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ABSTRACT:Recent observations of spatially correlated phugoico-cystal grains P
luminescence intermittency of spatially extended organo-lead Mors synchiohaus | |
perovskite microcrystals (MCs) has been explained via involvemel P
highly e cient, transient non-radiative traps and long-range com
nication between photogenerated carriers; however, the nature/o
of these quenchers as well as factors determining carrier commd
tion remain obscure. Here, we studied thetef excitation powers, e
energies, and crystal dimensi on the observed multi-state S
intermittency of methylammonium lead bromide (MAPBBCs. =
Our results support a model of involvement of a few quenchers iéj
crystal and ective diusion of a subpopulation of charge carriers @ | o
entire crystals. Furthermore, we developed comprehensive analytisalce ) 0 5 10 520 25
methods to quantify the extent of spatiotemporal blinking correlation,

which establish a remarkably high (>0.9) correlatioickiering 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
re-establishment of inter-grainudion 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 correlate
anti-correlated emissivityctuations between fused crystals, suggestive of directional excitation energy migration between adjac
grains.
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PL Intensity

1. INTRODUCTION Recently, a number of reports were published on the

Photoluminescence (PL) intermittency, which is the abrupfj)”m?rllég4 gfv\k/’“”" ddirrt1hensionallyt (ijcnet(_j ”perover](ite
temporally random oscillation between high’)(and low rystais. € and others reported spatially synchronous

“ . : . : I linking of entire crystals with dimensions in the order of
(“off) intensity emission, is a ubiquitous phenomenon oP. 41618 . . .
guantum comed nano-structures, such as single molecul 5 I(;r?neitire @:gg'é:}lgxﬁ%ﬂf g;ngfelg,;li\éil d?itgr?gttl:%msbe
and semiconductor quantum dots (QD$)Mechanisms of isualized with indistinguishable PL blinking atetit nano-
-SUC-hOd offdynamics are then related to the charge trappméomains (MC-1Figure ). Spatially resolved time evolution of
in inter-band non-emissive defect states (traps), which

. ; . , blinking of the vertical strigigure t) through MC-1
giﬁigg’ﬁl'g?tfgleb\ya:ﬁlyt')rlli?]mgggasﬁggrgo(éiistlrggtand illustrates identical Pluctuation throughout the region over

time. A mechanism involving activation and deactivation of a

Eé'né(:tng d %ng.ns'lgg#?olsetceﬂegg?tgé?ll.ea(;?gég Qla\r/:}erglsa?\ dblzﬁérarnsient trap is believed to be responsible for blinking in
P N sing u Jug poly gano-lead halide perovskite crystals, even with dimensions

in J-aggregates of dimensions beyond quantumeent way beyond the diaction limit up to a few microHsA

but less than the diction limit’® These phenomena provide (%omplex donor acceptor pair induced intermittently by ion

the concept of excitation energy transfer into a localizedi, oo is hypothesized to be such a non-radiative channel
guencher with certain quenchingiency and radius to make

the blinking spatially extended. Among the few examples—
reported, many systems show localized or entire crystafceived: December 22, 2021
blinking, especially which are quantum remh at least Revised: March 4, 2022
along one dimensidn*? 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 cledpffstates?
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In this report, we discuss the possible origin@éet NR
traps and how their dynamics can result in multi-state intensity

uctuations of the entire MAPBBVICs. 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

uctuations between adjacent (fused) crystal grains.

2. METHODS

2.1. Experimental Details.Details on the synthesis of the
sample are provided in tBapporting Informatiofsl). The
photoluminescence (PL) microscopy of MAPMREEs was
performed with a home-built, widdd, epiuorescence
microscopé&?’ The as-prepared sample, placed on a micro-
scope stage, was excited with a 405 nm laser (LaserGlow,

Figure 1.Synchronous blinking of entire perovskite MCs. (a) PLLRD-0405PFR) with a power density dfW/cn? via a 1.49
image and (b) spatially resolved PL trajectories of a typical MAPbBXA, 60< objective lens (APO-TIRF, Nikon). For excitation
MC at four nano-domains along with the trajectory of the entire MCwavelength dependence measurements, a 488 nm laser
(c) Spatially resolved intensity trajectory of a vertical strip along th@xxius, LBX-488-100-CSB-PPA) and a 532 nm laser
MC (displayed by a green dotted rectangle in the PL image in (a))_aserGlow, R532001FX) were used (same power density).
along with its spatially integrated PL intensity trajectory. The PL emissions emanating from the samples were collected
with the same objective lens and passed through appropriate a
formed over derent spatial locations of the crysStal. dichroic mirror (DiO2-R442 /Di01-R488/DiO1-R532, Sem-
Blinking in bulk MC shed light on intermittent instability in rock) and long passter (LP02-458RS/LP02-514RS/LP03-
optical output, originating from @ent NR defects, which 532RU, Semrock) for imaging. All PL movies were collected at
have adverse @ct on the possible device perform@nce. a 25 Hz frame rate using an interline CCD camera (DVC 1412
E cient NR traps responsible for long-range blinking lead tAM) except for excitation power/wavelength dependence data
photo-physical eciency losses, and hence these need to b@-igure 2, which were obtained using an sCMOS camera
studied in detaif: This prompted us to investigate the origin (Hamamatsu Orca Flash4 V3). All the PL images collected in
and nature of these highlyagent trap states responsible for our setup at a frame rate of 25 Hz and had-action limited
the blinking of MCs. It is important to emphasize that bulkspatial resolution 0f220 nm (FWHM).
MCs produce millions of excited carriers, the radiative 2.2. Analyses of MC Intermittency Data.2.2.1. Multi-
recombination rates of which shouldtuate proportionately state PL IntermittencyThe blinking observed in MAPBBr
over space to exhibit entire MC blinking, suggesting thBICs, where intensityictuates between multiple states on top
presence of strong communication between carriers withifi a slow modulating base intensity, is quiegedit from the
individual MC. conventional two-step blinking phenomena observed in single
Long-range carrier migration, withudion lengths up to  emitters. We daed the threshold ase times the standard
several microns observed in OLHPs, is presumed to be theviation of background,g,d intensity uctuation. A code is
origin of such eective communication, which allows PL developed in Matlab for simulation (essentially coarse-grain
intermittency in spatially extended crystaisAs di usion of the raw blinking data to identify PL intensity states) based on
charge carriers is considered as an important aspect of the threshold and analysis of experimental multi-state blinking
entire MC blinking, its response to heterogeneous timescalegdSB) data of MAPbBrMCs. Dierent transitions are
which blinking takes place needs to be studied. Moreover, tidenti ed along PL trajectories where intensity increases/
origin of PL intermittency and related trap state dynamics stdlecreases with an amplitude greater than the threshold before
remains a subject of great interest, understanding of whichanging its direction. Blinking in single emitters is an abrupt
seeks identtation, and analysis of intensity state transitions ifPL jump and considered to be a transition taking place in one
PL trajectories, as well as an investigation on relevant blinkiogtwo frames. Hence, the switching frequency is the number
parameters. It is therefore important to understand how of PL intensity jump events taking place in 40 or 80 ms (one or
spatially correlated blinking isee@ed by excitation wave- two frames) per second with an amplitude greater than the
lengths and powers as well as the dimensions of MCs. Furthéreshold. Further details on the mathematical criteria on the
despite a number of spatially extended blinking reported, theralculation of SF are provided in $the
exists no method to investigate the temporal modulation in 2.2.2. Removal of Base Intensity Used to Obtain Abrupt
blinking correlation. A study of possible diverse natures 8L IntermittencyThe contribution of slow modulating base
blinking synchronicity over space and time warrants develdptensity to the calculated blinking correlation necessitates us
ment of methods to analyze the extent of correlation in Pto separate high-frequenagtuations (blinking) from the PL
blinking within MAPbBIMCs. trajectories. Wavelet transformation (WT) has been used in
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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/cm
Blinking data of MC-2 under various power densities and additional longer timescale data are-pyoxédedlirand S3l. (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 carmesponds to 1

the past to de-noise blinking and resonance energy transferRESULTS AND DISCUSSION
data; hqweve_r, here, i; is necessary to re_move_low-frequencg_ll Excitation Power and Energy Dependence of MC
modulations in intensity from PL intensity .tra.jectozrgl’es tOBlinking. Excitation laser powers and energies are known to
extract the high-frequency abrupttuations (blinking)? _ a ect PL blinking characteristics, and such measurements have
Such separation of timescalesiofuations has been achieved proyided clues on the origin of blinking and the nature of trap
using WT, used for the analyses usftuation at dierent  state/s involved in blinkifig.>® Blinking of NCs (rods with a
timescale¥, Wavelet transformation is chosen as opposed tRngth of 200 nm) shows a decrease in relative blinking
Fourier transformation (FT) as it has a well-localized time an&#‘npﬁtude with an increase in excitation powers, which is
frequency, suitable for analyzing data with abrupt changes. ¥lained by the maximum quenching capacity of traps. At
used continuous wavelet transformation to extract baselihggh pump uence, there is a reduction in the proportion of
data (trend signal), which was removed from the Plexcited carriers that are quenched owing to saturation of NR
trajectories to get the high-frequency blinking trajectories forap(s)>? Further, clear changes in intermittency behaviors
correlation analyses (using a home-written Matlab code). (blinking to ickering) of MAPbLBr micro-rods with an
2.2.3. Spatial Correlation of PL Intermittency or Blinking. increase in laser power reiterate the possible involvement of
The extent of cross-correlation between two trajectories @xcitation parameters on NR trap/s dynathics.
quanti ed using Pearson correlation aents (PCCs). The The excitation power-dependent PL trajectories for a
“blinking correlation magis generated by spatially mapping representative MG-{gure a,b) show an increasing trend in
the PCCs corresponding to each pixel by correlating thefimission uctuation amplitudes with laser intensity. e
blinking trajectories with that of the entire NMCThe such behaviors for most other MCs as Wiefli(e S which
“correlation matrixis calculated by correlating the intensity IS intriguing because blinking amplitudes ought to diminish at
trajectories of each pixel with those of every other pixel offgher laser powers if there is a saturation of quenchers (traps)
single pixel line-strip across the ¥Eurther details on  PY €Xcess photogenerated carriers. It is therefore conceivable
spatial correlation analyses are provided Bil.the Fhat a photo-induced quenchln.g mechar_usm Is_operational,
2.2.4. Time Evolution of Blinking Synchronicity Using mdqc_ed by strqngly que_nchmg Species generated (or
: . . annihilated) by lightvide infra Further, the PL jump
S.pgtlalbel}(ISkE.)The temrioral .modulalmonhof spatial S%mhro'distributions ffigure S3 Supporting Information) depict
_n|C|ty_o Inking over slow timesca e;)( as no_t y_et €€N  increased contribution of noise in the blinking data at low
investigated. We presume that owing to similar blinkin

it b d at eient tial locati the MC Hxcitation uence, which restricts us tore a threshold for
patterns observed at enient spatial locations over the S the statistical analyses of blinking parametargarison.
the deviation of the normalized blinking trajectory at a

Jeviall _ ! ! aMfhese large amplitude jumps (tail of the distributibiyimre
location will have nominal drence from that of the entire 53 gepjct high-amplitude blinking events, with a continuous
MC. Therefore, to quantify the temporal variation in the extenjjstribution in all excitation powers. This suggests that the
of blinking synchronicity over the entire MC, we evaluated thgyistence of multiple intensity states is independent of
spatial root-mean-square deviation (SRMSD) trajectory @citation powers albeit there is a markedratice in
individual MCs. The sRMSD at each time-pjs e ned innkiggAamplitudes, in contrast to earlier reports on perovskite
_ [T N Cry & 1ipn2 i+ NCs:
assRMSD(. )= ‘./N =1 (! ([)S_ o), .vvherel'(t) 'S It should be noted that, even at a very low excitaigmce,
the normalized intensity for tifepixel at a time-poirtand (0.038 W/cm), we nd the presence of correlated blinking
| (1) is the average intensity (normalized) at the same tim@yver the entire MC upon comparing the spatially resolved PL
point for an entire MC, which spans over a totdl pikels.  ntensity trajectoriesFigure S#4 Supporting Information).
Using a code written in Matlab, we extracted the intensityioreover, for micrometer-sized crystals, Auger non-radiative
trajectories of each pixel spanning the MC, subtracted thecombination is not expected to cause spatially extended
baseline (trend) using wavelet transformation, and calculatgdenching under the low excitation power used in our
the SRMSD trajectory in accordance with the above equationeasurements®® Hence, it is necessary to invoke the
using normalized blinking trajectories. presence of eient metastable NR traps, and there are
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reports on such transient quenchers (or supertraps) that caize of MC, which partly abolish theats of formation and
quench a very large number of carriers, resulting in blinking afinihilation of dierent NR traps owing to the ensemble
the entire MC$? However, small blinking amplitudes with averaging ect and thereby lowering tHgF .
signicant base intensity (relative to blinking amplitude) The distribution of PL jump amplitudes ranging from noise
indicate partial quenching of carriers when the quenchers degel to hundreds of counts prompted us to use a threshold
active. This suggests an alternate mechanism of blinking wh@eeSection 2,2Methods) to coarse-grain (simulate) intensity
only a fraction of the excited carriers are quenched, as opposegectories of individual MC to identify PL intensity states and
to the blinking amplitude limited by the quenchingjency calculate corresponding SFs &egtion Zor details). Such
of the NR traps\ide supja Therefore, it is reasonable to coarse-grained multi-state trajectories for three Mgisg
conclude that the proportion of photogenerated carriers th&g) overlaid on corresponding PL intensity traces are plotted
di use over large distance gets quenched owing to their access
to the NR traps. This leads to an increase in population of
e ectively diused carriers and hence an increase in blinking
amplitude with laser powers, whereas local radiative recombi-
nation of carriers that do not undergo extendedidn 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
MAPbBE, where excess energy in the form of hot carriers can
increase blinking occurrenthrough barrier cross-over
trapping:*® So, we investigated the PL blinking of MC
with di erent excitation energies progressively close to the
band edge. PL trajectories of MG~RBy(re 2) are shown in
Figure @ at three dierent excitation wavelengths, namely,Figure 3.(a) Fluorescence images of three MAPREIs (lateral
405, 488, and 532 nm lasers, at a power density20tV/ dimensions of 1.3, 2.9, _and 4rr§§ re_spectlvgly) with the sc_ale ba_lr
ce. We nd that even for excitation at 532 nm, which is belov\(;_qual to 1 m and (b) their PL intensity (spatially averaged intensity/

L .1 . ixel, collected at a rate of 25 Hz) trajectories (blue) along with
the excitonic peak (525 nm), the blinking amplitude Or/andgorresponding simulated trajectories (red). (c) Plot of average

freq_uency remai_ns comparable to that _observed at higr@ﬁitching frequency SF) over the lateral size of the MC; the
excitation energies. This rules out the involvement of hQlor bar depicts the standard deviation of SFs.

electrons in the formation/annihilation of NR traps.
3.2. Mechanistic Insight of Multi-state Intermittency
of MC and Its Size DependenceThe invariance of blinking  in Figure 8. We nd that the SFs of these MCs progressively
at a range of excitation powers and wavelengths withecrease with an increase in crystal grain size. A similar trend is
una ected spectral characteristiéig(re Spis indicative of  also observed statistically in average SFs of MCs with an
the involvement of external environmental constituents faficrease in their lateral dimensidfigi(re 8), although there
blinking. This assessment is in tune with the earlier reports @ a signicant distribution within each size group. Moreover,
OLHPs, which suggested that intrinsic defects are mosiirge crystals with a lateral area of more th&nm? rarely
shallow and do not result in a considerable reduction igshowed PL intermittency. Our analyses further reveal that
emissivity and device performdfit&On the other hand, PL  there are less occurrences of large blinking amplitedes (
properties of perovskites are extremely sensitive to tk@isemble averaginget) with an increase in the dimensions
environmental gasésOur prior observation suggests that of MCs igure S The size dependence of blinking observed
some amount of moisture is necessary for MANIGEY to here is consistent with our multiple NR trap model, in which
undergo concerted blinking and the formation of NR trap takgermation and removal of quenchers in association with
place preferably in the presence of oXygeére metastable e ective diusion of a subpopulation of excited carriers give
nature of these NR traps required to observe PL intensityse to multi-state spatially synchronous blinking of an entire
uctuation indicates reversible processes such as adsorptionC.
desorption of these gases on the surface of crystals triggers tt&3. Spatio-Temporal Synchronicity in Blinking of
formation/annihilation of these highlyceent metastable NR  MCs. We nd that the eective carrier communication,
traps. necessary for the observed synchronous blinking of the entire
The observed multi-state blinking (MSB) of individualMC, is seldom limited by the polycrystalline nature of MCs.
MAPDbBg MCs indicates the involvement of multiple The analogy of Coulomb interaction induced reasonably high
guenchers with varying quenching abilities. Here, it is relevdslinking correlation between distant QDs (microns apart) can
to note that MSB can arise from several emitters being preséetapplied here to entire MC blinkihglowever, the possible
within a diraction limit owing to their mutually independent involvement of ion migration to blinking and their slow
PL intermittency. However, the near-identicaluetuations  response to carrier dsion dynamics may lead to variation in
extended over an entire MC can only be possible if there istlde extent of blinking correlation. The degree of spatiotem-
long-range intra-crystal communication between simultangeral PL intermittency correlation in individual MCs allow us
ously photoexcited carriers. Thetuation in the number of to quantitate the extent of heterogeneity in blinking
NR traps causeseztive PL quenching variation if there are asynchronicity over various nano-domains and time windows
few NR traps per crystal (minimum trap densityl6t¥cc (of data acquisition).
for a crystal volume oft. m?, see thé&|, Supplementary text A blinking correlation map, generated by correlating the
for details). The increased surface area with lateral dimensidinse trajectories of individual pixels with that of the entire MC,
ensures an increase in the average number of NR traps withiheised to quantitate the extent of spatial correlation of PL
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Figure 4.Spatio-temporal blinking correlation of individual MC. (a) Blinking correlation map of MC-7 with baseline-subtracted time traces. Th
inset provides the PL image of the MC, with a scale bamof{l4, 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 SRMS
values for MAPbBand CsPbBMCs.

blinking within an MC. Such analyses reveal that MC-average the deviation in the REttuations over space at each
(Figure 4, inset) shows very high correlation of PL trajectorieBame of the movie to yield quantitative information on
over the entire MC but with a dip at the edgigure S9a synchronicity of intermittency over time. The sRMSD
and such a behavior is quite common in MCs. By careftiajectories for MC-7 without and with baseline correction
comparison of the local PL trajectory at nano-domains wheage provided in the bottom paneFafure #,c, respectively
the correlation dip is observed and the entire MC trajectorfhese two sRMSD trajectories reveal that it is imperative to
(Figure b), we traced the dip to originate from the slowremove the baseline in the spatially resolved intensity traces in
deviation of baseline intensity in the localized domains witbrder to obtain reliable information on the spatio-temporal
respect to the rest of the MC. correlation in abrupt Pluctuations. For MC-7, which shows
Therefore, to avoid contribution of the baseline to thehigh spatial correlation in blinking, we that the SRMSD
blinking correlation, it was necessary to remove the slovalues were less than 9%.
modulating baseline from each spatially resolved PL Interestingly, we observed intermittent small spikes corre-
trajectories before further analysis. The lack of acspecisponding to certain blinking events in the sRBI8Bjectory
trend in baseline, even within an MC, required us to assess thigh a very narrow distribution in the extent of synchronicity
baseline for individual PL trajectories rather than speci between dierent blinking events within individual MCs. For
baseline function. We used continuous wavelet transformaticomparison, we evaluated SRMSBY( non-blinking CsPbBr
(seeSection Pto generate a low-frequency (trend) baselineMCs of similar dimensions, an example of which is provided in
and removed this from corresponding PL trajectories t&igure S10The sRMSD distribution®(§RMSD)) for 100
consider only high-frequency abrupt intengigtuations  individual MAPbBr MCs plotted along with those for
(blinking) for further correlation analysésgre S9b)c CsPbBy MCs (Figure 4) clearly show two well-separated
Consequently, baseline-corrected intensity trajectories of tlistributions. For MAPbBrMCs, time- and ensemble-
nano-domain and entire MC show near-perfect ovieidap average®(sRMSD) show a range froml to 13% with a
4c). The corresponding correlation map generated for MC-hean (and median) of7%, which depicts a very high degree
(Figure 4) shows a very high blinking correlatian €& of spatial synchronicity over time. HoweveP(#RMSD) of
0.947 with a standard deviation of 0.053) without the presen€sPbBy MCs, which have no spatial correlation in blinking,
of any dip at the edge of the MC. It is relevant to emphasizare widely distributed with much higher values of mean/
that such maps provide the extent of blinking correlatiomedian ( 18%) and a standard deviation @.5%. Our
contributed solely from high-frequency intensdtuations. analyses of more than 100 MCs of MAPb8real that
However, this method provides time-averaged informati®@RMSD values are almost always less than 10%, which we
on spatially resolved correlation in PL intermittency. Weonsider as the signature of highly synchronous blinking.
hypothesize that the time evolution of blinking synchronicitgRMSD thus serves as aactive method to quantitate the
over an entire crystal as a function of light exposure time calow timescale changes in the blinking correlation of individual
be quantied upon evaluation of the spatial root-mean-squarg|Cs.
deviation (SRMSD) of an MC at every time paigf frame) 3.4. Fused Crystals: Intermittent Correlated, Uncorre-
of the movie (seBection Xor details). Here, we essentially lated, and Anti-correlated Blinking. The breakdown of
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Figure 5.Intermittent uncorrelated blinking in fused MCs. (a) PL image andidi®scence 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 indivic
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 t
MC. (d h) Small time window segments of PL trajectories ofl gnathgrairt 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 fr
Movie M1provided in the SI.

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 grainsigure Jrovides an example, where two fused

grains Figure @) share a number of common blinking events;

however, some events in the normalized traces tereaitdi

amplitudes for the two graiisdure B, top panel). We also

nd some blinking events that are spemily to one of the

grains and do not exist in the other. The correlation matrix

(Figure B) 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 gmmally weak correlation of

intensity uctuations as seen kigure B. Typical examples

of events with various degrees of blinking correlation are

shown inFigure 8 h. Such dierence is supported by

eetingly high values of sRMSD, corresponding to certafrigure 6.Intermittent anti-correlated blinking in fused MC. (a) PL
blinking eventsFigure B, bottom panel). It is relevant to image of the fused crystal grains. (b) Time trajectories (25 Hz frame
note that the SRMSE)(and their time-averaged distributions rate) of individual fused grains. ¢y Small time window segments of
(Figure § of individual grains also indicate very strongPL trajectories of grainand grairt with uncorrelated (c),

Y : . lated (d), and anti-correlated (e) blinking events. (f) PL
synchronicity (all values < 0.1), while those for the entire ME°"€ €! . . \ .
a)r/e often qu>i/te( high (0.0.2) for) signicant amounts of time napshots of the fused MC atj)ithree time points during an anti-

. . T correlated blinking event. The presented blinking data is extracted
echoing transient lack of the communication betweegqom vovie M2provided in the SI.

photogenerated carriers. The observed intermittent lack (or

re-establishment) of communication between photoexcited

carriers is plausible if an energetic barrier is created (afong pairs of graingigure S11Supporting Information)

removed) at the grain boundaries, which inhibits (omeveal that the intensityctuations within graimsandll are

facilitates) inter-grain carrieruion {ide infra correlated (graitl undergoes nominal blinking), while inter-
For fused MCs grains, we noticed another rare yet intriguirggain blinking correlation is rather weak over the entire

phenomenon in terms of transient (a)synchronicity of interduration of 30 s. A close inspection of the intensity trajectories

grain blinking events. Such behaviors are exanding a  of grainsl and Il reveals rather unusual and complicated

set of fused MC graink (I, andlll in Figure @), for which dynamic characteristics (marke#igure 6) where graink

the spatially integrated PL intensity traces are ploEeplie and |l exhibit diverse behaviors inadent data acquisition

6b. The corresponding correlation matrices of narrow strigime windows. For instance, within th&t 4 s, there is no
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apparent correlation of intensitictuations between grains  the grain boundary allows unhindered inter-graisioin of

andll (Figure 8). In contrast, between 17.5 and 20 s, blinkingcharge carriers and re-establish long-range communication
of I andll is clearly synchronousigure @). Remarkably, as between conjoined crystal grains, thereby resulting in the
depicted inFigure @, there are several instances within thecorrelated blinking phenomenon. In essence, invoking the
trace where PL uctuations betweeh and Il are concept of a spatially modulating dynamic energy landscape,
unambiguouslanticorrelatedFigure 6 shows three snap- with varying energy barriers thatuence ow of charge
shots of the fused grairendll during such an anti-correlated carriers across grain boundaries, is necessary to explain the
blinking event. These PL images reveal momentary intensitgserved transient responses in PL intermittency of fused
gain of graih with simultaneous intensity loss for dtaisee microcrystals. However, further studies need to be performed
arrows,Figure 6,e), which reverts nearly to their original to decipher the exact mechanism of modulation of the
emissivity within few tens of milliseconds. Here, it is relevapbtential landscape over slow timescales leading to inter-
to emphasize that we alwaysd that there is initial mittent long-range excitation energy migration acressmdi
enhancement of emissivity of graias the cost ofl and grains in fused MCs.

not the reverse. Such a phenomenon is extremely surprising,

and the simplest explanation involves excitation energdy SUMMARY

migration from one grain to the other; however, the driving- conclude, this work provides some important clues to
force for such directional transfer of photoexcited caliriers (,nqerstand frequent and often abrupt multi-state PL intensity
| and back) remains unclear. _ o uctuations of micron-sized crystallines of OLHPs, which

The involvement of light-induced formation/annihilation ofy55 implications on the optical (in)stability of materials used
multiple traps (which are very likely charged sbcied {51 gevice applications. PL intermittency characteristics reveal
migration of ions may severely alter the potential energya; njike dimensionally cord nano-crystals and quantum
surface of conjoined grains over slow timescales, resultingyif}s sjow timescale creation/annihilation of multiple highly
observed diversity in correlatedctuations of emission o Gient NR traps is responsible for blinkifuering of
intensity* We propose a plausible scenario that can lead tEntire MAPDbByrcrystals. Such transient NR traps are found to
intermittent spatiotemporally synchronous PL blinking ope active irrespective of photoexcitation powers and energies,
fused crystal grains, depictedriure 7 As isolated grains, g quench a signant 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

uctuates.

Our spatial RMSD analyses of intensity trajectories over
more than 100 crystals reveal that, while gradual intensity
modulations can vary over atent locations of individual
MAPbBEg MCs, there is extremely high synchronicity of abrupt
PL uctuations, 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 perovskitelthibased
devices and can have adverseten their performance. In
this regard, our observations of intermittent (un)correlated
and anti-correlated blinking of fused grains imply slow time
varying behavior in disivities of charge carriers across grain
Figure 7.Schematic depiction of a dynamic energy barrier at the grafpoundaries, suggesting light-induced temporal change in the
boundary of a fused MC owing to charge accumulation at thpotential energy surface and/or energetic barriers for carrier
interface, leading to transiently correlated and uncorrelated blinkigg usion, perhaps induced by charges and/or trap formation.
events. However, the exact mechanism for the intermittent loss of
inter-grain communication remains elusive and requires further
in contrast to fused ones, show high blinking correlatiomvestigation.
throughout observation timescales, it is very likely that inter-
grain boundaries (or regions) have a role to play in terms of ASSOCIATED CONTENT
creating energetic barriers, thereby determining whether

conjoint crystals undergo correlated blinking or not. Owin he Supporting Information is available free of charge at

to the charged nature of certain traps (not necessarily N . - ;
formed at or near the grain boundary, we surmised that theretps.//pubs.acs.org/d0|/10.1021/acs.1pcc.1010760

can be an accumulation of charges in between two fused Supplementary text with details on sample preparation
crystals, which can alter the potential landscape by creating an and data analyses procedures; excitation power-depend-
energetic barrier. Furthermore, removal (or lowering) of  ent blinking trajectories of MC-2; excitation power-
energetic barriers owing to annihilation of charged traps at  dependent blinking trajectories of two representative

Supporting Information
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