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Abstract
Excitation energymigration beyondmesoscale is of contemporary interest for both solar photovoltaic
and light-emissive devices, especially in context of organometal halide perovskites (OMHPs)which
have been shown to have very long (charge carrier) diffusion lengths.While understanding the energy
propagation pathways inOMHPs is crucial for further advancement ofmaterial design and
improvement of opto-electronic features, the simultaneous existence ofmultiple processes like carrier
diffusion, photon recycling, and photon transportmakes it often complex to differentiate them. In
this study, we unravel the diverse yet dominant excitation energy transfermode(s) in crystalline
MAPbBr3micron-sized 1D rods and plates by localized (confocal) laser excitation coupledwith
spectrally-resolvedwide-fieldfluorescence imaging.While rarely used, this technique can efficiently
probe excitationmigration beyond the diffraction limit and can be realized by simplemodification of
existing epifluorescencemicroscopy setups.We find that in rods of length below∼2microns, carrier
diffusion dominates amongst various energy transfer processes. However, the transient non-radiative
defects severely inhibit the extent of carriermigration and also temporarily affect the radiative
recombination dynamics of the photo-carriers. ForMAPbBr3 plates of several tens ofmicrometers,
wefind that the photoluminescence (PL) spectral characteristics remain unaltered at short distances
(<∼3μm)while at a larger distance, the spectral profile is gradually red-shifted. This implies that
carrier diffusion dominates over small distances, while photon recycling, i.e., repeated re-absorption
and re-emission of photons, propagates excitation energy transfer over extended length scales with
assistance fromwave-guided photon transport. Our findings can potentially be used for future studies
on the characterization of energy transportmechanisms in semiconductor solids as well as for organic
(molecular) self-assembledmicrostructures.

1. Introduction

Effective long-range exciton transport (migration) in
molecular aggregates/ solids plays a crucial role in the
applicationof (opto)electronic andphotovoltaicdevices
[1, 2]. In natural photosynthetic system, the photo-
generated excitons transport directionally in a sophisti-
cated manner from the light-harvesting center to the
reaction center [3], which is indeed a source of
inspiration for research on artificial counterparts [4–6].
In case of self-assembled organic J- and H- molecular

aggregates and polymers, the carriers can diffuse to a
distance of few tens to hundreds of nm with effect of
incoherent and coherent exciton migration or by a
combination of both processes [7–9]. In inorganic
semiconductor quantum dots (QDs) and nano-crystal
(NCs) films, the diffusion distance has been reported to
be of few tens of nm [10, 11], which notably depends on
the individual crystal size and material compositions,
and the density of energetic disorders [10–13]. Further,
inCdSe-based laterally stacked self-assembled structure
of nano-platelets, and micron-sized QD superlattice,
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the energy can diffuse up to a few hundreds of nm
[14, 15]. Therefore, a detailed and thorough under-
standing and analysis of energy diffusion are essential
for efficient chargemigration and collection, which can
significantly enhance the device performance and can
help to developnewexciton (photonic)devices.

The recent development of organic/inorganic
metal halide perovskites (MHPs) have achieved a
remarkable breakthrough in optoelectronic and pho-
tovoltaic applications [16–18], by virtue of its superior
optical properties like high absorptivity and photo-
luminescence (PL) quantum yield [19], tunable band-
gaps [20], controllable dimensionalities [21, 22], and
cost-effective preparations [23]. Remarkably, it is well
documented that the MHPs have long carrier diffu-
sion length [24], owing to their long carrier lifetime
and high photo-carrier diffusivity [25, 26]. Besides, the
high absorption coefficient and the extensive overlap
of absorption and emission spectra in MHPs lead to
self-absorption of the high energy emanated photons
followed by radiative re-emission [27, 28]. The itera-
tive process ofmultiple such events results in recycling
of the photon within the excited material over a larger
distance in the crystal [29, 30]. Although photon recy-
cling (PR) improves the open-circuit voltage of the
solar cells [1], the self-absorption of photons is detri-
mental for light-emitting applications [31]. Further-
more, the optical waveguide of emanated photons
owing to total internal reflection (TIR) in perovskites
assists to retain a considerable fraction of emission
from escaping the structures and guides over a longer
distance [30, 32]. Therefore, it is essential to differ-
entiate and control the pathways of long-range energy
transport in perovskite crystals/films, which can be
helpful for their application in devices.

In the last few years, it has been observed that the
photo-generated carriers in various MHPs structures
like micro-rods (MRs) and micro-discs (MDs) show
long-range effective carrier communication up to few
microns, which can lead to spatially-synchronous PL
intermittency of entire bulk perovskite crystals [33–35].
Further, it has been reported recently that this commu-
nication, essential for spatially-correlated emissivity
fluctuations between fused crystal (conjoined) grains,
can be interrupted intermittently via effective yet fleet-
ing energy barriers formed at the grain boundaries
owing to charged defects formed therein [36]. Although
the explicit nature and origin of transient defects are
poorly understood, the presence of environmental fac-
tors like moisture, oxygen, and light significantly per-
turbs their formation and annihilation [37–39].
Therefore, to understand the dynamics of energy trans-
port in the presence of metastable quenchers, it is cru-
cial to use unconventional imaging methods to probe
the extent of excitation energy migration in large
(microns or beyond) crystals.

A wide range of techniques has been reported so far
to measure the diffusion length, such as PL quenching
[40], space-charge limited current [41], Hall coefficient

measurements [24], and time-resolvedmicrowave con-
ductivity [42]. However, most of the methods necessi-
tate the deposition of electrodes, which may not be
practical for a few micron-sized structures. In recent
times, remarkable progress has beenmade usingmicro-
spectroscopic techniques. Exciton diffusion in solids
with shorter propagation lengths has been extensively
studied with ultrafast transient absorption microscopy
[7, 43]. Although the measurements provide high tem-
poral resolution indiffusion length [43], the length scale
probed by this technique may be limited by the asso-
ciatedmicroscopy configuration as well as the scanning
speed. On the other hand, there are alternate approa-
ches to directly measure the exciton PL via local excita-
tion and scan over the sample to collect the emission
[30, 44]. However, thesemiss out the real-time simulta-
neous imaging of the entire sample, which is crucial to
understand the impact of transient quenchers in long-
range energy diffusion and the communication over the
entire crystal. Due to the unavailability of a general
method, the dynamics of distinct energy transport
pathways in perovskites and how these get impeded
with the presence of non-radiative quenchers, the
defining characteristics of perovskites and other semi-
conductors, remain elusive.

In this work, owing to the relatively large size
(much more than the diffraction limit) of MHP rods,
discs, and plates, we used a simple yet rarely exploited
technique of confocal (local) excitation followed by
wide-field emission imaging [8, 9] to probe excitation
energy migration in various perovskite micro-struc-
tures. Slight modifications in our existing wide-field
fluorescence microscope allowed us to design a
switchable imaging setup equipped with both wide-
field (WF) and confocal (CF) excitations while being
able to image the emission from the entire sample as
well as collect spatially-resolved fluorescence spectra
from various locations beyond the excitation spot.
This method offers a unique opportunity to trigger the
formation of charge carriers locally (within diffraction
limit), and probe the subsequent radiative recombina-
tion locally as well as at different spatial regions owing
to excitation energy transport processes. Here, using
local excitation followed by collection of spectral
emission as a function of distance from the excitation
point, we illustrate the extent and nature of various
long-range energy transport mechanism(s) in various
MAPbBr3 perovskite micro-structures. Further, we
show that the formation of metastable non-radiative
traps can severely hamper, albeit transiently, long-
range energy transport in perovskitemicro-rods.

2.Materials andmethods

2.1. Syntheses and sample preparations
2.1.1. Chemicals
Methyl amine (CH3NH2, 33 wt% in ethanol, Spectro-
chem Pvt. Ltd), Hydrobromic acid (HBr, 47 wt% in
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H2O, Spectrochem Pvt. Ltd), Ethanol (99.9%, Chang-
shu hongsheng fine chemicals Co. Ltd), Oleic acid
(OA, >90%, Aldrich), n-Octylamine (99%, Aldrich),
N,N-Dimethylformamide (DMF, Spectrochem. Pvt.
Ltd), Toluene (>99.5%, merck life science Pvt. Ltd),
Lead (II) bromide (PbBr2, >99%, Lobachemie. Pvt.
Ltd). All the chemicals were used as received without
any further purification.

2.1.2.MAPbBr3micro-rods (MRs)
The syntheses, structural and optical characterizations
of methylammonium bromide (MABr) and methy-
lammonium lead bromide (MAPbBr3) 1D rods are
provided in earlier reports [33, 35]. In brief, the
equimolar mixture ofMABr and PbBr2 were dissolved
in 2 ml of DMF. Oleic acid (0.5 ml) and n-octylamine
(30 μl) were added as capping groups to the solution
mixture and were stirred for 5 min till the complete
dissolution of precursors. Finally, 8 ml of toluene was
added dropwise to the solution. The final solution was
stirred for∼24 h at room temperature (∼298 K) under
ambient conditions for the growth of MAPbBr3 1D
rods. The sample was then washed and centrifuged
with toluene at 5000 rpm for 10 min and dried under
vacuum for further measurements. For the micro-
scopic measurements, MRs in toluene was spin-cast
on a glass coverslip (Fisher Scientific, 25×25 #1) at
2000 rpm for 1 min.

2.1.3.MAPbBr3micro-discs (MDs)
The syntheses, structural and optical characterizations
ofMAPbBr3 micro-discs are provided in earlier report
[35]. In sort, 0.22 M ofMABr and 0.2 M of PbBr2 were
dissolved in DMF. The amount of MABr was kept
slightly excess (10%) than PbBr2. The resultant
precursor solution was spin-cast on a cover-glass at
2000 rpm for 1 min and annealed at 90 °C. It results in
formation ofMAPbBr3micro-discs (MDs) on the glass
surface.

2.1.4.MAPbBr3micro-plates (MPs)
We synthesized the tens of micron-sized MAPbBr3
plates with slight modification of earlier report [45].
An equimolar mixture of MABr and PbBr2 were
dissolved in DMF to prepare ∼0.05 M precursor
solution. 50 μl of precursor solution was directly
dropped on top surface of a cover glass and was placed
in a petri-dish. The petri-dishwas kept in a beakerwith
toluene below the edge of the petri-dish andwas sealed
with porous aluminum foil. The nucleation and
subsequent growth of MAPbBr3 MPs will take place
with the diffusion of anti-solvent toluene vapor into
the precursor solution. After 24 h, micron-sized plates
were left on the cover glass.

2.2.Microscopy setup
For spatio-temporarily and spectrally resolved photo-
luminescence (PL) measurements, we used a home-

built epifluorescence microscopy setup; the details of
optical arrangements can be found in the earlier report
[46]. The sample was illuminated with a continuous-
wave (CW) 488 nm DPSS laser (LBX-488, Oxxius)
with an oil immersion objective lens (60X, 1.49 NA,
Apo TIRF, Nikon). The laser power was measured
after the objective lens with a power meter (Laserch-
eck, Coherent) and was adjusted with neutral density
(ND) filters. The emanated fluorescence emission was
collected back by the same objective lens, and was
passed through appropriate dichroic (Di01-R488,
Semrock) and 514 nm long-pass emission filters
(Semrock). The PL was recorded with an air-cooled
sCMOS camera (sCMOS ORCA-Flash4.0 V3, Hama-
matsu) at 20 fps as 16-bit TIFF files. The schematics of
the microscopy setup are shown in figure 1. We
flattened the background of the recordedmovie before
further analyses. ImageJ (NIH) [47], Origin8, and
MATLAB (R2016a) are used for the analyses of all
imaging data. All the PL measurements were per-
formed at room temperature (295 K) at relative
humidity (RH) of∼50%.

For confocal excitation, we allowed the collimated
expanded laser beam to pass through the back-focal
plane (BFP) of the objective lens, which focuses the
beam at a diffraction limited point (FWHM∼300 nm)
on the sample plane, as shown in figure 1(a) [8, 9]. The
fluorescence emission was collected from an area
(diameter ∼25 μm), which is imaged using an array
detector (sCMOS camera). For spatially-resolved
spectroscopy, we positioned the slit of the home-built
spectrograph in the emission path such that it encom-
passes the excitation spot within the slit, and the spec-
trally dispersed (first order) image was detected by the
same sCMOS detector [46]. With point excitation, a
high carrier concentration is expected at the central
illumination spot where the carriers are formed. How-
ever, when there is long-range carriermigration, a gra-
dual decay of carrier density is expected beyond the
excitation spot (figure 1(b)(ii)). This should result in
PL emission from an extended area beyond the illumi-
nation zone. Further, the extent of energy diffusion
can be evaluated from the comparison of cross-section
of intensity line profiles of PL emission to that of the
laser excitation (figure 1(b)(iii)).

2.3.Optimizations and controlmeasurements
Prior to the confocal excitation (ExCF) PL imaging, it is
essential to perform several control measurements to
ensure the retention of excitation focus under different
experimental circumstances. To verify the stability of
excitation focus at different laser power densities and
integration time, we collected the back-reflected laser
from a cleaned blank coverslip (figures 2(a), (b)). From
the extracted intensity profiles along the horizontal
and vertical dashed lines, as shown in figure 2(a)(i),
(ii), we observed a nominal (∼3%) change in excitation
profile (8–10 nm) at high power denisity as compared
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to low power density. We note that the change in
integration time did not artificially broaden the
reflected laser beamprofile (figure 2(b)(i), (ii)).

The coexistence of both excitation as well as emis-
sion focus in the same focal plane is crucial for ExCF PL
imaging. For that, we excite next to a MAPbBr3 per-
ovskite MR (MR-1) at high excitation power density
(∼1 kWcm−2) so that it will have enough scattered light
(near the illumination spot), which can excite the MR
and results indetectable PL emission. Figure 2c(i) shows
the PL image of MR-1 along with the laser excitation
spot, which reveals the simultaneous focus of both exci-
tation as well as PL emission. The wide-field excitation
(ExWF) PL image of MR-1 is in the inset. Further, to
eliminate the possibility of direct excitation of sample
away from the excitation spot with the out coming scat-
tered light, we imaged MR-1 at different excitation
power densities (figure 2(c)). In figure 2(c)(iv), we can
observe that MR-1 did not have a detectable PL emis-
sion at several fold of low power density (∼10Wcm−2).
So,weperformed all our ExCF imaging at∼20Wcm−2.

Moreover, to eliminate the possibility of additional
scattering of illumination light by the thickness of the
sample, which may artificially broaden the excitation
beam profile, we imaged the back-reflected laser from a
microscopic cover-glass with ∼100 nm diameter non-
fluorescent polystyrene (PS) film (figure 2(d)). The
extracted line profiles along both x-and y-directions
have almost equivalent FWHMs, as that obtained from
a blank cover glass. This illustrates that the sample
thickness does not artificially alter the excitation beam
shape/size. Further, we collected the PL of Rhodamine-
6G (Rh-6G) film on a glass coverslip. To get the

excitation profile, we selectively used a band-pass filter
(420–500 nm) in the emission path, which allows only
the excitation light (figure 2(e)(i)). For the fluorescence
emission, a 514 nm long-pass (514 LP) filter was used
(figure 2(e)(ii)). AsRh-6Gmolecules are not expected to
have long range energy transfer, the identical line pro-
files of PL excitation and emission in figure 2(e)(iii) fur-
ther eliminate the possibility of scattering of excitation
light even fromafluorescent sample and reveal the loca-
lization of excitation energy.

Finally, to eliminate the possibility of (wave)gui-
ded propagation of excitation light in perovskite crys-
tals as an origin of extended PL emission, we evaluated
the laser beam profiles for the excitation point outside
and on the MR. For simultaneous imaging of excita-
tion spot (back reflection of laser) and PL fromMR,we
removed the emission filter and increased the excita-
tion power density to 1 kW cm−2, so that there is
enough scattered light (near the illumination spot)
which is able to excite the nearby MR and some PL
emission from it could be detected (figure 2(f)(i)). The
PL images were collected through two different ener-
getic emission filters to separate the excitation and
emission. Figure 2(f)(ii) shows the PL image of the
excitation point only when the MR-2 is excited,
whereas figure 2(f)(iii) shows the corresponding PL
emission of MR-2, which was clearly elongated along
the long axis of the rod. The intensity profiles along the
dashed lines (figure 2(f)(iv)) reveal no significant
change in the excitation beam profile even after pla-
cing the excitation point on the MR. A very similar
behavior was observed for the excitation beam profile
when the centre of an micro-disc was illuminated

Figure 1. (a) Schematic representation of confocal excitationmicroscopy setup for spatio-temporarily and spectrally resolved
photoluminescence (PL)measurements. Parallel excitation beam is passed throughBFP of objective lens. It focuses the excitation
beam at a diffraction limited spot on sample plane of FWHM∼300 nm. The PL emission is collected over an area of diameter∼25μm.
(b) (i) Schematic illustration of energy diffusion away from the illumination spot with confocal excitation, (ii) charge carrier density
profiles of the photo-generated carriers, (iii) cross-sectional line profiles along the dashed line of excitation (blue) and emission
(green). (Abbreviations: BE-BeamExpander;λ/4-quarter wave-plate; ND-Neutral Density filter; DM-DichroicMirror; BFP- Back-
Focal Plane; OL-Objective Lens; EF-Emission Filter;M1-highly reflectivemirror; IS-Imaging Spectrograph).
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(figure S1 (available online at stacks.iop.org/MAF/
10/044013/mmedia)). These measurements elim-
inate the possibility of waveguided transmission of the
unabsorbed excitation light in MAPbBr3 micro-crys-
tals. That we could detect significant PL emission from
an extended area over the long axis of the crystals (see
figure 2(f)(iv) and results) beyond the excitation zone
indicates radiative recombination after long-range
excitation energymigration.

3. Results and discussions

To realize and explore the energy transport in various
micron-sized structures of methyl ammonium lead

bromide (MAPbBr3) perovskite such as disc (MD),
plates (MP), and rods (MRs), we imaged them with
both wide-field and confocal illumination. The wide-
field excitation average PL intensity image in
figure 3(a)(i) shows a typical fewmicron-sized circular
MAPbBr3 micro-disc (MD-1). To probe the energy
migration in the perovskite disc, we selectively excited
at the center and collected the PL emission from the
entire crystal. The average PL intensity image ofMD-1
with local excitation spot is shown in figure 3(b)(i).
Interestingly, we observed PL from an extensively
broad area than the illumination spot (blue filled
circle), which shows that the photo-excitation energy
diffuses away from the illumination point. A careful
inspection of the extracted line profiles of PL emission

Figure 2.Controlmeasurements for confocal-excitationwide-field imaging. PL intensity image of excitation focus back-reflected
from a blank cover-glass alongwith line-profiles along dashed lines in x- and y-directions for different (a) excitation power densities
and (b) integration times. (c)PL intensity images of amicro-rod (MR-1)with excitation next to the rod at different excitation power
densities. The scattered light excited PL image in (c (i)) reveals the simultaneous focus of both excitation and emission. Thewide-field
image (ExWF) ofMR-1 is in (c (i)) inset. (d)PL image of excitation focus back-reflected from cover-glass with∼100 nm thick non-
fluorescent polystyrene (PS)film. (e)PL intensity image of Rhodamine-6G (Rh-6G)film of (i) only laser excitationwithout PL of Rh6-
G, (ii) only PL of Rh6-G, and (iii) corresponding line-profiles along dashed lines, excitation (blue), and emission (red). (f) (i) Single
camera average PL intensity image ofMR-2 alongwith excitation spot outside theMR, collectedwithout emissionfilter at a power
density of 1kWcm−2, average PL intensity image of (ii) excitation spot onMRwithout PL (iii) only PL ofMR-2, (iv) their
corresponding line-profiles along dashed lines, excitation spot outsideMR (solid blue line), on theMR (dashed deep blue line) and PL
ofMR-2 (solid green line). All PLmeasurements were performed at excitation power density of 20Wcm−2, unless it ismentioned
otherwise.
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and laser excitation along the dashed arrow
(figure 3(c)(i)) reveals a relatively higher PL emission
at the illumination point, followed by a gradual
decrease in PL intensity away from the excitation spot.
However, significantly enhanced emission was
observed at the crystal edges, which illustrates the
diffusion of photo-excitation energy up to few
microns away from the illumination spot over the
entire disc. Further, significant emissivity at the crystal
edges reveals that the dimension of individual crystals
constrain the extent of energy migration within the
perovskite disc.

To explore the energy transfer in larger MAPbBr3
objects, we imaged a plate of few tens of micron-size
(MP-1) with wide-field excitation (figure 3(a)(ii)).
Here too, with ExCF, we observed extended emission
from the entire plate (figure 3(b)(ii)). Here, the con-
trast has been adjusted to show the emission from the
edges, whichmake the excitation spot seemmuch big-
ger in size compared to that for the MD. Next, to eval-
uate energy migration, we extracted the intensity
profiles along the dashed arrow and plotted in
figure 3(c)(ii). This reveals that the dominant emission

is near the excitation point, and intensity gradually
decreases on moving away from that spot, however,
there reduction of emission intensity is far less abrupt
as compared to the excitation light. Remarkably, a
weak enhancement in emission was observed even at
the edges of MP-1, which can be seen from the line
profiles (figure 3(c)(ii)). This illustrates the effective
excitation energy migration up to ∼10 μm distance
from the illumination point in MAPbBr3 micro-
plates.

The MPs and MDs are single crystalline and poly-
crystalline in nature, respectively [35, 45]. The nature
of crystallinity can severely affect photo-carrier life-
time, and thus the corresponding diffusion distances.
In addition, the dimension of crystal and the extent of
stokes shift (spectral overlap of absorption/emission)
can modulate the relative contributions of energy
transfer pathways over the migration distance. There-
fore, it is reasonable to speculate that the aforemen-
tioned structural and optico-electronic differences are
likely to be responsible for the PL emission behaviors
over theMPs andMDs.

Figure 3.Average PL intensity images ofmicron-sizedMAPbBr3 disc , plate, and rodwith a(i-iii)Wide-field excitation (ExWF), and b
(i-iii) confocal excitation (ExCF), respectively. The excitation positions in ExCF aremarkedwith bluefilled circles. The contrast in b(ii)
is adjusted to show the crystal edges, whichmakes to look the excitation spot bigger. The length of rod is shownwithwhite dashed line.
The intensity line profiles along the dashed arrows of emission (green) and excitation (blue) forMAPbBr3 disc, plate, and rod are in
c(i–iii), respectively.
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Further, we analyze the energy migration in a few
micron-sized one-dimensional (1D)MAPbBr3 micro-
rod (MR-3), where the transport of carriers or energy
is primarily confined along longitudinal axis of the
crystal (figure 3(a)(iii)). Interestingly, when we irra-
diated locally at the middle of MR-3 (dashed circle in
figure 3(a)(iii)), we observed asymmetric energy trans-
port on both sides of the excitation point(figure 3(b)
(iii)). The corresponding line profiles (figure 3(c)(iii))
along the long axis further reveals that on one side,
energy diffusion is limited to few hundreds of nan-
ometers, while in other direction, excitation can
migrate to ∼1 μm. This reveals that the migration
lengths are not limited by the dimensions of MR, in
contrast to discs and plates of the MAPbBr3 where the
size of the crystal primarily determines the diffusion
length. It has been reported that the presence of highly
efficient quenchers (defects or traps) inMHPs is highly
detrimental, and can severely affect the energy migra-
tion by funneling the carriers through non-radiative
(NR) channels [25, 48]. We note that even with uni-
form wide-field illumination of entire MR-3, atte-
nuated emission is observed at the (lower) side of the
rod (figure 3(a)(iii)), which unambiguously points to
the presence of highly efficient NR defects on one side
of the excitation spot. We further note that MRs did
not show any enhanced emission at the rod ends, con-
trary to that observed in MDs and MPs, signifying a
lack of waveguided photon transmission over long
distances.

To further explore such non-uniformity in terms of
position and efficiency of NR defects, as well as their
effect on energy propagation in MRs, we selected 25
MRs with length of at least∼2 μm, and excited (locally)
near their centre. We find both symmetric as well as
asymmetric energy transport on both sides of illumina-
tion point, as exempliefied in figures 4(a-d)using two
representative MRs (MR-4/-5) following wide-field
and confocal illumination. As the emission ofMRs have
non-Gaussian intensity profiles, we refrain from using
the conventional deconvolution analyses to calculate
the diffusion distances [49]. Instead, we first compared
PL emission of Rh-6G filmwith ExCF, where the excita-
tion energy remains confined within the illumination
spot with respect to the excitation profile (figure 2(e)).
This value turns out to be ∼20% of the maximum PL
intensity, which we select as the accuracy limit of our
measurement, and is also well above the background
intensity levels (figure S2). Therefore, we evaluated
the energy migration distances on both sides of each
MR from the central position, at 20% of the peak ampl-
itude(figures 4(c), (d)). The extracted migration lengths
(L1, L2) of individual MRs (figure 4(e)) shows a mean
of ∼600 nm with some variation in the migration
lengths amongst theMRs. As seen fromfigures 4(c), (d),
MR-4 has symmetric and slower intensity fall, whereas,
MR-5 has asymmetric and steeper intensity fall on one
side. The asymmetric, steeper intensity fall for MR-5
can be attributed to the presence of highly efficient

quencher(s) either one side, or distinct quenchers on
both sidenear the vicinity of the illumination point.
Further, to evaluate the population of MRs with sym-
metric and asymmetric energy migration, we plotted
the distribution of ratio of difference in migration
lengths (figure 4(f)) on both sides to maximum migra-
tion length (|L1- L2|/L, where L is larger value between
L1 and L2). This analyses demonstrates the hetero-
geneity in terms of spatial locations aswell as quenching
efficiency ofNRdefects amongstMRs.

Interestingly, these NR traps or quenchers are
oftenmetastable, i.e., are transiently formed and affect
the radiative recombination of photo-carriers, which
results in multi-state PL intermittency of entire crystal
over a timescale of few tens of milliseconds to seconds
[33, 35] depending on the crystal being investigated.
The PL fluctuation occurs over a base emission inten-
sity likely due to the faster local radiative recombina-
tion dynamics before carriers undergo long-range
diffusion,. Over the last few years, effective long-range
carrier communication amongst photo-generated car-
riers up to few microns has been observed in various
MHP crystals, such as rods and discs [33–35]. The for-
mation/annihilation of highly efficient metastable NR
traps (quenchers) with the effect of photo-irradiation
and interactions with environmental constituents
transiently funnel the carriers in non-radiative path-
ways [33], which results in spatially extended con-
certed PL intermittency of the entire crystal.
Interestingly, inter-crystal communication has also
been observed between conjoint crystals, which is
often interrupted transiently [36]. However, such
intriguing phenomena are reported with wide-field
illumination, where the photo-carriers are generated
over the entire crystal. Therefore, to investigate the
formation of transient NR traps and their effects on
carrier diffusion and subsequent PL recombination,
we selectively excited a rod (MR-6, figure 5(a)) at one
end and monitored the PL recombination dynamics
over the entire rod and intriguingly, we observed PL
fluctuations of the entire micro-rod! The observed PL
instability of MRs is inherent to the crystal itself, and
does not result from laser intensity fluctuations (figure
S3). To probe the spatial dependence of PL fluctua-
tions, we extracted the PL intensity traces from three
distinct nano-domains of the MR-6. The normalized
PL intensity trajectories of these locations (designated
as I, II, III in figure 5(a)) and the average intensity trace
of entire MR-6 are plotted in figure 5(b). The multiple
intensity levels traces are nearly indistinguishable and
temporally superimposable. For better visualization,
the time-lapse sequential PL snapshots ofMR-6 at dis-
tinct intensity levels (marked in figure 5(b)) are shown
in figure 5(c), which clearly indicates the simultaneous
enhancement and reduction in intensity of the entire
MR-6. However, irrespective of the PL intensity level,
a higher emission is always observed at the illumina-
tion point, and the intensity gradually decreases with
distance away from the excitation spot. This reveals
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that the energy after photo-excitation undergoes effec-
tive diffusion over the entire MR. However, the highly
efficient yet metastable NR traps effectively channel a
significant proportion of energy in non-radiative
pathways, thereby resulting in spatio-temporarily cor-
related PL intermittency of the entireMR.

The exciton binding energy ofMAPbBr3 perovskite
bulk single crystal has been reported to be ∼40meV
[50]. Therefore, the existence of both excitons and free
carriers at room temperature (∼295 K) is anticipated.
The high diffusivity and long lifetime of the photo-
generated carriers assist the long-range exciton/carrier
diffusion [24–26] accompanied by radiative recombina-
tion. However, the high absorptivity of the perovskite
material leads to self-reabsorption of higher-energy
emitted photons, followed by re-emission [28]. Such

recycling of the emitted photon by an iterative process
of multiple re-absorption and re-emission (photon
recycling) facilitates migration of energy far away from
the illumination spot [30]. However, with themigration
distance, the spectral envelope of the emitted photons
can get skewed towards the lower energy [30]. Besides,
total internal reflection in perovskites with high refrac-
tive index allows directional propagation of emitted
photons, which escape from the edges [32] leading to
intense PL at the crystal edges.

Therefore, to distinguish the different energy pro-
pagation pathways like carrier diffusion, photon-recy-
cling, and optical waveguiding, we performed spatially
and energetically resolved PL imaging by acquisition
of PL emission through a higher and lower energy
detection channels, i.e., a green (492–536 nm) and a

Figure 4.Average PL intensity images ofMR-4/-5withwide-field (ExWF) and confocal (ExCF) excitation in (a) and (b), and the
corresponding intensity line profiles with ExCF along the dashed arrows of emission (green) and excitation (blue) in (c) and (d),
respectively. The excitation positions aremarkedwith bluefilled circles. L1 and L2 are the energymigration lengths inMRs from
central position at 20%of the peak amplitude. (e)Distribution of energymigration lengths ofMRs, withmean∼600 nm, and standard
deviation (SD)∼170 nm. (f)Distribution of [|L1- L2|/L] ofMRs, where L is larger value between L1 and L2, showing the populations of
MRswith symmetric and asymmetric energymigration on the two sides of the excitation spot.
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red (540–790 nm) emission filter. The wide-field PL
images of a rod (MR-7) and a disc (MD-1) are shown
in figures 6(a), (e). Interestingly, with local excitation
in MR-7, we observed analogous spatial distribution
of PL in both green and red channels (figures 6(b), (c)),
which can be seen in the normalized intensity line pro-
files (figure 6(d)). However, with local excitation in
MD-1, we observe relatively homogeneous emission
through the green channel over the entire crystal

(figure 6(f). In stark contrast, low energy (red) emis-
sion ismostly located at the crystal edges (figures 6(g)).
The intensity line profile in figure 6(h) reveals that
high energy emission in MD primarily owes to the
recombination of diffused photo-carriers, however, a
proportion of the emitted photons get iteratively recy-
cled over the migration distance. The re-emitted low
energy photons are wave-guided, and eventually
escapes from the crystal edges.

Figure 5. (a)PL intensity image of amicro-rod (MR-6)with confocal excitation (ExCF). The excitation spot ismarkedwith bluefilled
circle. (b)Normalized PL intensity trajectories of three different spatial nano-domains (I-III), as shown in (a), alongwith the
normalized intensity trajectory of entireMR-6, which shows indistinguishable PL intensityfluctuations. (c)The time-lapse sequential
PL snapshots ofMR-6 at different intensity levels, markedwith arrowheads in (b), show simultaneous enhancement and reduction of
PL intensity of entireMR-6.

Figure 6.Wide-field excitation (ExWF) average PL intensity images ofmicron-sizedMAPbBr3 rodMR-7 in (a) and discMD-1 in (e).
Average PL intensity images ofMR-7 andMD-1 in two energetic channels of 492–536 nmand 540–790 nmwith confocal excitation
(ExCF) in (b), (c) and (f), (g), respectively. The excitation positions aremarkedwith blue filled circles. Normalized intensity profiles
along the dashed arrows of excitation (solid blue), emission through 492–536 nmfilter (solid green) and through 540–790 nmfilter
(dashed red) forMR-7 andMD-1 in (d) and (h), respectively.
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To corroborate these processes (schematically
described in figure 7(a)) following local excitation, we
explored the emission spectral behavior with the pro-
pagation distance using spatially-resolved fluores-
cence spectroscopy (figures 7(b)). We excited a
perovskite rod (MR-8) at one end and collected the
spectra along the long axis. The PL intensity image and
the corresponding spectral image of the rod are shown
in figure 7(c)(i), (ii), which reveal a gradual decrease in
PL intensity with increasing distance from the illumi-
nation spot. Here, we did not observe any intense
emission at the tips of MR in ExWF as well as ExCF
micro-spectroscopy measurements (figures 3(a)(iii), 6
and 7(c)), which eliminates the feasibility of wave-
guided transmission of photons in micro-rods
[32, 51]. Further, we extracted the spectral profiles
from three distinct spatial nano-domains, at 0, 0.4,
and 0.8 μm away from the ExCF spot, and the corresp-
onding normalized PL spectra (figure 7(c)(iii)). Inter-
estingly, we did not observe any noticeable variation in
emission energy as well as in the spectral envelope,

which suggests the nominal contribution of photon
recycling (PR) in long-range energy transfer. Similar
spectral characteristics have been recently observed in
perovskite micro-wires, and have been primarily
attributed to the active participation of carrier diffu-
sion [52]. Therefore, we infer that charge carrier diffu-
sion is the dominant energy transport pathway in the
MAPbBr3 perovskite micro-rods for long-range car-
rier communications.

Next, we investigated the long-range energy trans-
portmechanisms inMAPbBr3 perovskite microplates.
The PL intensity image of a plate (MP-1) with ExCF is
shown in figure 7(d)(i), along with a vertical line from
which emission spectra was collected. To obtain spec-
tral information as a function of distance from excita-
tion spot, we plotted the normalized dispersed
emissionspectral image up to the crystal edge
(figure 7(d)(ii)), which reveals a clear shift in emission
energy on moving away from the illumination center.
Further, we extracted the emission spectra from eight
distinct nano-domains (marked in figure 7(d)(i))

Figure 7. Schematic illustration of long-range energy transfers inmicron-sizedMHP crystal via carrier diffusion, photon recycling,
andwave-guided transport of emitted photons by total internal reflection (TIR). (b) Schematics for spatially resolved spectroscopy of
MHPmicro-crystal with confocal excitation (ExCF). (c)PL intensity image ofmicro-rod (MR-8)with ExCF is in (i), and corresponding
spectral image in (ii). Excitation spot ismarkedwith bluefilled circle. (iii)Normalized PL spectra of three distinct nano-domains 0,
0.4, and 0.8μmaway from excitation spot. (d) (i)PL intensity image ofmicro-plate (MP-1)with ExCF. The contrast of the image is
adjusted to show the edgesmakes to look the illumination spot bigger. The slit position ismarkedwith a dashed line. (ii)Normalized
emission spectral profile ofMP-1 fromExCF spot to crystal edge showing the gradual low energy spectral shift onmoving away from
ExCF spot. (iii)Normalized PL spectra of distinct nano-domains,marked in d(i).
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located successively between the excitation spot and
the crystal edge (figure 7(d)(iii)). Suprisingly, beyond
∼3 μm from the irradiation point, a new shoulder
appeared at lower energy part of the spectral envelope.
For the subsequent nano-domains, this new peak at
∼550 nm becomes dominant with concomitant
attenuation of the initial higher energy (∼535 nm)
peak. Intriguingly, at the crystal edges, ∼10 μm from
the illumination spot, we find a further red-shifted
relatively intense emission peak (at ∼560 nm). We
have observed similar spectral behavior in other MPs
as well (figure S4). However, the origin of the unusual
red shift beyond acertain distance (∼10 μm) from the
illumination point still remains unclear, and other
processes such as exciton-photon coupling (polariton)
or some other optical phenomenonmay be respon-
sible for such an observation .

With the local illumination of MP, the photo-gen-
erated charge carriers diffuse away from the excitation
regime. The observed minimal red-shift along with
higher PL intensity emission at a shorter distance
(<∼3 μm) illustrates that a substantial fraction of dif-
fused photo-carriers recombine locally and result in
band-to-band recombination-based PL emission. The
observed gradual modulation in spectral profile with
the increase in spatial separation of ExCF spot and
emission point reflects re-absorption of primary pho-
tons (i.e., photons produced by the direct photo-exci-
tation) at higher spectral energy, and enhanced PL
contribution at longer wavelengths. Beyond ∼3.5 μm
from the excitation point, repeated PR results in emer-
gence of a shoulder owing to re-emission, which even-
tually dominates over the higher energy peak.We note
that a similar spectral behavior has been recently
reported for 1DCsPbBr3 single crystal [30], ascribed to
iterative PL self-re-absorption and re-emission of
emanated photons (or PR). However, our findings are
in contrast to an earlier report on MAPbBr3 crystals
[53], where self-re-absorption based spectral filtering
modulate the PL emission spectra over long distances.
Nonetheless, the photons of lower energy which ema-
nate after repeated PR, are waveguided across the crys-
tal and eventually escape at the boundaries resulting in
slightly intense emission at the edges.

Our ExCFmicro-spectroscopy results onMPs reveal
that for shorter distances (up to∼3μm from the excita-
tion point), mostly carrier diffusion process dominates
over the other energy transport processes. Whereas, for
longer distances (>3 μm), PR is activeky involed in
energymigration, as evidenced from the observed spec-
tral characteristics (figure 7(d)(iii)). Therefore, we spec-
ulate that PR plays an extensive role in the long-range
energy migration in MAPbBr3micro-plates, however,
the involvement of carrier diffusion and guided trans-
mission of thephotons cannot beneglected.

Despite this illustrated imaging method is able to
distinguish the distinct energy transport pathways in
different perovskite crystals, it is still unable to quanti-
tatively provide the relative contributions of each

individual process for long-range excitation energy
migration. In earlier reports, the time-resolved PL
decay over distal spatial locations was fitted with
distinct simulated models, which account for the
different energy transport pathways [30, 52]. The
knowledge of excited carrier population at the illumi-
nation zone, carrier mobility, PL decay kinetics, and
the evaluation of extinction coefficients where the
absorption-emission spectra overlap, will be helpful to
estimate relative contributions from distinct energy
transport pathways.

4. Summary and outlook

To summarize, we have investigated the long-range
energy propagation in various MAPbBr3 structures
using confocal excitation wide-field micro-spectrosc-
opy measurements. Our ExWF and ExCF measure-
ments and analyses on 1D few micron-sized
perovskite rods reveal that the diffusion of photo-
excited carriersmostly dominates the energy transport
mechanisms. The formation of non-radiative ener-
getic defects significantly impact the diffusion dis-
tance, as well as transiently hampers the long-range
communication of the diffused photo-carriers in the
micro-rods. Further, from spectral measurements and
analyses on microplates, we surmise that the carrier
diffusion primarily facilitates the short-range energy
propagation (<∼3 μm). Over longer distance, the
photon-recycling significantly expedites the long-
range energy migration with assistance of guided
transmission of photon in methyl ammonium lead
bromidemicro-plates.

The illustrated (spectral) imaging method with
confocal excitation will be useful to observe and dis-
tinguish the distinct photo-induced charge-carrier
and photon transport mechanisms in various per-
ovskite/semiconductor micro-structures with diverse
material compositions, as well as in homo-/hetero-
structured (organic) molecular aggregates. Further, it
will be beneficial to analyze the origin and nature of
energetic defects in semiconductors, self-annealing of
defects in material owing to ionic migrations, and the
concomitant corollaries on distinct energy migration
pathways.We therefore feel that this work will be valu-
able as a tool to analyze the defects and characterize the
energy transfer processes in micro-structured per-
ovskites and molecular aggregates, which can
undoubtedly be helpful for photo-voltaic and light
emitting applications.
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