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ABSTRACT: Ligand-capped nanocrystals (NCs) of lead halide
perovskites, foremost fully inorganic CsPbX; NCs, are the latest Eellieeive Emission
generation of colloidal semiconductor quantum dots. They offer a
set of compelling characteristics—Ilarge absorption cross section, as
well as narrow, fast, and efficient photoluminescence with long
exciton coherence times—rendering them attractive for applications
in light-emitting devices and quantum optics. Monodisperse and
shape-uniform, broadly size-tunable, scalable, and robust NC
samples are paramount for unveiling their basic photophysics, as
well as for putting them into use. Thus far, no synthesis method
tulfilling all these requirements has been reported. For instance,
long-chain zwitterionic ligands impart the most durable surface
coating, but at the expense of reduced size uniformity of the as-
synthesized colloid. In this work, we demonstrate that size-selective precipitation of CsPbBr; NCs coated with a long-chain
sulfobetaine ligand, namely, 3-(N,N-dimethyloctadecylammonio)-propanesulfonate, yields monodisperse and sizable fractions (>100
mg inorganic mass) with the mean NC size adjustable in the range between 3.5 and 16 nm and emission peak wavelength between
479 and 518 nm. We find that all NCs exhibit an oblate cuboidal shape with the aspect ratio of 1.2 X 1.2 X 1. We present a
theoretical model (effective mass/k-p) that accounts for the anisotropic NC shape and describes the size dependence of the first and
second excitonic transition in absorption spectra and explains room-temperature exciton lifetimes. We also show that uniform
zwitterion-capped NCs readily form long-range ordered superlattices upon solvent evaporation. In comparison to more conventional
ligand systems (oleic acid and oleylamine), supercrystals of zwitterion-capped NCs exhibit larger domain sizes and lower mosaicity.
Both kinds of supercrystals exhibit superfluorescence at cryogenic temperatures—accelerated collective emission arising from the
coherent coupling of the emitting dipoles.

n the past five years, colloidal nanocrystals (NCs) of lead- energy, and dynamic and loose ligand binding.**~*® At present,

halide perovskites (APbX;, A = methylammonium, there exists no synthesis method that yields monodisperse
formamidinium, or cesium, and X = Cl, Br, I),'"° chiefly perovskite NCs that are broadly tunable in their mean size and
CsPbX; NCs, have become a highly popular class of light yet are sufliciently durable for diverse purposes. The latter
emitters, considered for applications in LEDs,”~” LCD range from the basic photophysics studies at single-particle and
diSPla}’S;w’ll lasers, ">~ "° photodetectors,m’n scintillators,"®"” ensemble levels to self-assembly and integration into devices. A
solar cells”™** and solar concentrators,”~** and quantum typical problem encountered is the loss of ligands and
light applications.””™*" Perovskite semiconductors are often subsequent disintegration of NCs upon intense purification
praised for their defect tolerance,”*“~*' which manifests itself (especially NCs smaller than 6 nm),* ™ in the case of

in NCs as a bright photoluminescence (PL) without the
necessity for electronic surface passivation with epitaxial
shells.”*>* The PL of perovskite NCs spans the entire visible
spectral range (410—800 nm), with small emission line widths
(<100 meV) and high PL quantum yields (QYs) of up to
unity.

The backstage problems of perovskite NCs are mainly
rooted in their much higher structural lability,36 as compared
to earlier generations of colloidal quantum dots (metal
chalcogenides and pnictides), owing to more ionic bonding
and finite solubility in polar solvents, low internal lattice

standard ligand systems comprising carboxylic acids and
primary® or secondary amines,”” such as oleic acid/oleylamine
capping (OA/OLA). We note that the synthesis difficulties are
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Figure 1. (a) Scheme of size selection of CsPbBr; NCs. (b, c) The normalized absorption and PL spectra of crude supernatant (s) and the resulting
fractions of NCs synthesized at 150 °C (7.3—4.7.nm; see also Table S3 and Figure S3). (d) Zwitterionic sulfobetaine ligand (ASC18) used in the

synthesis.

the sole reason why small NCs (sub-8 nm) are not well-
characterized across the entire APbX; compositional space,
except for CsPbBr;. "™’

We have recently shown that tight ligand binding and hence
improved colloidal stability, which is retained also after
multiple steps of isolation and purification, can be imparted
using long-chain zwitterionic ligands such as synthetic
sulfobetaines, phosphocholines, and y-amino acids’’ and
natural lecithin.”® Importantly, the syntheses with zwitterionic
ligands have gram-scale yields of NCs at conventional reaction
scales (20—50 mL of the crude solution). Among these ligands,
long-chain sulfobetaines, such as 3-(N,N-dimethyloctadecy-
lammonio)-propanesulfonate (denote further as ASC18), allow
for the widest tuning of the mean NC size (by the reaction
temperature). The only apparent shortcoming of zwitterionic
capping is a relatively broad initial size distribution in crude
solutions of ca. 50%. This difficulty is commonplace for other
ligands, too, and can be ascribed to very fast reaction kinetics
with inefficient separation of nucleation and growth events.”>’
It is also likely that Ostwald ripening can occur in unpurified
crude solutions even at room temperature and hence
contributes to the broadening of the NC size distribution.”
In known reports on monodisperse perovskite NCs, they have
been studied in the unpurified state or after extremely lossy
isolation,”*”>>7%

In this work, we report on the simple and scalable size-
fractioning of ASCI18-capped NCs, yielding monodisperse
(standard size deviation of ca. 9%) CsPbBr; NC fractions,
>100 mg from the initial 0.9 g scale batch. We then utilize
these size-uniform NCs in order to first determine their shape
(oblate cuboids) and then establish size dependencies of the
first and second excitonic transitions in the optical absorption
spectra and correlate it with an effective mass/kp model. We
then demonstrate that size-selected NCs are readily suited as
building blocks for constructing long-range ordered nano-
crystal superlattices, which exhibit superfluorescence at
cryogenic temperatures.

In systems where monodispersity cannot be reached
synthetically, size-selection procedures have been proven to
be effective. Size-selective precipitation exploits size-dependent

136

solubility of NCs, whereby a gradual increase in the amount of
anti-solvents leads to the destabilization and precipitation of
the largest NCs.”*”®* In practice, stepwise addition of anti-
solvent, followed by centrifugation steps, results in NC
fractions of decreasing mean size with much narrower size
dispersion. The key advantage of zwitterionic ligands is a much
slower rate of ligand desorption in the solvent mixture
containing large quantities of polar anti-solvent (such as
acetone).””>” Figure 1 outlines a size-selection procedure that
yielded monodisperse NCs with a mean size adjustable
between 3.5 and 16 nm (mean edge length). Centrifuging of
the crude solution yields a substantial amount of precipitate
(p) only for reaction temperatures exceeding 150 °C. At 180
°C, the remaining NC quantity in the supernatant (s) became
negligible. We also note that the first fractions (sf1 or pfl) can
substantially deviate from the other fractions as they contain
not only the largest NCs but also NCs that are less colloidally
stable for other reasons such as agglomeration or surface
damaging. The size-selected fractions were characterized by PL
spectra, PL. QYs, optical absorption, and transmission electron
microscopy (TEM). The mass yield of each fraction was
quantified from optical absorbance at 335 nm, following
Maes et al.”’

See further details in the Supporting Information, as well as
Tables S1—S6 and Figures S1—S6 for all fractions within the
3.5—16 nm range (obtained from 6 different batches of NCs).
Size-fractioning of one batch is exemplified by the respective
PL and absorption spectra in Figure 1b,c. After isolation and
purification, these NCs are stable for months. Generally, the
energies of the PL peak and of the absorption onset (s-s
transition) increase with decreasing the NC size. NCs with a
PL peak below 515 nm exhibit a second excitonic transition (p-
p transition), resolvable due to narrow size dispersion.

The PL and absorption spectra of two exemplary fractions
corresponding to large (black/red lines) and small (black/blue
lines) NCs are displayed in Figure 2a. The optical properties of
NCs are dependent on NC size and shape. Shape analysis from
TEM images (2D projections of a 3D object) can be
misleading due to preferred orientation. We therefore reverted
to small-angle X-ray scattering (SAXS) measurements,

https://dx.doi.org/10.1021/acscentsci.0c01153
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Figure 2. (a) PL and absorption spectra for small (a = 4.5 nm, blue/black line, 1sf6) and large (a = 13 nm, red/black line, 5sf2) NCs isolated by
size-selective precipitation; (b) their small-angle X-ray scattering traces fitted to an orthorhombic model revealing one NC dimension to be 20%
shorter with respect to the other two. (¢, d) Cryo-HAADF-STEM images of the NCs with edge length statistics and high resolution image. For
small NCs, the lattice fringes could not be resolved even under cryo conditions.

providing statistically significant 3D-structural information for in high-angle annular dark-field scanning transmission electron
monodisperse NCs in their colloidal state. The experimental micrographs (HAADF-STEM) of NCs deposited onto a
patterns for the same two exemplary fractions are shown in carbon-coated grid can explain the small discrepancies with

Figure 2b along with their respective analytical model fit (black regard to the mean NC edge length, d = (a + b + c)/3, derived
dashed line). The scattering patterns for a range of other NC from number distributions of SAXS. The large NCs in Figure

samples are %ncluded in' Figure' §7. Al pattergs show form- 2c orient preferentially with their a-b facet orthogonal to the
factor scattering of non-interacting NCs, as evidenced by the b

o, . ; 1N 64 eam, and hence the mean edge length corresponds well to the
characteristic g slope in the low-q regime (g < 0.3 nm™").

Pattern refinement of the experimental data using an analytical long edge found i.n SAXS, .while the small NCs in Figure 2d lie
model yields a detailed quantification of shape, size, and preferably on their small sides and hence agree more closely to
polydispersity (see model details in the Supporting Informa- the short edge determined from SAXS. Generally, the

tion and results in Table S7). We find an oblate cuboidal shape polydispersity decreases for higher fraction numbers within
for all data sets with two sides of equal length and one side the same size selection series. Values between 1.3 and 0.4 nm
20% shorter. The short NC side is termed ¢, while the long (error bars in Figure 3c) are found corresponding to ca. 1—2
edges are termed a and b. The effects of preferred orientation crystal-lattice unit cells only.
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Figure 3. (a) Normalized absorbance spectra of size-selected CsPbBr;
NCs of different sizes. The p-p transition is marked with (x). (b)
Respective normalized PL spectra. In (c), the energy of the allowed
optical transitions against the edge length is plotted. For the
experimental values (black and red points), edge lengths were
received from SAXS volume distributions, s-s and p-p transition
energies from absorption spectra. The error bars indicate the absolute
polydispersity and refer to the lower axis. The lines are the energies
calculated using an effective mass/k-p model. Panel (d) shows the
radiative lifetime as a function of the edge length. Exemplary traces
are shown in the inset (red Ssf2 and blue 1sf6 remaining traces and
fits; see Figure S9). The line indicates the theoretical expectation
using a Boltzmann state mixing model, with (blue line) and without
(black line) the inclusion of the electron-hole correlated motion.
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The wide tuning range and regular shape allowed for
delineating the size dependence of the excitonic transitions and
comparing it with an effective mass/k-p model. Absorption and
PL spectra for a selected set of fractions (Figure 3a,b; Figure
S7) characterized by solution SAXS (Figure S8) were chosen
for modeling. The two samples featured in Figure 2 are also
included and plotted in the same respective colors. The
absorption transitions were used in the model to take
advantage of the availability of resolved p-p transitions and
to avoid complications from potentially size-dependent PL
Stokes shifts.””*> Both the s-s and p-p transitions shift to
higher energies in smaller NCs as expected from the quantum
confinement effect (Figure 3c). This size dependence is well
described by an intermediate confinement model (see detailed
description in the Supporting Information, Figures S10—S16),
which includes the effects of band non-parabolicity and the
effect of correlated motion of the electron and hole in NCs
whose sizes are larger than the exciton Bohr radius. As shown
in ref 66, the effective mass of carriers in lead-halide
perovskites is energy-dependent. This was accounted for by
using a two-band Kane model. The model (lines) accurately
describes both the first (s-s) as well as second (p-p) optically
allowed excitonic transitions accounting for the effect of
measured NC shape anisotropy. The energy of the s-states are
very weakly dependent on the NC shape as is the energy of the
s-s transition. Conversely, the splitting in the p-p transition is
due to the anisotropic NC shape. The states along the more
confined z direction are destabilized relative to the cubic
model, while the states along the less confined x and y
directions are stabilized (Figure 3c and Figures S11 and S12).
Due to the identical edge length (a and b) in x and y
directions, the p,-p, and p,-p, transitions remain degenerate. A
comparison to a more extended data set is possible once the
edge length is replaced by the effective edge length L g chosen
as the edge length of a cube with the same kinetic energy for
the lowest-energy exciton (see the Supporting Information for
details). This renders the ordinate of the sizing curve shape-
independent, and samples of different shapes can be compared
(Figure S13). In this way, not only the NC size can be
determined based on absorption data, from the shape-
independent s-s transition, but also the NCs’ deviation from
the cubic shape can be assessed based on the observed s-p
splitting and its size dependence.

The discretization of energy levels strongly affects the carrier
dynamics and the exciton radiative decay. In CsPbBr;
perovskite NCs, the room-temperature PL lifetime is strongly
dependent on the NC size and increases significantly for NCs
larger than 8 nm (Figure 3d, points). This trend is in contrast
with expectations based on Fermi’s golden rule, which predicts
that the radiative rate should scale linearly with the emission
energy for an ideal two-level system with a size-independent
transition matrix element. It is also in contrast to the
expectation that the oscillator strength of the exciton should
increase with the size of the NC owing to the phenomenon of
giant oscillator strength (GOS) of bound excitons, generally
observed in perovskites NCs at cryogenic temperatures.’”*®
To account for this counterintuitive behavior, we consider the
energy levels obtained from the sizing curve and their complex
interplay mediated by temperature. Considering all possible
transitions at the band edge, a Boltzmann state mixing model
leads to a good agreement with the experimental data (Figure
3d and Figure S17), revealing that symmetry forbidden
transitions (s-p) are responsible for the elongation of the

https://dx.doi.org/10.1021/acscentsci.0c01153
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Figure 4. Superlattices of OA/OLA-capped CsPbBry; NCs (left) and zwitterion-capped CsPbBry; NCs (right). (a, e) Fluorescence microscopy
images of the obtained cuboid-shaped supercrystals (SEM image in Figure S21). (b) GISAXS patterns showing mosaicity (rings) in the OA/OLA-
case and (f) sharp reflections indicating large domain sizes obtained with zwitterion-capped NCs. (c, g) The cross-sectional plots (see
corresponding white lines in b, f) yield similar unit cell parameters but larger domain sizes for zwitterion-capped NCs. (d, h) Pictograms
representing the crystallographic information found by GISAXS; the mosaicity (reported value is the average mosaicity) is mostly present within

the a—b plane of the superlattices.

radiative lifetime in larger NCs. This follows previous results
obtained on CdSe and CdTe NCs, which demonstrated that
the thermal population of various hole states with low
transition probability (i.e, dark states) is responsible for the
longer lifetime in larger NCs.”” Remarkably, the model which
includes the GOS effect does not match the measured data at
room temperature, while the model without the GOS effect
does. We speculate that, at room temperature, PL emission
(occurring in the ns time range) involves de-cohered states in
which the electron-hole correlation, which gives rise to the
accumulation of oscillator strength responsible for GOS, is
broken up by phonon interactions. On the other hand, a good
description of absorption, being a prompt process, requires the
inclusion of the electron-hole correlation as indicated by the
analysis in Figure S17. Further investigation of the mechanism
of thermal disruption of the GOS effect, which governs PL
emission at low temperature,67 is in progress. Overall, the
theoretical model developed can predict the size-dependent
optical properties of CsPbBr; NCs. The insights gained on
their optical properties (ie, exciton level structure and
oscillator strength) not only are relevant for fundamental
research but also have direct implications on device design
strategies. In fact, the rate of spontaneous emission determines
the statistics of the output of a single photon source, the
maximum light intensity of NC-based light emitting diodes,
and the output of coherent sources such as lasers.

A high degree of size and shape uniformity is a prerequisite
for using NCs as building blocks for novel metamaterials.”””"
Monodisperse CsPbBr; NCs capped with a standard OA/OLA
ligand shell undergo self-assembly into long-range ordered
superlattices, upon either solvent evaporation®”””"*~"* or
addition of an anti-solvent,”” wherein cuboid NCs pack into a
primitive cubic lattice. An important difference with long-chain
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zwitterionic ligands is their higher short-range interparticle
repulsion of entropic origin.”> Solution SAXS of the zwitterion-
capped NCs indicates that the interaction potential is rather
weakly attractive (Table S7). Generally, disorder-to-order
transition at a late stage of drying of steric-stabilized NC
colloids is assumed to be entropy-driven and is favored in
systems with stronger short-range steric repulsion and minimal
NC-NC attraction (hard-sphere model).”

We thus have set to test the propensity of monodisperse
zwitterion-capped NCs (ca. 7.8 + 0.9 nm in size) to self-
organize into NC superlattices and compared the results with
similar sizes of NCs capped with OA/OLA ligands (ca. 7.8 +
0.8 nm, Figure S18). Figure 4a,e illustrates a typical outcome:
in both cases, three-dimensional cubic-shaped supercrystals of
several microns in size formed. The degree of order was
assessed with grazing incidence small-angle X-ray scattering
(GISAXS, Figure S19). We also note that supercrystals of OA/
OLA-capped NCs have not thus far been characterized with
GISAXS. Both samples show distinct scattering patterns with
strong reflections from primitive tetragonal unit cells with
slight out-of-plane compression (c direction of the super-
lattice), caused presumably by drying effects (see Figure S19
for indexed scattering images). Quantitatively, the lattice
dimensions differ only slightly: a = b = 11.4 nm and ¢ = 11.0
nm for OA/OLA-capped NCs, while ¢ = b = 11.5 nm and ¢ =
11.3 nm for zwitterion-capped NCs. There appears to be a
significant difference in the long-range order. The scattering
image from OA/OLA-capped NCs shows ring-like distortion
of the reflections, linked to either mosaicity (orientation
misalignment) or inhomogeneity in growth of different
superlattices (Figure 4b). In the case of the zwitterion-capped
NCs, no such mosaicity effects are evident (Figure 4f). The
comparison of horizontal cuts at the specular reflection order
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Figure S. (a) A 6 K PL spectrum from a supercrystal comprising zwitterion-capped NCs (8.2 X 8.2 X 6.7 nm NCs). The experimental data have
been fitted to a sum of two Lorentzian functions, depicted in gray and green. The inset shows a log—log plot of both peak heights with power-law
fits (solid lines), yielding exponents of m = 0.92 and m = 0.98 for the gray and green peaks, respectively. (b) Color-coded streak camera image
obtained with an excitation fluence of 114 uJ/cm® (c) Spectrally integrated time-resolved emission intensity traces for the several excitation
fluences. The traces are shifted in time to account for a constant time offset (ca. 22 ps) present in the streak camera images. (d) Measured data
(points) and the model curves of: (top) the decay time as a function of the excitation fluence, fitted according to the SF model;>” (middle) the SF

burst peak height that increases superlinearly with excitation fluence, corresponding to a power-law dependence with an exponent m =

1.3;

(bottom) the extracted build-up time decreases at high excitation fluence due to the increased interaction among the emitters, and can be well

reproduced by the log(N)/N theoretical expected trend.””

(q9v = 029 nm™; see white boxes in Figure 4b,f) shown in
Figure 4c¢,g for both kinds of superlattices shows significantly
sharper scattering peaks from zwitterion-capped NCs,
suggesting a higher degree of long-range order. We find a
mean size of long-range ordered domains of 57 nm for the
OA/OLA-case and 121 nm for zwitterion-capped NCs. This
corresponds to domain volumes comprising 125 and 1000
NCs, respectively.

CsPbX; NC superlattices have recently triggered interest
due to the emergence of collective light-emission phenomena,
namely, superfluorescence (SF).*”” Specifically, at cryogenic
temperatures—given the high oscillator strength of the
transitions, low energetic disorder, and long exciton coherence
time—these NCs undergo cooperative emission, which results
in a red-shifted band with strongly accelerated radiative rates.
Similarly, we find such superfluorescent emission also in
supercystals of zwitterion-capped NCs (Figure 5). At 6 K, the
PL spectrum is composed of two bands split by ca. 40 meV
(Figure Sa), associated with the uncoupled (gray) and coupled
(green) NC emission, respectively.”” Fluence-dependent
experiments (inset of Figure Sa) evidence an almost linear
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dependence of the integrated PL intensity, which attests to the
absence of competing, power-dependent nonradiative pro-
cesses (e.g, the Auger process). Drastic shortening of the
exciton radiative lifetime and the appearance of intensity
oscillations with increasing excitation fluence (Figure Sb,c) are
a signature of the occurrence of collective emission.”” The
radiative lifetime, defined here as the 1/e decay time, is
inversely proportional to the number of coherently coupled
NCs, N, which increases with excitation fluence. A strong
acceleration of the radiative lifetime down to 10 ps has been
observed at high fluences (Figure 5d, upper plot). As a result,
the height of the SF burst peak intensity increases superlinearly
(Figure Sd, middle panel), exhibiting a power-law dependence
with an exponent m = 1.3. Furthermore, a shortening of the SF
build-up time, after which the photon burst is emitted, is
observed (Figure Sd, bottom panel; Figure S22). This is a
peculiar characteristic of SF emission, distinctly different from
amplified spontaneous emission (ASE) which exhibits no
build-up time (sub-ps time range, set by photon traveling
time). Together with the absence of a clear threshold in the
light-in/light-out curve (inset Figure Sa), the observed
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dynamics exclude stimulated emission processes as alternative
explanation.

Superfluorescent emission has been observed from several
fractions of NCs of similar size, showing variation in the peak
energy and energy splitting with respect to spontaneous
emission (Figure S21). Notably, the energy of the coupled-NC
band varies when comparing superlattices made of different
NC fractions (Figure S21), in contrast to the hypothesis that
the red-shifted emission band would emerge from merged
bulk-like microcrystals.”® We systematically examined the
emergence of the coupled NC emission band from different
regions in the sample. The sample itself comprises not only
large supercrystals commonly seen in the fluorescent
microscopy images (Figure 4a,e) but also smaller supercrystals
and continuous films of NCs (Figure $24b). Only the relatively
small supercrystals exhibit a double peaked PL with accelerated
radiative lifetime. On the contrary, superfluorescent emission
from OLA/OA samples is readily found from the large
supercrystals. This difference remains unexplained.

B CONCLUSION

In conclusion, we have developed a size-selection methodology
for obtaining sizable quantities of monodisperse 3.5 and 16 nm
zwitterion-capped CsPbBr; NCs. Solution SAXS measure-
ments retrieved the same NC shape—an oblate cuboid with
the aspect ratio of 1.2 X 1.2 X 1—for all size fractions. These
NCs exhibit narrow PL line widths (17—25 nm) and high PL
QYs (up to 90%). We have then extended the model of the
size dependence of the excitonic transitions to noncubic shapes
and found that not only the s-s but also higher energy p-p
transitions could be fitted well within the theoretical
description. We propose a sizing curve using an effective NC
length. The longer PL lifetimes for NC sizes larger than 8 nm
at room temperature are due to a thermal mixing with optically
forbidden transitions. GOS effects—the dominant mechanism
at low temperatures’’—have to be excluded for the model to
fit the experimental observation at room temperature. This can
be explained by the breakup of the electron-hole correlation on
a time scale long enough to be relevant for emission but not for
absorption. We also showcase that monodisperse zwitterion-
capped NCs readily form long-range ordered NC superlattices
exhibiting superfluorescent emission at cryogenic temper-
atures.

B METHODS

The methods used are described in the Supporting
Information. No unexpected or unusually high safety hazards
were encountered.
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