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ABSTRACT: Recent observations on spatially correlated photoluminescence (PL)
intermittency (blinking or flickering) of bulk perovskite crystals have invoked
considerable interest regarding their origins, as the ensemble averaging effect should
result in heterogeneous intensity fluctuations over micron length scales. This intriguing
phenomenon can only be explained by considering (i) photogeneration of few transient
nonradiative traps which act as highly efficient quenchers for photoexcited charge
carriers and (ii) long-range communication (or correlation) between a large number of
spatially segregated (∼microns) charge carriers photogenerated simultaneously. In light
of spatially synchronous blinking in systems with a length scale beyond diffusion
parameters in microcrystalline thin films, we investigated the modes of excitation energy
migration which augment intracrystal communication. Here, we used spectrally resolved wide-field epi-fluorescence microscopy with
optional confocal (local) excitation to probe excited energy migration modes. We identified the waveguide effect and its assistance to
produce secondary excitons through photon recycling in MAPbBr3 microcrystals (MCs). Upon formation of nonradiative trap/s
within the excitation domain, these secondary modes of carrier migration help in collective quenching of photogenerated carriers and
redistribution of emission throughout the MC. This report discusses a method to investigate excitation migration in spatially
extended systems and provides insights into the carrier communication process in bulk perovskites, which results in the PL blinking
of entire individual MCs.
KEYWORDS: lead-halide perovskites, spatially synchronous blinking, carrier diffusion, waveguide effect, photon recycling

■ INTRODUCTION
Photoluminescence (PL) intermittency or blinking in systems
with dimensions beyond quantum confinement is an intriguing
observation, which is an important consequence of effective
carrier migration in the presence of highly efficient, transient
quencher/s.1−4 Such spatially extended quenching mechanism
was first proposed in conjugated polymers of lengths up to a
hundred nanometers.5 The fascinating observation of indis-
tinguishable blinking pattern in the entire >5 μm length of
CdSe nano-wire suggests the presence of freely diffusing, one-
dimensional excitons.3,6 However, this is a rare observation;
mostly, the spatially extended emitters either do not show
blinking or exhibit mutually independent blinking at different
nano-domains.7−9 Lead halide perovskites (LHPs) have risen
to prominence in recent years with up to 25% photoconversion
efficiency, which can be partly attributed to the ease of
(photoexcited) charge carrier extraction, owing to their high
diffusivity and long lifetime.10−12 However, the spatially
extended carrier diffusion makes perovskites prone to PL
blinking.1,13 Numerous studies have been done in recent years
on the PL blinking of entire crystals of organic−inorganic
LHPs (OLHPs) by activation and deactivation of highly
efficient, transient traps.14−16

A charge carrier diffusion length (DL) of >150 μm is
reported in perovskite single crystals; however, it can be
adversely affected by the presence of defect states.17−19 This is
a matter of concern in perovskite-based devices, where,
typically, the active material is comprised of polycrystalline
thin films.20,21 The low-temperature thin-film production leads
to the formation of grain boundaries, which act as a barrier to
the migration of charge carriers.22,23 The benign nature of
defects and grain boundaries is reported for perovskites
compared to other semiconductor materials, which is
attributed to the exceptional photoconversion efficiency of
their thin-film based devices.24,25 Even though the migration of
charge carriers across the thin film in a layered device is quite
efficient, the nature and density of defects can still limit the
intergrain carrier communication substantially and determine
the optoelectronic properties of the material.26
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The observation of PL blinking in polycrystalline grains of
OLHPs is specifically of interest as they have poor carrier
migration properties compared to their single-crystal counter-
parts of the same material. For MAPbBr3 thin films, the
reported average PL lifetime (∼50 ns) and carrier diffusivities
(∼108 μm2/s) result in a DL of charge carriers being less than
1 μm.27,28 However, spatiotemporally synchronous blinking
has been observed in microcrystals (MCs) of dimensions up to
5 μm, which is much larger than the expected DL. This
suggests that photoexcited carriers can migrate a long distance
before they undergo radiative recombination.29 Even though
there can be a small proportion of excited carriers that can
migrate beyond 1 μm, their collective quenching is unlikely to
be the origin of the exceptionally synchronized PL blinking of
the entire MC. This encouraged us to explore additional
modes of carrier/energy migration active in these MCs other
than diffusion of charge carriers.

One of the effective methods to study carrier migration is to
photoexcite a location in the crystal and observe the carrier
density at distant locations. There are three major categories of
methods to comprehend the time-dependent spatial distribu-
tion of photocarriers, namely based on transient absorption,
transient scattering, and transient PL.12,30 The study of the
time evolution of carrier density requires a sophisticated two
objective lens micro-spectroscopic system, using a pulsed laser.
Spatially resolved fluorescence studies provide unambiguous
insight into the extent of carrier migration through direct
visualization.12,30,31 We explored a convenient strategy with PL
microscopy, where the MC is excited with a diffraction-limited,
confocal (local) excitation with a continuous wave laser, while
the emission is collected in a wide-field mode,32−34 so as to
capture and the image radiative recombination of carriers
beyond the local excitation spot, where the carriers are
photogenerated. In this report, we used this technique to
measure and understand the spatial, temporal, and spectral
response of emission to determine the extent and origin of
long-range communication/migration of excited-state carriers.
The spectroscopic signature of emission at the excitation
domain and distal locations is used to identify energy diffusion
modes in perovskite MCs. The increase in the extent of
carrier/energy migration beyond DL makes the spatially
synchronous blinking of micron-sized crystals possible.

■ EXPERIMENTAL METHODS
The sample preparation procedure can be found elsewhere.1,35

Detailed descriptions of wide-field microscopy experiments
and data analysis are provided in the Supporting Information .
Fluorescence Imaging with Confocal Excitation. The

extent of carrier migration in MAPbBr3 MCs is investigated by
illuminating a near-diffraction-limited location of an MC, with
the collection of PL emission at various distant locations
(Figure 1a). This is achieved with a modified wide-field,
epifluorescence microscope, equipped with the excitation of a
diffraction-limited spot (Figure S1, Supporting Information),
hereafter referred to as confocal excitation, while PL imaging is
performed in the wide-field mode using an array detector. The
schematic depiction of the spatial, temporal, and spectrally
resolved microscopy setup is provided in Figure 1b. When a
collimated laser (405 nm, unless otherwise mentioned) passes
through the objective lens, the beam gets focused on the focal
plane of the objective, where the sample is placed to attain
confocal excitation (power density ∼ 0.2 kW/cm2). A long
focal length lens is used to obtain a collimated beam from the

output of the beam expander to avoid the imaging plane being
different from the plane of laser focus. The excitation profile is
monitored by allowing the leakage of a small amount of light
reflected from the sample into the sCMOS camera, and
adjustments in the excitation path were made to keep the
excitation profile as narrow and as symmetric as possible. The
emission from the MC is collected with the same objective lens
and imaged with an sCMOS camera. A pair of relay lenses are
used to shift the PL image (secondary image plane) away from
the microscope. For spatially resolved emission spectroscopy, a
mechanical (adjustable) slit is placed before the first relay lens,
in the primary image plane of the microscope, to spatially
isolate emission from a thin strip of the MC through the
excitation domain. The spectral dispersion of this emission
strip is achieved through a transmission grating, which is
detected with an sCMOS to obtain a hyperspectral image.

■ RESULTS AND DISCUSSION
Spatiotemporally Resolved PL Dynamics of MAPbBr3

MCs. The PL image of MC-1 with continuous-wave confocal
excitation at its center resulted in spatially extended emission
from the entire MC (Figure 1c). The emission profile along a
strip through the MC is beyond the excitation profile (Figure
1d), where the PL intensity decays away from the excitation
spot but increases significantly at the edges. Even though the
characteristic high diffusivity and lifetime of excited carriers in
OLHPs can partly account for spatially extended PL, the
higher intensity at the edge suggests additional modes of
carrier migration.

To investigate the spatiotemporal PL response of migrated
charge carriers, we collected PL movies of individual MCs with
confocal excitation. The time-averaged PL image of MC-2 is
provided in Figure 2a, and the intensity trajectory of the entire
MC is plotted along with the background noise (at B, marked
in the PL image) in Figure 2b. It is observed that the amplitude
of background noise fluctuation is extremely small (<5 cts/30

Figure 1. (a) Pictorial depiction of spatially resolved PL detection
with local excitation of an MC using a 405 nm laser. (b) Schematic
diagram of PL microscopy with confocal excitation and wide-field
emission detection. Abbreviations: BE�beam expander, BFP�back-
focal plane, DBS�dichroic beam-splitter, and TG�transmission
grating. (c) PL image of an MAPbBr3 MC (MC-1) with excitation at
its center. (d) Intensity profiles of the excitation spot and emission
across the MC (along the green dotted rectangle of the PL image).
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ms) compared to extent of PL intensity fluctuation of the
entire MC, which is the primary indication of PL blinking.
Besides, an example of MC occupying a particular intensity
state over an extended period (several frames) before an
abrupt jump to another intensity state (between 6 and 7 s time
window, marked by a dotted rectangle in Figure 2b) establishes
PL blinking in the MC. The distribution of one-frame (30 ms)
and two-frame (60 ms) PL intensity jumps is depicted in
Figure 2c, along with background noise distribution. The
distribution of PL intensity jumps is way broader than noise,

which indicates the frequent occurrence of fluorescence
intermittency.

Upon confocal illumination, the major contribution of PL
intensity is from the excitation domain, which can easily
dominate the entire MC PL emission. Hence, to investigate the
spatially resolved PL blinking dynamics, we plotted normalized
PL trajectories of five discrete nano-domains (marked in
Figure 2a) within MC-2 in tandem with that of the entire MC
in Figure 2d. A nearly indistinguishable PL fluctuation pattern
is observed at different nano-domains, which is highly
concerned with the blinking trajectory of the entire MC.

Figure 2. Correlated PL emission from an entire MAPbBr3 MC with confocal excitation. (a) Average PL image of MC-2 with excitation at the
center. (b) PL intensity trajectory of the MC and background noise. (c) One-frame and two-frame PL intensity jump distributions of the MC and
background trajectories. (d) Spatially resolved PL trajectories spatially isolated nano-domains along with the trajectory of the entire MC. (e)
Pearson correlation map of MC-2. The PL intensity movie upon local excitation of MC-2 is provided in the Supporting Information (Movie M1).

Figure 3. Spatially resolved spectroscopy of MC with confocal excitation. (a,d) Pictorial depiction of confocal excitation at the (a) center and (d)
edge of an MC and spatial isolation of a thin strip along the MCs. (b,e) Spectral images of MC-3 excited at its (b) center and (e) edge.
Corresponding normalized spectral images are provided on the right, and the excitation locations are indicated by 0*. (c,f) Normalized PL spectra
from different nano-domains of MC-3. Insets are the normalized spectra of nano-domains, plotted in an arbitrary wavelength scale for the detection
of comparative emission spectral shapes.
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This demonstrates the spatiotemporally synchronous blinking
within individual MCs. The extent of blinking correlation is
quantified with a correlation map of MC-2 (Figure 2e), with a
very high average correlation coefficient value of 0.94, with a
standard deviation of ±0.023. An additional example of an MC
confocally excited at the center as well as edge, exhibiting
spatially synchronous blinking, is provided in Figure S2
(Supporting Information). Transient formation and removal
of a few highly efficient nonradiative (NR) traps can explain
the intermittent quenching of a population of photoexcited
carriers, leading to spatially correlated multistate blinking of
individual MCs.1,14

It has been shown that NR traps responsible for the PL
blinking are created in the presence of moisture/oxygen
induced by the photoexcitation;35 hence, these transient NR
traps are most likely to be formed within the photoexcitation
domain. We observed different blinking amplitudes of these
MCs over space with a strong positive linear correlation
between the PL intensity of each pixel and the blinking
amplitudes (standard deviation of intensity jumps) within an
MC (Figure S3, Supporting Information). Further, the excitons
formed at the illumination zone migrate to distal regions within
the MC which are not illuminated. Thus, our observation of
larger amplitude PL fluctuations at the excitation zone
compared to nonilluminated regions provides additional
evidence of the formation of NR traps within the laser
illumination volume.

To observe the spatially synchronous blinking of an entire
MC, the formation/annihilation rate of NR traps should be
much slower than the communication among the distal
photoexcited carriers in different zones within an MC. The
higher PL intensity observed at the edges suggests preferential
radiative recombination or propagation of excitation energy
toward the edges of the MC. This cannot be explained simply
using diffusion of charge carriers (with DL ∼ 1−2 μm) within
MAPbBr3 crystals with dimensions up to ∼5 μm. This suggests
the presence of additional modes of long-range carrier/energy
migration in these MCs, which is essential to understand the
long-range correlation between charge carriers.
Modes of Excitation Migration in MAPbBr3 MCs. We

performed spatially resolved PL spectroscopy of individual
MCs to gain better insight into different modes of carrier
migration. The PL emission from a thin strip of an MC
through the confocal excitation location is spatially isolated
with a mechanical slit (Figure 3a,d, where MCs were excited at
the center and edge respectively) and spectrally dispersed to
obtain spatially resolved emission spectra. The spectral images
of MC-3 with point illumination at its center and edge are
shown in Figure 3b,e, respectively. Normalized spectral images
and emission spectra at different locations (Figure 3c,f) show a
dissipation of high-energy emission with a gradual red shift
away from the excitation domain. Additional examples of
spectral red shift farther away from the excitation domain are
provided in Figure S4 (Supporting Information). At this
juncture, it is important to rule out the possibility of laser light
scattering resulting in a broader excitation profile when it falls
on the MC. We noticed that the width of the excitation profile
is unaffected while illuminating the MC (Figure S1, Supporting
Information). Furthermore, the scattering-induced excitation
profile broadening does not lead to a spectral red shift away
from the excitation domain, in contrast to what we observed
here.

The gradual spectral red shift away from the excitation
domain with the dissipation of luminescence from its blue
offset (Figures 3 and S4, Supporting Information) is
characteristic of self-absorption followed by re-emission, or
photon recycling.36,37 This owes to the small Stokes shift with
a substantial overlap of absorption and emission spectrum
(Figure S5, Supporting Information).38,39 Photon recycling is
known to occur in perovskite single crystals, and a spectral shift
of ∼50 meV has been reported over tens of microns.40,41

However, for MAPbBr3 MCs, we find maximum spectral shifts
of ∼60 meV over a much shorter distance of ∼5 μm. This can
be attributed to the quicker succession of photon recycling in
polycrystalline material as compared to its single-crystal
counterpart, owing to their reduced fluorescence lifetimes
and diffusivities.42 Further, the bluer photons of the emitted
light are reabsorbed to generate secondary excitons (illustrated
in Figure 4a), which enhances the effective diffusion of charge

carriers;43−45 hence, communication is not limited by PL
lifetime and carrier diffusivity. The significant yet gradual red
shift of PL away from the excitation domain (Figures 3c,f and
S3a,b) indicates dominant contributions of reabsorption of
higher energy PL and waveguiding of lower energy photons,
while there is nominal subsequent re-emission at locations far
away from the excitation zone.

To illustrate the contribution from photon recycling, we
have locally excited individual MC disks with 405 and 532 nm
laser excitation (absorption onset, nominal photon recycling

Figure 4. (a) Different carrier recombination pathways in perovskite
MCs. The photoexcited carriers diffuse within the MC, which
eventually recombine either radiatively or quenched by the transient
quenchers (pictured as a red star). The high-energy photons of
fluorescence can get reabsorbed to generate secondary excitons, and a
proportion of secondary excitons (generated mostly in the excitation
location) gets recombined either radiatively (giving red-shifted
emission) or can recombine nonradiatively owing to quenchers.
The photoexcitation and radiative recombination are depicted using
black and green arrows, respectively, whereas the quenching of
excitons is depicted with dashed arrows, with the extent of transition
represented by the thickness of the arrow. The excitation volume is
depicted by a dotted oval. (b) Schematic diagram of waveguide-
assisted photon recycling and wave-guiding of unreabsorbed emission
along the MC and its escape at the edge.
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expected), and imaged the PL from the entire crystals. The
results of these experiments are shown in Figure S6
(Supporting Information), which reveal that the central
emission peak for 405 nm excitation is broader with respect
to that of 532 nm (i.e., the spatial extension of emission away
from the excitation domain reduced at 532 nm), due to
additional contributions from photon recycling at high energy
excitation. The synchronous blinking of the entire MC requires
spatially extended collective quenching of photoexcited carriers
in response to transient yet efficient quenchers, which are
generated within the excitation volume. The secondary
excitons generated by the reabsorption of PL can also be
quenched by the NR trap, similar to primary excitons.
Additionally, the secondary charge carriers are generated
predominantly within the excitation volume owing to the
intense PL emission. Since the transient NR traps are formed/
annihilated at the excitation location, a small proportion of
secondary excitons, mostly formed at the focal volume, can
also get quenched by the NR traps.

We note that slight differences in bandgaps at the edge and
interior regions of MCs, owing to structural changes and/or
formation of radiative defects, can also lead to the observed
red-shifted emission from the edges.46 However, the gradual
spectral red shift away from the excitation location (Figure 3)
suggests otherwise. Moreover, we find that the position of the
emission maxima within the excitation zones (∼535 nm)
remains unchanged irrespective of whether the MC is excited
at the center (3* in Figure 3) or at the edge (0* in Figure 3b).
However, both these regions show a red-shifted emission
centered at ∼543 nm when the same MC is excited at distal
locations (Figures 3 and S7, Supporting Information). This
rules out the involvement of structural changes or radiative
defects which cause spatial variation of optical bandgap over an
MC. Further, this suggests that photon recycling leads to
distance-dependent spectral red shift farther away from the
zone of illumination.

One of the striking features in spatially resolved emission
spectra is the skewed spectral shape at the edge away from the
excitation domain (insets of Figure 3c,f) with steeper higher
energy onset. This reveals the absorption of the higher energy
part of the PL, and the skewed spectra depict unabsorbed
emission light.47 It is interesting that, despite the continuous
spectral red shift away from the excitation spot, the change in
spectral shape is observed only at the edge. The skewed
spectral shape and higher PL intensity at the edge suggest the
waveguide effect of the emitted light, which facilitate photon
recycling by reabsorption of its higher energy part (Figure 4b).
Waveguiding is predominantly observed in 1-dimensional

systems with either rectangular or circular cross-sections,
where light is confined in two dimensions, based on a high
refractive index (RI) of the rod compared to its surrounding.48

These systems have been investigated for their potential
applications in minimum-loss directional light propagation and
as laser cavities.49,50 The higher RI of MAPbBr3 (np ∼ 2.3) in
the visible region of light compared to that of air (na ∼ 1) and
glass (ng ∼ 1.5) makes the mesa-shaped MCs a possible
parallel plane waveguide for the emitted light.41,51,52 A
substantial proportion of emitted light from the excitation
domain (see Supporting Information for details) that satisfies
the total internal reflection condition between perovskite-air
and perovskite-glass interfaces will be guided along the
MCs.53,54 Since waveguiding involves the emitted light due
to the recombination of photoexcited carriers, the excitation
laser wavelength has no direct influence on the effect.
However, 532 nm excitation of the MC with photon energy
close to its bandgap can restrict photon recycling and indirectly
enhance waveguiding (Figure S6). Additionally, deeper
penetration of a 532 nm laser as compared to a 405 nm
laser can contribute to enhanced waveguiding of emitted
photons. We note that waveguide propagation is not possible
in materials where there is a dimensional confinement of
excitons, and therefore, PL blinking in quantum wires (1-
dimensional) and quantum wells (2-dimensional) do not
involve waveguiding.55 In contrast, MC discs have parallel
planes separated by several hundred nanometers, which allows
for the waveguide effect to be operational in these MCs.

Waveguiding in association with reabsorption of the PL
emission, termed “waveguide assisted photon recycling”,56 can
rationalize the observed exceptional carrier communication
within individual MAPbBr3 crystals studied here. The wave-
guided light propagates in a parallel plane toward the edge,
whereas the re-emitted light is dispersed in all directions. The
low energy light, which remains unabsorbed, is waveguided
along the MC and out couples at the edges, which results in
higher intensity at the boundaries of MCs (Figures 4b, and S6,
Supporting Information). The skewed shape of emission
spectra at the edge with sharp blue onset illustrates the
dominance of reabsorption of light. However, we observed no
change in the spectral shape in the interior of the MCs (insets
of Figure 3c,f), even though there is a gradual red shift in
emission. Therefore, at low-intensity regions of MCs between
the excitation location and edges, there may be a small
contribution from the re-emission of secondary recombination
processes as well.47,57 Further, we did not detect any spectral
diffusion both at or away from the excitation locations during
MC blinking (Figure S8, Supporting Information), which

Figure 5. (a) PL image of MC-4 with wide-field (i) and confocal (ii) excitation and (b) their corresponding PL trajectories. (c) Distribution of
relative blinking amplitudes for the MC obtained from the trajectories for the two illumination modes.
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suggests that the NR traps act as efficient quenchers without
interfering with the PL emission energetics. The observation of
indistinguishable blinking patterns at locations microns away
from the confocal excitation domain (Figures 2 and S3)
demonstrates the participation of these secondary energy
migration modes in the spatiotemporal blinking of the entire
MC. Thus, both waveguiding and photon recycling along with
charge carrier diffusion contributes to long-range carrier/
energy communication, necessary to explain the PL blinking of
entire MCs with a size of up to 5 μm.
PL Blinking under Wide-Field Illumination: Effect of

Waveguide-Assisted Photon Recycling. The correlated
blinking of spatially extended crystals has typically been
studied under wide-field excitation.14,15 Here, in contrast to
confocal (local) excitation, both the excitons and quenchers
can be formed anywhere within the MC as the entire crystal is
illuminated. Figure 5a shows the PL images of MC-4, collected
under both wide-field and confocal excitation, with comparable
laser power per MC. The representative PL trajectories (Figure
5b) of the same MC allow for a comparison of the emission
intermittency of the MC under different modes of illumination.
The linear relationship between the blinking amplitude and PL
emissivity (Figure S3, Supporting Information), irrespective of
the illumination mode, demonstrates a synchronous emission
response throughout the MC upon activation/deactivation of
NR traps. This is because photon absorption/reabsorption
takes place in the femtosecond time scale; whereas, the
waveguiding of light within an MC occurs in tens of
femtoseconds, and the emission lifetime is tens of nano-
seconds. Hence, several cycles of reabsorption-emission can
take place, along with the waveguided light propagation, at a
rate much faster than the blinking time scale (∼ms).

Prior investigation of PL intermittency of MAPbBr3 MCs
under widefield illumination revealed that the switching
frequency (SF), a marker for blinking propensity, as well as

the population of large amplitude PL fluctuations, decreases
with a lateral dimension of the MCs.29 The size dependence of
blinking behavior was attributed to the increased number of
NR traps with the increase in the size of the MC, leading to an
enhanced ensemble averaging effect. Therefore, it is plausible
that a smaller illumination area upon point excitation will result
in a lesser number of NR traps as compared to the excitation of
entire crystals. The consequence of the difference in the
number of NR traps can be inferred from blinking propensity
(SF) and relative blinking amplitudes (blinking amplitude to
mean PL intensity; ΔIPL/⟨IPL⟩) under the two modes of
illumination. We find that SF under widefield illumination is
slightly less (∼4.4 Hz) compared to that for confocal excitation
(∼5.8 Hz). Moreover, the comparison of the distributions of
relative blinking amplitude, [P(ΔIPL/⟨IPL⟩)], reveals a slightly
higher occurrence of larger amplitude blinking events under
confocal excitation (Figure 5c). The lack of significant
differences in blinking parameters for the two modes of
illumination may be attributed to the formation of more
photogenerated NR traps locally due to intense laser exposure
compared to widefield illumination.

At this juncture, the involvement of secondary energy
migration modes of intra-MC communication needs to be
established under wide-field illumination. The spatially
resolved emission spectra along a vertical strip of MC-5
(Figure 6a,b) show higher PL intensity at the edges compared
to the interior, consistent with the waveguide effect.
Importantly, we find a slight red shift of ∼5 nm (∼25 meV)
in emission from the edges in comparison to the interior
(Figure 6b). The dominant local radiative recombination
throughout the MC is likely to be the reason for the nominal
red shift of emission from the edges, as opposed to larger shifts
observed for confocal excitation (Figure 3). Interestingly, the
spatially resolved fluorescence spectra of a smaller MC (MC-6)
with a cross-section of ∼0.9 μm show a nominal red shift at the

Figure 6. (a) Spatially resolved emission spectra along the vertical strip of (a) MC-5 and MC-6 under wide-field illumination. (b,d) Spatially
selected emission spectra of different nano-domains both from edges and interior regions within MC-5 and MC-6, respectively. (e) Size-dependent
spectral positions at the edge and interior of MAPbBr3 MCs and (f) corresponding red shift in PL transition energies at the edge in comparison to
the interior E E( )Max

Interior
Max
Edge .
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edge (Figure 6c,d) (∼12 meV) as compared to the larger MC-
6 (∼25 meV). To verify the size dependence of relative
spectral shifts, we performed a statistical analysis of emission
spectra at the edge and interiors of 50 MCs (Figure S9,
Supporting Information). Analyses of the spectra of individual
MCs as a function of their lateral dimension (Figure 6e,f)
reveal an increase in spectral red shift between the edge and
interiors with the MC size. Size dependence of the red shift
and highly emissive edges of the MCs indicates the
participation of waveguide-assisted photon recycling in
spatiotemporally synchronous blinking of MAPbBr3 crystals
under wide-field illumination.

■ CONCLUSIONS
To summarize, we studied the different modes of carrier
migration in polycrystalline MAPbBr3 MCs using methods
involving spatially resolved spectra and blinking with confocal
and wide-field excitation. Upon local excitation of a domain
within MCs, the PL emission is extended across the MC, and
blinking is spatiotemporally synchronous over a length scale of
a few microns. Our investigation reveals the reabsorption of
the emitted light to generate secondary excitons, attributed to
photon recycling. These recycled excitons increase the access
of distant photogenerated carriers to the metastable NR traps
formed primarily within the confocal spot. Further, a
significant proportion of the light emitted by the recombina-
tion of charge carriers is waveguided from the excitation
domain along the MC, which facilitates photon recycling. The
lower energy unabsorbed waveguided light escapes through the
edge of the MCs to generate relatively higher PL intensity at
the edges. The primary (carrier diffusion) and secondary
(waveguide-assisted photon recycling) carrier/energy migra-
tion modes cause the collective quenching of a part of the
excited carriers and redistribute the resultant PL intensity
within the rest of the MC. Our results provide a
comprehensive explanation for the observation of high
intensity at the edge of the MC and synchronous multistate
PL blinking on top of a base emissivity for entire MCs of
MAPbBr3 with dimensions in the order of a few microns. The
methods detailed here provide a simple yet effective way to
decipher modes of excitation energy migration beyond micron
length scales for individual semiconductor microstructures.
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