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ABSTRACT: Nanocrystal superlattices (NC SLs) have long
been sought as promising metamaterials, with nanoscale-
engineered properties arising from collective and synergistic
effects among the constituent building blocks. Lead halide
perovskite (LHP) NCs come across as outstanding candidates
for SL design, as they demonstrate collective light emission,
known as superfluorescence, in single- and multicomponent
SLs. Thus far, LHP NCs have only been assembled in single-
component SLs or coassembled with dielectric NC building
blocks acting solely as spacers between luminescent NCs. Here,
we report the formation of multicomponent LHP NC-only SLs,
i.e., using only CsPbBr; NCs of different sizes as building

blocks. The structural diversity of the obtained SLs encompasses the ABOs, ABO;, and NaCl structure types, all of which
contain orientationally and positionally locked NCs. For the selected model system, the ABO,-type SL, we observed efficient
NC coupling and Forster-like energy transfer from strongly confined 5.3 nm CsPbBr; NCs to weakly confined 17.6 nm
CsPbBr; NCs, along with characteristic superfluorescence features at cryogenic temperatures. Spatiotemporal exciton
dynamics measurements reveal that binary SLs exhibit enhanced exciton diffusivity compared to single-component NC
assemblies across the entire temperature range (from $ to 298 K). The observed coherent and incoherent NC coupling and
controllable excitonic transport within the solid NC SLs hold promise for applications in quantum optoelectronic devices.
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drawn much research interest in anticipation of collective
properties, tuned by the SL structure, NC chemical
composition, and morphology.”” The close proximity of NCs
with long-range positional and orientational ordering may
facilitate the emergence of diverse synergistic and collective
effects, significantly different from ensemble-averaged proper-
ties. Specific examples include magnetic exchange coupling’
and dipolar interactions” in SLs of magnetic NCs, conductivity
enhancement in annealed PbTe-Ag,Te NC SLs,” collective
plasmonic response in noble metal-containing SLs,°® and
enhanced catalytic activity,” as well as improved mechanical
properties.'’ Another prominent collective effect is the
emergence of the band-like transport in the semiconductor
NC solids,"""? albeit without firm attribution of this property
to arise necessarily from the long-range NC order.
In the realm of excitonic NCs, the first occurrence of
collective properties has been manifested in 3D SL assemblies

I n recent decades, nanocrystal superlattices (NC SLs) have
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of lead halide perovskite (LHP) NCs,"*~'® seen as collective
light emission, known as superfluorescence (SF).'® SF was
previously demonstrated only in a limited number of systems
such as gaseous HF,'” and solid-state InGaAs quantum wells."®
The key attributes of LHP NCs enabling SF include fast
radiative rates and high oscillator strength of bright triplet
excitons as the main recombination channel at low temper-
atures'””” and slow exciton dephasing time,”'~** allowing the
buildup of multi-NC coherence.'®*' The observation of SF in
LHP NC SLs triggered new experiments capable of delineating
its fundamental attributes and new structure—property
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relations. Single-component SLs with NC building blocks in
the strong confinement regime were theoretically modeled
based on well-known non-Hermitian radiative Hamiltonians,
with predictions of 4 orders of magnitude enhancement in
superradiant response.”* However, due to the increasing
energetic disorder in the strong quantum confinement regime,
the increased exciton—phonon coupling””*® with accelerated
dephasing time and the reduced oscillator strength, single-
component SLs assembled from ~5 nm CsPbBr; NCs did not
meet theoretical expectations and did not exhibit spectral
features of SE.””*® To further explore the rich physics behind
the coherent NC coupling in LHP NC SLs, we then ventured
into the exploration of binary SLs, with the aim of
systematically tuning the geometrical orientation of the
constituent NCs thus altering the dipole—dipole interaction.
A plethora of multicomponent SLs was devised by combining
5—8.5 nm CsPbBr; NCs with larger optically inactive dielectric
NCs.>”??%° The distinctive cubic shape of LHP NCs and the
associated ligand deformations enabled the formation of dense
structures exhibiting a high degree of orientational NC
ordering. We could then resolve the structure—function
relationship, proving that SF is highly sensitive to the LHP
NC volume fraction in binary SLs. SLs of the perovskite ABO;-
type exhibited the most efficient coupling owing to the much
reduced LHP NC—NC spacing, while NaCl-type SLs did not
sustain SF and coherent coupling, presumably due to much
reduced LHP NC fraction.””

Further engineering of optically enhanced SLs comprising
LHP NCs may, in principle, undertake two distinct avenues by
replacing the dielectric NC component, used as rather passive
dielectric spacers in the aforementioned binary SLs, with either
the plasmonic or excitonic counterparts. Distance-dependent
quenching or enhancement of the semiconductor NC
luminescence in the proximity of a plasmonic NC*"** will
merit an independent study with LHP NCs as emitters. In this
work, instead, we focus on all-excitonic and all-LHP NC SLs,
comprising large LHP NCs (~18 nm, ie., in the weak
confinement regime) and LHP NCs in strong and moderate
confinement regime, ie., of the same size-range as in our
previous works (5—8.5 nm).””*>** Such choice of materials
was motivated by the high emissivity of LHP NCs maintained
over the large NC size range of 5—30 nm and broad
temperature range (from room temperature to cryogenic
temperatures),”’ along with their facile synthesis with a high
degree of size and shape-uniformity.'>**~*® We also acknowl-
edge the prior-art on binary all-semiconductor NC SLs
comprising conventional materials (CclSe,‘w_40 PbS,"** and
PbSe*™ ™% NCs), which, however, chiefly focused on structural
and thermodynamics aspects of NC self-assembly. For the
binary SLs comprising PbSe NCs of two different sizes,
transient absorption spectroscopy gave evidence for the
directional charge transfer from the larger to the smaller
bandgap NCs,*’ without precisely identifying the specific
mechanism (e.g, direct charge transfer, Forster or Dexter
energy transfer).

We discovered a plethora of all-perovskite NC multi-
component SLs obtained via the coassembly of different-
sized LHP NCs. Strongly confined 5.3 nm cubic-shaped
CsPbBr; NCs coassemble with weakly confined 17.6 nm
rhombicuboctahedral CsPbBry; NCs into ABOg4- or NaCl-type
SLs, depending on the particle number ratio. The increase in
the size of small-component NCs up to 8.0 nm leads to the
formation of perovskite-type ABO;- or NaCl-type SLs. Delving
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into the emerging optical properties within these metamate-
rials, we demonstrated efficient energy transfer from strongly
confined CsPbBr; NCs to weakly confined CsPbBr; NCs in
ABOg-type SLs, at both room and cryogenic temperature.
Energy funneling was evidenced by ultrafast pump—probe
spectroscopy, featuring a faster decay rate for strongly confined
NCs, acting as the energy donor, in binary SL compared to the
single-component sample, and a longer rise time for the weakly
confined NCs, acting as the energy acceptor, suggesting the
occurrence of Forster-like energy transfer. The characteristic
SF features, radiative lifetime shortening and ringing behavior,
are displayed by single-component 17.6 nm CsPbBr; SL as well
as ABOg-type all-perovskite NC SL in time-resolved PL spectra
at a high excitation regime. Exciton diffusion studies revealed
enhanced exciton diffusivity of 0.064 cm?/s in binary SLs
compared to single-component SLs (0.025 cm’/s and 0.028
cm?/s for 5.3 and 17.6 nm CsPbBr; NCs, respectively) at
cryogenic temperatures, affirming the critical role played by the
constituent NC building blocks and the high degree of
structural order.

RESULTS AND DISCUSSION
Colloidal NC Self-Assembly. A high degree of SL

ordering and extended SL domain sizes (several um) are
essential technical prerequisites for studying the structural-
optical property relationships in NC SLs. Such attributes can
be accomplished via the bottom-up self-assembly of colloidal
NCs (by the slow evaporation method)' employed in the
present work for the SL preparation. Self-assembly of sterically
stabilized colloidal NCs is typically rationalized as an
interaction of hard spheres (shapes), driven by the total
entropy maximization, "*° yielding densely packed structures,
i.e., face-centered cubic (fcc) or hexagonal close-packed (hep)
lattices for sin7gle-component systems of spheres, exemplified
by gem opals*” and colloidal beads.* At a late stage of solvent
evaporation, NC ordering maximizes translational and rota-
tional entropies as an additive quantity over the NC ensemble,
compensating for the loss in the configurational entropy. There
also exists a general consensus that the self-assembly of sub-20
nm colloidal NCs capped with hydrocarbon-based ligands (1—
2 nm in length) is a more complex interplay between the
entropic and enthalpic contributions.’”*****° Ligand softness
and deformability”' —>* explain a greater diversity of observed
structures already in single-component®®** and binary SLs.*®
When coassembling two kinds of spherical NCs, two
experimental variables are typically adjusted: the effective size
ratio between two particles y. (Ve = 7a/rp ra rp being
effective particles’ radii) and particle number ratio. The
structural space of the obtained binary SLs goes well beyond
the three densest hard-sphere structures (AIB,, NaCl, and
NaZn,;),"”*” totaling to several dozens of binary,”*
ternary,””°"°* and quasicrystalline®>®* SLs. NC shape
anisotropy provided a gateway to new SL structures otherwise
inaccessible upon the coassembly of spherical-only NCs.
Examples include periodic lattices formed upon mixin

spherical NCs with nanorods,® nanoplates,60 nanowires,’

octapods,”” and nanocubes.*’

LHP nanocubes were previously coassembled with spherical
dielectric NaGdF, NCs, resulting in a variety of SLs (ABOj;-,
ABOg-, NaCl-, AlB,-types) with lar§e SL domains and a high
degree of orientational order.””*”*" High propensity to form
SL structures of ABO;- and ABOy-types, uncommon for all-
sphere mixtures, was shown to arise from the combined effect
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Figure 1. Rhombicuboctahedral CsPbBr; NCs. (a) The high-angle annular dark-field scanning transmission electron microscopy (HAADEF-
STEM) image of a CsPbBr; NC monolayer showing the NC shape and oblique packing; (inset) a structural model of rhombicuboctahedral
CsPbBr; NC with depicted facet types. (b) PL spectra of a single ~16 nm CsPbBr; NC at 4 K, revealing a doublet exciton fine structure at
polarization angles of 0° (blue curve) and 90° (red curve). (c) The evolution of PL spectra with the rotation of a linear polarizer and (inset)
the respective polar plot, showing the intensity variation of the doublet exciton fine structure. (d) PL lifetime trace of a single ~16 nm
CsPbBr; NC, demonstrating ultrafast PL emission (~220 ps in this specific NC) with a monoexponential decay over 2 orders of magnitude.
(e) The g(z) (t) trace revealing photon antibunching behavior (g(z)(O) = 0.09), which attests pure single photon emission from
rhombicuboctahedral CsPbBr; NCs. (f) TEM image of an fcc-packed single-component SL assembled from 17.6 nm CsPbBr; NCs with
(inset) the fcc-type unit cell model. (g) The corresponding WAED pattern of a single [001]; -oriented SL domain with reflections from a
preferential orientation marked with blue; here, and throughout this manuscript, the scale bar (in nm™) of the ED images refers to the 1/d
unit, and not to the scattering vector length q = 277/d. (inset) A structural model of a [001]; -oriented SL. (h) 2D GISAXS pattern of an
[111] -oriented fcc-type CsPbBr; SL, confirming the proposed packing and demonstrating both the in-plane and out-of-plane order of the
SL, with theoretically predicted reflections shown as white circles.

of the sharp cubic core of LHP NCs and ligand deformability nm).'***7%° Third, building upon the previous experi-

at the NCs’ vertices and edges according to the Orbifold ence,””**?" we set to coassemble sub-10 nm cuboid CsPbBr;,
Topological Model (OTM).® The latter affords additional SL NCs with ~20 nm quasi-spherical CsPbBry; NCs (instead of
compactness. In the footsteps of these observations, herein we spherical dielectric NCs) aiming (i) to emulate the shapes and
extend the compositional space to the combination of two size-ratios successful in the earlier studies”*”*" and (ii) to

LHP NC types. Particularly, the sharp cubic shape of the small maximize the bandgap energy difference. Monodisperse 5.3
NC component and the (quasi)-spherical morphology of the and 8 nm CsPbBr; NCs of cuboid shape (Figure S1) were

other one facilitate the NC intermixing as opposed to synthesized by the hot-injection method,"”***>** by adding
segregation in single-component SLs.”” Cs oleate into the mixture of PbBr,, oleic acid (OA), and
Selection and Characterization of SL Building Blocks. oleylamine (OLA) in l-octadecene (ODE). The labile OA-
First, it is preferable that the two NC building blocks have OLA ligand shell was replaced with shorter didodecyldime-
significantly different emission wavelengths, facilitating the thylammonium bromide (DDAB) ligand by a postsynthetic
emergence and observation of energy transfer or other treatment.”*”> NCs of both sizes, 5.3 nm, and 8.0 nm,
synergistic effects.’””" Second, it is imperative that two kinds crystallize in the orthorhombic Pnma space group and exhibit
of LHP NCs are of the same composition, e.g., CsPbBr;, to termination by {101} and {010} planes, which, for simplicity,
avoid complexities arising from the ion-exchange between are hereafter referred to as pseudocubic {100} planes.”””® In
NCs.”>”? At present, CsPbBr; NCs are synthetically accessible the single-component SL, 8.0 nm NCs assemble into a cubic
as monodisperse colloids in a broad size range (5—30 lattice,” whereas 5.3 nm NCs, in line with their higher
8425 https://doi.org/10.1021/acsnano.3¢13062
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Figure 2. ABO-type CsPbBr;-CsPbBr; SL comprising 5.3 and 17.6 nm CsPbBr; NCs. (a) TEM image of a thinner [001]; -oriented ABO,-
type domain with (inset) a structural model of a unit cell. (b) WAED pattern of a single [001]; -oriented domain with the most intense
reflections for 5.3 nm (B-sites) and 17.6 nm (A-sites) CsPbBr; NCs marked in yellow and blue, respectively. (inset) structural model of a
[001]; -oriented ABOg-type SL. (c) HAADF-STEM image with (inset) the corresponding averaged image showing two distinct CsPbBr,
nanocubes in each O-site. (d) HAADF-STEM image of an ABOg-type SL domain with (inset) the corresponding SAED pattern. (e) Low-
magnification BF-STEM and (f) SEM images revealing the domains structure and topology of the ABOg-type SL, respectively. (g) 2D
GIWAXS and (h) GISAXS patterns of the ABO-type SL fabricated on a SiN membrane. Theoretical reflections for a primitive cubic SL are

indicated by white circles on the GISAXS pattern.

softness, arrange into a rhombic lattice with an obtuse angle of
104°°% As a larger LHP NC building block, 14—18 nm
CsPbBr; NCs with rhombicuboctahedral shape (Figure la)
were synthesized by adopting a hot-injection method (210—
220 °C) that utilizes phenacyl bromide as a source of
bromide,”” followed by the exchange of OLA-OA ligands with
DDAB ligands. Structurally, these large NCs are terminated by
26 facets: 6, 12, and 8 for the {100}, {110}, and {111} planes,
respectively (Figure 1a, inset). In a monolayer, these NCs pack
in an oblique (pseudohexagonal) planar lattice (Figure 1la),
manifesting their rather quasi-spherical effective shape. They
typically orient with either (100)yc or (110)yc directions
parallel to the zone axis, as seen by the transmission electron
microscopy (TEM, Figure S2, subscript “NC” relates to the
atomic lattice of the NC itself). An important property for
choosing these large LHP NCs as SL constituents is their
excellent emissivity; single-dot PL studies at 4 K feature narrow
emission bands, with a typical fine structure splitting (Aggg) of
ca. 0.66 meV (Figure 1b,c). The time-resolved PL measure-
ment of a single ~17 nm CsPbBr; NC (Figure 1d)
demonstrates an ultrafast radiative decay (~220 ps), as a
result of the occurrence of excitonic single-photon super-
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radiance.”” Despite being in the very weak confinement
regime, a single large NC exhibits strong photon-antibunching
behavior, ie., single-photon emission with high purity*”’’
(g®(0) of ~0.09; Figure 1e). All of these attributes make large
NCs an attractive building block for all-perovskite/all-excitonic
binary NC SLs.

Due to their high size uniformity, large rhombicuboctahedral
CsPbBr; NCs readily coassemble into an fcc lattice (Figure 1f),
as predicted by Monte Carlo simulations for this shape,”® with
a high yield and average domain area of 30 um®* The intense
and sharp reflections in the wide-angle electron diffraction
(WAED) evidence the preferential {100)yc orientation along
(100)g; (Figure 1g), with the minor contribution from the
(110)yc orientation along (100)g, (Figure S3, subscript “SL”
indicates sets of equivalent SL directions). 2D grazing-
incidence small-angle X-ray scattering (GISAXS) pattern
(Figure 1h) confirms the fec packing and reveals the in-plane
as well as the out-of-plane order of the single-component SL
assembled from 17.6 nm NCs. The derived primitive
rhombohedral unit cell (21.0 nm) is well in line with the
parameter of 20.7 nm determined from TEM images and is
used as an effective NC size of the 17.6 nm CsPbBr; NC for

https://doi.org/10.1021/acsnano.3¢13062
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Figure 3. NaCl-type CsPbBr;-CsPbBr; SL comprising 5.3 and 17.6 nm CsPbBr; NCs. (a) TEM image of the [001]; -oriented NaCl-type SL
with (inset) the corresponding unit cell. (b) WAED pattern of [001]g -oriented domain with the most intense superimposed reflections
corresponding to 5.3 and 17.6 nm CsPbBr; NCs marked in yellow and blue, respectively. (c) HAADF-STEM image of a small area of the
NaCl-type SL domain showing the presence of small 5.3 nm CsPbBr; NCs in the SL. (d) HAADF-STEM images of the [001]; -oriented
NaCl-type domain with (inset) the corresponding structural model containing several unit cells. Low-resolution (e) BF-STEM and (f)
HAADF-STEM images of the NaCl-type SL domains illustrating the high yield of the obtained SL and typical few-um-large domains.

the calculation of an effective size ratio. Overall, the highly
faceted NC morphology of rhombicuboctahedral CsPbBr;
NCs and their strong propensity to self-assembly, along with
strong light emissivity, make them an ideal candidate as large-
component NCs for coassembly with smaller CsPbBr;
nanocubes.

ABOg-Type SL. Among various methods for SL fabrication,
the NC coassembly by solvent evaporation over a tilted
substrate®” stands out owing to its simplicity and applicability
to a variety of substrates, e.g, TEM grids or silicon nitride
(SiN) membranes. Briefly, NC colloidal solutions are loaded
into a tilted vial and slowly evaporated under reduced pressure
to avoid far-from-equilibrium growth, enabling control over the
evaporation speed and meniscus direction. First, we combined
5.3 nm CsPbBr; nanocubes with 17.6 nm rhombicuboctahe-
dral CsPbBr; NCs at a high small-to-large NC number ratio
(8:1), resulting in the formation of binary ABOg-type SL
(Figure 2a). By approximating the shape of the large-
component NCs to spherical, the packing density for the
selected effective size ratio of constituent NCs (7.4 = 0.34)
exceeded that of a fcc-lattice within the OTM (Figure S4),
explaining the prevalence of binary ABO-type SL over the NC
segregation into single-component SLs. The ABOy structure
belongs to the Pm3m space group (Figure 2a, inset) and can be
viewed as a derivative of the ABO;-type SL: the A-sites are
occupied by larger quasispherical CsPbBr; NCs; the smaller
CsPbBr; nanocubes are located in the unit cell center (B-site),
while each of the three O-sites is occupied by a two-cube
cluster (unlike to single cubes in the ABO; structure). The
(100)yc directions of A- and B-sites NCs align with the
(100)g;, whereas two of the (110)yc of the O-site NCs
coincide with (100)s;. The WAED pattern (Figure 2b)
predominantly displays intense 100, 110, 200, and 220
reflections originating from the larger quasi-spherical CsPbBr;
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NCs since part of the reflections from the 5.3 nm CsPbBr;
nanocubes overlap with them and, due to the lower volume
fraction, are much weaker in intensity. Additionally, size effects
make these reflections thrice broader and thus practically
undetectable. Therefore, to confirm the ABOg structure type
and distinguish it from the ABO; lattice, we implemented a
template matching of the high-angle annular dark-field
scanning transmission electron microscopy image (HAADF-
STEM, Figure 2c). The averaged image (Figure 2c, inset)
showed the presence of two O-site cube clusters positioned
along the line between larger rhombicuboctahedral NCs
(Figure SS). The proposed structure is in agreement with
the tomography reconstruction of the [001]; -oriented domain
(see Supporting Information, Video S1 and Figure SS). The
obtained SLs feature a high degree of regularity (Figure 2d)
and distinct domains (Figure 2e) with a uniform topology
(Figure 2f). Unlike the ABOg-type SLs coassembled from
cube-sphere mixtures,” all-perovskite NC ABOg-type SL
exhibits exclusively [001] -oriented domains. On SiN
membranes, the ABOg4type SL domains extend over 100
um?, with a typical overall surface yield of 70% (Figure S6).
Complementary to WAED, a 2D grazing-incidence wide-angle
X-ray scattering pattern (GIWAXS, Figure 2g) confirmed the
preservation of the orthorhombic NCs structure and unveiled
reflections not apparent in the WAED pattern (Figure S7).
The presence of a high degree of both in-plane and out-of-
plane order is manifested by the sharp reflections in the small-
angle electron diffraction (SAED, Figure 2d, inset) and 2D
GISAXS (Figure 2h) patterns. The reflections observed in the
GISAXS measurement agree well with the calculated
reflections (Figure S7), confirming the formation of primitive
cubic packing.

The lattice constant value (21.2 nm) estimated from the
GISAXS pattern for the ABOg-type SL indicates a slightly
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Figure 4. ABO;-type CsPbBr;-CsPbBr; SL comprising 8.0 and 17.6 nm CsPbBr; NCs. (a) TEM image of the [001], -oriented ABO;-type
domain with (b) the corresponding unit cell and [001] -oriented ABO;-type SL structural models. (c¢) WAED pattern of the [001],-
oriented ABO;-type SL with the most intense reflections marked for 8.0 and 17.6 nm CsPbBr; NCs (yellow and blue, respectively), show
distinct arcs, confirming a high degree of NC orientational ordering. (d) HAADF-STEM image of a small area within the SL domain. (e)
Low magnification HAADF-STEM image and (inset) the corresponding SAED pattern with sharp reflections displaying in-plane order in the
SL. (f) SEM image of the ABO;-type SL illustrating the domain size and uniform topology of the SL.

larger unit cell volume and less dense packing of 17.6 nm
CsPbBr; NCs, compared to the single-component 17.6 nm NC
SL. This further confirms the formation of a binary SL upon
combining small CsPbBr; nanocubes with larger quasi-
spherical CsPbBr; NCs.

NaCl-Type SL. In the same 5.3 + 17.6 nm NC system, a
lower small-to-large NC number ratio yields a binary SL with a
NaCl-type structure (space group Fm3m, Figure 3a). The
sharp reflections in the WAED pattern of a [001] -oriented
domain (Figure 3b) indicate the preferential orientation of
NCs in the SL with their (100)yc or (110)yc aligned with the
(100), featuring a higher degree of orientational order than in
previously described NaCl-type SL.*” The WAED pattern does
not differentiate different NC types in this case due to the
absence of characteristic NC reflections. In HAADF-STEM,
small 5.3 nm nanocubes are clearly visible under both high and
low magnifications (Figure 3c,d). NaCl-type SL was obtained
with a high yield, without concomitant SL types, such as
ABOg-type SL. On SiN membranes, SL domains extend over a
few pm, with high areal coverage (Figures 3e,f). The increase
in the size of the small-component nanocubes to 8.5 nm leads
to the formation of NaCl-type SL as well (Figure S8).
Interestingly, the presence of 8.5 nm sharp nanocubes
suppresses the orientational disorder of the rhombicuboctahe-
dral 17.6 nm NCs in the fcc sublattice of a NaCl-type SL, as is
evident from the four 110 reflections in the WAED pattern
(Figure S8b) originating from a single orientation, whereas a
single component fcc-type SL of 17.6 nm NC features eight
110 reflections from three distinct NC orientations (Figure
S3).

ABO;-Type SL. Co-assembly of 8.0 nm CsPbBr; nanocubes
with 17.6 nm CsPbBr; counterparts at a high particle number
ratio (5.5:1) yields an ABO;-type SL (Figure 4a), which also
belongs to the Pm3m space group. For the chosen size ratio
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(ye ~ 0.5), the ABO;-type SL is denser compared to the
competing fcc packing of spherical NCs (Figure S4).

Similar to the ABOy structure, the A-sites in the ABO,
structure are occupied by larger quasi-spherical NCs (Figure
4b), while smaller nanocubes reside at the unit cell center (B-
site) and on the faces (O-site). The WAED pattern (Figure 4c)
contains intense reflections originating from 17.6 nm A-site
NCs, indicating the preferential orientation of 17.6 nm NCs
with their (100)yc directions along (100)g;. This differs from
the cube-sphere coassembly into ABO;-type SL, where
spherical NCs are not orientationally locked, leading to the
appearance of rings in the WAED pattern.29 8.0 nm NCs are
also well-oriented, with the B-site cubes aligned in the same
direction as the A-site NCs. The O-site cubes exhibit an
orientation where two of their (110)y¢ directions coincide
with the (100)g;, as confirmed by the presence of characteristic
110 and 111 reflections in the WAED pattern. Therefore, the
17.6 nm A-site and 8.0 nm O-site NCs primarily contact each
other via their {110} and {100} facets, respectively. As evident
by HAADF-STEM (Figure 4d), the NC columns are well-
resolved and correspond to the proposed SL structure. The few
um-sized ABO;-type domains are laterally regular (Figure 4e),
ordered in the in-plane direction (Figure 4e, inset), and exhibit
a uniform topology (Figure 4f). An ABOs-type SL was also
observed by combining smaller quasi-spherical 142 nm
CsPbBr; NCs with 8.5 nm CsPbBr; nanocubes (Figure S9).
On the other hand, similarly sized all-cuboid systems did not
yield binary SLs, underlining the importance of a quasi-
spherical shape of the A-site component for SL formation
(Figure S10).

Carrier Dynamics by Ultrafast Spectroscopy. Detailed
optical studies were conducted on ABOg-type SLs (5.3 + 17.6
nm NCs) due to the large difference in PL peak emission (~25
nm) between the constituent NCs, a higher fraction of small-
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Figure S. Probing ultrafast energy transfer in all-perovskite SLs by pump—probe spectroscopy. (a) Representative time sequence of spectra at
early pump—probe delay times from 5.3 nm CsPbBr; NCs, 17.6 nm CsPbBr; NCs and ABOy-type SL measured at 300 K. (b) Decay
dynamics of the 5.3 and 17.6 nm CsPbBr; NCs in the reference samples and in a binary ABO¢-type SL. The decay time of 5.3 nm CsPbBr;
NCs is much faster in the SL, while 17.6 nm CsPbBr; NCs exhibit a rise time delay indicating an efficient energy transfer from 5.3 to 17.6 nm
CsPbBr; NCs. (c) Exciton bleaching band decay times of the 5.3 nm NCs in the reference sample and binary ABO,-type SL as a function of

temperature in the 80 to 300 K range.

component NCs compared to NaCl-type SL and large, phase-
pure SL domains. Small NCs can act as donors transferring
absorbed energy to larger NCs, enabling Forster-like energy
transfer in highly ordered mesoscale systems. The exciton
dynamics at room temperature were first examined by pump—
probe differential transmission spectroscopy. Figure Sa
presents a sequence of representative differential transmission
spectra from a binary SL and the reference 5.3 and 17.6 nm
NC samples, within the range of 0.3—3 ps after the pump
pulse. In the reference NC samples, the spectra are dominated
by bleaching bands centered at 480 and 508 nm attributed to
the respective 5.3 and 17.6 nm NC ground state excitons, while
the SL spectra contain contributions from the bleaching bands
of both NC types. The spectra of reference samples vary
negligibly during the first 0.3—3 ps, because the exciton
recombination in both 5.3 and 17.6 nm NC samples occurs at
substantially longer time scales, as is evident from Figure Sb,
depicting the decay dynamics of 5.3 and 17.6 nm CsPbBr;
NCs in reference and binary SL samples. In contrast, the
respective features from the SL exhibit a substantially larger
variation across the same temporal range, characterized by a
fast quenching of the 5.3 nm NC (donor) band and a slow rise
of the 17.6 nm NC (acceptor) bleaching band. Exciton
lifetime, probed at the energy of small NCs (donor), is on the
order of a few picoseconds in the ABOg-type SL, ie., much
shorter compared to the exciton relaxation time found in the
reference 5.3 nm NC sample (224 ps). The fast band depletion
is attributed to an efficient energy transfer from the higher
energy 5.3 nm NCs, acting as donors, to the lower energy 17.6
nm NC energy acceptors.

When the bleaching band dynamics of 17.6 nm NCs are
probed in the reference and the binary SL sample (Figure Sb),
a rise time delay on the order of 1 ps is seen in the binary SL
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compared with the pristine NC sample. Such delayed
excitation of the NCs indicates that besides a direct ultrafast
pumping by the femtosecond laser, an additional, slower
excitation channel exists, providing direct evidence for the
energy flow from 5.3 nm NCs to 17.6 nm NCs. The exciton
lifetime of 5.3 nm NCs in the SL and reference samples was
also monitored as a function of temperature (Figure Sc). The
accelerated exciton decay of 5.3 nm NCs in the binary SL
probed through the 80 to 300 K range, indicates that the
energy transfer process remains highly efficient over a wide
range of temperatures.

The occurrence of the energy transfer is further corrobo-
rated by time-resolved PL spectroscopy (Figures S11 and S12)
and photoluminescence excitation spectroscopy (PLE, Figure
S13) at cryogenic temperatures. When the PL spectrum is
plotted on the logarithmic scale, the residual PL from 5.3 nm
NCs is observed (Figure S13), albeit with 2 orders of
magnitude lower intensity due to energy transfer. The PLE is
obtained by monitoring the emission peak from 17.6 nm NCs
and contains a clear resonance, matching the energy position
and spectral shape of 5.3 nm NCs (donors), indicating that
larger NCs are effectively excited by the energy funneling from
the small NCs.

Coherent NC—NC Coupling and Superfluorescence.
Recently, single-component and binary SLs have emerged as a
platform for exploring coherent NC—NC coupling. Perovskite
NC SLs have broad structural and compositional engineer-
ability, which has been exploited toward the development of
more efficient superradiant SLs; SF has been indeed found to
depend strongly on the perovskite NC density in the SLs.”” We
probed the occurrence of SF in all-perovskite NC SLs by time-
resolved PL spectroscopy. In a high excitation regime, while
the reference 5.3 nm NCs do not show any changes in the PL
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Figure 6. Time-resolved PL spectroscopy of reference single-component samples and binary ABO-type SL in a high excitation regime at a
cryogenic temperature (6 K). (a) PL spectra for 5.3 nm CsPbBry; NC SL under different excitation intensities demonstrating the unchanged
PL spectrum shape. (d) Spectrally integrated time-resolved emission intensity traces for 5.3 nm CsPbBr; NC SL at different excitation
intensities, showing no radiative lifetime shortening. (b and c) PL spectra for 17.6 nm CsPbBr; NC SL and ABOg-type SL, respectively,
revealing the appearance of a red-shifted emission band at higher excitation intensities. (e and f) Spectrally integrated time-resolved
emission intensity traces of the red peak at different excitation intensities for 17.6 nm CsPbBr; NC SL and ABOg-type SL, respectively,
showing SF features: the shortening of the radiative lifetime and Burnham—Chiao ringing behavior.

Figure 7. Probing exciton diffusion in all-perovskite multicomponent NC SLs. (a) Schematic of the PL microscope used for diffusion
imaging. (b) PL intensity maps (normalized) from the binary SL at § K at two different delays after the laser pulse, showing the broadening
of the spatial profile of the excitons. The black outlines denote the contours of the exciton profile at half of the maximum intensity. (c)
Change in variance of PL profiles at 60 K for the ABO-type SL and the reference samples of 17.6 nm NCs and 5.3 nm NCs. (d) Exciton
diffusivity of the three samples as a function of temperature from $ to 298 K.

spectral shape (Figure 6a) in line with previous observations,”” 6b,c). The time-resolved PL spectra from the reference 17.6
the reference 17.6 nm NCs and the ABOg-type SL exhibit clear nm NCs and the ABOy-type SL exhibit a shortening of the 1/e
signature for the occurrence of collective emission (Figure radiative lifetime down to S ps and a ringing behavior in the
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time domain, typical features of SF (Figure 6ef). Typical
excitation fluence for the occurrence of SF is around 10 xJ/cm?
for the all-perovskite NC SLs, which is rather lower than for
previously explored SLs. This is probably due to the much
stronger oscillator strength of excitons in relatively large NCs™’
and the lower inhomogeneous broadening for the exciton
energy in larger NCs. The results indicate that the interactions
among large NCs in the binary SL are sufficiently strong to
support the emergence of SF, as the distance between 17.6 nm
NCs in the binary SLs (ca. 21 nm) is comparable to the
interparticle distance in the single-component 17.6 nm NC
film.

Exciton Diffusion Measurements in Mesoscopic
Ordered SLs. The occurrence of strong excitonic interactions
between small and large NCs in an ordered SL can also affect
the diffusion of excitonic energy over longer distances. To
probe the spatiotemporal dynamics of excitons, we employed
transient PL microscopy (Figure 7a) to image exciton diffusion
within NC assemblies at temperatures ranging from S to 298
K.

In this experiment, the spatial profile of excitonic emission is
monitored on a picosecond-to-nanosecond time scale, enabling
the measurement of the collective diffusivity of the exciton
population (Figure 7b). To determine the impact of the SL
structure on excitonic transport, we compared the exciton
diftusivity in the binary ABO4type SL containing both 17.6
and 5.3 nm NCs to the exciton diffusivity in reference samples
containing only 17.6 nm NCs or only 5.3 nm NCs (Figure 7c).
Because the time resolution of the transient PL microscopy
experiment is >50 ps, far longer than the time scale for energy
transfer from the 5.3 nm NCs to the 17.6 nm NCs, we expect
spatiotemporal dynamics on these time scales to be dominated
by interactions between the 17.6 nm NCs.

However, the measured exciton diffusivity within the binary
SL was found to be larger than that in the 17.6 nm NC
reference sample across all temperatures (Figure 7d).
Furthermore, the difference in exciton diffusivity between the
binary SL and the 17.6 nm NC assembly became especially
pronounced at a lower sample temperature. At the lowest
temperatures (<60 K), the binary SL had a greater diffusivity
than either the 5.3 nm NC sample or the 17.6 nm NC
reference sample alone, suggesting that excitonic transfer
through the 5.3 nm NCs is not the primary cause for the
enhanced exciton diffusivity in the binary SL.

The differences in exciton diffusivity that emerge between
the samples at lower temperatures could reflect the impact of
excitonic coherence on the energy transport in these materials.
At low temperatures, the increased amount of coherent
coupling in the binary SL and the 17.6 nm NC assembly,
mediated by the higher oscillator strength in large NCs,*”"”
would be expected to increase the exciton diffusivity.*" This
may explain why these samples exhibited the highest exciton
diffusivities at low temperatures, while the 5.3 nm NC
assembly, which did not exhibit key signs of excitonic
coherence and superfluorescence, had a decrease in exciton
diffusivity at lower temperatures.

As a final remark, efficient and directional streaming of
energy was demonstrated early on in LHP NCs by blending
NCs of different sizes.®" In the binary SLs, the high structural
order in the positions of the NC donor and acceptor allows for
such energy channeling to be spatially highly uniform, on top
of being efficient and directional. This is demonstrated by
hyperspectral PL mapping experiments performed on binary
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SL and disordered film comprising 5.3 and 17.6 nm NCs. The
experimental setup along with PL spectra, PL peak wavelength
and intensity maps obtained from the two samples at cryogenic
temperatures are displayed in Figure S14. It is evident that the
ordered arrangement of the two NCs within the superstructure
yields a much more uniform spread of energy, resulting in a
uniform distribution of PL intensity and wavelength, largely
dominated by the energy acceptor, i.e,, the exciton emission of
the 17.6 nm NC component. On the other hand, the
disordered sample exhibits inhomogeneous emission and
phase-separated areas containing mainly only the small or
only large NC emission.

CONCLUSIONS

In summary, this study introduces the LHP NC-only
multicomponent SLs. To enhance the SL formability and
achieve packing densities exceeding those of single-component
SLs, we employed nanocubes as the smaller SL component and
rhombicuboctahedral (quasi-spherical) NCs as the larger
counterpart. Depending on the selected particle number
ratio, we obtained ABOg-type and NaCl-type SLs in a pure
phase form using 5.3 and 17.6 nm CsPbBry NCs. The increase
in the effective size ratio to y.¢ = 0.5 by employing larger 8.0
nm CsPbBr; nanocubes resulted in the formation of a
perovskite-type ABOj structure, while a NaCl structure formed
at a lower small-to-large NC number ratio. The described SLs
exhibit a high degree of positional and orientational ordering of
the constituent NCs compared with previously reported cube-
sphere NC SLs. For ABOg-type SL, a model system containing
two different types of luminescent NCs, we explored NC
coupling within the SL. Time-resolved measurements at both
room and cryogenic temperatures provide evidence for
efficient energy transfer from the strongly confined 5.3 nm
CsPbBr; NCs to the less confined 17.6 nm CsPbBr; NCs. In a
strong excitation regime, the ABOgtype SL exhibits key
signatures of SF, corroborating the occurrence of collective
emission behavior. The exciton dynamics was probed with
transient PL microscopy and revealed higher excitonic
diffusivity values in the binary SLs compared to single-
component 17.6 and 5.3 nm NC reference samples (at
temperatures below 60 K), presumably as a result of a stronger
exciton coherence and a high degree of structural order. These
findings will thus guide the further engineering of multi-
component SLs with tailored excitonic properties.

METHODS

Safety Statement. No unexpected or unusually high safety
hazards were encountered.

Preparation of Binary CsPbBr;—CsPbBr; SL. Binary SLs were
prepared by means of a drying-mediated approach, whereby the NC
solution was slowly evaporated over a tilted support. TEM grids (F/
C-coated, Ted Pella, with the Formvar layer removed by immersing
the grid in toluene for 10 s) or SiN membranes (Agar Scientific,
Norcada) were employed as the substrates. A coassembly was carried
out by placing the NC mixture in toluene (30—3S yL) into a 2 mL
vial with solid support inside. The vial was then positioned tilted in
the vacaum chamber (pressure ~0.5 bar, room temperature), where it
was left until all solvent evaporated. The mixtures contained overall
NC concentrations in the 0.8—1 xM range. For binary ABOg-type SL,
5.3 nm CsPbBry NCs (9.6 uM, 3 uL), 17.6 nm CsPbBr; NCs (0.9
UM, 4 uL), and anhydrous toluene (25 uL) were used. For NaCl-type
SL, a lower small-to-large NC number ratio was employed: 5.3 nm
CsPbBr; NCs (9.6 uM, 2 uL), 17.6 nm CsPbBr; NCs (1.3 uM, 6.2
uL), and anhydrous toluene (25 yuL). For binary ABO;-type SL, larger
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8.0 nm CsPbBry NCs (10.1 uM, 3 uL) were utilized together with
17.6 nm CsPbBry NCs (1.1 uM, S uL), and anhydrous toluene (25
uL).

Microscopy Characterization. TEM and STEM images, as well
as WAED and SAED patterns, were collected with a JEOL JEM
2200FS electron microscope operating at an accelerating voltage of
200 kV. Image analysis was performed using Image]J, and ED patterns
were compared with the simulated ones in Crystal Maker and Single
Crystal Software. HAADF-STEM images were recorded with an FEI
Titan Themis electron microscope operating at 300 kV. Template
matching and image averaging was done by using MacTempas
software (Total Resolution LLC). SEM images were collected with an
FEI Helios 660 microscope in immersion mode at 6 kV. Electron
tomography was carried out in HAADF-STEM mode. HAADEF-
STEM images at different tilt angles were manually recorded with the
aid of a motorized dual-axis tomography holder using an FEI Titan
Themis microscope operated at 300 kV. A small beam semi-
convergence angle of 2.5 mrad was used, which resulted in a depth of
field of 315 nm. HAADF-STEM images (2048 X 2048 pixels, 2.28 A
pixel size, 2.01 s frame time) were recorded at 2° tilt intervals over a
range from —63° to +65° at an electron probe current of <10 pA.
Thus, for the whole tilt series the electron dose resulting from image
acquisition only was calculated to be 301 electrons/A% Since at each
tilt position it was necessary to correct the position of the region of
interest, we estimate that the total electron dose was 4 to S times
higher. Image alignment was performed using the band-pass filter
routine of the Digital Micrograph software, and the 3D volume
reconstruction was carried out by means of the total variation
minimization (TVM) reconstruction technique implemented in
Tomo], a plug-in for the Image] software. The 3D volume rendering
and orthoslices were generated with the Avizo 3D visualization
program.

GISAXS and GIWAXS Characterization. Binary all-perovskite
NC SLs were probed on 50 nm thick SiN membranes, NT050A,
supplied by Norcada. Grazing incidence X-ray diffraction (GIXRD)
data were collected at the Swiss-Norwegian BMO1 beamline at the
European Synchrotron Radiation Facility with 13 keV X-ray radiation
and a Pilatus 2 M Silicon detector set at ca. 640 mm from the center
of the sample. The standard NIST LaB powder was used to finely
determine the wavelength and to calibrate the detector. Calibrated
data were analyzed by the GIDVIS software.*

Pump—Probe Spectroscopy. Pump—probe differential trans-
mission spectroscopy was carried out using a Ti:sapphire-based
ultrafast amplifier generating 100 fs pulses centered at 800 nm at a 1
kHz repetition rate. The output beam from the amplifier was
transmitted through a half-waveplate and a thin film polarizer,
splitting the beam into pump and probe pulses. The half waveplate
allowed precise control of the energy directed into the probe optical
path required for generating stable white light when focused onto a 2
mm thin sapphire plate. The collimation and focusing of the white
light probe beam onto the sample were achieved by using parabolic
mirrors to minimize dispersion effects. The pump beam followed an
optical path that included a motorized translation stage with 0.1 ym
resolution, introducing a controlled delay between the arrival of the
excitation pulse and the probe pulse with subfemtosecond resolution.
A second half-waveplate and thin film polarizer pair was utilized
before a second-harmonic generation crystal (BBO) in the pump
beam optical path, thereby controlling the energy of the 400 nm
incident on the sample. Both the pump and probe beams were
directed on the sample, which was placed in a cryostat for tuning the
sample temperature in the 77 to 300 K range. Careful alignment of
the pump beam through the translation stage ensured that the probe
beam of 100 gm in diameter was always within the larger spot
diameter of 1.5 mm of the pump beam. The measurements were
carried out using a typical pump—probe optical setup in a
noncollinear configuration with the pump arm incorporating an
optical chopper synchronized at half the frequency of the ultrafast
amplifier. The white light probe beam following its transmission
through the sample was directed into a fiber-optic coupled
spectrometer with 0.5 nm spectral resolution equipped with a fast
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CCD array, thereby providing measurements over a broad range of
wavelengths. The synchronized optical chopper allowed transmission
measurements of two consecutive pulses with and without sample
excitation, thus achieving a signal-to-noise ratio of 104 over an interval
of a few seconds.

Time-Resolved PL. The sample was mounted in a helium
exchange-gas cryostat at 6 K. For the SF experiments, a frequency-
doubled regenerative amplifier seeded with a mode-locked Ti:sap-
phire laser with a pulse duration of 100—200 fs and a repetition rate of
1 kHz at 3.1 eV photon energy was used as an excitation source. For
the weak fluence energy transfer measurements, the same system was
used without the regenerative amplifier, resulting in an 80 MHz pulse
repetition rate. The excitation light was passed through short-pass
filters (442 nm cutoff wavelength). For both excitation and detection,
we used the same focusing lens with a 100 mm focal length, resulting
in an excitation spot radius of about 60 ym. The recorded PL was
long-pass filtered (480 nm cutoff wavelength) and then dispersed by a
grating with 150 lines per mm in a 0.3 m long monochromator and
detected with a streak camera with a nominal time resolution of 2 ps
and instrument response function fwhm of 4 ps. The time-integrated
PL spectra were recorded by a 0.5 m long spectrograph with a grating
with 300 lines per millimeter and a nitrogen-cooled CCD camera.

PL Mapping. Two-dimensional hyperspectral PL maps were
acquired on a custom-made confocal PL system equipped with a high
precision x-y-z motorized stage enabling the collection of PL spectra
every 150 nm in the lateral direction and 250 nm in the vertical
direction. Excitation and collection were performed via the same long
working distance S0X (NA = 0.55) objective, focusing the excitation
laser down to a diffraction-limited spot of approximately 1 ym in
diameter. A 405 nm continuous wave laser diode coupled to a single
mode fiber was used as the excitation source, with the emission
spectra detected via a combination of a 0.75 m Acton750i Princeton
spectrometer and a 1024 X 256 pixels PIXIS charge-coupled device
(CCD) camera. The samples were kept in a closed-loop helium
cryostat, allowing continuous temperature variation from 10 to 300 K.

PLE/PL Measurements. Photoluminescence excitation (PLE)
measurements were recorded on a FluoroLog FL3 Horiba Jobin Yvon
spectrofluorometer using a 450 W ozone-free Xenon Lamp, filtered
via a double grating spectrometer as the excitation source. The
excitation source was coupled onto a 50 ym multimode fiber, with the
excitation and collection performed under the confocal PL setup
described above.

Single-QD Spectroscopy. A custom-built y-PL set-up was used.
The samples were mounted on xyz nano-positioning stages inside an
evacuated liquid-helium closed-loop cryostat (Montana Instruments)
and cooled down to a targeted temperature of 4 K. Single NCs were
excited using a fiber-coupled excitation laser, which is focused (1/e?
diameter = 2.4 ym) on the sample by a microscope objective (NA =
0.8, 100%). The emitted light was collected by the same objective and
passed through a dichroic mirror (long-pass, cut-on wavelength 450
nm long-pass filter). A monochromator coupled to an EMCCD
(Princeton Instruments, 0.5-m, 1 s binning time) was used for spectra
measurements. A single APD (MPD, time resolution of S0 ps)
mounted after the monochromator, which accepts photons only from
the exciton photoluminescence, was used to measure TRPL traces. A
HBT set-up with a 50/50 beam splitter, two APDs and a TCSPC
Module (PicoQuant) was used for second-order correlation (g(z)(r))
measurements.

Exciton Diffusion Imaging. SL samples were mounted on a
piezo stage (attocube, ANC350) and kept under a vacuum inside a
closed-cycle liquid helium cryostat (Montana Instruments Cryosta-
tion s100) (Figure 7a). For low-temperature experiments, the cryostat
was used in conjunction with a temperature controller (Lakeshore
Model 335) to maintain the temperature. To collect transient PL
spectra, first, a 405 nm pulsed laser (PicoQuant LDH—P-C-405M,
driven by a PDL 800-D, pulse width <100 ps) at 10 MHz and a
fluence of 0.094 uJ/ cm? was focused onto a near diffraction-limited
spot on the sample using an objective lens (Zeiss EC Epiplan-
Neofluar 100x/0.85 NA). Photoluminescence was collected by the
same objective, filtered with a dichroic (Semrock Di02-R40S) and a
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long-pass filter (Thorlabs FGL435M), magnified with a telescope
(Thorlabs AC254-030-A and AC254-125A), and focused onto an
avalanche photodetector (APD, Micro Photon Devices, ~S0 ps time
resolution). The active area of the APD (50 pm X 50 ym) was raster
scanned across the PL image using two motors (Thorlabs ZFS25B).
The spatial distribution of the exciton profile over time was then
reconstructed by combining the PL decay curves from each point
along the scan.

To determine the exciton diffusivity, first, the spatial profile at each
time was fit to a Gaussian profile of the form

n(x) l’) — Ae*(acfxo)z/hr2

where A is the profile height, x, is the profile center, and ¢* is the
profile variance. The diffusivity of a Gaussian profile of excitons is
given by the rate of increase in the spatial variance over time:

_ oX(t) — > (t=0)
2t

D

To determine the diffusivity, a line was fit to the changes in
variance ¢ within the first few nanoseconds following laser excitation.

ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.3c¢13062.

Supplementary details on NC building blocks (detailed
synthesis, EM, and optical characterizations), additional
NaCl and ABO; structures, space-filling analysis, image
averaging of binary SL, EM imaging of segregated cubic-
shaped NCs, GIWAXS and GISAXS data for single-
component and binary SLs, time-resolved PL spectros-
copy for reference samples and binary SL, PL and PLE
spectra for binary SL at cryogenic temperature, and
hyperspectral PL mapping (PDF)

Video S1: tomography reconstruction of ABOg-type SL
domain (AVI)

AUTHOR INFORMATION

Corresponding Authors

Maryna 1. Bodnarchuk — Institute of Inorganic Chemistry,
Department of Chemistry and Applied Biosciences, ETH
Zurich, 8093 Ziirich, Switzerland; Laboratory for Thin Films
and Photovoltaics, Empa—Swiss Federal Laboratories for
Materials Science and Technology, 8600 Diibendorf,
Switzerland; © orcid.org/0000-0001-6597-3266;
Email: maryna.bodnarchuk@empa.ch

Maksym V. Kovalenko — Institute of Inorganic Chemistry,
Department of Chemistry and Applied Biosciences, ETH
Ziirich, 8093 Ziirich, Switzerland; Laboratory for Thin Films
and Photovoltaics, Empa—Swiss Federal Laboratories for
Materials Science and Technology, 8600 Diibendorf,
Switzerland; © orcid.org/0000-0002-6396-8938;
Email: mvkovalenko@ethz.ch

Authors

Taras V. Sekh — Institute of Inorganic Chemistry, Department
of Chemistry and Applied Biosciences, ETH Ziirich, 8093
Ziirich, Switzerland; Laboratory for Thin Films and
Photovoltaics, Empa—Swiss Federal Laboratories for
Materials Science and Technology, 8600 Diibendorf,
Switzerland; © orcid.org/0009-0009-4375-1756

Thor Cherniukh — Institute of Inorganic Chemistry,
Department of Chemistry and Applied Biosciences, ETH
Zurich, 8093 Ziirich, Switzerland; Laboratory for Thin Films

8433

and Photovoltaics, Empa—Swiss Federal Laboratories for
Materials Science and Technology, 8600 Diibendorf,
Switzerland; © orcid.org/0000-0001-7155-5095

Etsuki Kobiyama — IBM Research Europe—Ziirich,
Riischlikon CH-8803, Switzerland; ® orcid.org/0009-0006-
8936-1938

Thomas J. Sheehan — Department of Chemical Engineering,
Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139, United States; © orcid.org/0000-
0002-9540-3915

Andreas Manoli — Experimental Condensed Matter Physics
Laboratory, Department of Physics, University of Cyprus,
1678 Nicosia, Cyprus

Chenglian Zhu — Institute of Inorganic Chemistry,
Department of Chemistry and Applied Biosciences, ETH
Zirich, 8093 Ziirich, Switzerland; Laboratory for Thin Films
and Photovoltaics, Empa—Swiss Federal Laboratories for
Materials Science and Technology, 8600 Diibendorf,
Switzerland; ® orcid.org/0000-0001-8638-6925

Modestos Athanasiou — Experimental Condensed Matter
Physics Laboratory, Department of Physics, University of
Cyprus, 1678 Nicosia, Cyprus; © orcid.org/0000-0003-
1684-9482

Marios Sergides — Laboratory of Ultrafast Science,
Department of Physics, University of Cyprus, Nicosia 1678,
Cyprus; ©® orcid.org/0000-0002-4344-4416

Oleksandra Ortikova — Electron Microscopy Center,
Empa—Swiss Federal Laboratories for Materials Science and
Technology, CH-8600 Diibendorf, Switzerland

Marta D. Rossell — Electron Microscopy Center, Empa—Swiss
Federal Laboratories for Materials Science and Technology,
CH-8600 Diibendorf, Switzerland; ® orcid.org/0000-0001-
8610-8853

Federica Bertolotti — Department of Science and High
Technology and To.Sca.Lab, University of Insubria, 22100
Como, Italy; ©® orcid.org/0000-0002-6001-9040

Antonietta Guagliardi — Istituto di Cristallografia and
To.Sca.Lab, Consiglio Nazionale delle Ricerche, 22100
Como, Italy; ® orcid.org/0000-0001-6390-2114

Norberto Masciocchi — Department of Science and High
Technology and To.Sca.Lab, University of Insubria, 22100
Como, Italy; ©® orcid.org/0000-0001-9921-2350

Rolf Erni — Electron Microscopy Center, Empa—Swiss Federal
Laboratories for Materials Science and Technology, CH-8600
Diibendorf, Switzerland; © orcid.org/0000-0003-2391-
5943

Andreas Othonos — Laboratory of Ultrafast Science,
Department of Physics, University of Cyprus, Nicosia 1678,
Cyprus

Grigorios Itskos — Experimental Condensed Matter Physics
Laboratory, Department of Physics, University of Cyprus,
1678 Nicosia, Cyprus

William A. Tisdale — Department of Chemical Engineering,
Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139, United States; ® orcid.org/0000-
0002-6615-5342

Thilo Stoferle — IBM Research Europe—Ziirich, Riischlikon
CH-8803, Switzerland; ® orcid.org/0000-0003-0612-7195

Gabriele Raino — Institute of Inorganic Chemistry,
Department of Chemistry and Applied Biosciences, ETH
Zurich, 8093 Ziirich, Switzerland; Laboratory for Thin Films
and Photovoltaics, Empa—Swiss Federal Laboratories for

https://doi.org/10.1021/acsnano.3¢13062
ACS Nano 2024, 18, 8423—-8436


https://pubs.acs.org/doi/10.1021/acsnano.3c13062?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c13062/suppl_file/nn3c13062_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c13062/suppl_file/nn3c13062_si_002.avi
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maryna+I.+Bodnarchuk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6597-3266
mailto:maryna.bodnarchuk@empa.ch
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maksym+V.+Kovalenko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6396-8938
mailto:mvkovalenko@ethz.ch
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Taras+V.+Sekh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0009-4375-1756
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ihor+Cherniukh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7155-5095
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Etsuki+Kobiyama"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0006-8936-1938
https://orcid.org/0009-0006-8936-1938
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+J.+Sheehan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9540-3915
https://orcid.org/0000-0002-9540-3915
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andreas+Manoli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chenglian+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8638-6925
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Modestos+Athanasiou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1684-9482
https://orcid.org/0000-0003-1684-9482
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marios+Sergides"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4344-4416
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oleksandra+Ortikova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marta+D.+Rossell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8610-8853
https://orcid.org/0000-0001-8610-8853
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Federica+Bertolotti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6001-9040
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonietta+Guagliardi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6390-2114
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Norberto+Masciocchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9921-2350
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rolf+Erni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2391-5943
https://orcid.org/0000-0003-2391-5943
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andreas+Othonos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Grigorios+Itskos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="William+A.+Tisdale"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6615-5342
https://orcid.org/0000-0002-6615-5342
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thilo+Sto%CC%88ferle"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0612-7195
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gabriele+Raino%CC%80"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c13062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

Materials Science and Technology, 8600 Diibendorf,
Switzerland; © orcid.org/0000-0002-2395-4937

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsnano.3¢13062

Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENTS

This work was supported by the Swiss National Science
Foundation (Grant Number 200021 192308, Project Q-
Light), the European Union’s Horizon 2020 program through
a FET Open research and innovation action (Grant Agreement
No. 899141, PoLLoC), and European Research Council
(Grant Agreement No. 819740, SCALE-HALO), Swiss
National Science Foundation (Project “Novel inorganic light
emitters: synthesis, spectroscopy and applications”, Grant
Agreement No. 188404), and by the Air Force Office of
Scientific Research and the Office of Naval Research (Award
Number FA8655-21-1-7013). A.G. acknowledges partial
funding from Project PE0000021, “Network 4 Energy
Sustainable Transition-NEST”, Spoke 1, funded by European
Union-NextGenerationEU under NRRP, Mission 4, Compo-
nent 2, Investment 1.3-Call for tender No. 1561 of Ministero
dell'Universita e della Ricerca (MUR). N.M. and A.G. thank
the Italian Ministry of Research for partial funding (Project
PRIN 2017L8WW48). Pump—probe differential transmission
spectroscopy, PLE measurements, and hyperspectral PL
imaging performed at University of Cyprus were supported
by the Research and Innovation Foundation of Cyprus under
the “New Strategic Infrastructure Units-Young Scientists”
Program, Grant Agreement Number “INFRASTRUC-
TURES/1216/0004”, NANOSONICS. Exciton diffusion
measurements at MIT were supported by the U.S. Department
of Energy, Office of Science, Basic Energy Sciences under
Award Number DE-SC001934S. The authors are grateful for
using of facilities at the Empa Electron Microscopy Center. We
thank Anastasiia Moskalenko for her help with the synthesis
optimization of larger NCs. Yuliia Berezovska is acknowledged
for providing larger cubic-shaped NCs employed in the NC
segregation experiments. Dmitry Chernyshov and the technical
staff of the Swiss-Norwegian Beamline (BMO1) of the
European Synchrotron Radiation Facility (ESRF, France) are
acknowledged for the technical assistance during the GISAXS/
GIWAXS experiments on all-LHP NC SLs.

REFERENCES

(1) Boles, M. A; Engel, M; Talapin, D. V. Self-Assembly of
Colloidal Nanocrystals: From Intricate Structures to Functional
Materials. Chem. Rev. 2016, 116, 11220—11289.

(2) Shevchenko, E. V. Multicomponent Nanoparticle Superlattices.
Encyclopedia of Nanomaterials 2023, 3, 298—323.

(3) Zeng, H; Li, J; Liu, J. P; Wang, Z. L; Sun, S. Exchange-
Coupled Nanocomposite Magnets by Nanoparticle Self-Assembly.
Nature 2002, 420, 395—398.

(4) Chen, J; Dong, A; Cai, J.; Ye, X; Kang, Y.; Kikkawa, J. M,;
Murray, C. B. Collective Dipolar Interactions in Self-Assembled
Magnetic Binary Nanocrystal Superlattice Membranes. Nano Lett.
2010, 10, 5103—5108.

(5) Urban, J. J; Talapin, D. V.; Shevchenko, E. V,; Kagan, C. R;
Murray, C. B. Synergism in Binary Nanocrystal Superlattices Leads to
Enhanced p-type Conductivity in Self-Assembled PbTe/Ag,Te Thin
Films. Nat. Mater. 2007, 6, 115—121.

8434

(6) Tao, A; Sinsermsuksakul, P.; Yang, P. Tunable Plasmonic
Lattices of Silver Nanocrystals. Nat. Nanotechnol. 2007, 2, 435—440.

(7) Ye, X; Chen, J.; Diroll, B. T.; Murray, C. B. Tunable Plasmonic
Coupling in Self-Assembled Binary Nanocrystal Superlattices Studied
by Correlated Optical Microspectrophotometry and Electron
Microscopy. Nano Lett. 2013, 13, 1291—-1297.

(8) Mueller, N. S.; Okamura, Y.; Vieira, B. G. M,; Juergensen, S.;
Lange, H.; Barros, E. B.; Schulz, F.; Reich, S. Deep Strong Light-
Matter Coupling in Plasmonic Nanoparticle Crystals. Nature 2020,
583, 780—784.

(9) Kang, Y; Ye, X; Chen, J.; Cai, Y.; Diaz, R. E.; Adzic, R. R;
Stach, E. A; Murray, C. B. Design of Pt-Pd Binary Superlattices
Exploiting Shape Effects and Synergistic Effects for Oxygen Reduction
Reactions. J. Am. Chem. Soc. 2013, 135, 42—4S.

(10) Podsiadlo, P.; Krylova, G.; Lee, B.; Critchley, K.; Gosztola, D.
J.; Talapin, D. V.; Ashby, P. D.; Shevchenko, E. V. The Role of Order,
Nanocrystal Size, and Capping Ligands in the Collective Mechanical
Response of Three-Dimensional Nanocrystal Solids. J. Am. Chem. Soc.
2010, 132, 8953—8960.

(11) Choi, J. H; Fafarman, A. T.; Oh, S. J.; Ko, D. K,; Kim, D. K,;
Diroll, B. T.; Muramoto, S.; Gillen, J. G.; Murray, C. B.; Kagan, C. R.
Bandlike Transport in Strongly Coupled and Doped Quantum Dot
Solids: A Route to High-Performance Thin-Film Electronics. Nano
Lett. 2012, 12, 2631—2638.

(12) Lan, X,; Chen, M.; Hudson, M. H.; Kamysbayev, V.; Wang, Y.;
Guyot-Sionnest, P.; Talapin, D. V. Quantum Dot Solids Showing
State-Resolved Band-Like Transport. Nat. Mater. 2020, 19, 323—329.

(13) Protesescu, L.; Yakunin, S.; Bodnarchuk, M. L; Krieg, F;
Caputo, R;; Hendon, C. H; Yang, R. X.; Walsh, A.; Kovalenko, M. V.
Nanocrystals of Cesium Lead Halide Perovskites (CsPbXs, X = CL, Br,
and I): Novel Optoelectronic Materials Showing Bright Emission with
Wide Color Gamut. Nano Lett. 2015, 15, 3692—3696.

(14) Dey, A; Ye, J; De, A; Debroye, E,; Ha, S. K; Bladt, E.;
Kshirsagar, A. S.; Wang, Z.; Yin, J.; Wang, Y.; et al. State of the Art
and Prospects for Halide Perovskite Nanocrystals. ACS Nano 2021,
15, 10775—10981.

(15) Kovalenko, M. V.; Protesescu, L.; Bodnarchuk, M. L. Properties
and Potential Optoelectronic Applications of Lead Halide Perovskite
Nanocrystals. Science 2017, 358, 745—750.

(16) Raino, G.; Becker, M. A.; Bodnarchuk, M. 1; Mahrt, R. F.;
Kovalenko, M. V.; Stoferle, T. Superfluorescence from Lead Halide
Perovskite Quantum Dot Superlattices. Nature 2018, 563, 671—675.

(17) Skribanowitz, N.; Herman, L. P.; MacGillivray, J. C.; Feld, M. S.
Observation of Dicke Superradiance in Optically Pumped HF Gas.
Phys. Rev. Lett. 1973, 30, 309—312.

(18) Timothy Noe, G., II; Kim, J.-H.; Lee, J.; Wang, Y.; Wojcik, A.
K; McGill, S. A,; Reitze, D. H.; Belyanin, A. A;; Kono, J. Giant
Superfluorescent Bursts from a Semiconductor Magneto-Plasma. Nat.
Phys. 2012, 8, 219—224.

(19) Becker, M. A.; Vaxenburg, R; Nedelcu, G; Sercel, P. C;
Shabaev, A.; Mehl, M. J.; Michopoulos, J. G.; Lambrakos, S. G,;
Bernstein, N.; Lyons, J. L.; et al. Bright Triplet Excitons in Caesium
Lead Halide Perovskites. Nature 2018, 553, 189—193.

(20) Zhu, C.; Boehme, S. C.; Feld, L. G.; Moskalenko, A.; Dirin, D.
N.; Mahrt, R. F.; Stoferle, T.; Bodnarchuk, M. L; Efros, A. L.; Sercel,
P. C. Single-Photon Superradiance in Individual Caesium Lead Halide
Quantum Dots. Nature 2024, 626, 535—541.

(21) Utzat, H,; Sun, W.; Kaplan, A. E. K; Krieg, F.; Ginterseder, M.;
Spokoyny, B.; Klein, N. D.; Shulenberger, K. E.; Perkinson, C. F,;
Kovalenko, M. V,; et al. Coherent Single-Photon Emission from
Colloidal Lead Halide Perovskite Quantum Dots. Science 2019, 363,
1068—1072.

(22) Becker, M. A; Scarpelli, L.; Nedelcu, G.; Raino, G.; Masia, F.;
Borri, P.; Stoferle, T.; Kovalenko, M. V.; Langbein, W.; Mahrt, R. F.
Long Exciton Dephasing Time and Coherent Phonon Coupling in
CsPbBr,Cl Perovskite Nanocrystals. Nano Lett. 2018, 18, 7546—7551.

(23) Lv, Y,; Yin, C; Zhang, C.; Yu, W. W,; Wang, X.; Zhang, Y,;
Xiao, M. Quantum Interference in a Single Perovskite Nanocrystal.
Nano Lett. 2019, 19, 4442—4447.

https://doi.org/10.1021/acsnano.3¢13062
ACS Nano 2024, 18, 8423—-8436


https://orcid.org/0000-0002-2395-4937
https://pubs.acs.org/doi/10.1021/acsnano.3c13062?ref=pdf
https://doi.org/10.1021/acs.chemrev.6b00196?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00196?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00196?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/B978-0-12-822425-0.00112-3
https://doi.org/10.1038/nature01208
https://doi.org/10.1038/nature01208
https://doi.org/10.1021/nl103568q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl103568q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmat1826
https://doi.org/10.1038/nmat1826
https://doi.org/10.1038/nmat1826
https://doi.org/10.1038/nnano.2007.189
https://doi.org/10.1038/nnano.2007.189
https://doi.org/10.1021/nl400052w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl400052w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl400052w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl400052w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-020-2508-1
https://doi.org/10.1038/s41586-020-2508-1
https://doi.org/10.1021/ja3097527?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja3097527?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja3097527?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja100464a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja100464a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja100464a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl301104z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl301104z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41563-019-0582-2
https://doi.org/10.1038/s41563-019-0582-2
https://doi.org/10.1021/nl5048779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl5048779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl5048779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c08903?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c08903?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aam7093
https://doi.org/10.1126/science.aam7093
https://doi.org/10.1126/science.aam7093
https://doi.org/10.1038/s41586-018-0683-0
https://doi.org/10.1038/s41586-018-0683-0
https://doi.org/10.1103/PhysRevLett.30.309
https://doi.org/10.1038/nphys2207
https://doi.org/10.1038/nphys2207
https://doi.org/10.1038/nature25147
https://doi.org/10.1038/nature25147
https://doi.org/10.1038/s41586-023-07001-8
https://doi.org/10.1038/s41586-023-07001-8
https://doi.org/10.1126/science.aau7392
https://doi.org/10.1126/science.aau7392
https://doi.org/10.1021/acs.nanolett.8b03027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b03027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.9b01237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c13062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

(24) Mattiotti, F.; Kuno, M.; Borgonovi, F.; Janko, B.; Celardo, G. L.
Thermal Decoherence of Superradiance in Lead Halide Perovskite
Nanocrystal Superlattices. Nano Lett. 2020, 20, 7382—7388.

(25) Raino, G.; Yazdani, N.; Boehme, S. C.; Kober-Czerny, M.; Zhu,
C.; Krieg, F; Rossell, M. D.; Erni, R; Wood, V.; Infante, L; et al.
Ultra-Narrow Room-Temperature Emission from Single CsPbBr;
Perovskite Quantum Dots. Nat. Commun. 2022, 13, 2587.

(26) Zhu, C.; Feld, L. G.; Svyrydenko, M.; Cherniukh, L; Dirin, D.
N.; Bodnarchuk, M. I; Wood, V.; Yazdani, N.; Boehme, S. C.;
Kovalenko, M. V. Quantifying the Size-Dependent Exciton-Phonon
Coupling Strength in Single Lead-Halide Perovskite Quantum Dots.
Adv. Opt. Mater. 2024, 2301534.

(27) Cherniukh, L; Raino, G.; Sekh, T. V.; Zhu, C.; Shynkarenko, Y.;
John, R. A,; Kobiyama, E.; Mahrt, R. F.; Stoferle, T.; Erni, R.; et al.
Shape-Directed Co-Assembly of Lead Halide Perovskite Nanocubes
with Dielectric Nanodisks into Binary Nanocrystal Superlattices. ACS
Nano 2021, 15, 16488—16500.

(28) Boehme, S. C.; Bodnarchuk, M. I; Burian, M.; Bertolotti, F.;
Cherniukh, I.; Bernasconi, C.; Zhu, C.; Erni, R,; Amenitsch, H,;
Naumenko, D.; et al. Strongly Confined CsPbBr; Quantum Dots as
Quantum Emitters and Building Blocks for Rhombic Superlattices.
ACS Nano 2023, 17, 2089—2100.

(29) Cherniukh, I; Raino, G.; Stoferle, T.; Burian, M.; Travesset, A.;
Naumenko, D.; Amenitsch, H.; Erni, R.; Mahrt, R. F.; Bodnarchuk, M.
L; et al. Perovskite-Type Superlattices from Lead Halide Perovskite
Nanocubes. Nature 2021, 593, 535—542.

(30) Cherniukh, L; Sekh, T. V.; Raino, G.; Ashton, O. J.; Burian, M.;
Travesset, A.; Athanasiou, M.; Manoli, A; John, R. A,; Svyrydenko,
M,; et al. Structural Diversity in Multicomponent Nanocrystal
Superlattices Comprising Lead Halide Perovskite Nanocubes. ACS
Nano 2022, 16, 7210—7232.

(31) Bitton, O.; Gupta, S. N.; Haran, G. Quantum Dot Plasmonics:
from Weak to Strong Coupling. Nanophotonics 2019, 8, 559—575.

(32) Shevchenko, E. V.; Ringler, M.; Schwemer, A.; Talapin, D. V.;
Klar, T. A; Rogach, A. L.; Feldmann, J; Alivisatos, A. P. Self-
Assembled Binary Superlattices of CdSe and Au Nanocrystals and
Their Fluorescence Properties. . Am. Chem. Soc. 2008, 130, 3274—
3278S.

(33) Dong, Y.; Qiao, T.; Kim, D.; Parobek, D.; Rossi, D.; Son, D. H.
Precise Control of Quantum Confinement in Cesium Lead Halide
Perovskite Quantum Dots via Thermodynamic Equilibrium. Nano
Lett. 2018, 18, 3716—3722.

(34) Almeida, G.; Goldoni, L.; Akkerman, Q.; Dang, Z.; Khan, A. H,;
Marras, S.; Moreels, I.; Manna, L. Role of Acid-Base Equilibria in the
Size, Shape, and Phase Control of Cesium Lead Bromide Nanocryst-
als. ACS Nano 2018, 12, 1704—1711.

(35) Bera, S.; Behera, R. K; Pradhan, N. a-Halo Ketone for
Polyhedral Perovskite Nanocrystals: Evolutions, Shape Conversions,
Ligand Chemistry, and Self-Assembly. ]. Am. Chem. Soc. 2020, 142,
20865—20874.

(36) Akkerman, Q. A; Nguyen, T. P. T.; Boehme, S. C;
Montanarella, F.; Dirin, D. N.; Wechsler, P.; Beiglbock, F.; Raino,
G.; Erni, R; Katan, C,; et al. Controlling the Nucleation and Growth
Kinetics of Lead Halide Perovskite Quantum Dots. Science 2022, 377,
1406—1412.

(37) Chen, Z.; Moore, J.; Radtke, G.; Sirringhaus, H.; O’Brien, S.
Binary Nanoparticle Superlattices in the Semiconductor-Semiconduc-
tor System: CdTe and CdSe. J. Am. Chem. Soc. 2007, 129, 15702—
15709.

(38) Lu, C.; Chen, Z.; O’Brien, S. Optimized Conditions for the
Self-Organization of CdSe-Au and CdSe-CdSe Binary Nanoparticle
Superlattices. Chem. Mater. 2008, 20, 3594—3600.

(39) Evers, W. H.; De Nijs, B.; Filion, L.; Castillo, S.; Dijkstra, M.;
Vanmaekelbergh, D. Entropy-Driven Formation of Binary Semi-
conductor-Nanocrystal Superlattices. Nano Lett. 2010, 10, 4235—
4241.

(40) Chen, Z.; O’Brien, S. Structure Direction of II-VI Semi-
conductor Quantum Dot Binary Nanoparticle Superlattices by
Tuning Radius Ratio. ACS Nano 2008, 2, 1219—1229.

8435

(41) Altamura, D.; Corricelli, M.; De Caro, L.; Guagliardi, A.; Falqui,
A.; Genovese, A.; Nikulin, A. Y.; Curri, M. L.; Striccoli, M.; Giannini,
C. Structural Investigation of Three-Dimensional Self-Assembled PbS
Binary Superlattices. Cryst. Growth Des. 2010, 10, 3770—3774.

(42) Bodnarchuk, M. L; Kovalenko, M. V.; Heiss, W.; Talapin, D. V.
Energetic and Entropic Contributions to Self-Assembly of Binary
Nanocrystal Superlattices: Temperature as the Structure-Directing
Factor. J. Am. Chem. Soc. 2010, 132, 11967—11977.

(43) Wu, Y; Li, S;; Gogotsi, N.; Zhao, T.; Fleury, B.; Kagan, C. R;
Murray, C. B.; Baxter, J. B. Directional Carrier Transfer in Strongly
Coupled Binary Nanocrystal Superlattice Films Formed by Assembly
and in Situ Ligand Exchange at a Liquid—Air Interface. J. Phys. Chem.
C 2017, 121, 4146—4157.

(44) Overgaag, K.; Evers, W.; de Nijs, B.; Koole, R;; Meeldijk, J.;
Vanmaekelbergh, D. Binary Superlattices of PbSe and CdSe
Nanocrystals. J. Am. Chem. Soc. 2008, 130, 7833—7835.

(45) Friedrich, H; Gommes, C. J.; Overgaag, K,; Meeldijk, J. D.;
Evers, W. H,; de Nijs, B.; Boneschanscher, M. P.; de Jongh, P. E,;
Verkleij, A. J.; de Jong, K. P.; et al. Quantitative Structural Analysis of
Binary Nanocrystal Superlattices by Electron Tomography. Nano Lett.
2009, 9, 2719—2724.

(46) Eldridge, M. D.; Madden, P. A; Frenkel, D. Entropy-Driven
Formation of a Superlattice in a Hard-Sphere Binary Mixture. Nature
1993, 365, 35—37.

(47) Sanders, J. V. Close-Packed Structures of Spheres of Two
Different Sizes I. Observations on Natural Opal. Philos. Mag. 1980,
42, 705—720.

(48) Bartlett, P.; Ottewill, R. H.; Pusey, P. N. Superlattice Formation
in Binary Mixtures of Hard-Sphere Colloids. Phys. Rev. Lett. 1992, 68,
3801-3804.

(49) van Rijssel, J.; Erne, B. H,; Meeldijk, J. D.; Casavola, M.;
Vanmaekelbergh, D.; Meijerink, A.; Philipse, A. P. Enthalpy and
Entropy of Nanoparticle Association from Temperature-Dependent
Cryo-TEM. Phys. Chem. Chem. Phys. 2011, 13, 12770—12774.

(50) Talapin, D. V.; Shevchenko, E. V.; Murray, C. B.; Titov, A. V.;
Kral, P. Dipole-Dipole Interactions in Nanoparticle Superlattices.
Nano Lett. 2007, 7, 1213—1219.

(51) Whetten, R. L.; Shafigullin, M. N.; Khoury, J. T.; Schaaff, T. G.;
Vezmar, I; Alvarez, M. M.; Wilkinson, A. Crystal Structures of
Molecular Gold Nanocrystal Arrays. Acc. Chem. Res. 1999, 32, 397—
406.

(52) McConnell, G. A; Gast, A. P; Huang, J. S.; Smith, S. D.
Disorder-Order Transitions in Soft Sphere Polymer Micelles. Phys.
Rev. Lett. 1993, 71, 2102—2105.

(53) Travesset, A. Topological Structure Prediction in Binary
Nanoparticle Superlattices. Soft Matter 2017, 13, 147—157.

(54) Travesset, A. Soft Skyrmions, Spontaneous Valence and
Selection Rules in Nanoparticle Superlattices. ACS Nano 2017, 11,
5375—5382.

(55) Winslow, S. W.; Tisdale, W. A.; Swan, J. W. Prediction of PbS
Nanocrystal Superlattice Structure with Large-Scale Patchy Particle
Simulations. J. Phys. Chem. C 2022, 126, 14264—14274.

(56) Coropceanu, I; Boles, M. A, Talapin, D. V. Systematic
Mapping of Binary Nanocrystal Superlattices: The Role of Topology
in Phase Selection. J. Am. Chem. Soc. 2019, 141, 5728—5740.

(57) Cottin, X;; Monson, P. A. Substitutionally Ordered Solid-
Solutions of Hard-Spheres. J. Chem. Phys. 1995, 102, 3354—3360.

(58) Red], F. X; Cho, K. S;; Murray, C. B.; O’Brien, S. Three-
Dimensional Binary Superlattices of Magnetic Nanocrystals and
Semiconductor Quantum Dots. Nature 2003, 423, 968—971.

(59) Shevchenko, E. V.; Talapin, D. V.; Murray, C. B.; O’Brien, S.
Structural Characterization of Self-Assembled Multifunctional Binary
Nanoparticle Superlattices. J. Am. Chem. Soc. 2006, 128, 3620—3637.

(60) Shevchenko, E. V.; Talapin, D. V.; Kotov, N. A;; O’Brien, S.;
Murray, C. B. Structural Diversity in Binary Nanoparticle Super-
lattices. Nature 2006, 439, 55—59.

(61) Evers, W. H.; Friedrich, H.; Filion, L; Dijkstra, M.;
Vanmaekelbergh, D. Observation of a Ternary Nanocrystal Super-

https://doi.org/10.1021/acsnano.3¢13062
ACS Nano 2024, 18, 8423—-8436


https://doi.org/10.1021/acs.nanolett.0c02784?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c02784?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-022-30016-0
https://doi.org/10.1038/s41467-022-30016-0
https://doi.org/10.1002/adom.202301534
https://doi.org/10.1002/adom.202301534
https://doi.org/10.1021/acsnano.1c06047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c06047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.2c07677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.2c07677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-021-03492-5
https://doi.org/10.1038/s41586-021-03492-5
https://doi.org/10.1021/acsnano.1c10702?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c10702?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1515/nanoph-2018-0218
https://doi.org/10.1515/nanoph-2018-0218
https://doi.org/10.1021/ja710619s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja710619s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja710619s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b00861?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b00861?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b08357?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b08357?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b08357?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c10688?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c10688?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c10688?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.abq3616
https://doi.org/10.1126/science.abq3616
https://doi.org/10.1021/ja076698z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja076698z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm703117v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm703117v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm703117v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl102705p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl102705p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn800129s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn800129s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn800129s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg100601a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg100601a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja103083q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja103083q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja103083q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b12327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b12327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b12327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja802932m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja802932m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl901212m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl901212m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/365035a0
https://doi.org/10.1038/365035a0
https://doi.org/10.1080/01418618008239379
https://doi.org/10.1080/01418618008239379
https://doi.org/10.1103/PhysRevLett.68.3801
https://doi.org/10.1103/PhysRevLett.68.3801
https://doi.org/10.1039/c1cp20297a
https://doi.org/10.1039/c1cp20297a
https://doi.org/10.1039/c1cp20297a
https://doi.org/10.1021/nl070058c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar970239t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar970239t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.71.2102
https://doi.org/10.1039/C6SM00713A
https://doi.org/10.1039/C6SM00713A
https://doi.org/10.1021/acsnano.7b02219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b02219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.2c03348?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.2c03348?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.2c03348?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b12539?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b12539?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b12539?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.469209
https://doi.org/10.1063/1.469209
https://doi.org/10.1038/nature01702
https://doi.org/10.1038/nature01702
https://doi.org/10.1038/nature01702
https://doi.org/10.1021/ja0564261?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0564261?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature04414
https://doi.org/10.1038/nature04414
https://doi.org/10.1002/anie.200904821
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c13062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

lattice and Its Structural Characterization by Electron Tomography.
Angew. Chem., Int. Ed. Engl. 2009, 48, 9655—9657.

(62) Shevchenko, E. V.; Kortright, J.; Talapin, D. V.; Aloni, S.;
Alivisatos, A. P. Quasi-Ternary Nanoparticle Superlattices Through
Nanoparticle Design. Adv. Mater. 2007, 19, 4183—4188.

(63) Talapin, D. V.; Shevchenko, E. V.; Bodnarchuk, M. L; Ye, X;
Chen, J; Murray, C. B. Quasicrystalline Order in Self-Assembled
Binary Nanoparticle Superlattices. Nature 2009, 461, 964—967.

(64) Ye, X; Chen, J.; Eric Irrgang, M.; Engel, M.; Dong, A.; Glotzer,
S. C.; Murray, C. B. Quasicrystalline Nanocrystal Superlattice with
Partial Matching Rules. Nat. Mater. 2017, 16, 214—219.

(65) Ye, X; Millan, J. A.; Engel, M.; Chen, J.; Diroll, B. T.; Glotzer,
S. C.; Murray, C. B. Shape Alloys of Nanorods and Nanospheres from
Self-Assembly. Nano Lett. 2013, 13, 4980—4988.

(66) Sanchez-Iglesias, A.; Grzelczak, M.; Pérez-Juste, J.; Liz-Marzan,
L. M. Binary Self-Assembly of Gold Nanowires with Nanospheres and
Nanorods. Angew. Chem. 2010, 122, 10181—1018S.

(67) Castelli, A.; de Graaf, J.; Prato, M.; Manna, L.; Arciniegas, M. P.
Tic-Tac-Toe Binary Lattices from the Interfacial Self-Assembly of
Branched and Spherical Nanocrystals. ACS Nano 2016, 10, 4345—
43S53.

(68) Hallstrom, J.; Cherniukh, I; Zha, X,; Kovalenko, M. V.
Travesset, A. Ligand Effects in Assembly of Cubic and Spherical
Nanocrystals: Applications to Packing of Perovskite Nanocubes. ACS
Nano 2023, 17, 7219—7228.

(69) Bertolotti, F.; Vivani, A,; Ferri, F.; Anzini, P.; Cervellino, A.;
Bodnarchuk, M. L; Nedelcu, G.; Bernasconi, C.; Kovalenko, M. V;
Masciocchi, N.; et al. Size Segregation and Atomic Structural
Coherence in Spontaneous Assemblies of Colloidal Cesium Lead
Halide Nanocrystals. Chem. Mater. 2022, 34, 594—608.

(70) Crooker, S. A.; Hollingsworth, J. A.; Tretiak, S.; Klimov, V. L
Spectrally Resolved Dynamics of Energy Transfer in Quantum-Dot
Assemblies: Towards Engineered Energy Flows in Artificial Materials.
Phys. Rev. Lett. 2002, 89, No. 186802.

(71) Enomoto, K,; Oizumi, R,; Aizawa, N.; Chiba, T.; Pu, Y.-J.
Energy Transfer from Blue-Emitting CsPbBr; Perovskite Nanocrystals
to Green-Emitting CsPbBr; Perovskite Nanocrystals. J. Phys. Chem. C
2021, 125, 19368—19373.

(72) Nedelcu, G.; Protesescu, L.; Yakunin, S.; Bodnarchuk, M. L;
Grotevent, M. J.; Kovalenko, M. V. Fast Anion-Exchange in Highly
Luminescent Nanocrystals of Cesium Lead Halide Perovskites
(CsPbX;, X = Cl, Br, I). Nano Lett. 2015, 15, 5635—5640.

(73) Hazarika, A.; Zhao, Q.; Gaulding, E. A.; Christians, J. A.; Doy,
B.; Marshall, A. R;; Moot, T.; Berry, J. J.; Johnson, J. C.; Luther, J. M.
Perovskite Quantum Dot Photovoltaic Materials beyond the Reach of
Thin Films: Full-Range Tuning of A-Site Cation Composition. ACS
Nano 2018, 12, 10327—10337.

(74) Bodnarchuk, M. L; Boehme, S. C.; Ten Brinck, S.; Bernasconi,
C.; Shynkarenko, Y., Krieg, F; Widmer, R,; Aeschlimann, B,;
Gunther, D.; Kovalenko, M. V,; et al. Rationalizing and Controlling
the Surface Structure and Electronic Passivation of Cesium Lead
Halide Nanocrystals. ACS Energy Lett. 2019, 4, 63—74.

(75) Stelmakh, A.; Aebli, M.; Baumketner, A.; Kovalenko, M. V. On
the Mechanism of Alkylammonium Ligands Binding to the Surface of
CsPbBr; Nanocrystals. Chem. Mater. 2021, 33, 5962—5973.

(76) Bertolotti, F.; Nedelcu, G.; Vivani, A.; Cervellino, A.;
Masciocchi, N.; Guagliardi, A.; Kovalenko, M. V. Crystal Structure,
Morphology, and Surface Termination of Cyan-Emissive, Six-
Monolayers-Thick CsPbBr; Nanoplatelets from X-ray Total Scatter-
ing. ACS Nano 2019, 13, 14294—14307.

(77) Zhu, C.; Marczak, M.; Feld, L.; Boehme, S. C.; Bernasconi, C.;
Moskalenko, A.; Cherniukh, I; Dirin, D.; Bodnarchuk, M. I;
Kovalenko, M. V.; et al. Room-Temperature, Highly Pure Single-
Photon Sources from All-Inorganic Lead Halide Perovskite Quantum
Dots. Nano Lett. 2022, 22, 3751—-3760.

(78) Damasceno, P. F; Engel, M.; Glotzer, S. C. Predictive Self-
Assembly of Polyhedra into Complex Structures. Science 2012, 337,
453—457.

8436

(79) Strandell, D.; Mora Perez, C; Wu, Y.; Prezhdo, O. V,;
Kambhampati, P. Excitonic Quantum Coherence in Light Emission
from CsPbBr; Metal-Halide Perovskite Nanocrystals. Nano Lett.
2024, 24, 61—66.

(80) Lee, E. M. Y,; Tisdale, W. A; Willard, A. P. Perspective:
Nonequilibrium Dynamics of Localized and Delocalized Excitons in
Colloidal Quantum Dot Solids. J. Vac. Sci. Technol. 2018, 36.
DOI: 10.1116/1.5046694

(81) de Weerd, C.; Gomez, L.; Zhang, H.; Buma, W. J.; Nedelcu, G ;
Kovalenko, M. V.; Gregorkiewicz, T. Energy Transfer between
Inorganic Perovskite Nanocrystals. J. Phys. Chem. C 2016, 120,
13310—13315.

(82) Schrode, B.; Pachmajer, S.; Dohr, M.; Rothel, C.; Domke, J.;
Fritz, T.; Resel, R,; Werzer, O. GIDVis: a Comprehensive Software
Tool for Geometry-Independent Grazing-Incidence X-ray Diffraction
Data Analysis and Pole-Figure Calculations. J. Appl. Crystallogr. 2019,
52, 683—689.

https://doi.org/10.1021/acsnano.3¢13062
ACS Nano 2024, 18, 8423—-8436


https://doi.org/10.1002/anie.200904821
https://doi.org/10.1002/adma.200701470
https://doi.org/10.1002/adma.200701470
https://doi.org/10.1038/nature08439
https://doi.org/10.1038/nature08439
https://doi.org/10.1038/nmat4759
https://doi.org/10.1038/nmat4759
https://doi.org/10.1021/nl403149u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl403149u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ange.201005891
https://doi.org/10.1002/ange.201005891
https://doi.org/10.1021/acsnano.5b08018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5b08018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.2c10079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.2c10079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c03162?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c03162?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c03162?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.89.186802
https://doi.org/10.1103/PhysRevLett.89.186802
https://doi.org/10.1021/acs.jpcc.1c05140?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c05140?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b02404?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b02404?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b02404?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b05555?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b05555?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.8b01669?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.8b01669?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.8b01669?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c01081?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c01081?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c01081?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b07626?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b07626?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b07626?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b07626?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.2c00756?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.2c00756?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.2c00756?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1220869
https://doi.org/10.1126/science.1220869
https://doi.org/10.1021/acs.nanolett.3c03180?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.3c03180?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1116/1.5046694
https://doi.org/10.1116/1.5046694
https://doi.org/10.1116/1.5046694
https://doi.org/10.1116/1.5046694?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b04768?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b04768?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1107/S1600576719004485
https://doi.org/10.1107/S1600576719004485
https://doi.org/10.1107/S1600576719004485
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c13062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

