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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

loss of quantum
confinement

energy transfer

superfluorescence ?

be overlooked when studying collective optoelectronic phenomena nor confused with superfluorescence effects.

KEYWORDS: perovskite nanocrystals, self-assembly, nanocrystal superlattices, environmental stability, reactivity,

low-temperature photoluminescence, energy transfer

anocrystals of lead halide perovskites are attractive
| \ | and challenging materials in equal measure. On the
one hand, CsPbX; (X = Cl, Br, and I) nanocrystals
have a peculiar electronic structure,' ™ which grants them
defect-tolerance, ultrafast radiative ck=.cays,4’5 and long exciton
dephasing.® This combination of properties enables high-purity
single-photon emission from individual nanocrystals’ ™"’
makes them promising building blocks for nanocrystal solids to
explore collective quantum phenomena that are challenging to
achieve with other semiconductor nanocrystals. On the other
hand, the dynamic surface chemistry of CsPbX; nanocryst-
als,''~"* which promotes anion exchange, brings practical
challenges such as nanocrystals degradation'* and a loss of
colloidal stability during the sample purification. This requires
the development of innovative surface chemistries.">™"* Apart
from the single nanocrystals, colloids, and films, assemblies of
CsPbX; nanocrystals (superlattices) are model systems which
allow studying the properties of a nanocrystal ensemble with
minimal size and shape distribution thanks to the selectivity of
the self-assembly process.'” "

and
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The superlattices of CsPbBr; nanocrystals have attracted
attention in the past three years due to their collective optical
and electronic properties.”> > In that short time span, a
variety of quantum phenomena have been claimed in these
materials, such as electronic coupling with the formation of
minibands,** superﬂuorescence,25’26 and low-threshold two-
photon induced optical gain.”” Therefore, CsPbBr; nanocrystal
superlattices provide an exciting playground for the exploration
of collective quantum phenomena. The straightforward
fabrication of nanocrystal superlattices by self-assembly via
slow solvent evaporation makes them readily available for
experimentation. The CsPbBr; nanocrystals used for self-
assembly in these studies are passivated with mixed (oleate and
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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

N
<

PL intensity (counts)

0 o 1 L
2.2 2.3 2.4 2.5
energy (eV)

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

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
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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

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

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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Figure S. PL of bulk-like CsPbBr, particles at T = 4 K in the absence of superlattices. (a—c) Streak camera images of the PL decays at the
excitation fluences of ~30, ~80, and ~800 uJ/cm* (A, = 470 nm, ~50 fs pulse duration, 10 kHz repetition rate). The color-coded PL
intensity is plotted on a log scale. A progression of narrow emission peaks appears with increasing excitation power. Each individual peak
shifts toward lower energy with time, while the progression of peaks builds up toward higher energy, as highlighted by red and blue arrows in
panel b. (d) PL intensity decay slices showing the oscillatory behavior. The slices were taken along the direction shown by white dashed
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
horizontally along the narrow regions of interest indicated by white solid lines and numbered 1—3. (f) Integrated PL intensity vs excitation
fluence for four different regions in the sample of bulk-like CsPbBr; particles with an average power law fit (black thin line) with an

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

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

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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(d) Calculated FRET time (zgr, ps) as a function of interparticle distance (d, donor—acceptor separation) and donor nanocrystal size,

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.

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
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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:

" _L(&)é
ET o\ 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:

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-

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 the range 5—10 nm and
interparticle distance d < 4.5 nm, 7gr is under 100 ps, which
matches 7, extracted from the experimental data. In order to
achieve faster energy transfer, smaller donor nanocrystals and
shorter inter-nanocrystal separations are required. This trend
matches the shortening of 7, from 140 to 50 ps with increasing
PL energy (considering smaller nanocrystals as donors) for
both fresh and aged CsPbBr; superlattices (Figure 6b,d, Tables
S1 and S2). Thus, the calculated FRET rates suggest that the
measured fast decay component 7, can be explained by
interparticle energy transfer. This may allow for efficient
exciton funneling into the acceptor sites (bulk-like CsPbBr,
particles) and rationalizes their increased PL intensity in the
aged superlattices. This prediction of ultrafast FRET explains
the observation of sharp peaks from bulk-like CsPbBr; particles
(acceptors) located on top of the superlattices (donor) aged in
air by means of, eg, FRET-assisted lasing.”””® Despite the
good agreement, large variations in the calculated 7gp
necessitate careful examination when using the FRET model.
In addition to the uncertainty induced by estimating d, errors
could propagate from experimentally determined values when
recovering the prefactors in eq 2. Nevertheless, the FRET
model helps to understand the qualitative trend of energy
transfer using the nanocrystal size and separation as tuning
knobs, which is useful in guiding future experiments.

CONCLUSIONS

The aging of self-assembled CsPbBr; nanocrystals in vacuum
or in air is shown to produce optical signatures that mimic
cooperative emission at cryogenic temperature: narrow, low-
energy PL peaks with accelerated, oscillating emission decays.
These optical features are related to bulk-like CsPbBr; particles
and large nanocrystals forming in the superlattices. Despite the
size uniformity and shape-pure qualities of the starting
CsPbBr; nanocrystals, the labile cesium oleate ligands seem
inadequate for the fabrication of long-lasting assemblies. On
one hand, it is anticipated that further advances in the
synthesis of surface-enhanced CsPbX; nanocrystals (such as
ZnX,-,'**" phosphonate-,'***'% or zwitterion-capped'>'°
ones) or in optimized ligand exchanges (eg., with quaternary
ammonium halides,"” thiocyanates,lo1 and other Lewis
bases'??) will enable the fabrication of assemblies that are
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resistant to aging and air exposure. A superlattice made from
shape-pure CsPbX; nanocrystals with a near-unity photo-
luminescence quantum yield that are also stable against
coalescence and reactivity in air is a desirable target for future
studies and applications of collective phenomena. On the other
hand, aging superlattices made from metastable CsPbX;
nanocrystals is a way to produce nanomaterials with a
heterogeneous energy landscape consisting of numerous
donors and sparse acceptors. Such materials could be
promising for investigations of energy transfer across several
spatial and temporal length scales, as predicted by theoretical
calculations. Ultrafast sub-picosecond energy transfer (already
reported for lead halide perovskite quantum wells)'”
combined with the recent findings of extended exciton
diffusion lengths in CsPbBr; nanocrystal solids™”**'%'%
would make such energetically heterogeneous nanocrystal
systems attractive candidates for light amplification and
harvesting (e.g, in artificial photosynthesis).

METHODS

Chemicals. Lead(II) acetate trihydrate (Sigma-Aldrich, >99.99%
trace metal basis, cat. no. 467863), cesium carbonate (Sigma-Aldrich,
Reagent Plus, 99%, cat. no. 441902), 1-octadecene (Sigma-Aldrich,
technical grade, 90%, cat. no. 0806), oleic acid (OA, Sigma-Aldrich,
technical grade, 90%, cat. no. 364525), didodecylamine (DDAm, TCI,
>97.0%, cat. no. D0267), benzoyl bromide (Sigma-Aldrich, 97%, cat.
no. 139726), toluene (Sigma-Aldrich, anhydrous, cat. no. 244511),
and ethyl acetate (EtOAc, Sigma-Aldrich, anhydrous, 99.8%, cat. no.
270989) were purchased as indicated. Benzoyl bromide was opened
and handled inside a glovebox because it is an air- and moisture-
sensitive compound; lead(II) acetate was weighted inside a glovebox
and handled inside a ventilated fume hood because it is a lead
poisoning hazard. All reagents were used as received.

Synthesis of CsPbBr; Nanocrystals. CsPbBr; nanocrystals were
synthesized following the published procedure®’ with modifications.
Modifications consisted of performing the synthesis in 40 mL vials in
air and changes to nanocrystal purification (see below). The
nanocrystal synthesis and self-assembly were carried out in five steps.

First Step: Stock Solution of Cesium and Lead Oleates [(Cs,
Pb)-oleates]. A 760 mg amount of lead(1I) acetate trihydrate, 160
mg of cesium carbonate, and 13.4 g of OA were combined in a 40 mL
vial equipped with a magnetic stirring bar and a thermocouple. The
mixture was heated to 120—130 °C for 3 h under a continuous flow of
nitrogen, forming a clear, light-yellow solution.

Second Step: Reaction Setup. A different 40 mL glass vial was
equipped with a magnetic stirrer and a thermocouple, and 443 mg of
DDAm was combined in it with 10 mL of ODE and 1.5 mL of (Cs,
Pb)-oleates stock solution. The vial was heated to ~110—130 °C on
the hot plate and kept at that temperature for ~S min, producing a
clear homogeneous mixture. After S min had passed, the vial was
removed from the hot plate and suspended in the air above a
magnetic stirring plate to cool under vigorous stirring.

Third Step: CsPbBr; Nanocrystal Nucleation and Growth. In
the glovebox, 60 uL (~101 + 3 mg) of benzoyl bromide (measured
with a 100 uL mechanical pipet) was combined with 0.6 mL of ODE
in a 4 mL vial, mixed by manual shaking and filled into a 1 mL
disposable plastic syringe equipped with an 18G needle. The syringe
was taken outside of the glovebox, and the benzoyl bromide—ODE
solution was injected into the mixture of (Cs,Pb)-oleates/DDAm/
ODE at 80—85 °C. The reaction mixture turned bright green-yellow
immediately after the injection. The reaction mixture was allowed to
cool while stirring.

Fourth Step, NC Isolation. Once the reaction cooled to room
temperature (21—23 °C), a 1—1.5 mL aliquot of the crude reaction
mixture was filtered through a 0.45 ym PTEE syringe filter into an 8
mL vial and anhydrous EtOAc gradually added to it in small portions
under gentle manual shaking. Once the mixture started to turn cloudy
(at ~3—4 mL of added EtOAc), the addition of EtOAc was stopped

and the vial was centrifuged at 5000 rpm for 3 min. The centrifugation
resulted in the accumulation of bright green precipitate of CsPbBr;
nanocrystals on one side of the vial, covered by a clear supernatant.
The supernatant was discarded, and the residual nanocrystal solid was
centrifuged again at 5000 rpm for 1 min to collect any residual liquid,
which was subsequently removed using a cotton tip. The remaining
bright green solid of CsPbBr; nanocrystals was dried under a flow of
nitrogen for 5—10 min.

Fifth Step, CsPbBr; Nanocrystal Self-Assembly (Fresh
Superlattices). After the bright green solid of nanocrystals finished
drying under nitrogen flow, it was dispersed in ~400—500 uL of
anhydrous toluene. Shortly after, a 10—30 yL drop of the nanocrystal
dispersion was deposited onto the polished side of the Si wafer (Ted
Pella, ~0.5 mm thick, cat. no. 16006, cut to 10 X 10 mm? or 5 X §
mm® depending on the experiment) and the toluene was allowed to
evaporate under a flow of nitrogen or an ambient atmosphere inside
the fume hood. The solvent evaporation time was typically ~5—20
min, depending on the exact conditions. After the toluene evaporated
(by visual inspection), the Si wafer with nanocrystals was placed
under a low vacuum (0.4—0.7 mbar) for ~10—20 min to remove any
residual trapped solvent. After that step, the sample was inspected
under an optical microscope for the presence of superlattices. The
deposition conditions such as concentration and volumes of the
deposited dispersion were varied to produce Si wafers with areas of
isolated rectangular-shaped superlattices. Prior to the cryogenic
experiments, it is suggested to inspect the superlattice samples with
micro-PL at room temperature to ensure the absence of bulk-like
impurities on their surface. The bulk-like impurities would appear as
bright spots, and if they are detected, it is likely that CsPbBr;
nanocrystals have started to react with the atmosphere and the
resulting products will obscure the optical response of the pristine
nanocrystal superlattice.

Aging of Superlattices. The aging of superlattices under vacuum
at room temperature was accomplished either by storing the samples
under medium vacuum (0.4—0.7 mbar) in a plate degasser (Edwards
Vacuum, PD3) or leaving them in the cryostat, or by vacuum-sealing
them in a secondary container inside a nitrogen-filled glovebox with
the help of a commercial device (Laica VT31200). The superlattice
aging occurred in a similar way regardless of the vacuuming method,
as long as there was no continuous air exposure. The aging of
CsPbBr; nanocrystals in dispersion or superlattices in the air was
accomplished by leaving the sample under the ambient atmosphere in
the laboratory for a few days (typical conditions are T = 21-23 °C
and variable relative humidity of S0—75%). Superlattices showed the
first signs of large particle formation overnight (the ~10—20 min
vacuum exposure after self-assembly slows the formation of large
particles). The appearance of cloudiness and small amounts of white-
yellow precipitate were the first signs of nanocrystal reactivity with air
in dispersion.

Structural and Optical Characterization. The steady-state
optical absorbance and PL spectra of CsPbBr; nanocrystals in dilute
toluene dispersion were recorded with Cary 500 UV—vis spectropho-
tometer and Cary Eclipse spectrofluorimeter (4. = 350 or 400 nm).
X-ray diffraction analyses of the superlattice aging and products of
CsPbBr; nanocrystal air exposure were performed using a PANalytical
Empyrean diffractometer equipped with a Cu Ka cathode (1 = 1.5406
A), operating at 45 kV voltage and 50 mA current. Transmission
electron microscopy (TEM) characterization of as-synthesized and
aged CsPbBr; nanocrystals and dissolved superlattices was performed
using a JEOL JEM 1400-Plus microscope operating at 120 kV
accelerating voltage. The samples for TEM were prepared by drop-
casting sample dispersion in toluene on top of a carbon-coated copper
grid. Scanning electron microscopy (SEM) and elemental analysis by
means of energy-dispersive X-ray spectroscopy characterization of the
samples was performed using either a JEOL JSM-6490LA (low-
resolution) or JSM-7S00FA (high-resolution) microscope. For the
imaging of the aged superlattices in cross-section, the Si wafer carrying
aged superlattices on top was gently broken in two halves. Prior to
breaking, the back of the wafer (the side without a superlattice) was
scored with a diamond scribe pen.
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Room-temperature micro-PL images and spectra were collected
using Nikon Al laser scanning confocal microscope with 400 nm CW
excitation, as described in the prior work.* For the micro-PL
experiments at cryogenic temperatures, the sample was cooled in a
closed-loop helium cryostat (Attocube) equipped with a SO0X
microscope objective (N.A. = 0.82) and working in a reflection
configuration. In the steady-state micro-PL experiments, the CsPbBr;
nanocrystal superlattices were excited with a continuous-wave
excitation 4 = 488 nm (Spectra-Physics). Broadband output of a
xenon lamp light source (Korea Spectral Products-ASB-XE-175) was
used for reflectivity measurements. The signal from the sample was
projected on the entrance slits of a spectrometer (Horiba Jobin Yvon,
iHRSS0) and coupled to a CCD camera (Hamamatsu, C9100 EM-
CCD), which allows collecting either real space reflectivity/PL maps
or energy-resolved maps. The fwhm of the excitation spot in real
space was adjusted to match the lateral dimension of the superlattices
(fwhm = lateral size). In some cases, when measuring the PL spectra
close to the excitation wavelength, a long-pass filter (Thorlabs
FEL0S00) was used to remove the residual signal of the excitation
laser. The filtering effect of the long-pass filter onto the PL spectrum
of the superlattices was either minimal or accounted for by correcting
the experimental spectrum with a long-pass filter transmission during
the data processing. For the time-resolved PL measurements, the
samples were excited with a pulsed ~50 fs laser at 10 kHz repetition
rate and (4, = 470 nm (Coherent, Topas Prime). The detected
signal was focused on the same spectrometer coupled to a streak
camera (Hamamatsu C10910 equipped with a C9300 CCD) with an
overall temporal resolution of ~1.5 ps.

A Michelson interferometer, equipped with a retroreflector and a
motorized delay line along with one of the two arms, was used for
first-order spatial and temporal coherence measurements.'°*'%” The
two emission bands of the aged superlattices were spectrally separated
by using a notch filter (fwhm = S0 meV), and the fringe visibility [v =
(Imax = Lnin)/ (Inax + Inin)] was evaluated from the multiple real space
micro-PL images collected by scanning the time delay between the
two arms. A Gaussian function was used to fit the fringe visibility
decay, and the coherence time is extracted at 1/¢> intensity decay of
the Gaussian fit. In order to measure the second-order correlation
g?(2) function, the samples were excited with a pulsed ~100 fs laser
at 80 MHz repetition rate and A, = 405 nm. The emitted PL was
sent into a monochromator, spectrally filtered (~0.2 nm) and then
measured by a time correlated single photon counting module in the
standard Hanbury Brown—Twiss configuration.

Theoretical Calculations. For a finite potential well, the
tunneling probability can be calculated using a simple particle-in-a-
box model. The wave function of an electron/hole is confined in a
one-dimensional well that is 8 nm long and 3.85 eV deep, which are
the size and the work function of a model CsPbBr; nanocrystal,
respectively. The wave function is of the form ¥ = Ae™, where

p= %{E") The wave function decays rapidly outside the
potential well, with the tail of the work function being the main
limiting factor for the wave function leakage (Figure $4).% The
effective width of the ground-state wave function of an electron is
calculated to be 8.39 nm, penetrating 0.39 nm outside the quantum
well.

The absorption spectrum is calculated from the imaginary part of
the dielectric function of CsPbBr; using the QUANTUM ESPRESSO
density functional theory software suite.'”*'%” The PBE functional
was used with a 90 Ry energy cutoff and 18 X 18 X 18 Monkhorst—
Pack k-point mesh for the cubic primitive cell.''°™""* To correct for
the quasi-particle self-energy, we used the scissor correction of 1.02
eV to match the GW band gap when calculating the dielectric
constant:

ex(@) = (o — A/R)
where A = 1.02 eV. It has been shown that it is sufficient to shift the

DFT e(w) by A/# along the frequency axis to get the correct optical
spectrum within the GW scissors-operator approximation.''> The

bulk absorption spectrum was shifted by another 5 meV to match the
12 nm nanocrystal band gap shift from quantum confinement effects.
Gaussian smearing of 0.05 eV was used to obtain a smooth spectrum.
The absorption cross-section was obtained using the following
equation: o(w) = e¢(w)Vw/(cn), where V is the volume of a 12 nm
cubic nanocrystal, ¢ is the speed of light, and # is the refractive index

(1.93).
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