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ABSTRACT: Excitonic coupling, electronic coupling, and cooperative
interactions in self-assembled lead halide perovskite nanocrystals were
reported to give rise to a red-shifted collective emission peak with accelerated
dynamics. Here we report that similar spectroscopic features could appear as a
result of the nanocrystal reactivity within the self-assembled superlattices.
This is demonstrated by studying CsPbBr; nanocrystal superlattices over time
with room-temperature and cryogenic micro-photoluminescence spectrosco-
py, X-ray diffraction, and electron microscopy. It is shown that a gradual
contraction of the superlattices and subsequent coalescence of the nanocryst-
als occurs over several days of keeping such structures under vacuum. As a
result, a narrow, low-energy emission peak is observed at 4 K with a
concomitant shortening of the photoluminescence lifetime due to the energy transfer between nanocrystals. When exposed to
air, self-assembled CsPbBr; nanocrystals develop bulk-like CsPbBr; particles on top of the superlattices. At 4 K, these particles
produce a distribution of narrow, low-energy emission peaks with short lifetimes and excitation fluence-dependent, oscillatory
decays. Overall, the aging of CsPbBr; nanocrystal assemblies dramatically alters their emission properties and that should not
be overlooked when studying collective optoelectronic phenomena nor confused with superfluorescence effects.
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anocrystals of lead halide perovskites are attractive The superlattices of CsPbBr; nanocrystals have attracted

| \ | and challenging materials in equal measure. On the attention in the past three years due to their collective optical
one hand, CsPbX; (X = Cl, Br, and I) nanocrystals and electronic properties.”> > In that short time span, a

have a peculiar electronic structure,' ™ which grants them variety of quantum phenomena have been claimed in these
defect-tolerance, ultrafast radiative decays,” and long exciton materials, such as electronic coupling with the formation of
dephasing.® This combination of properties enables high-purity minibands,”® superfluorescence,”** and low-threshold two-
single-photon emission from individual nanocrystals’~'® and photon induced optical gain.”” Therefore, CsPbBr; nanocrystal
makes them promising building blocks for nanocrystal solids to superlattices provide an exciting playground for the exploration
explore collective quantum phenomena that are challenging to of collective quantum phenomena. The straightforward
achieve with other semiconductor nanocrystals. On the other fabrication of nanocrystal superlattices by self-assembly via
hand, the dynamic surface chemistry of CsPbX; nanocryst- slow solvent evaporation makes them readily available for
als,"'™"* which promotes anion exchange, brings practical experimentation. The CsPbBr; nanocrystals used for self-
challenges such as nanocrystals degradation'* and a loss of assembly in these studies are passivated with mixed (oleate and

colloidal stability during the sample purification. This requires
15-18

the development of innovative surface chemistries. Apart Received: August 6, 2020
from the single nanocrystals, colloids, and films, assemblies of Accepted: December 7, 2020
CsPbX; nanocrystals (superlattices) are model systems which Published: December 22, 2020

allow studying the properties of a nanocrystal ensemble with
minimal size and shape distribution thanks to the selectivity of
the self-assembly process.'” "
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bromide)/(cesium and oleylammonium) ligand pairs'""® and

are in a weak quantum confinement regime due to the ~9—11
nm size of the nanocrystals. In parallel with these develop-
ments, the progress in the synthesis of CsPbBr; nanocrystals
enabled the fabrication of cesium oleate-capped shape-pure
nanocubes with a smaller size and distinctly sharp excitonic
absorption features,””*” which are better superlattice building
blocks due to higher uniformity in their shape and stronger
quantum confinement.

Regardless of the synthetic methods and surface passivation
of CsPbX; nanocrystal building blocks, their dynamic
chemistry makes nanocrystal assemblies metastable, as it has
been documented in reports of coalescence and halide
expulsion under external stimuli such as pressure,33 heat-
ing,3’4_36 or illumination.”’” Much less is known about the
nanocrystal stability in superlattices under common sample
handling conditions (e.g., under vacuum or in the air) and its
effect on the optical properties of individual superlattices. In
this study, we fill this gap by correlating micro-photo-
luminescence (micro-PL) properties, morphology, and com-
position of pristine CsPbBr; nanocrystal superlattices (Figure
1), with those of vacuum- and air-exposed samples (Figures
2—4). It is observed that, under vacuum, CsPbBr; nanocrystal
superlattices undergo contraction and subsequent coalescence,
producing a heterogeneous mixture of nanocrystals and larger
CsPbBr; nanoparticles embedded inside the superlattice
(Figure 3). A narrow, red-shifted PL peak appears in the
aged sample and grows over time (Figure 2). The spectral
dynamics of this new peak were probed experimentally by
transient spectrally resolved PL spectroscopy (Figure 6) and
explained by Forster resonance electronic excitation transfer
(FRET) theory’®* (Figure 7).

In contrast to samples kept under vacuum, exposing samples
to air results in the formation of faceted bulk-like CsPbBr;
particles on top of the superlattices (Figure 4). These faceted
particles can be detected via scanning electron microscopy
(SEM) or micro-PL imaging. At cryogenic temperatures, the
emission from those large faceted particles appears as a
narrower low-energy PL peak, with lifetime much shorter than
that of the CsPbBry nanocrystals (Figure 4). Moreover,
fluence-dependent oscillating behavior is observed in the
decay dynamics of large CsPbBr; nanoparticles that were
produced by deliberately aging a toluene dispersion of CsPbBr;
nanocrystals (Figure S). The spectroscopic properties of such
bulk-like CsPbBr; particles, arising from nanocrystal degrada-
tion, appear quite similar to those previously attributed to a
cooperative emission (superfluorescence) from self-assembled
CsPbBr; nanocrystals,”>”° in spite of their different origins.
Overall, the presented findings demonstrate that nanocrystal
reactivity is a source of unusual emission features in assemblies
of CsPbBr; nanocrystals and that reactivity must be taken into
account when exploring collective optical properties. The
results highlight the importance of seeking robust surface
passivation strategies for metal halide perovskite nanocrystals
in order to increase their stability while maintaining the size
and shape uniformity required for self-assembly.

RESULTS AND DISCUSSION

Photoluminescence of CsPbBr; Nanocrystals in
Dispersion and Pristine Superlattices at Room Temper-
ature. The starting shape-pure cesium oleate-capped CsPbBr;
nanocrystals were synthesized via benzoyl bromide injection
into a mixture of cesium and lead oleates in the presence of
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Figure 1. (a) Low- and high-magnification SEM images of a freshly
made sample of CsPbBr; nanocrystal superlattices showing their
micromorphology (left image) and closely packed individual
nanocrystals on their surface (right image). (b) False-colored
micro-PL image (inset, brightness represents PL intensity) and a
cryogenic micro-PL spectrum (solid green line) collected from an
individual CsPbBr; nanocrystal superlattice (circled in the inset)
in a freshly made sample (SL day 0). The dashed gray line is a
scaled room-temperature micro-PL spectrum of another super-
lattice from the same sample. The thin black line is a scaled PL
spectrum of a dilute dispersion of CsPbBr; nanocrystals in toluene.
The sample studied by micro-PL featured smaller superlattices
than the sample imaged by SEM.

didodecylamine, as detailed in Methods.”" The nanocrystals
isolated from the synthesis and dispersed in toluene show a
structured absorption spectrum with the lowest energy peak at
2.515 eV (493 nm, Supporting Information Figure S1). In a
dilute dispersion, the photoluminescence full width at half-
maximum (fwhm) of the CsPbBr; nanocrystals sample is 88.8
meV (Epi, = 2.476 eV), comparable to the fwhm of single
nanocrystals.*”*' The sharp peaks in the absorption and PL
spectra are consequences of the sample being free from other
nanocrystal shapes.”’ The photoluminescence quantum yield
of the as-synthesized nanocrystals was ~30%; such a modest
value is attributed to the postsynthetic washing step involving
ethyl acetate as an antisolvent.’’ The average edge length of
the nanocrystals was estimated to be ~#8 nm on the basis of PL
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Figure 2. Cryogenic micro-PL spectra of individual CsPbBr;
nanocrystal superlattices at various stages of aging. (a) micro-PL
spectra of different superlattices from the same sample on days 0,
4, and 6 (green, red, and solid black curves, respectively). (b)
micro-PL spectrum (black solid curve) and a false-colored micro-
PL image (inset, brightness represents PL intensity) after 7 days.
The green dashed curve is the micro-PL spectrum of the same
superlattice collected on day 0 (and shown in Figure 1b).

and absorption maxima*’ and is consistent with the inspection
of TEM images (Figure S2).

The self-assembly of nanocrystals was performed by solvent
evaporation on the top of a squared Si wafer (see Methods).
The resulting superlattices are flat rectangular objects
composed of close-packed ~8 nm CsPbBr; nanocrystals
(Figure 1a) separated from each other by a ~2 nm bilayer
of cesium oleate surface capping species (one layer for each
nanocrystal).”’ The room-temperature (295 K) PL spectra
collected from five different superlattices were nearly super-
imposable (Figure 1b, gray dashed curve; Figure S3) with an
average fwhm of 97.2 + 2.7 meV and a EL;, ~ 2.472 eV. Two
changes in the room-temperature PL spectra of nanocrystals
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are evident when going from the dilute dispersion (Figure 1b,
black solid curve) to the superlattice: a small red shift of the PL
energy peak (Ap ~ 4 meV) and a broadening (Agu, = 9
meV).

In absorption, the spectral shifts to lower energies may be
related to the changes in the dielectric environment when
going from a dilute dispersion to a nanocrystal solid (e.g,, for
CdSe,** CdTe,** and PbSe™ nanocrystals). In PL, besides the
dielectric effect, inter-nanocrystal energy transfer increases the
shift to lower energies (eg, in CdSe*®” and CdTe*™
nanocrystal solids) as well as factors such as thickness-
dependent self-absorption (inner filter effect)**** and the
presence of bulk-like impurities.** The small A; ~ 4 meV PL
red shift of pristine superlattices and the spectrospatial
homogeneity of the emission in micro-PL images (Figure
S3) suggest that they are subject to minimal self-absorption
and are free from impurities. A finite potential well calculation
for a particle in an 8 nm box finds that the effective width of
the ground state wave function is ~8.39 nm (Figure S4; see
Methods for the details of the calculations), which is smaller
than the average superlattice periodicity of ~10.2 nm (Figure
3b). Thus, the formation of minibands™*" is unlikely in these
assemblies. The lack of a significant electronic coupling is an
anticipated result if put in comparison with nanocrystal solids
of metal chalcogenides,”*° which require a ligand exchange
with short and conductive ligands®" or an epitaxial connection
between nanocrystals”> to approach band-like electronic
properties. On the other hand, recent reports on cooperative
emission”>”° suggest that a super-radiance effect could take
place in such superlattices, giving rise to the significant spectral
shifts.

Photoluminescence of Individual CsPbBr; Nano-
crystal Superlattices at T = 4 K and Changes Caused
by Aging in Vacuum. In order to understand the true nature
of our observation, we performed a micro-PL study at
cryogenic temperatures to investigate the light emission of
individual superlattices. Upon cooling from room temperature
to 4 K, the PL spectrum of single superlattices (Figure 1b, gray
dashed curve) narrowed from fwhm = 92 to 47 meV and
underwent a Ap = 44 meV shift to lower energy—a behavior
typical of CsPbBr; perovskite in various dimensionalities (i.e.,
bulk crystals, thin films, single nanocrystals, or nanocrystal
films).”” 7 At 4 K, the PL spectrum (Figure 1b, solid green
curve) consisted of a single asymmetric peak and did not show
any additional lower energy peaks. The presence of a single
peak was reproducibly observed on multiple superlattices
grown from different nanocrystal batches (Figure SS). Upon
warming the sample to room temperature, the individual
superlattices developed cracks, and their rectangular shapes
were distorted (Figure S6). Such morphological changes
possibly stemmed from the evaporation of residual solvent
molecules (trapped in the superlattices) under vacuum,’®
uniform thermal stress due to the contraction and expansion of
the orthorhombic crystal structure of CsPbBr; perovskite
nanocrystals,”” or changes in the ligand packing.®’

By aging the sample in vacuum at room temperature, we
observed the appearance of a new peak at lower energies
(Figure 2a). This new red-shifted PL peak became clearly
distinguishable after ~4 days of storage and kept growing and
shifting in energy with aging time (Figure 2a and Figure $4).
Virtually all of the PL signal in the sample arose from the low-
energy peak after about a week, as demonstrated by the
comparison between micro-PL spectra collected from the same

https://dx.doi.org/10.1021/acsnano.0c06595
ACS Nano 2021, 15, 650—-664


http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c06595/suppl_file/nn0c06595_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c06595/suppl_file/nn0c06595_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c06595/suppl_file/nn0c06595_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c06595/suppl_file/nn0c06595_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c06595/suppl_file/nn0c06595_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c06595/suppl_file/nn0c06595_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c06595/suppl_file/nn0c06595_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c06595/suppl_file/nn0c06595_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06595?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06595?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06595?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06595?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c06595?ref=pdf

ACS Nano Www.acsnano.org
(@) gok — : ;
SL sample aging
m
= -day 0
3
o
e
2
‘»
c
Qo
£

0 P

(b ) R R A ) po ". ."’;i‘:‘. 1
 d I .’%%{ﬁ?ﬁ‘&:ﬁ

ay 0 ge8
&:,i{: O
£

(LA PO

—~
(¢]
~

(d)

’E“‘]O.Z - i; O €mmmmmmmm e -
£ 2
> "6+ i
o Q
8_100 F 1= 4+ g
— [8]
@ 3
() -
m

: - I
[0) o
> 0 od--
<< 98} 1 O,

" L L L 0 L L L

0 1 2 3 0 10 20 30 40

Sample age (days)

Sample age (days)

Figure 3. Aging of CsPbBr; nanocrystal superlattices as monitored by XRD and TEM. (a) XRD patterns of a superlattice sample aged in a
vacuum for a different number of days. The superlattice reflections (marked by asterisks) decreased in intensity and disappeared over time,
while the bulk-like reflections (stick pattern, orthorhombic CsPbBr;, ID no. 96-451-0746, COD code 4510745)°° began to dominate the
signal. (b) TEM images of dissolved superlattices when fresh (day 0) and aged for a week (day 7) and for more than a month (day 37). The
scale bar is 100 nm. (c, d) Plots showing the contraction of superlattice periodicity over the first 3 days and the coalescence expressed as the
decrease in the nanocrystals to the “bulk” ratio obtained from the fit, respectively. The solid red lines in panels ¢ and d are first-order
kinetics fits with rate constants K ouaction = 0-96 & 0.02 and kguescence = 0-23 & 0.04 days™'. The complete set of XRD patterns of the aging
superlattice sample and an example of the fit are provided in Figure S13.

superlattice on the day of its preparation (day 0) and after 7
days of aging (Figure 2b). The magnitude of the aging-induced
PL red shift was Ay =~ 105 meV. The energy shift was
accompanied by a ~55% peak narrowing, from fwhm of 47 to
21 meV. A comparison of the reflectance spectra of individual
superlattices at T = 4 K revealed that the initial nanocrystals
were still prominently present in the aged sample (Figure S7),
even though most of the PL intensity (~96% by area) was
contained in the lower energy peak. Measurements of the first-
order temporal coherence (Figure S8) revealed a longer
coherence time of ~150 fs for the low-energy peak compared
to ~70 fs for the high-energy peak, an increase very similar to
that reported for coupled nanocrystals in superfluorescent
assemblies.”> However, an inspection of the second-order
temporal coherence on a few nanocrystal superlattices found
no superbunching effect.

The energy position, line width, and dynamics of the newly
formed low-energy PL peak (at cryogenic and room temper-
atures) are interpreted as a loss of quantum confinement®"**
and a result of inter-nanocrystal energy transfer. First, both
energy position and line width are very similar to the PL of
bulk-like CsPbBr; perovskite compounds.”” >~ The gradual
appearance and growth of the low-energy PL peak over time is
compatible with the spontaneous fusion of nanocrystals while
the sample is stored in vacuum at room temperature. To test
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this hypothesis, a replica sample of CsPbBr; nanocrystal
superlattices was prepared and aged under vacuum for several
days. Comparison of TEM images of nanocrystals from fresh
and aged superlattices (prepared by dissolving superlattices in
toluene) revealed the presence of large, ~#20—40 nm CsPbBr,
particles after 7 days of aging (Figure S9), confirming that
nanocrystal sintering occurred in the sample. Unsurprisingly,
both absorbance and PL spectra of the dissolved aged
superlattices were broadened and shifted to lower energies if
compared to the freshly made nanocrystals (Figure S10).
High-resolution SEM of the 7 day old superlattices in cross-
section also indicated the presence of bright spots scattered
across the superlattice (Figure S11), which are interpreted as
large CsPbBr; inclusions distributed throughout the aged
superlattice.

Second, these interpretations are supported by theoretical
calculations of quantum confinement in lead halide perovskite
nanocrystals.® As the nanocrystal diameter is increased from 6
to 12 nm, our models predict a PL red shift of 90 meV (Figure
$12), comparable to the measured PL red shift of 105 meV.
The experimentally observed sharpening of the PL spectrum
during aging (Figure 2b) is a result of the band gap’s reduced
sensitivity to nanocrystal size when nanocrystals are large. A
simulation comparing normal distributions of small (S nm)
and large (9 nm) nanocrystals, both with a standard deviation
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Figure 4. Effects of air exposure on individual CsPbBr; nanocrystal
superlattices. (a) Low- and high-magnification SEM images
showing superlattices covered with bright, faceted spots of bulk-
like CsPbBr; particles. (b) False-colored micro-PL image of an
individual superlattice at T = 4 K showing brightly emissive spots
on its surface. (c) PL intensity decays of emission from high-
energy and low-energy peaks (peaks 1 and 2, respectively)
originating from the bulk of the superlattice and bright spots,
respectively, as illustrated in (d) spectrally filtered micro-PL maps
of the superlattice (insets).

of 1 nm, finds fwhm of 149 and 14 meV, respectively,
qualitatively accounting for the narrowing of the PL spectra as
the nanocrystal size increases (Figure S12). Furthermore, as a
result of the nonlinear dependence of the band gap on the
nanocrystal diameter, the PL line shape of the simulated S nm
ensemble of nanocrystals is predicted to be asymmetric
compared to that of 9 nm nanocrystals (Figure S12), which
is consistent with the experimental data.

Previously, multiple reports have documented the propen-
sity of CsPbX; nanocrystals to coalesce under external stimuli
such as light 775 or heat,>*%7%"" from the destabilizing
action of polar solvents,””~"* or spontaneously due to aging in
dispersion”® or on a solid substrate.”® To gain insight into the
transformations of CsPbBr; nanocrystals as they age in a
vacuum, a series of wide-angle XRD patterns were collected
from the sample stored under medium vacuum (~0.4—0.7
mbar) at room temperature for more than a month. The XRD
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patterns collected at days 0, 3.2, 8.2, and 37.3 are shown in
Figure 3a along with TEM images of fresh, 7, and 37 days old
dissolved nanocrystal superlattices in Figure 3b. The TEM
images reveal the presence of large CsPbBr; nanocrystals that
grow over time. The fine structure of the peak at 20 ~ 15° in
the fresh sample (Figure 3a, day 0) contains information about
the average superlattice periodicity,””**”” which is estimated
to be 10.2 nm (consistent with a sum of the nanocrystal edge
length, ~8.0 nm, and interparticle spacing, 2.2 nm). The
position of the most intense superlattice fringe shifts to a
higher angle over time, which is interpreted as the contraction
of the average superlattice periodicity from ~10.2 to ~9.8 nm
(Figure 3c). The breaking of the superlattice into smaller
subdomains of random orientations is unlikely at that stage as
it would result in the disappearance of the superlattice fringes
and broadening of the peak, which were not observed. The
uniform contraction of the superlattice into a nanocrystal solid
with near-zero interparticle spacing is also unlikely to have
occurred, as it would push the superlattice fringes apart
(reflecting decreased interparticle spacing) but preserve the
breadth of their envelope, due to the size-broadening. Instead,
a narrowing of the diffraction peaks is observed over time. The
peak at 20 ~ 30° (arising from the (004) and (220) reflections
of the orthorhombic CsPbBr; perovskite crystal structure)
underwent an initial drop in intensity (Figure 3a, day 0 to day
3.2); then it narrowed and split into two components (Figure
3a, days 8.2 and 37.3). The complex shape of this peak was fit
to a sum of three Gaussians representing the single broad
nanocrystal and the twin sharp bulk-like contributions (Figure
S$13). The changes in the ratio between the integrated areas of
the fitted nanocrystal ([CsPbBr;]yc) and the bulk-like peaks
([CsPbBr;]puiciie) Were exploited to track the coalescence
evolution over time, as shown in Figure 3d. The time
dependence of both the contraction and the coalescence was
fit to simple first-order kinetics (Figure 3c,d, solid red curves)
with rate constants of k. nyaction = 0-96 £ 0.02 and k.jescence =
0.23 + 0.04 days™". The first-order kinetics was used in analogy
with a prior report of heat-induced coalescence of CsPbBr;
nanocrystals.”” The overall picture is that the superlattice
contracted primarily during the initial period of 3 days,
followed by a slow coalescence into large crystalline domains
that continued for over a month.

Changes in Photoluminescence Spectra Caused by
Aging in Air. Unlike self-assembled metal and metal
chalcogenide nanocrystals, the CsPbBr; nanocrystals react
readily with air and moisture to form faceted bulk-like CsPbBr;
particles on top of the superlattices. At room temperature, the
detection of these bulk-like particles required an inspection by
SEM (Figure 4a), where they appeared as high-contrast
objects, or a micro-PL, where they appeared as bright spots
with red-shifted emission (Figure S14). At 4 K, the bulk-like
CsPbBr; particles contributed with a narrow, low-energy peak
(Eb ~ 2.30 eV; fwhm ~ 17 meV) carrying sharp spikes, as
revealed by spectrally filtered micro-PL images (peak 2, Figure
4b—d). The superlattices in the sample were affected by the air
exposure heterogeneously, resulting in varying coverage of
superlattices with bright spots and different PL spectra (Figure
S15). The PL intensity decay of the low-energy peak was
significantly faster (7~ 40 ps, peak 2 in Figure 4c) than that
of the rest of the superlattice (7;,, ~ 120 ps, peak 1 in Figure
4c). Initial observations of the energy position and accelerated
dynamics, as well as the increase of temporal coherence of peak
2, suggested superfluorescent emission, but several attempts to
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lines, which are tilted in panels c and b because they go through the maxima of the oscillating peaks. At the lowest fluence, 7,/ ~ 50 ps, and it
accelerates as the fluence increases. Up to three peaks are discernible at the highest excitation fluence of ~800 pJ/cm? (e) Spectral slices
through the maximum intensity peaks revealing a substructure of sharp spikes on top of the broader PL spectrum. The slices were taken
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exponent of 0.97 + 0.045. Fits for each region and a complete series of fluence-dependent spectra are provided in Figure S21.

measure second-order temporal coherence revealed no
bunching effects (see Methods and Figure S16). That
discrepancy prompted us to focus on the bulk-like CsPbBr;
particles as sources of the unusual low-energy emission. The
formation of bulk-like particles on top of the superlattices is
indicative of the CsPbBr; nanocrystals reactivity with air. Thus,
it is reasonable to anticipate that the formation of bulk-like
CsPbBr; particles would also occur in dispersion, where they
could be isolated and characterized without superlattices
around them.

To explore this approach, a toluene dispersion of as-
synthesized ~8 nm CsPbBr; nanocrystals was left under air for
3 days, producing a yellow-white precipitate consisting of a
mixture of 10s—100s nm CsPbBr; and Pb(OH)Br (laurionite
structure)’® ™" particles, which was identified by a combina-
tion of XRD and energy-dispersive X-ray spectroscopy in high-
resolution SEM (Figure S17). The formation of Pb(OH)Br is
rationalized by the perovskite hydrolysis in the presence of
moisture: 2CsPbBr; + H,O — CsPbBr; + Pb(OH)Br + HBr +
CsBr. The growth of bulk-like CsPbBr; particles is possibly a
result of HBr-catalyzed dissolution—recrystallization of the
initial nanocrystals. The XRD patterns did not contain
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evidence of crystalline CsBr, despite its formation being
required to balance the hydrolysis. The lack of crystalline CsBr
could be explained by either its subsequent hydrolysis or
solvation of Cs™ and Br™ ions by organic species. Hydrolysis is
an unusual transformation in assemblies of semiconductor
nanocrystals and is different from the previously documented
instances of reactivity during self-assembly of nanocrystals,
such as precipitation of selenium crystals due to the residual
precursor in the case of CdSe nanocrystals.”' ~*

The ability to produce bulk-like CsPbBr; particles from
nanocrystals enables the examination of their PL properties in
the absence of nanocrystal superlattices. At room temperature,
a sample of bulk-like CsPbBr; particles exhibits narrow
emission spikes above a ~3 m]J/ cm? threshold and that was
interpreted as random lasing (Figure S18). When cooled to T
= 4 K, a dilute sample of bulk-like CsPbBr; particles shows a
variety of sharp PL peaks (Elgiiie ~ 2.29—2.35 eV, Figure
S19) with short lifetimes (7;/, ~ SO ps) at relatively low
excitation fluence (~30 uJ/cm? Figure 5a). At higher fluences,
the PL decays accelerate and develop an oscillatory decay that
consists of a progression of short peaks, with up to three
consecutive peaks distinguishable at the highest applied fluence
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Figure 6. Time- and energy-resolved PL of individual superlattices in a fresh (a, b) and aged (c, d) sample. Streak images (a, c) and
normalized PL decays (b, d) at various energy positions as indicated by the colors of the decay curves and arrows in panels a and c. The
sample was excited with a pulsed femtosecond laser (4. = 470 nm, ~50 fs pulse duration, 10 kHz repetition rate) and incident fluences of
~10 and ~25 pJ/cm? for fresh and aged superlattices, respectively. The black dotted line in panels a and c tracks the PL peak energy position
over time. The solid black lines in panels b and d are the fits to the data.

of ~800 yJ/cm* (Figure Sb—d; see Figure S20 for spectrally
resolved PL decays in different regions of the sample). Each
individual peak shifts toward lower energy with time, while the
progression of peaks builds up in the direction of higher
energy, as indicated by red and blue arrows in Figure Sb. The
period of the oscillations increases with fluence, instead of
accelerating as it would be expected from an idealized
Burnham—Chiao ringing of superfluorescence.”* The narrow
spikes are noticeable at early decay times in spectral slices at
different fluences (Figure Se) as well as in the integrated PL
spectra beginning from the lowest fluence of ~25—30 yJ/cm?
(Figures S19 and S21). The spikes demonstrate a significantly
lowered lasing threshold at 4 K as compared to room
temperature. The integrated PL intensity dependence vs
fluence measured at 4 K for that sample follows a power law
with an average exponent of 0.97 + 0.04S (Figure S5f and
Figure S21) and is suggestive of radiative recombination of
excitons.”> The progression of short peaks that display similar
dynamics in energy and time have been observed in
CsPbBr;***® and ZnO*”** nanomaterials pumped above the
lasing threshold and are assigned to stimulated emission from
an electron—hole plasma. We attribute the fluence-dependent
oscillations in bulk-like CsPbBr; particles at 4 K to the same
phenomenon. In addition, the sharp peaks observed in the PL
spectra of nanocrystal superlattices aged in air (Figure 4d,
Figure S15d) can be assigned to emission from the bulk-like
CsPbBr; particles enhanced by the energy transfer from the
rest of the superlattice, which we discuss in detail below.
Comparison with Superfluorescence. The optical
properties of aged superlattices and bulk-like CsPbBr; particles
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studied in this work closely resemble the spectral signatures of
superfluorescence reported from superlattices of ~9.5 nm
CsPbBr; nanocrystals where aging was not considered.” The
similarities of the superfluorescence (SF) reported in ref 25
and red-shifted emission due to aging are (1) the energy peak
position, By, ~ 2.31 €V 15 2.29—2.35 eV for the aged samples;
(2) narrow fwhmg = 1S + 4 meV vs 17—21 meV (and
narrower for stimulated emission spikes) for the aged samples;
(3) accelerated dynamics, gz = 14 ps at ~1.2 mJ/cm? vs 40—
50 ps at low fluence or shorter at high fluence for aged
samples; (4) oscillating emission decays appearing as a
progression of peaks for the SF and bulk-like CsPbBr; particles
under increased excitation fluence; (S) the integrated PL
intensity dependence of the SF vs fluence exhibits a power law
with an exponent of &1 vs 0.97 + 0.045 for the emission from
bulk-like CsPbBr; particles; (6) increased first-order temporal
coherence time from <40 to 140 fs for the SF emission vs from
70 to 150 fs for the superlattices aged in vacuum. The
differences between materials and observations of this study
and the superfluorescent ones of ref 25 are (1) this study uses
smaller CsPbBr; nanocrystals (~8 nm) derived from a
different synthesis; (2) the peak PL amplitude of the oscillating
decays for bulk-like CsPbBr; particles does not show
superlinear dependence vs excitation fluence while the peak
PL amplitude of superfluorescent oscillations followed a power
law with an exponent of 1.5 + 0.1; (3) we did not observe a
bunching behavior in the second-order coherence for the
superlattices aged in vacuum and in air. The lack of real space
PL images and spectra of the exact superfluorescent domains
that showed bunching [g'(7) ~ 1.1 and >2 in ref 25] prevents
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plotted on a log scale with contour levels at every power of ten.

further comparison and unambiguous differentiation between
the discussed phenomena.

In the absence of in situ characterization of superfluorescent
domains, many of the optical properties attributable to
cooperative emission could be explained by the loss of
quantum confinement due to nanocrystal coalescence and
formation of bulk-like particles, along with energy transfer and
stimulated emission (lasing) that become efficient at cryogenic
temperatures. The spectroscopic checks alone, such as steady-
state reflectance or PL excitation measurements, which are
sensitive to red-shifted absorption features, are insufficient to
discern a collective lower-energy excitonic state from larger
nanocrystals or bulk-like particles with smaller band gaps
(Figure S7 and discussion above). In another study, an even
faster superfluorescence (zgz = 4 ps at 77 K) was reported in
CsPbBr; nanocrystal superlattices aged for 4—15 days at 10 °C
under vacuum.”® The TEM images of aged CsPbBr,
nanocrystal superlattices in ref 26 show the presence of larger
CsPbBr; particles among nanocrystals, similar to our
observations (Figure 3b and Figure S9). That supports our
case that aging has a significant effect on the optical properties
of perovskite nanocrystal superlattices and should not be
ignored nor confused with cooperative eftects.
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Evidence for Energy Transfer in Fresh and Aged
Superlattices. The fresh and aged superlattices kept in
vacuum present a compelling case for the investigation of
energy transfer between CsPbBr; nanocrystals and bulk-like
particles by means of transient spectrally resolved PL
spectroscopy. Figure 6 reports cryogenic (T = 4 K) time-
resolved PL spectra acquired from two individual superlattices
from the same sample on day 0 (Figure 6a) and day 7 (Figure
6¢c) under low excitation fluence (10 and 25 pJ/cm?
respectively). The spectrum of the fresh superlattice contained
a single peak (consistent with steady-state measurements,
Figure 1b), which underwent a transient shift of 9 meV to
lower energy during the first ~600 ps of the decay (Figure 6a,
black dotted curve). Similarly, the double peak spectrum of the
aged superlattice underwent a small 3 meV transient red shift
of the lower-energy peak and a larger transient red shift (213
meV) of the higher-energy peak (Figure 6c, left and right black
dotted curves, respectively). At low excitation fluence, such
shifts point to the intra-superlattice energy transfer, paralleling
the behavior of nanocrystal solids of metal chalcoge-
nides, #446,47,89-91

The characterization of the PL spectral dynamics was further
elaborated by the energy-dependent PL intensity decays,
plotted for both samples in Figure 6b,d. In the fresh

https://dx.doi.org/10.1021/acsnano.0c06595
ACS Nano 2021, 15, 650664


http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c06595/suppl_file/nn0c06595_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c06595/suppl_file/nn0c06595_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06595?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06595?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06595?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06595?fig=fig7&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c06595?ref=pdf

ACS Nano

www.acsnano.org

superlattice (Figure 6b), the intensity decays at low PL
energies were nearly monoexponential with a lifetime of 7, &
250 ps, a value similar to the reported radiative lifetimes of
CsPbBr; nanocrystals at cryogenic temperatures.1’4’55’62’92 As
the PL energy increased, the decay of PL intensity became
faster and multiexponential. The biexponential decays were fit
with two lifetimes: 7, = 250 ps and 7, = 140 to 70 ps, with 7,
becoming smaller as PL energy increases (Table S1). In the
time-resolved PL spectrum of the aged superlattice (Figure
6¢), two PL peaks were observed (consistent with the steady-
state spectrum, Figure 2b): the intense low-energy one,
stemming from the bulk-like CsPbBr; particles, and a much
weaker high-energy peak, originating from the remaining
CsPbBr; nanocrystals. The analysis of the energy-resolved PL
decays (Figure 6d) revealed the single-exponential decay of the
intense low-energy PL peak (7] 180—220 ps) and
biexponential decay of the weak, high-energy PL peak (7, =
250 ps; 7, = 130 to SO ps; Table S2). In both cases (fresh and
aged superlattices), the slower PL decay rates k; = 1/7; and k|
= 1/7; are interpreted as the average radiative exciton
recombination rates, while the energy-dependent and faster
rate k, = 1/7, is assigned to inter-nanocrystal energy
transfer.*”

To understand these spectral dynamics, we calculated the
energy-transfer rates between differently sized CsPbBr;
nanocrystals within the framework of Forster resonance
electronic excitation transfer (FRET).”** We consider an
ensemble of FRET donors and acceptors in the superlattices as
there is a distribution of nanocrystals of different sizes and,
hence, different band gaps. Smaller nanocrystals with high-
energy PL act as donors, whereas larger nanocrystals or bulk-
like CsPbBr; particles act as acceptors. The FRET rate, kg, is
inversely proportional to the 6th power of the donor—acceptor
distance, d:

6
T\ d (1)
where 7, is the lifetime of the donor in the absence of an
acceptor, set as the slow exponential component of the PL
decay (tp = 7, = 250 ps).”® Ry, the Forster radius, is a measure
of the energy transfer efficiency. R, characterizes the distance
where the energy-transfer process competes with other
recombination processes such as radiative recombination

decays.”* R, depends on the spectral overlap between the
acceptor and donor:

~
~

ke =

i K>
6 PL 4
R = e f 2*Fs(2) 0,(A) di

1 ()

where 77p is the quantum yield assumed to be unity;'®"° k is
the orientation factor, equal to 2/3 for randomly oriented
dipoles; n is the measured refractive index for CsPbBr,
(1.93).”° Fp(4) is the donor PL emission spectrum (area-
normalized to 1) and 6, (1) is the absorption cross-section of
the acceptor.

Since the donors are smaller and acceptors are larger, we
tuned the PL emission as a function of the nanocrystal size and
fixed the absorption cross-section of bulk-like CsPbBr; to that
of a 12 nm nanocrystal (the band gap changes marginally by
~S5 meV when increasing the nanocrystal size beyond 12 nm in
Figure 7a, and the FRET rate does not vary significantly if the
acceptor size changes, as illustrated in Figure S22 for 10 and 16
nm CsPbBr; nanocrystals). As the smaller CsPbBr; nanocryst-
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als coalesce into bulk-like particles, the overall PL spectrum red
shifts and sharpens, resulting in a decrease of the overlap with
an absorption spectrum of the donor (Figure 7b). Therefore,
the calculated R, decreases as nanocrystals grow (Figure 7c),
changing from 7.6 to 6 nm when the donor size increases from
S to 9 nm.

The energy-transfer rate and its corresponding lifetime, 71
=1/ kgr, can be estimated using eq 1. However, determining d,
the effective donor—acceptor distance, needs to be scrutinized,
since small changes in d will result in orders of magnitude
differences in the final kyy due to the 1/d° scaling (eq 1). On
one hand, a wall-to-wall distance of 2.2 nm between
neighboring nanocrystals (estimated as the difference between
~10.2 nm average superlattice periodicity in Figure 3a, and ~8
nm average nanocrystal edge length) provides a lower bound
for the d. On the other hand, the center-to-center distance
between nanocrystals of ~10 nm can be used as an upper
bound for d. Therefore, we plot 7 as a function of both d and
the nanocrystal size (Figure 7d) and observe that as the
nanocrystal size or d increases, Ty increases rapidly, ranging
from <1 to >1000 ps.

For any nanocrystal size in