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ABSTRACT: Recent observations of spatially correlated photo-
luminescence intermittency of spatially extended organo-lead halide
perovskite microcrystals (MCs) has been explained via involvement of
highly efficient, transient non-radiative traps and long-range commu-
nication between photogenerated carriers; however, the nature/origins
of these quenchers as well as factors determining carrier communica-
tion remain obscure. Here, we studied the effect of excitation powers,
energies, and crystal dimensions on the observed multi-state
intermittency of methylammonium lead bromide (MAPbBr3) MCs.
Our results support a model of involvement of a few quenchers in each
crystal and effective diffusion of a subpopulation of charge carriers over
entire crystals. Furthermore, we developed comprehensive analytical
methods to quantify the extent of spatiotemporal blinking correlation,
which establish a remarkably high (>0.9) correlation in flickering of spatially segregated MC grains. Surprisingly, however, we
observe a transient yet dramatic loss of synchronicity in blinking for some fused MC grains, which point out to intermittent lack and
re-establishment of inter-grain diffusion of photogenerated carriers, likely owing to a slow time-varying reversible change in the
potential energy landscape in fused crystal grains. Finally, we report yet another intriguing phenomenon of transiently correlated and
anti-correlated emissivity fluctuations between fused crystals, suggestive of directional excitation energy migration between adjacent
grains.

1. INTRODUCTION

Photoluminescence (PL) intermittency, which is the abrupt,
temporally random oscillation between high (“on”) and low
(“of f”) intensity emission, is a ubiquitous phenomenon of
quantum confined nano-structures, such as single molecules
and semiconductor quantum dots (QDs).1−3 Mechanisms of
such on/of f dynamics are often related to the charge trapping
in inter-band non-emissive defect states (traps), which is
usually validated by relying on two-state signal processing and
extraction of relevant blinking parameters.4−6 In contrast,
blinking and single step photo-bleaching have also been
reported in single molecules of conjugated polymers and later
in J-aggregates of dimensions beyond quantum confinement
but less than the diffraction limit.7,8 These phenomena provide
the concept of excitation energy transfer into a localized
quencher with certain quenching efficiency and radius to make
the blinking spatially extended. Among the few examples
reported, many systems show localized or entire crystal
blinking, especially which are quantum confined at least
along one dimension.9−12 Common examples of such behavior
are found recently in spatially extended organo-lead halide
perovskites (OLHPs), with PL intermittency consisting of
multiple intensity levels and no clear on/of f states.13

Recently, a number of reports were published on the
blinking of bulk, dimensionally unconfined perovskite
crystals.14−17 We and others reported spatially synchronous
blinking of entire crystals with dimensions in the order of
microns.14,16,18 A typical example of multi-level PL fluctuations
of an entire MAPbBr3 MC under ambient conditions can be
visualized with indistinguishable PL blinking at different nano-
domains (MC-1, Figure 1). Spatially resolved time evolution of
PL blinking of the vertical strip (Figure 1c) through MC-1
illustrates identical PL fluctuation throughout the region over
time. A mechanism involving activation and deactivation of a
transient trap is believed to be responsible for blinking in
organo-lead halide perovskite crystals, even with dimensions
way beyond the diffraction limit up to a few microns.14 A
complex donor acceptor pair induced intermittently by ion
migration is hypothesized to be such a non-radiative channel
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formed over different spatial locations of the crystal.19,20

Blinking in bulk MC shed light on intermittent instability in
optical output, originating from efficient NR defects, which
have adverse effect on the possible device performance.21

Efficient NR traps responsible for long-range blinking lead to
photo-physical efficiency losses, and hence these need to be
studied in detail.22 This prompted us to investigate the origin
and nature of these highly efficient trap states responsible for
the blinking of MCs. It is important to emphasize that bulk
MCs produce millions of excited carriers, the radiative
recombination rates of which should fluctuate proportionately
over space to exhibit entire MC blinking, suggesting the
presence of strong communication between carriers within
individual MC.
Long-range carrier migration, with diffusion lengths up to

several microns observed in OLHPs, is presumed to be the
origin of such effective communication, which allows PL
intermittency in spatially extended crystals.23−25 As diffusion of
charge carriers is considered as an important aspect of the
entire MC blinking, its response to heterogeneous timescales at
which blinking takes place needs to be studied. Moreover, the
origin of PL intermittency and related trap state dynamics still
remains a subject of great interest, understanding of which
seeks identification, and analysis of intensity state transitions in
PL trajectories, as well as an investigation on relevant blinking
parameters.26 It is therefore important to understand how
spatially correlated blinking is affected by excitation wave-
lengths and powers as well as the dimensions of MCs. Further,
despite a number of spatially extended blinking reported, there
exists no method to investigate the temporal modulation in
blinking correlation. A study of possible diverse natures of
blinking synchronicity over space and time warrants develop-
ment of methods to analyze the extent of correlation in PL
blinking within MAPbBr3 MCs.

In this report, we discuss the possible origin of efficient NR
traps and how their dynamics can result in multi-state intensity
fluctuations of the entire MAPbBr3 MCs. To probe the
synchronous intermittency, we developed new methods to
analyze and quantitate the extent of spatiotemporal correlation
of blinking in spatially extended objects. We have evaluated the
dependence of blinking propensity on excitation power,
energy, and crystal size to provide insights on the mechanistic
origins of traps responsible for spatially correlated PL
intermittency phenomenon. Finally, we report intriguing
phenomena of breakage and re-establishment of communica-
tion of carrier recombination processes in fused MCs, leading
to intermittent correlated, uncorrelated, and anti-correlated PL
fluctuations between adjacent (fused) crystal grains.

2. METHODS
2.1. Experimental Details. Details on the synthesis of the

sample are provided in the Supporting Information (SI). The
photoluminescence (PL) microscopy of MAPbBr3 MCs was
performed with a home-built, wide-field, epifluorescence
microscope.10,27 The as-prepared sample, placed on a micro-
scope stage, was excited with a 405 nm laser (LaserGlow,
LRD-0405PFR) with a power density of ∼1 W/cm2 via a 1.49
NA, 60× objective lens (APO-TIRF, Nikon). For excitation
wavelength dependence measurements, a 488 nm laser
(Oxxius, LBX-488-100-CSB-PPA) and a 532 nm laser
(LaserGlow, R532001FX) were used (same power density).
The PL emissions emanating from the samples were collected
with the same objective lens and passed through appropriate a
dichroic mirror (DiO2-R442 /Di01-R488/DiO1-R532, Sem-
rock) and long pass filter (LP02-458RS/LP02-514RS/LP03-
532RU, Semrock) for imaging. All PL movies were collected at
a 25 Hz frame rate using an interline CCD camera (DVC 1412
AM) except for excitation power/wavelength dependence data
(Figure 2), which were obtained using an sCMOS camera
(Hamamatsu Orca Flash4 V3). All the PL images collected in
our setup at a frame rate of 25 Hz and had a diffraction limited
spatial resolution of ∼220 nm (FWHM).

2.2. Analyses of MC Intermittency Data. 2.2.1. Multi-
state PL Intermittency. The blinking observed in MAPbBr3
MCs, where intensity fluctuates between multiple states on top
of a slow modulating base intensity, is quite different from the
conventional two-step blinking phenomena observed in single
emitters. We defined the threshold as five times the standard
deviation of background (σbgnd) intensity fluctuation. A code is
developed in Matlab for simulation (essentially coarse-grain
the raw blinking data to identify PL intensity states) based on
the threshold and analysis of experimental multi-state blinking
(MSB) data of MAPbBr3 MCs. Different transitions are
identified along PL trajectories where intensity increases/
decreases with an amplitude greater than the threshold before
changing its direction. Blinking in single emitters is an abrupt
PL jump and considered to be a transition taking place in one
or two frames. Hence, the switching frequency is the number
of PL intensity jump events taking place in 40 or 80 ms (one or
two frames) per second with an amplitude greater than the
threshold. Further details on the mathematical criteria on the
calculation of SF are provided in the SI.

2.2.2. Removal of Base Intensity Used to Obtain Abrupt
PL Intermittency. The contribution of slow modulating base
intensity to the calculated blinking correlation necessitates us
to separate high-frequency fluctuations (blinking) from the PL
trajectories. Wavelet transformation (WT) has been used in

Figure 1. Synchronous blinking of entire perovskite MCs. (a) PL
image and (b) spatially resolved PL trajectories of a typical MAPbBr3
MC at four nano-domains along with the trajectory of the entire MC.
(c) Spatially resolved intensity trajectory of a vertical strip along the
MC (displayed by a green dotted rectangle in the PL image in (a))
along with its spatially integrated PL intensity trajectory.
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the past to de-noise blinking and resonance energy transfer
data; however, here, it is necessary to remove low-frequency
modulations in intensity from PL intensity trajectories to
extract the high-frequency abrupt fluctuations (blinking).28,29

Such separation of timescales of fluctuations has been achieved
using WT, used for the analyses of fluctuation at different
timescales.30 Wavelet transformation is chosen as opposed to
Fourier transformation (FT) as it has a well-localized time and
frequency, suitable for analyzing data with abrupt changes. We
used continuous wavelet transformation to extract baseline
data (trend signal), which was removed from the PL
trajectories to get the high-frequency blinking trajectories for
correlation analyses (using a home-written Matlab code).
2.2.3. Spatial Correlation of PL Intermittency or Blinking.

The extent of cross-correlation between two trajectories is
quantified using Pearson correlation coefficients (PCCs). The
“blinking correlation map” is generated by spatially mapping
the PCCs corresponding to each pixel by correlating their
blinking trajectories with that of the entire MC.16 The
“correlation matrix” is calculated by correlating the intensity
trajectories of each pixel with those of every other pixel of a
single pixel line-strip across the MC.16 Further details on
spatial correlation analyses are provided in the SI.
2.2.4. Time Evolution of Blinking Synchronicity Using

Spatial RMSD. The temporal modulation of spatial synchro-
nicity of blinking over slow timescales (∼s) has not yet been
investigated. We presume that owing to similar blinking
patterns observed at different spatial locations over the MCs,
the deviation of the normalized blinking trajectory at any
location will have nominal difference from that of the entire
MC. Therefore, to quantify the temporal variation in the extent
of blinking synchronicity over the entire MC, we evaluated the
spatial root-mean-square deviation (sRMSD) trajectory of
individual MCs. The sRMSD at each time-point (t) is defined

as = ∑ ⟨ ⟩ −μ
=t I t I tsRMSD( ) ( ( ) ( ))

N i
N C i1

1
2 , where Ii(t) is

the normalized intensity for the ith pixel at a time-point t and
⟨IμC(t)⟩ is the average intensity (normalized) at the same time-
point for an entire MC, which spans over a total of N pixels.
Using a code written in Matlab, we extracted the intensity
trajectories of each pixel spanning the MC, subtracted the
baseline (trend) using wavelet transformation, and calculated
the sRMSD trajectory in accordance with the above equation
using normalized blinking trajectories.

3. RESULTS AND DISCUSSION

3.1. Excitation Power and Energy Dependence of MC
Blinking. Excitation laser powers and energies are known to
affect PL blinking characteristics, and such measurements have
provided clues on the origin of blinking and the nature of trap
state/s involved in blinking.31−33 Blinking of NCs (rods with a
length of ∼200 nm) shows a decrease in relative blinking
amplitude with an increase in excitation powers, which is
explained by the maximum quenching capacity of traps. At
high pump fluence, there is a reduction in the proportion of
excited carriers that are quenched owing to saturation of NR
trap(s).32 Further, clear changes in intermittency behaviors
(blinking to flickering) of MAPbBr3 micro-rods with an
increase in laser power reiterate the possible involvement of
excitation parameters on NR trap/s dynamics.34

The excitation power-dependent PL trajectories for a
representative MC (Figure 2a,b) show an increasing trend in
emission fluctuation amplitudes with laser intensity. We find
such behaviors for most other MCs as well (Figure S2), which
is intriguing because blinking amplitudes ought to diminish at
higher laser powers if there is a saturation of quenchers (traps)
by excess photogenerated carriers. It is therefore conceivable
that a photo-induced quenching mechanism is operational,
induced by strongly quenching species generated (or
annihilated) by light (vide inf ra). Further, the PL jump
distributions (Figure S3, Supporting Information) depict
increased contribution of noise in the blinking data at low
excitation fluence, which restricts us to define a threshold for
the statistical analyses of blinking parameters’ comparison.
These large amplitude jumps (tail of the distribution in Figure
S3) depict high-amplitude blinking events, with a continuous
distribution in all excitation powers. This suggests that the
existence of multiple intensity states is independent of
excitation powers albeit there is a marked difference in
blinking amplitudes, in contrast to earlier reports on perovskite
NCs.20,34

It should be noted that, even at a very low excitation fluence,
(0.038 W/cm2), we find the presence of correlated blinking
over the entire MC upon comparing the spatially resolved PL
intensity trajectories (Figure S4, Supporting Information).
Moreover, for micrometer-sized crystals, Auger non-radiative
recombination is not expected to cause spatially extended
quenching under the low excitation power used in our
measurements.35,36 Hence, it is necessary to invoke the
presence of efficient metastable NR traps, and there are

Figure 2. (a) PL image of MC-2 and its (b) blinking trajectories with 405 nm laser excitation at power densities of 0.038, 0.15, and 0.6 W/cm2.
Blinking data of MC-2 under various power densities and additional longer timescale data are provided in Figures S1 and S4, SI. (c) PL image of
MC-3 and its (d) blinking trajectories with excitation wavelengths of 405, 488, and 532 nm. The scale bar in both PL images corresponds to 1 μm.
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reports on such transient quenchers (or supertraps) that can
quench a very large number of carriers, resulting in blinking of
the entire MCs.14 However, small blinking amplitudes with
significant base intensity (relative to blinking amplitude)
indicate partial quenching of carriers when the quenchers are
active. This suggests an alternate mechanism of blinking where
only a fraction of the excited carriers are quenched, as opposed
to the blinking amplitude limited by the quenching efficiency
of the NR traps (vide supra). Therefore, it is reasonable to
conclude that the proportion of photogenerated carriers that
diffuse over large distance gets quenched owing to their access
to the NR traps. This leads to an increase in population of
effectively diffused carriers and hence an increase in blinking
amplitude with laser powers, whereas local radiative recombi-
nation of carriers that do not undergo extended diffusion gives
rise to the predominant base intensity.
Our initial observation of entire MC blinking was performed

with excitation deep into the conduction band (405 nm) of
MAPbBr3, where excess energy in the form of hot carriers can
increase blinking occurrence through barrier cross-over
trapping.37,38 So, we investigated the PL blinking of MC
with different excitation energies progressively close to the
band edge. PL trajectories of MC-3 (Figure 2c) are shown in
Figure 2d at three different excitation wavelengths, namely,
405, 488, and 532 nm lasers, at a power density of ∼1.2 W/
cm2. We find that even for excitation at 532 nm, which is below
the excitonic peak (525 nm), the blinking amplitude or/and
frequency remains comparable to that observed at higher
excitation energies. This rules out the involvement of hot
electrons in the formation/annihilation of NR traps.
3.2. Mechanistic Insight of Multi-state Intermittency

of MC and Its Size Dependence. The invariance of blinking
at a range of excitation powers and wavelengths with
unaffected spectral characteristics (Figure S6) is indicative of
the involvement of external environmental constituents for
blinking. This assessment is in tune with the earlier reports on
OLHPs, which suggested that intrinsic defects are mostly
shallow and do not result in a considerable reduction in
emissivity and device performance.39,40 On the other hand, PL
properties of perovskites are extremely sensitive to the
environmental gases.17 Our prior observation suggests that
some amount of moisture is necessary for MAPbBr3 MCs to
undergo concerted blinking and the formation of NR trap takes
place preferably in the presence of oxygen.41 The metastable
nature of these NR traps required to observe PL intensity
fluctuation indicates reversible processes such as adsorption−
desorption of these gases on the surface of crystals triggers the
formation/annihilation of these highly efficient metastable NR
traps.
The observed multi-state blinking (MSB) of individual

MAPbBr3 MCs indicates the involvement of multiple
quenchers with varying quenching abilities. Here, it is relevant
to note that MSB can arise from several emitters being present
within a diffraction limit owing to their mutually independent
PL intermittency. However, the near-identical PL fluctuations
extended over an entire MC can only be possible if there is a
long-range intra-crystal communication between simultane-
ously photoexcited carriers. The fluctuation in the number of
NR traps causes effective PL quenching variation if there are a
few NR traps per crystal (minimum trap density of ∼1012/cc
for a crystal volume of ∼1 μm3, see the SI, Supplementary text
for details). The increased surface area with lateral dimensions
ensures an increase in the average number of NR traps with the

size of MC, which partly abolish the effects of formation and
annihilation of different NR traps owing to the ensemble
averaging effect and thereby lowering the ⟨SF⟩.
The distribution of PL jump amplitudes ranging from noise

level to hundreds of counts prompted us to use a threshold
(see Section 2.2, Methods) to coarse-grain (simulate) intensity
trajectories of individual MC to identify PL intensity states and
calculate corresponding SFs (see Section 2 for details). Such
coarse-grained multi-state trajectories for three MCs (Figure
3a) overlaid on corresponding PL intensity traces are plotted

in Figure 3b. We find that the SFs of these MCs progressively
decrease with an increase in crystal grain size. A similar trend is
also observed statistically in average SFs of MCs with an
increase in their lateral dimensions (Figure 3c), although there
is a significant distribution within each size group. Moreover,
large crystals with a lateral area of more than ∼10 μm2 rarely
showed PL intermittency. Our analyses further reveal that
there are less occurrences of large blinking amplitudes (i.e.,
ensemble averaging effect) with an increase in the dimensions
of MCs (Figure S7). The size dependence of blinking observed
here is consistent with our multiple NR trap model, in which
formation and removal of quenchers in association with
effective diffusion of a subpopulation of excited carriers give
rise to multi-state spatially synchronous blinking of an entire
MC.

3.3. Spatio-Temporal Synchronicity in Blinking of
MCs. We find that the effective carrier communication,
necessary for the observed synchronous blinking of the entire
MC, is seldom limited by the polycrystalline nature of MCs.
The analogy of Coulomb interaction induced reasonably high
blinking correlation between distant QDs (microns apart) can
be applied here to entire MC blinking.42 However, the possible
involvement of ion migration to blinking and their slow
response to carrier diffusion dynamics may lead to variation in
the extent of blinking correlation. The degree of spatiotem-
poral PL intermittency correlation in individual MCs allow us
to quantitate the extent of heterogeneity in blinking
synchronicity over various nano-domains and time windows
(of data acquisition).
A blinking correlation map, generated by correlating the

time trajectories of individual pixels with that of the entire MC,
is used to quantitate the extent of spatial correlation of PL

Figure 3. (a) Fluorescence images of three MAPbBr3 MCs (lateral
dimensions of 1.3, 2.9, and 4.9 μm2, respectively) with the scale bar
equal to 1 μm and (b) their PL intensity (spatially averaged intensity/
pixel, collected at a rate of 25 Hz) trajectories (blue) along with
corresponding simulated trajectories (red). (c) Plot of average
switching frequency (⟨SF⟩) over the lateral size of the MC; the
error bar depicts the standard deviation of SFs.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c10760
J. Phys. Chem. C XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c10760/suppl_file/jp1c10760_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c10760/suppl_file/jp1c10760_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c10760/suppl_file/jp1c10760_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10760?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10760?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10760?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10760?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c10760?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


blinking within an MC. Such analyses reveal that MC-7
(Figure 4a, inset) shows very high correlation of PL trajectories
over the entire MC but with a dip at the edge (Figure S9a),
and such a behavior is quite common in MCs. By careful
comparison of the local PL trajectory at nano-domains where
the correlation dip is observed and the entire MC trajectory
(Figure 4b), we traced the dip to originate from the slow
deviation of baseline intensity in the localized domains with
respect to the rest of the MC.
Therefore, to avoid contribution of the baseline to the

blinking correlation, it was necessary to remove the slow
modulating baseline from each spatially resolved PL
trajectories before further analysis. The lack of a specific
trend in baseline, even within an MC, required us to assess the
baseline for individual PL trajectories rather than specific
baseline function. We used continuous wavelet transformation
(see Section 2) to generate a low-frequency (trend) baseline
and removed this from corresponding PL trajectories to
consider only high-frequency abrupt intensity fluctuations
(blinking) for further correlation analyses (Figure S9b,c).
Consequently, baseline-corrected intensity trajectories of the
nano-domain and entire MC show near-perfect overlap (Figure
4c). The corresponding correlation map generated for MC-7
(Figure 4a) shows a very high blinking correlation (⟨ri⟩ =
0.947 with a standard deviation of 0.053) without the presence
of any dip at the edge of the MC. It is relevant to emphasize
that such maps provide the extent of blinking correlation
contributed solely from high-frequency intensity fluctuations.
However, this method provides time-averaged information

on spatially resolved correlation in PL intermittency. We
hypothesize that the time evolution of blinking synchronicity
over an entire crystal as a function of light exposure time can
be quantified upon evaluation of the spatial root-mean-square
deviation (sRMSD) of an MC at every time point (i.e., frame)
of the movie (see Section 2 for details). Here, we essentially

average the deviation in the PL fluctuations over space at each
frame of the movie to yield quantitative information on
synchronicity of intermittency over time. The sRMSD
trajectories for MC-7 without and with baseline correction
are provided in the bottom panel of Figure 4b,c, respectively.
These two sRMSD trajectories reveal that it is imperative to
remove the baseline in the spatially resolved intensity traces in
order to obtain reliable information on the spatio-temporal
correlation in abrupt PL fluctuations. For MC-7, which shows
high spatial correlation in blinking, we find that the sRMSD
values were less than 9%.
Interestingly, we observed intermittent small spikes corre-

sponding to certain blinking events in the sRMSD(t) trajectory
with a very narrow distribution in the extent of synchronicity
between different blinking events within individual MCs. For
comparison, we evaluated sRMSD(t) for non-blinking CsPbBr3
MCs of similar dimensions, an example of which is provided in
Figure S10. The sRMSD distributions (P(sRMSD)) for 100
individual MAPbBr3 MCs plotted along with those for
CsPbBr3 MCs (Figure 4d) clearly show two well-separated
distributions. For MAPbBr3 MCs, time- and ensemble-
averaged P(sRMSD) show a range from ∼1 to 13% with a
mean (and median) of ∼7%, which depicts a very high degree
of spatial synchronicity over time. However, the P(sRMSD) of
CsPbBr3 MCs, which have no spatial correlation in blinking,
are widely distributed with much higher values of mean/
median (∼18%) and a standard deviation of ∼4.5%. Our
analyses of more than 100 MCs of MAPbBr3 reveal that
sRMSD values are almost always less than 10%, which we
consider as the signature of highly synchronous blinking.
sRMSD thus serves as an effective method to quantitate the
slow timescale changes in the blinking correlation of individual
MCs.

3.4. Fused Crystals: Intermittent Correlated, Uncorre-
lated, and Anti-correlated Blinking. The breakdown of

Figure 4. Spatio-temporal blinking correlation of individual MC. (a) Blinking correlation map of MC-7 with baseline-subtracted time traces. The
inset provides the PL image of the MC, with a scale bar of 1 μm. (b, c) Normalized PL trajectories of the entire MC and those of the nano-domain,
without (b) and with (c) baseline subtraction. Corresponding sRMSD trajectories are in the respective bottom panels. (d) Distribution of sRMSD
values for MAPbBr3 and CsPbBr3 MCs.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c10760
J. Phys. Chem. C XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c10760/suppl_file/jp1c10760_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c10760/suppl_file/jp1c10760_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c10760/suppl_file/jp1c10760_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10760?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10760?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10760?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10760?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c10760?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


strong blinking synchronicity of individual MCs is typically
observed in certain fused MCs, where intermittent uncorre-
lated and partially correlated blinking events are observed
between grains. Figure 5 provides an example, where two fused
grains (Figure 5a) share a number of common blinking events;
however, some events in the normalized traces have different
amplitudes for the two grains (Figure 5b, top panel). We also
find some blinking events that are specific only to one of the
grains and do not exist in the other. The correlation matrix
(Figure 5c) of a strip along the two grains exhibits very strong
blinking synchronicity within individual grains; however, inter-
grain blinking correlation is seemingly modest due to
intermittently strong and generally weak correlation of
intensity fluctuations as seen in Figure 5b. Typical examples
of events with various degrees of blinking correlation are
shown in Figure 5d−h. Such difference is supported by
fleetingly high values of sRMSD, corresponding to certain
blinking events (Figure 5b, bottom panel). It is relevant to
note that the sRMSD(t) and their time-averaged distributions
(Figure 5i) of individual grains also indicate very strong
synchronicity (all values < 0.1), while those for the entire MC
are often quite high (0.1−0.2) for significant amounts of time,
echoing transient lack of the communication between
photogenerated carriers. The observed intermittent lack (or
re-establishment) of communication between photoexcited
carriers is plausible if an energetic barrier is created (or
removed) at the grain boundaries, which inhibits (or
facilitates) inter-grain carrier diffusion (vide inf ra).
For fused MCs grains, we noticed another rare yet intriguing

phenomenon in terms of transient (a)synchronicity of inter-
grain blinking events. Such behaviors are exemplified using a
set of fused MC grains (I, II, and III in Figure 6a), for which
the spatially integrated PL intensity traces are plotted in Figure
6b. The corresponding correlation matrices of narrow strips

along pairs of grains (Figure S11, Supporting Information)
reveal that the intensity fluctuations within grains I and II are
correlated (grain III undergoes nominal blinking), while inter-
grain blinking correlation is rather weak over the entire
duration of 30 s. A close inspection of the intensity trajectories
of grains I and II reveals rather unusual and complicated
dynamic characteristics (marked in Figure 6b) where grains I
and II exhibit diverse behaviors in different data acquisition
time windows. For instance, within the first 4 s, there is no

Figure 5. Intermittent uncorrelated blinking in fused MCs. (a) PL image and (b) fluorescence trajectories of the two grains along with the
trajectory of the entire fused MC, collected at 25 frames/s data acquisition rate. The bottom panel depicts the sRMSD trajectories of individual
grains and that of the entire MC. (c) Correlation matrix of a strip (marked by a green dotted rectangle in the PL image) through both grains of the
MC. (d−h) Small time window segments of PL trajectories of grain-I and grain-II with partially correlated (d, h), correlated (e, f), and un-
correlated (g) blinking events. (i) sRMSD distributions of individual grains and the entire fused MC. The presented blinking data is extracted from
Movie M1 provided in the SI.

Figure 6. Intermittent anti-correlated blinking in fused MC. (a) PL
image of the fused crystal grains. (b) Time trajectories (25 Hz frame
rate) of individual fused grains. (c−e) Small time window segments of
PL trajectories of grain-I and grain-II with uncorrelated (c),
correlated (d), and anti-correlated (e) blinking events. (f) PL
snapshots of the fused MC at (i−j) three time points during an anti-
correlated blinking event. The presented blinking data is extracted
from Movie M2 provided in the SI.
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apparent correlation of intensity fluctuations between grains I
and II (Figure 6c). In contrast, between 17.5 and 20 s, blinking
of I and II is clearly synchronous (Figure 6d). Remarkably, as
depicted in Figure 6e, there are several instances within the
trace where PL fluctuations between I and II are
unambiguously anti-correlated. Figure 6f shows three snap-
shots of the fused grains I and II during such an anti-correlated
blinking event. These PL images reveal momentary intensity
gain of grain I with simultaneous intensity loss for grain II (see
arrows, Figure 6b,e), which reverts nearly to their original
emissivity within few tens of milliseconds. Here, it is relevant
to emphasize that we always find that there is initial
enhancement of emissivity of grains I at the cost of II and
not the reverse. Such a phenomenon is extremely surprising,
and the simplest explanation involves excitation energy
migration from one grain to the other; however, the driving
force for such directional transfer of photoexcited carriers (II
→ I and back) remains unclear.
The involvement of light-induced formation/annihilation of

multiple traps (which are very likely charged species43) and
migration of ions may severely alter the potential energy
surface of conjoined grains over slow timescales, resulting in
observed diversity in correlated fluctuations of emission
intensity.44 We propose a plausible scenario that can lead to
intermittent spatiotemporally synchronous PL blinking of
fused crystal grains, depicted in Figure 7. As isolated grains,

in contrast to fused ones, show high blinking correlation
throughout observation timescales, it is very likely that inter-
grain boundaries (or regions) have a role to play in terms of
creating energetic barriers, thereby determining whether
conjoint crystals undergo correlated blinking or not. Owing
to the charged nature of certain traps (not necessarily NR)
formed at or near the grain boundary, we surmised that there
can be an accumulation of charges in between two fused
crystals, which can alter the potential landscape by creating an
energetic barrier. Furthermore, removal (or lowering) of
energetic barriers owing to annihilation of charged traps at

the grain boundary allows unhindered inter-grain diffusion of
charge carriers and re-establish long-range communication
between conjoined crystal grains, thereby resulting in the
correlated blinking phenomenon. In essence, invoking the
concept of a spatially modulating dynamic energy landscape,
with varying energy barriers that influence flow of charge
carriers across grain boundaries, is necessary to explain the
observed transient responses in PL intermittency of fused
microcrystals. However, further studies need to be performed
to decipher the exact mechanism of modulation of the
potential landscape over slow timescales leading to inter-
mittent long-range excitation energy migration across different
grains in fused MCs.

4. SUMMARY
To conclude, this work provides some important clues to
understand frequent and often abrupt multi-state PL intensity
fluctuations of micron-sized crystalline films of OLHPs, which
has implications on the optical (in)stability of materials used
for device applications. PL intermittency characteristics reveal
that, unlike dimensionally confined nano-crystals and quantum
dots, slow timescale creation/annihilation of multiple highly
efficient NR traps is responsible for blinking/flickering of
entire MAPbBr3 crystals. Such transient NR traps are found to
be active irrespective of photoexcitation powers and energies,
and quench a significant subpopulation of mobile carriers,
thereby altering the emissivity of the entire crystals. In
addition, crystal size dependence of blinking frequency/
amplitude suggests that the number of traps in each crystal
determines the number of levels between which emissivity
fluctuates.
Our spatial RMSD analyses of intensity trajectories over

more than 100 crystals reveal that, while gradual intensity
modulations can vary over different locations of individual
MAPbBr3 MCs, there is extremely high synchronicity of abrupt
PL fluctuations, consistent with remarkably high spatiotempo-
ral correlation in blinking. Intriguingly, our measurements and
analyses on fused (conjoined) crystalline grains reveal that the
extent of spatiotemporal correlation in blinking exhibits
temporal variation for conjoined grains, suggesting an
intermittent lack of communication between (distal) carriers
photogenerated over individual grains. Such inhibition of inter-
grain carrier migration is relevant to perovskite thin film-based
devices and can have adverse effect on their performance. In
this regard, our observations of intermittent (un)correlated
and anti-correlated blinking of fused grains imply slow time
varying behavior in diffusivities of charge carriers across grain
boundaries, suggesting light-induced temporal change in the
potential energy surface and/or energetic barriers for carrier
diffusion, perhaps induced by charges and/or trap formation.
However, the exact mechanism for the intermittent loss of
inter-grain communication remains elusive and requires further
investigation.
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ent blinking trajectories of MC-2; excitation power-
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Figure 7. Schematic depiction of a dynamic energy barrier at the grain
boundary of a fused MC owing to charge accumulation at the
interface, leading to transiently correlated and uncorrelated blinking
events.
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MCs; distribution of emission intensity jumps (per 40
and 80 ms) for MC-2 at different excitation powers;
spatially resolved PL trajectories of MC-2 at a laser
excitation power of 0.038 W/cm2; ensemble absorption
and emission spectra of the MAPbBr3 thin film; average
PL spectra of MC-S1 under different excitation powers
and excitation wavelengths; blinking amplitude distribu-
tions of MCs (constructed using more than 150 MCs)
with increasing lateral dimensions; cumulative dwell-
time distribution of 180 MAPbBr3 MCs fitted with the
truncated power law; correlation map of MC-7 using PL
trajectories without baseline subtraction, intensity
trajectory of the MC along with its baseline intensity
modulation and the corresponding baseline-subtracted
blinking trajectory, and correlation map of the MC
generated with baseline of PL trajectories; PL and
sRMSD trajectories of a typical CsPbBr3 MC; PL image
of fused MAPbBr3 grains, correlation matrices of thin
strips along I and II, I and III, and II and III (Figures
S1−S10); threshold-dependent switching frequencies of
MC-3, MC-4, and MC-5 (Table T1); and movie
captions (PDF)

PL movie of a fused MAPbBr3 MC in a 4.5 × 4.7 μm2

area, M1 (AVI)

PL movie of a fused MAPbBr3 MC in a 2.4 × 3.0 μm2

area, M2 (AVI)
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