation in PL intensity is found in
spatially localized domains.6 Thus, it is obvious that the Auger
process may not be the dominant mechanism, rather dynamic
traps can also be responsible for PL ﬂuctuation in microcrystals, as argued by Merdasa et al.5 However, the electronic
nature or the formation of these dynamic traps is yet to be
understood.
We have previously demonstrated localized PL intermittency
within isolated perovskite grains of few microns in a laboratory
environment (not controlled).6 During the course of our
measurements, we found that the occurrence of this PL
intensity ﬂuctuation of the submicron size crystals varies from
sample to sample. Such discrepancies motivate us to
understand the eﬀect of the environmental elements that
may get involved in the initiation of such a phenomenon.
Hence, in this article, we aim to demonstrate a distinct

INTRODUCTION
In recent years, hybrid halide perovskite materials, owing to its
favorable optoelectronic properties, have evolved as an
emerging photon-harvesting material for low-cost photovoltaic
devices. Within a relatively short span of time, an
unprecedented improvement in the energy conversion
eﬃciency was documented.1 However, as a major bottleneck
to its commercial viability, long-term stability is a major
concern in these materials.2 Extrinsic eﬀects that are often
aided by photogenerated charge carriers endorse chemical
changes in the materials.3 Photoluminescence (PL), being
sensitive to the disorder in the materials, is well-explored to
understand the broader photophysical properties of the
particulate ﬁlms or devices. In addition, PL microscopy
provides exclusive information about spatially resolved
heterogeneity in the materials.4 Here, the local information,
be it chemical or electronic disorders, in the material can be
well-apprehended.5,6
Photoexcited charge-carrier recombination dynamics is
widely discussed in nanomaterials owing to the high-frequency
temporal ﬂuctuation, often termed as blinking.7−9 Here,
nonradiative Auger recombination plays a deterministic role
because of the high surface-to-volume ratio. In hybrid halide
© 2018 American Chemical Society
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Figure 1. Eﬀect of moisture (in air) on the PL intensity of MAPbBr3 microcrystals. (a) Typical average intensity image of MAPbBr3 microcrystals
recorded at 15−20% RH. (b−g) Average PL image of a microcrystal marked with a yellow box in (a) under abovementioned humidity conditions.
(h−m) Change in the PL intensity time traces of that particular microcrystal (green) and average PL intensity time traces of the whole ensemble of
microcrystals (red) under those RH conditions. The schematic of change in the RH and incident light on and off condition [intermittent
illumination (II)] throughout the experimental time period is shown on the top of the PL images and the bottom of the PL time traces,
respectively.

movies were collected as 16-bit image sequences at 30 Hz
(32 ms exposure time). All imaging data were analyzed after
background subtraction using ImageJ. To control the local
atmosphere and humidity around the sample, a custom-built
enclosed chamber (with inlets for appropriate gas and water
vapor) was attached onto the sample stage. PL microscopy of
perovskite microcrystals was conducted in the closed chamber
where the moisturized gas was purged through a ﬂow meter
and the humidity inside was monitored using a relative
humidity (RH) sensor (schematic of the entire setup is shown
in Figure S10). All measurements were performed at 295 K.

correlation between the surrounding ambience and PL
intensity ﬂuctuation in methyl ammonium lead bromide
(MAPbBr3) microcrystals.

■

EXPERIMENTAL METHODS
Synthesis of Methylammonium Bromide. Methylammonium bromide is synthesized by reacting equimolar
concentration of methylamine and hydrobromic acid in
ethanol (as a solvent) in a round-bottom ﬂask. The solvent
is evaporated using a rotary evaporator. The dried powder
product is again dissolved in ethanol and recrystallized to from
diethyl ether. The recrystallized methylammonium bromide
salt is washed repeatedly using diethyl ether and dried in a
vacuum oven at 60 °C for 12 h.
Preparation of Microcrystals. A precursor solution of
methylammonium lead bromide (0.2 M, MAPbBr3) is
prepared from an equimolar mixture of methylammonium
bromide and lead bromide (Sigma-Aldrich) in N,N-dimethylformamide (Sigma-Aldrich) solvent. To form the microcrystals, the precursor solution is spin-coated on a glass
coverslip (Fisher Scientiﬁc, 25 × 25 × 1 mm) at 2000 rpm for
60 s and annealed at 90 °C for 2.5 min in a nitrogen-ﬁlled
glovebox. The formation of the material is conﬁrmed by X-ray
diﬀraction and ultraviolet−visible (UV−vis) spectroscopy
(Figures S1 and S2).
Material Characterization. The UV−vis−near-infrared
absorption measurements were performed using a PerkinElmer
LAMBDA 950 spectrophotometer, and the PL measurements
were carried out on a JASCO FP-8200 ﬂuorescence
spectrometer. The scanning electron microscopy (SEM)
images of microcrystals were obtained from a Zeiss Ultra 55
FE-SEM scanning electron microscope from Oxford Technologies.
PL Microscopy of Perovskite Microcrystals. Spatially
resolved emission spectroscopy was performed on a homebuilt wide-ﬁeld laser epi-ﬂuorescence microscope (Nikon
Eclipse 2000U), details of which can be found elsewhere. In
brief, the emission from the microcrystals grown on the
coverslip is visualized by exciting a large area (∼400 μm2) of
the sample with a 405 nm diode laser (LaserGlow, model:
LRD-0405-PFR) through an oil immersion objective (Nikon
TIRF 1.49NA60X oil) with 1 W cm−2 excitation power
density. The same objective lens was used to collect the
emitted light, which was passed through the necessary dichroic
mirror and emission ﬁlters, and imaged using an interline
charge-coupled device camera (DVC Co. 1412AM). PL

■

RESULTS AND DISCUSSION
All our measurements, unless otherwise mentioned, were
performed under controlled surrounding ambient conditions
and recorded under illumination for 60 s. The spectroscopic
investigations were performed on the same set of microcrystals
with varying RH. Usually, the time taken to increase the RH by
10% is ca. 5 min, and during this period, the material is kept
under the dark.
Eﬀect of Moisture on PL Intensity. It is comprehended
from the literature that moisture interacts reversibly and
irreversibly with hybrid perovskite materials. 12−14 Our
investigation here is directed to understand the electronic
heterogeneity that is instantaneously created on the microcrystals of MAPbBr3 under highly controlled moisture
exposure. Figure 1a shows the PL image of a cluster of
MAPbBr3 microcrystals obtained under 15−20% RH. The
morphology of the grains obtained from the PL images here is
in reciprocation to that obtained from SEM, as shown in
Figure S3. In this humidity region (15−20% RH), a
continuous increase in the PL intensity of the perovskite
microcrystals is observed (Figures 1h and S4). The gradual
increase in the PL intensity can be attributed to the lightinduced passivation of the nonradiative intrinsic defect states
similar to the one reported earlier,15,16 often termed as
photocuring (vide infra). Upon further increase in the RH of
the surrounding ambience to 35−40%, no considerable change
in the PL intensity is noted, indicating that the photoactivation
process has reached saturation in that stipulated time period.
However, a substantial decrease in the PL intensity is observed
when the RH is further increased to ca. 55−60%. Additional
increase in the RH results in a further decrease in the PL
intensity, as illustrated in Figure 1c−f. The PL images of the
particular microcrystal shown under diﬀerent humidity
conditions are the average of PL intensity of all time frames
15134
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Figure 2. PL ﬂickering behavior of MAPbBr3 perovskite microcrystals in air at higher RH (≥75%). (a) Average PL image of a cluster of
microcrystals recorded over 60 s. The ﬂickering behavior of the microcrystals marked 1 and 2 is elaborated alongside. (b−d) and (f−h) represent
the PL images of the microcrystals 1 and 2, respectively, at their sudden bright states. The corresponding PL intensity time traces are shown in (e,i).
In the insets, the particular positions of (b−d,f−h) are demonstrated in their respective PL intensity time traces.

Figure 3. Eﬀect of photoillumination on the PL of microcrystals in air at various RH values. (a) Average PL intensity time traces of the
microcrystals under CI condition (blue) at constant 15−20% RH. (b) Average PL intensity time traces at CI (green) and II (red) under varied RH
conditions. A schematic is shown below to emphasize the three experimental conditions with color code (CI in blue and green; II in red), where
dashed lines indicate RH and solid lines represent the illumination condition (CI and II).

shown in Figure 1g,m. We thus speculate that there is a
reversible dehydration process, which initiates the partial
recovery of the luminescence property of the microcrystals.19
However, the individual intensity of the microcrystals was
found substantially lower in comparison to that observed
initially at ca. 15−20% RH, whereas some of the microcrystals
turn out to be PL inactive (see Figures 1g and S7). The
fractional reduction in the PL intensity of the individual
microcrystal is also found to vary from one crystal to another.
PL Flickering of Entire Microcrystals. Interestingly, apart
from the substantial lowering of the PL intensity under 75%
(and higher) RH, a distinguishable temporal ﬂuctuation in the
PL is observed in MAPbBr3 microcrystals. We observed such
ﬂuctuations both under controlled and regular ambient
environments. These PL intensity ﬂuctuations that extend
more than a few frames are found to be slightly dissimilar to
the ones that are often termed as “blinking,” which is mostly
seen in semiconductor nanocrystals [quantum dots (QDs)]
and also in nanoparticles of halide perovskites where the
temporal jump is usually abrupt and within one or two
frames.20,21 Here, the ﬂuctuation of PL intensity is found to be

that are taken over 60 s (change of average PL intensity in a set
of microcrystals is shown in Figure S5). In the bottom of every
PL image, the corresponding PL intensity time traces (green)
are also shown along with the average PL time trace of the
entire cluster of microcrystals (red) (Figure 1i−m). The
reduction of PL intensity with increasing RH can be attributed
to the absorption/adsorption of water molecules on the
hydrophilic hybrid perovskite materials12,17 [no such detectable reduction of PL intensity at higher humidity is observed
while replacing the organic cation with cesium ion (Cs+)
(Figure S6)]. Here, either or both of the following possibilities
can play a deterministic role; (a) weakly bonded adsorbed
water molecules can possibly create metastable trap states or
(b) absorbed water molecules can react and thus degrade the
material by releasing CH3NH2 and HBr.18 Either of the
scenario facilitates the nonradiative recombination processes in
the perovskite microcrystals.
In addition to the above, it is also observed that the average
PL intensity of the same set of microcrystals (that are already
exposed to ca. 90% RH) get increased when the surrounding
RH was reverted back to the lower value (15−20% RH), as
15135
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Figure 4. Eﬀect of N2/O2 on the average PL intensity and ﬂickering of 50 microcrystals upon II. (a−e) Average PL intensity time traces of
perovskite microcrystals under diﬀerent RH conditions under nitrogen (blue) and oxygen (red) atmospheres. (f) Number of microcrystals having
ﬂickering behavior among the total number of microcrystals illuminated under diﬀerent RH conditions under nitrogen (blue) and oxygen (red).

context of this article, it is important to note that the ﬂickering
in the PL intensity is evidently absent during long exposure in
low RH even under CI. It certainly ascertains that the
reduction in the PL intensity obtained under higher RH
condition is mainly caused by the moisture in the surrounding
atmosphere and not by the incident light.
Furthermore, the above experiment is repeated with
changing humidity while keeping the material under CI. As
can be seen from Figure 3b, under CI, the process of
degradation gets substantially accelerated (green) with
increased humidity in comparison to the one obtained under
II (red). This observation implies that light can accelerate the
moisture-induced degradation process. Because the degradation process is faster in the case of CI, PL ﬂickering is observed
in a relatively lower humidity (60−65%) level under CI than
under II where the phenomenon is observed only beyond 75%
RH. Thus, the ﬂickering is found in consistent relation with the
degradation history of the material.
To develop a comprehensive understanding to distinguish
the contributory eﬀect of the constituents of air on the optical
properties of MAPbBr3, a similar set of experiments with II
were performed under nitrogen and oxygen atmospheres with
varied humidity. At a lower RH (15−20%), the PL intensity is
signiﬁcantly higher when measured under oxygen atmosphere
than in nitrogen ambience. Enhanced PL intensity under
oxygen ambience is attributed to the passivation of intrinsic
nonradiative defects by the Pb−O interaction.21 Cycling the
ambience between nitrogen and oxygen results in periodic
changes in the PL intensity, indicating that the metal−oxygen
interaction is not a permanent one. Upon increase in humidity,
the relative decrease in the PL intensity with time is found
comparatively faster under oxygen than in nitrogen. Because
degradation is faster in oxygen atmosphere, blinking is evident
above 60% RH, whereas in nitrogen, the phenomenon appears
at ca. 85% RH, as shown in Figure 4f. The percentage of
particles that show f lickering is plotted against the RH of the
surrounding, as shown in Figure 4f, whereas the average PL
intensity time traces under diﬀerent RH conditions are
provided in Figure 4a−e. Interestingly, when the exposed
material is taken back to 15−20% RH, the number of degraded
particles is found to be less in nitrogen than in the oxygen
atmosphere Figure S7.
Eﬀect of Intrinsic Defects. As of now, we discuss the
eﬀect of extrinsically generated defects on the temporal PL
properties of the microcrystals. In continuation, we opt to
understand the involvement of intrinsic defects on the
f lickering. These intrinsic defects are those that exist inherently
in the microcrystals upon synthesis. We have previously shown
that upon illumination, the photogenerated charge carriers
cure these defect states (i.e., photocuring) at 15−20% RH, and

a resultant of low-frequency ﬂuctuations in combination with
relatively higher frequency ﬂuctuations. So, instead of clear
“on” or “off ” states traditionally obtained in blinking, multiple
“bright” and “dim” states are observed in these microcrystals.
We henceforth term the observed temporal PL intensity
ﬂuctuation as ﬂickering only when the ﬂuctuations in the PL
intensity time trace between two consecutive frames diﬀer by 5
times or higher than the standard deviation of the ﬂuctuations.
Figure 2 shows the pictorial demonstration of the PL ﬂickering
of the microcrystals alongside the time traces depicting the PL
intensity ﬂuctuations. At a high RH (≥75%) ambience, most of
the time, enhancement of the PL intensity or “bright” state is
observed. We note that in spite of having low-frequency
ﬂuctuations, such ﬂickering behavior is not pronounced in
perovskite crystals larger than few (ca. 5) micrometers. Such
observations thus clearly diﬀerentiate between conventional
blinking and ﬂickering, as reported here.
As discussed earlier, the PL intensity of most of the
microcrystals is fractionally recovered because the reversible
desorption of moisture is observed when the RH of the
ambient is reduced from high (ca. 90%) to low (15−20%). In
addition to this, ﬂickering behavior is also not observed at that
particular condition. This clearly indicates that the permanent
defect states introduced due to water-mediated degradation are
not the only factors that induce the ﬂickering in the
microcrystals. It can be thus hypothesized that the ﬂickering
behavior can be initiated by the interplay between the
permanent defect states created due to degradation and
metastable defect states generated from reversible interaction
of water molecules under higher RH conditions. It is important
to mention that there was neither any change in the shape nor
any shift in the spectra apart from the intensity that is found
before and at the time of blinking (Figure S8). Such spectrally
unchanged PL during the ﬂickering process indicates that the
recombination through low-lying traps is mostly insigniﬁcant.
Eﬀect of Atmospheric Constituents and Light. Nonetheless, the eﬀect of light cannot be denied here, which may
activate either photoinduced or photo(electro)chemical eﬀect
in the process. To segregate these light-induced eﬀects, we
measured the average PL intensity time traces of an ensemble
of microparticles under two diﬀerent conditions, as shown in
Figure 3;
(a) Continuous illumination (CI) under dry condition (ca.
15−20% RH) and
(b) Both CI and II under varied RH condition.
A characteristically diﬀerent feature is observed in PL time
trace upon CI at constant but low RH (15−20%) condition.
No reduction in the PL intensity is detected throughout the
course of this measurement, as depicted in Figure 3a. In the
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Figure 5. PL ﬂickering of photo-uncured MAPbBr3 microcrystals under diﬀerent humidity conditions. (a) Observation of sudden dim states in the
PL intensity time trace under lower humidity conditions (35−70% RH). (b) Sudden bright states in the PL intensity time trace under higher
humidity conditions (75−90% RH). (c,d) Emphasize the dim and bright states in the corresponding PL intensity time traces, marked with a black
circle. The PL images of the particular microcrystals at positions 1, 2, and 3 in (c,d) are shown in (e,f), respectively. The white line showed in PL
images indicates 1 μm.

resulting in temporal reduction of the PL intensity. However,
the relatively short lifetime (ca. 2 ns) of these states20 results in
reversion to the radiative state, and thus the process continues
between the PL active (ON) and inactive (OFF) states. By
contrast, our observation that is described in this work (also
summarized in Table S11, Supporting Information) where PL
ﬂickering is observed in micron size perovskite particle is likely
to be diﬀerent from what is traditionally referred as blinking.
The net photon absorption (1 W cm−2) in these microparticles
is not enough to boost the carrier concentration to the Auger
limit, as also shown by Merdasa et al.5 Here, the ﬂuctuation in
PL is not a digital ON/OFF system, rather the variation in the
intensity is observed as an additive eﬀect on top of the overall
PL background. In larger crystals, the photoexcited carrier
dynamics is diﬀusion-limited and not simply governed by the
thermal velocity as in QDs or nanosize domains within
microcrystals. It is thus possible that in the vicinity of suﬃcient
number of metastable defects, the photogenerated chargecarrier pairs non-radiatively recombine. However, because of
the high mobility of both type of charge carriers, it is inherently
not localized. Nevertheless, if the sizes of the crystals are way
bigger than the average diﬀusion length of the charge carriers,
then localized PL intermittency is observed, as we have
previously shown.6 As it can be understood that the
abovementioned process does not aﬀect the majority of the
charge carrier pairs, the net bulk radiative recombination is
unaltered, which is responsible for the background PL.
Furthermore, to initiate the ﬂickering, a relatively higher
surface defect density is desirable instead of single trap states
that are often needed in QDs because of a substantially lower
surface-to-volume ratio.21 By now, the energetic nature of
these trap states is not classiﬁed, but our experimental
observations clearly assert the fact that these trap states are
generated through photo(electro)chemical processes involving
water molecules. Here, the chemical nature of the material and
the surface property play a deterministic role. We believe that
the weak hydrogen bonding can be a dynamic process resulting
in temporal formation and/or deformation of surface states

then measurements under higher humidity conditions are
performed on the same set of microcrystals. In contrast to the
above, for each measurement, a new set of unexposed
microcrystals is studied under diﬀerent RH values. In the
absence of any photocuring, the ﬂickering phenomenon starts at
a relatively lower humidity (35%), as shown in the PL intensity
time trace (Figure S9b−d). The striking diﬀerence between
the f lickering that is observed under high RH in photocured
samples and here is the directional reversal of the f lickering
behavior. Figure 5a,c,e shows the PL intensity time trace and
the corresponding PL image of the microparticles that
undergoes f lickering from a normally bright state to a
momentarily dim state. To be noted here is that when the
same experiment is performed at a higher humidity, the
ﬂickering direction goes from the normally dim state to the
sudden bright state, as shown in Figure 5b,d,f (also in Figure
S9e,f). This is similar to the ones discussed earlier in
photocured samples. Under inadequate experimental evidences, we refrain from establishing a direct correlation between
the nature of the intrinsic defect states and the PL ﬂickering,
though it exists. It may be a subject of further investigation. We
thus like to emphasize on the fact that the ﬂickering can be
seen under a microscope, but the directional nature of PL time
trace is important to understand the nature of the material.

■

DISCUSSIONS
PL properties can be a resultant of two competitive
recombination processes: radiative and nonradiative; here,
the intrinsic defect density and distribution play a deterministic
role. On the other hand, the PL intermittency is truly a
dynamic process where relative changes in the defect density
temporally suppress either the radiative or nonradiative
process, resulting in impulsive enhancement or reduction in
the PL intensity. For example, in the nanocrystalline materials,
preferential trapping of the photogenerated charge carriers in
the metastable states initiates the nonradiative Auger process.
This process eﬀectively suppressed all radiative processes,
15137
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along with the permanent defect states that initiate nonradiative or radiative recombination pathway. However, our
observation probably indicates that the ﬂickering process is not
initiated by a single quenching site, rather by a concerted
phenomenon, as the raise or decay in PL is not abrupt and
recorded over more than a couple of frames. A phenomenological model of the observation depicting the ﬂickering
process has been communicated separately.22
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