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ABSTRACT: The success of the colloidal semiconductor

quantum dots (QDs) field is rooted in the precise synthetic o CstI?ra =
control of QD size, shape, and composition, enabling electroni-
cally well-defined functional nanomaterials that foster funda-
mental science and motivate diverse fields of applications. While
the exploitation of the strong confinement regime has been ,
driving commercial and scientific interest in InP or CdSe QDs, el e ety
such a regime has still not been thoroughly explored and /<>\
exploited for lead-halide perovskite QDs, mainly due to a so far 104° < Single-phOtOM
insufficient chemical stability and size monodispersity of source @ 300 K

perovskite QDs smaller than about 7 nm. Here, we demonstrate [y
chemically stable strongly confined S nm CsPbBr; colloidal QDs
via a postsynthetic treatment employing didodecyldimethylam-
monium bromide ligands. The achieved high size monodispersity (7.5% =+ 2.0%) and shape-uniformity enables the self-
assembly of QD superlattices with exceptional long-range order, uniform thickness, an unusual rhombic packing with an
obtuse angle of 104°, and narrow-band cyan emission. The enhanced chemical stability indicates the promise of strongly
confined perovskite QDs for solution-processed single-photon sources, with single QDs showcasing a high single-photon
purity of 73% and minimal blinking (78% “on” fraction), both at room temperature.

QD superlattice

N
>
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ince 2015, intense research on colloidal lead-halide Experimentally revealing the structural and optical properties
S perovskite (LHP) nanocrystal (NC) quantum dots of strongly confined QDs could consolidate current theoretical
(QDs)"' has enabled significant progress in their
synthesis, fundamental understanding of their electronic
structure,”* and a variety of proof-of-principle applications.”*
However, while a plethora of works on LHP QDs has focused exciton—phonon Coupling24
on the weak-to-intermediate confinement regime, with QD interactions.”””" Both of the latter are crucial for the guided
sizes equal to or larger than the Bohr diameter (~7 nm in
CsPbBr;)," only a few reports have explored LHP QDs in the
strong confinement regime,g’10 ie, QDs of about 5 nm and
below. For example, while larger QDs have already displayed

models on the energy-level ordering of fine-structure split
(FSS) band-edge excitons,” as well as clarify the strength of
—28

and Coulomb many-body

design of photonic devices operating in the weak light—matter

coupling regime, e.g, to improve the performance of cyan-

outstanding properties such as long coherence times," "' Received:  August 2, 2022
bright single-photon emission,'”'* self-assembly into QD Accepted:  January S, 2023
superlattices (SLs),"*~"” collective emission via superfluor- Published: January 31, 2023
escence, »'” and superior performance in displays and
LEDs,"™** our understanding of the performance of strongly

confined QDs is lagging behind, in each of these categories.
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Figure 1. Strongly confined DDAB-capped S nm CsPbBr;QDs with narrow-band PL and well-resolved absorption features. (a) Absorbance
(gray) and PL (cyan) spectra. (b) Fitting the experimental SAXS data of a QD dispersion (gray line) via an analytical model (cyan line)
allows for particle shape determination (see cyan particle model in the inset), yielding an oblate shape with edge lengths of 4.7 + 0.1 nm, 5.6
+ 0.2 nm, and 5.8 + 0.2 nm, respectively. (c) High-resolution STEM image, with a single QD shown in the inset. (d) The Porod small-angle
region and the WAXTS experimental data (black line) simultaneously fitted via the DSE (cyan line, residuals: gray line), utilizing atomistic
models of QDs*” with an orthorhombic crystal structure (see main text and Supporting Information for details). (e) Atomistic model of a
size-averaged QD, obtained from the fit in (d) and a subsequent geometry relaxation at the DFT/PBE level of theory; Cs, Pb, and Br atoms

are depicted in cyan, brown, and gray, respectively.

emitting LEDs, and/or in the strong coupling regime, e.g, to
demonstrate single-photon nonlinearities.”

Such a lack of knowledge regarding expressions and use of
strong excitonic confinement in LHP QDs relates to the
presently limited synthetic access to the strong confinement
regime. Challenges arise from both the rapid growth kinetics
and the structural instability of small LHP QDs with a large
surface-to-volume ratio, especially for <7 nm QDs passivated
with conventional ligands, i.e., oleic acid and oleylamine. While
the rapid growth kinetics has recently been addressed by
introducing a synthesis based on thermodynamic, rather than
kinetic, control,” the structural instability remains an
unresolved challenge limiting both structural studies (e.g, by
electron microscopy and X-ray diffraction) and optical
investigations (e.g, by single-emitter PL spectroscopy).
Furthermore, reports on small QDs are still plagued by an
insufficient monodispersity in size and shape, largely
preventing their self-assembly into superlattices.

In this study, we focus on 5 nm CsPbBr; QDs and stabilize
them by the postsynthetic surface treatment with didodecyldi-
methylammonium bromide (DDAB). The resulting QDs are
slightly oblate in shape and exhibit well-resolved absorption
features, narrowband cyan PL, good long-term colloidal and
optical stability, and a high PL quantum yield (PLQY). Owing
to high size monodispersity (7.5% =+ 2.0%) and shape-
uniformity, these QDs readily form SLs exhibiting exceptional
long-range order and narrowband PL (full-width-at-half-
maximum (fwhm) ~100 meV, quasi-identical with the fwhm
of single QDs). Unconventionally, the SLs exhibit a macro-
scopic oblique shape with a characteristic obtuse angle of about
104°, resulting from an unexpected QD packing, consistent
with a C-centered rectangular lattice in the (transmission
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electron microscopy; TEM) observation plane. For reference,
larger CsPbBr; NCs typically form simple cubic SLs.'”~"”

Via single-QD PL spectroscopy, we show that strongly
confined colloidal 5 nm CsPbBr; QDs can serve as solution-
processed single-photon sources operating at room temper-
ature. While recent theoretical efforts predicted a crossover
from a bright triplet to a dark singlet ground state for small
QDs,”** our 5 nm QDs still exhibit short radiative lifetimes of
~0.5 ns at cryogenic temperature. Hence, the dark state
marginally contributes to the radiative recombination at zero
magnetic field even for strongly confined CsPbBr; QDs,
possibly linked to a reverse dark-bright energy—level order-
ing”* or to a forbidden bright-to-dark relaxation.>*

RESULTS AND DISCUSSION

Postsynthetic Treatment, QD Size, Shape, and Crystal
Structure. Motivated by earlier works demonstrating high
PLQY and good long-term colloidal stability of CsPbX; NCs
with a didodecyldimethylammonium bromide (DDAB) ligand
shell,”> we posited that DDAB ligands may render also the
small CsPbBr; QDs more robust while preserving high
emissivity. Briefly, 5 nm CsPbBr; QDs were synthesized
using a hot- 1n]ect10n approach by adapting the methodology
from Dong et al,” using conventional oleylammonium-based
ligand capping. Subsequent surface treatment with DDAB in
toluene utlhzes the stronger affinity of the DDA-cation to the
surface A-site.”

Figure 1a exemplifies strong confinement of excitons in 5 nm
CsPbBr; QDs, i.e, QDs smaller than the Bohr diameter (~7
nm) in this material.' First, a large bandgap is observed in
absorption (with a lowest-energy peak at 488 nm) and PL
(with a peak at 495 nm), manifested as cyan-blue appearance
of a colloidal dispersion under daylight and UV light; second,

https://doi.org/10.1021/acsnano.2c07677
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Figure 2. Self-assembly of rhombic QD SLs from cuboidal 5 nm CsPbBr; QDs. (a) Optical microscopy image of 3D QD SLs under UV
excitation; the upper inset shows a magnified view of a representative SL to better visualize the nonorthogonal in-plane angle of about 104°;
the lower inset shows an angle histogram of all SLs in the frame. (b) SEM images and (c) AFM image of representative SLs. (d) TEM image
of a 2D QD SL and (e) its associated autocorrelation function (ACF), both featuring QD packing with an in-plane angle of about 104°. (f)
Larger-area TEM image; inset: suggested structural model based on an overlay of the axes of QD lattice (gray) and SL (black), inferred from
the images in (f) and (g), respectively, with a relative tilt of about 7 & 2°. (g) WAED at the same sample position and orientation as in (f)
suggests that the atomic order of bulk CsPbBr; is largely preserved, as demonstrated by the (pseudo)cubic indexing of the WAED
reflections. (h) Suggested structural model of the rhombic QD SL, based on the size and shape of the oblate QDs (from SAXS, Figure 1b)
and the QD packing (from TEM and WAED); the average inter-QD facet-to-facet separation of 2.9 + 0.4 nm is equal in all three spatial
directions (a = b = ¢ = 8.2 nm); the QD packing with rhombic repeating units (black dashed rhombus) exhibits a C-centered orthorhombic
symmetry (black solid rectangle). (i) 2D GISAXS pattern (with false colors representing the diffracted intensity) demonstrating high long-
range in-plane and out-of-plane order; gray and red markers indicate diffraction patterns resulting from reflected and transmitted channel,
respectively; upper panel: a Gaussian fit to the orthorhombic 201, peak (L = 1; indicated with an arrow in the lower panel) yields a fwhm of
0.0059 A~ corresponding to a lower limit for the coherent SL domain size of ca. 106 nm. (j) 1D in-plane scattering intensity obtained from
horizontal cuts at L = 0 (solid red line) and L = 1 diffraction order (transmitted light only, solid orange line). Comparison with the in-plane
cuboidal QD shape form factor (gray dashed line) explains the intensity variation of both pronounced (indicated by solid vertical lines) and
suppressed peaks (dashed vertical lines), particularly at about +0.12 A™".

strongly confined 5 nm QDs exhibit clearly discernible
absorption features, due to the sparse density of states in
these QDs. At the ensemble level, such a discretized absorption
spectrum as well as the small PL fwhm of about 100 meV can
only be observed in the case of a sufficiently low size
polydispersity. From experimental small-angle X-ray scattering
(SAXS) data of a QD dispersion in toluene and the associated
fit via an analytical model (see Figure 1b), we derive an oblate
QD shape (parallelepiped) with edge lengths of 4.7 + 0.1 nm,
5.6 + 0.2 nm, and 5.8 + 0.2 nm, respectively (1:1.19:1.23
ratio), and a low size dispersity of 7.5% =+ 2.0% of the
ensemble. For simplicity, this shape with an equivalent length
of the two long axes can be then viewed as a flat tetragonal
prism of ca. 1:1.2 = 0.8 aspect ratio. The particle size and shape
are consistent with high-resolution scanning transmission
electron microscopy (HRSTEM), see Figure lc, and wide-
angle X-ray total scattering (WAXTS) experiments, see Figure
1d. Fitting the Porod small-angle region of the WAXTS
experimental data via the Debye scattering equation (DSE)
and utilizing atomistic models of defective QDs”” exposing six
cubic facets™® yields an oblate shape, with derived QD size and
size distributions identical, within experimental error, to the
SAXS-derived values in Figure 1b. The best WAXTS-DSE fit
provides the atomistic model of a size-averaged QD, which,
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after geometry relaxation at the density functional theory
(DFT/PBE) level of theory, is shown in Figure le.

QD Superlattices. A high size and shape uniformity of
QDs is also a key prerequisite for a controlled nucleation and
growth of high-quality QD SLs. Indeed, the postsynthetic
DDAB treatment facilitates the self-assembly of 5 nm CsPbBr;
QDs into three-dimensional SLs with exceptional long-range
order. These SLs exhibit an unconventional macroscopic
oblique shape with a characteristic obtuse angle of ~104° (see
optical microscopy images in Figure 2a), a lateral size of up to
30 pum (see scanning electron microscopy (SEM) images in
Figure 2b), and a thickness of several hundreds of nanometers
with a root-mean-square roughness of about 10 nm (see
atomic force microscopy (AFM) images in Figure 2c¢ and
Figure S1). The observation of an oblique SL shape is atypical
considering that larger QDs tend to assemble into ordered
three-dimensional cuboidal structures with simple cubic
packing.”'®*” Nevertheless, we note that the overall symmetry
lowering (compared to a primitive cubic packing) is only
moderate, given that the overall SL periodicity is consistent
with a C-centered cell (space group Cmmm), after a simple SL
cell transformation from the oblique a, b, ¢ axes to the
orthorhombic axes: ay = a + b, by = a — b, and ¢, = ¢,
respectively, all perpendicular to each other (vide infra).

https://doi.org/10.1021/acsnano.2c07677
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Figure 3. Strongly confined single 5 nm QDs as single-photon sources. (a) Room-temperature PL spectrum of a single QD after pulsed
excitation (405 nm, 10 MHz); inset: time trace over 100 s, showing spectrally stable emission and several blinking events. (b) Second-order
correlation function g?(#) with g®(0) = 0.27, indicative of the emission of single photons from single QDs at room temperature. (c) Upper
left panel: intensity—time trace showing the blinking of a single QD at room temperature, obtained via either 1 ms time binning (gray trace)
or via a bias-free Bayesian change-point analysis algorithm (CPA, black trace) adapted from Palstra et al.;>> upper right panel: a 78% ON
state fraction is derived from the count histogram with a threshold indicated by the gray dashed line; lower panel: a magnified view of the
time span indicated by the gray dashed box in the upper panel. (d) PL spectrum of a single QD at 4 K; inset: time trace over 60 s. (e) Time-
resolved PL of a single QD at 4 K (blue circles) and 300 K (gray circles), respectively; the initial decays are well fitted by single-exponential
decays (red lines) with time constants of ~0.4 ns and ~2.6 ns, respectively. (f) Statistics of the PL lifetime and peak energy of several single
QDs at 4 K (blue circles), with the mean and standard deviation shown in red.

To investigate the microscopic nature and origin of the
atypical SL assembly, we performed TEM, wide-angle electron
diffraction (WAED), and grazing-incidence small-angle X-ray
scattering (GISAXS) experiments. TEM on a monolayer-thick
“2D SL” (see Figures 2d and 2e) reveals that QDs pack along
in-plane axes with an enclosed obtuse angle of 104°. The in-
plane packing in 3D SLs is likely identical, since the obtuse
angle of the in-plane packing in 2D SLs (Figure 2d) matches
that of the macroscopic shape of 3D SLs (see Figure 2a).
WAED (see Figure 2g) collected from a representative 2D SL
region (see Figure 2f) infers orthogonal angles, consistent with
the orthorhombic crystal structure, (see Figure 1d). To
simplify the analysis in Figure 2g, we utilize a cubic notation™®
to assign hkl indices to ED reflections; such an approximation
is justified given that the small difference between the
orthorhombic (010) 4, and (101),4, d-spacings is hardly
detectable by WAED for small QDs. The intense spots and
only short arc-like elongations of the 1104;, 020.4,, and
220, reflections attest a high degree of orientational order of
the QDs within the SL. An overlay of atomic packing and QD
packing (see inset in Figure 2f) explains the 104° SL angle via a
slight misorientation of the in-plane QD and SL axes, on
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average by about 7 + 2° per axis. GISAXS measurements (see
Figures 2i and 2j) reveal an exceptional long-range order, both
in plane and out of plane. The 2D GISAXS pattern in Figure 2i
suggests lattice constants of equal length (a = b = ¢ = 8.2 nm),
an in-plane angle of 104°, orthogonal out-of-plane angles, and
a lower limit for the coherent SL domain size of ~106 nm.

Based on the TEM, WAED, and GISAXS evidence, Figure
2h depicts the SL 3D structural model. Due to the partial
misorientation of the oblate QDs within the SL, the inter-QD
separations vary, with average facet-to-facet separations of
about 2.9 + 0.4 nm, i.e, about 1.7 times the length of a free
DDAB molecule (1.71 nm). However, the minimum
separation of “diagonally seated” QDs in the [110]g; direction
reduces to 2.5 + 0.3 nm, i.e, only 1.5 times the DDAB ligand
length. Such a separation significantly shorter than twice the
ligand length may originate from ligand tails bending away
from the axis of QD contact.*”*!

As reported previously for metallic, metal-oxide, and metal-
chalcogenide QD SLs, a rhombic packing of cuboidal QDs
increases the packing density,”””* possibly favored by the
flexible ligand shell. To appreciate the importance of the latter
in small-QD SLs, we define the QD softness as 4 = 2Ly,/Iqp,

https://doi.org/10.1021/acsnano.2c07677
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Figure 4. Narrow emission in strongly confined QD SLs. (a) Temperature-dependent PL spectra of a SL of S nm QDs with rhombic shape.
(b) PL fwhm as a function of temperature. (c) Time-resolved PL of a QD SL at 4 K (blue circles) and double-exponential fit (gray line),
revealing a short lifetime of ~0.4 ns. (d—i) PL microscopy images of a single SL at 4 K (d—f) and 295 K (g—i), revealing a high spatial
uniformity in the PL intensity (d,g), 1/e PL lifetime (7;,,) (e;h), and center-of-mass energy Ecoy (£i), respectively.

with Ly, the capping ligand length and lyp the QD edge
length.'” Compared to ~9 nm QDs (1 ~ 0.4), known to pack
in (primitive) cubic assemblies,'” the SLs of 5 nm QDs (4 ~
0.65) are significantly softer, hereby facilitating also dense
noncubic assemblies. Noteworthy, unusually high packing
densities even in large-QD SLs have recently been attributed to
deformations and vortices of the ligand shell as introduced in
the orbifold topological model.*”*" Extending such theoretical
efforts also to soft small-QD SLs as reported here, ideally with
atomistic detail, could be an interesting avenue toward
predicting, designing, and realizing hitherto unexplored SL
structures.

5 nm CsPbBr; QDs at the Single-Particle/Single-
Photon Level. Unlike state-of-the-art single-photon sources
based on III-V semiconductor QDs, CsPbBr; QDs may emit
single photons not only at cryogenic,u’14 but also at room
temperature,'****” a key advantage toward a more widespread
deployment in quantum technologies. Entering the strong
quantum-confinement regime could unlock additional benefits,
since enhanced Auger recombination of multiexcitons for
smaller QDs should enhance their single-photon purity.
However, only a few reports have explored strongly confined
perovskite NCs at the single-particle level, focusing either only

on single-photon purity of QDs at room temperature,”*” or
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on the exciton fine structure of nanoplatelets at cryogenic
temperatures.50

Here, we report single-QD PL properties both at room and
cryogenic temperatures (Figure 3). Figure 3a presents the
room-temperature PL spectrum of a single 5 nm CsPbBr; QD
with a representative fwhm of ~85 meV, reducing to about 2
meV at 4 K, see Figure $14.°""> Afforded by DDAB surface
passivation and encapsulation in a N, environment (see
Methods section for details), the QD displays little spectral
diffusion and no blue-shifts, i.e., irreversible photodegradation
via a progressive decrease in QD core size (see inset). Figure
3b shows the second-order PL intensity correlation function
g(z)(t) obtained in a Hanbury Brown and Twiss setup under
pulsed excitation at 405 nm with a repetition rate of 10 MHz.
The antibunching peak with g(z)(O) = 0.27 corresponds to a
single-photon purity of 73%, a clear improvement compared to
the weak confinement regime.

As shown in Figure 3¢, the PL intensity intermittency, i.e.,
“blinking”, in a single S nm CsPbBr; QD displays a high ON/
OFF ratio, qualitatively similar to larger CsPbBr; QDs.”** In
the first method to derive this ratio, we choose a fix time
binning (1 ms, see gray traces in Figure 3c), short enough to
ensure a reasonably low probability of capturing both ON and
OFF state in a single time bin; such a method is commonly
employed in single-emitter spectroscopy. The second method
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leverages current developments toward bias-free and model-
free statistical analysis of QD blinking, for which we adapt a
recently introduced algorithm by Palstra et al,,”” implementing
Bayesian changepoint analysis (CPA) and level clustering. The
histogram in Figure 3c illustrates that both analysis schemes
reveal a distribution of ON and OFF states and, importantly, a
high ON fraction of about 70—80%. Cooling to 4 K does not
significantly increase the ON fraction further, see Figure SIS.

Next, we study cuboidal S nm CsPbBr; QDs also at 4 K (see
Figures 3d—f). At such cryogenic temperatures, the recently
uncovered fast emission from bright triplet exciton states in
CsPbBry; QDs*® has sparked efforts to exploit LHP QDs as
bright and coherent quantum-light sources.'' The unusually
fast radiative decay initiated a lively debate on the dark-bright
energy-level ordering of LHP QDs in the weak-to-intermediate
confinement regime.33’34'56 Adding to the complexity, recent
theoretical work has suggested that the fine-structure splitting
and the dark-bright energy-level order is size-dependent, with
strongly confined CsPbBr; QDs exhibiting a dark singlet
ground state several millielectronvolts below the bright triplet
state.” If true, a first-order estimate for our 5 nm QDs would
predict a slow radiative decay from the singlet state, with a PL
lifetime significantly exceeding the few hundreds of pico-
seconds of weakly confined LHP QDs'" and similar to the case
of metal chalcogenide‘wf59 and InP*° QDs. In contrast to such
expected size-dependent trends, S nm QDs still possess a short
PL lifetime of ~0.5 + 0.1 ns (see Figure 3e and 3f). Hence, if
the singlet state would indeed be below the triplet state, the
triplet-to-singlet transition must be exceedingly slow,>*°! ie,
slower than the ~0.5 ns radiative decay. Recently, the latter
scenario has been invoked to explain the absence of low-energy
dark emission in LHP QDs at zero magnetic field and
attributed to a strong phonon bottleneck.**®" While such a
model is, in principle, consistent with our data, the origin of a
phonon bottleneck merits further studies given that the
expected dark-bright splitting in strongly confined QDs is of
a similar magnitude (few millielectronvolts) as the available
low-energy optical phonons.****%* In either case, the sub-ns
lifetime and high PLQY suggest that even strongly confined
CsPbBr; QDs may belong to the family of bright emitters with
high radiative rates.

Upon heating to room temperature, the PL decay
decelerates only slightly to ~2.6 ns (1/e time), which, together
with the high PLQY, places an upper limit to the radiative
decay of ~S§ ns, i.e, suggests faster room-temperature emission
than for larger CsPbBry QDs."

Uniform Optical Properties of QD Superlattices.
Figure 4 explores the luminescent properties of QD SLs and
possible benefits resulting from the high monodispersity and
high degree of structural order. Figure 4a displays the
temperature-dependent PL spectra of a single QD SL from 4
to 300 K. Defying the odds of the strong confinement regime,
the SL displays narrow-band PL at 4 K (fwhm ~33 meV, see
Figure 4b), attesting a small inhomogeneous broadening
contribution, in line with the high size and shape
monodispersity (see Figure 1b). Upon increasing the temper-
ature, the emission broadens, due to coupling of the excitons to
thermally activated phonons. At room temperature, exciton—
phonon coupling is the dominant contribution, with a QD SL
line width (~80 meV, see Figure 4b) quasi-identical with the
single-QD line width (see Figure 3a). The low-temperature PL
decay features an average time constant of ~0.4 ns (see Figure
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4c), identical, within experimental error, to the single-QD
lifetime.

Spatially resolved confocal PL images (see Figures 4d and
4g) show intensity variations across the sample of well below
20% (standard deviation), consistent with the uniform SL
thickness inferred from AFM (see Figure 2c) and SEM (see
Figure 2b). Likewise, confocal PL images reveal a spatially
uniform PL lifetime, with a minor increase toward the SL edge
at 4 K (see Figures 4e) and a minor decrease at 295 K (see
Figure 4h). However, both at 4 K (see Figure 4f) and 295 K
(see Figure 4i), spatially resolved widefield hyperspectral PL
images consistently reveal a slight increase of the center-of-
mass PL energy Ecoy by about 10—15 meV from the SL
center toward the edge, qualitatively and quantitatively similar
to large-QD SLs.°* In the latter report, the combined
observation of a spectral blue-shift and a decreasing PL
lifetime toward the SL edge was attributed to a loss in
structural coherence, an increasing atomic misalignment
between adjacent QDs, and growing compressive strain near
the SL edge. While our room-temperature measurements
would, in principle, be consistent with such a model, the lack of
a decreased PL lifetime in edge-near regions at 4 K is
inconsistent with strain as the origin for the blue-shift at SL
edges. We suggest that elucidating the precise relationship
between SL strain and PL properties (here: spectrum and
lifetime) may require the careful exclusion of several alternative
potential origins, e.g, size and shape segre§ati0n within the
SL,%* self—absorption,ﬁs_67 exciton diffusion,®®”""! and photon
propagation and recycling effects.””~"*

CONCLUSIONS

In conclusion, via a postsynthetic treatment employing DDAB
ligands, we demonstrate chemically stable, strongly confined §
nm CsPbBr; QDs with cyan emission and well-defined
absorption features. The high monodispersity in size and
shape allows these QDs to self-assemble into SLs of
exceptional long-range order. SLs exhibit an unusual rhombic
macroscopic shape with an obtuse angle of about 104°, traced
back to a C-centered orthorhombic QD packing. Likely, this
unusual dense packing of cuboidal QDs is facilitated by the soft
ligand shell which, unlike for larger QDs, represents a much
higher volume fraction. Finally, we demonstrate that single 5
nm CsPbBr; QDs make for good solution-processed room-
temperature single-photon sources, with rapid radiative decay
at cryogenic temperature, while SLs represent well-defined
collective emitters with narrow emission bands and uniform
spectral and intensity characteristics.

METHODS

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

Synthesis of CsPbBr; QDs with a Size of 5 nm. We
synthesized CsPbBr; QDs adapting a synthesis procedure described
by Dong et al.’

Cesium Oleate 0.16 M in Octadecene (ODE). Cs,CO; (250 mg,
0.77 mmol), oleic acid (0.8 mL), and ODE (8.8 mL) were mixed in a
25 mL flask. The mixture was degassed three times and then heated to
100—120 °C under N, until it became clear. Cesium oleate in ODE
was stored in the glovebox.

Synthesis of QDs. PbBr, (75 mg, 0.2 mmol), ZnBr, (Alfa Aesar,
180 mg, 0.8 mmol), and distilled mesitylene (S mL) were mixed in a
25 mL flask under N,, stirring at 1400 rpm. The mixture was heated
to 120 °C; distilled oleylamine (2 mL) and dried oleic acid (2 mL)
were injected. The mixture was heated to 145 °C; 0.4 mL cesium
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oleate was injected from a 0.5 mL glass syringe. The reaction was
quenched after 15 s with an ice bath.

Size Selection and Washing. The crude sample was centrifuged 3
min at 12,100 rpm; the precipitate was discarded. Twenty-seven mL
ethyl acetate was added to the supernatant, and then it was
centrifuged S min at 12,100 rpm, the supernatant was discarded,
and the precipitate was dispersed in 1 mL anhydrous toluene

Postsynthesis Treatment. One mL QDs in toluene were mixed
with 100 pL 0.01 M didodecyldimethylammonium bromide (DDAB)
in toluene and stirred for 1 h. To obtain 0.01 M DDAB in toluene, 9.2
mg DDAB were dissolved in 2 mL anhydrous toluene.

Self-Assembly of CsPbBr; QDs. The SLs were prepared on the
square 5 mm X S mm silicon substrates. Shortly before the self-
assembly process, the silicon substrate was dipped into 4% solution of
HE in water for S min, followed by intensive washing with deionized
water. In a typical assembly process, the substrate was placed in a 10
mm X 10 mm X 10 mm Teflon well and 7 uL of purified QD solution
in toluene or octane with concentration 1—1.2 mg/mL were spread
onto the substrate. The well was covered with a glass slide to allow
slow evaporation of the solvent. 3D SLs of CsPbBr; QDs were formed
upon complete evaporation of the toluene. Typical lateral dimensions
of SLs ranged from 5 to 30 ym.

Electron Microscopy Characterization. TEM and HAADF-
STEM images as well as wide-angle electron diffraction (ED) patterns
were collected using a JEOL JEM2200FS microscope operating at 200
kV accelerating voltage. High-resolution HAADF-STEM and
HAADF-STEM images at different tilt angles were recorded using
an FEI Titan Themis microscope operated at 300 kV with the aid of a
motorized dual-axis tomography holder. TEM and ED images were
compared with those simulated in Crystal Maker 10.4.5 and Single
Crystal 3.1.5 software (purchased from CrystalMaker Software). SEM
images were obtained on a FEI Helios 660 operated at 3 kV using
immersion mode.

Optical Microscopy and Spectroscopy at the Ensemble
Level. Optical images were obtained using optical microscope Leica
DM4M under UV-light. To assess the macroscopic shape of the SL as
observed in optical microscopy (viewing direction perpendicular to
the substrate) and extract quantitative information on the exposed SL
angles (see histogram in Figure 2a), a custom image-recognition code
was implemented, as described in more detail further below. Optical
absorption spectra were measured with a Jasco V770 spectrometer in
transmission mode. Photoluminescence spectra were measured in a
90° configuration using a Horiba Fluoromax-4P+ equipped with a
photomultiplier tube and a monochromatized 150-W xenon lamp as
an excitation source. The photoluminescence quantum yield of the
samples was measured in a Hamamatsu Quantaurus-QY Plus UV—
NIR absolute photoluminescence spectrometer (C13534—11)
equipped with an integrating sphere.

Synchrotron-Based SAXS and GISAXS. SAXS and GISAXS
data were recorded at the AustroSAXS beamline of the Elettra
Synchrotron (Trieste, IT).”* Measurements were performed at 8 keV
X-ray energy, whereas images were collected using a large-area
PILATUS3 1 M detector (DECTRIS Ltd, CH). The sample—
detector distance was adjusted to 0.78 m for SAXS and to 1.8 m for
GISAXS measurements and calibrated using Ag-behenate (d-spacing
of 5.838 nm). Utilizing the typical convention for the momentum
transfer, i.e., Q = 47 sin(6)/A, where 20 is the scattering angle and 1 is
the photon wavelength, this experimental geometry resulted in an
accessible SAXS Q-range between 0.012—0.95 A™! and an accessible
GISAXS Q-range of Qy < 0.34 A" and —0.12 < Qy < 0.24 A™". SAXS
measurements of QD dispersions were performed in a 1.5 mm quartz
capillary. Sample and background measurements consisted of at least
15 exposures of 5 s each, to check for possible radiation damage. Each
scattering image was azimuthally integrated using the SAXSDOG
software package’® and subsequently corrected for primary-beam
fluctuations and sample transmission, allowing adequate subsequent
subtraction of the background signal.

The final scattering pattern was then fitted using an analytical
model, assuming an orthogonal parallelepiped shape with Gaussian
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volume distribution. For a detailed model explanation, we refer to the
section “SAXS model fitting” in the Supporting Information.

GISAXS images were taken at an incidence angle of 0.20° (aligned
using position of the specular reflection), using an exposure time of
ten seconds per image. For better statistics, the sample was
horizontally scanned in steps of 0.5 mm, whereas images were
subsequently averaged after correction for fluctuations in the primary
beam intensity. The final ima_%es were converted to Q-space using the
GIXSGUI software package’” and horizontal cuts to extract in-plane
scattering patterns at the L = 0 and L = 1 order were extracted using
NIKA2D.”® The positions of the SL reflections on the scattering
images were calculated using GIXSGUL"’

Synchrotron-Based WAXTS. X-ray total scattering measure-
ments on CsPbBr; QDs were performed at the X04SA-MS beamline
of the Swiss Light Source (Paul Scherrer Institute, Villigen, CH) 8 by
filling a 0.5 mm borosilicate glass capillary of certified composition
(Hilgenberg GmbH GS0) with a toluene colloidal suspension of QDs.

A beam energy of 22 keV was set, and the operational wavelength
(0.564513 A) was accurately determined using a silicon powder
standard (NIST 640d, a_0 = 0.543123(8) nm at 22.5 °C). Data were
collected in the 0.4°—130° 26 range using a single-photon counting
silicon microstrip detector (MYTHEN 1I).” Scattering from the
sample, from the empty glass capillary, and from pure toluene were
independently collected under the same experimental conditions.

Angle-dependent intensity corrections were applied to the raw data
to account for sample attenuation due to absorption effects; sample
absorption curves were determined using an X-ray tracing method*’
and by measuring the transmitted beam from the filled capillary at
room temperature, while for the empty capillary the X-ray attenuation
coefficient was computed using its nominal composition. Angular
calibrations were applied to the zero angle and x, y capillary offsets,
derived from the certified silicon powder standard (NIST 640d) using
locally developed procedures. Background and (absorption-corrected)
capillary scattering contributions were subtracted from the sample
signal, while the toluene scattering trace was added to the CsPbBr;
QD Debye scattering equation (DSE) model as a blank trace, suitably
rescaled by linear least-squares.

WAXTS data were fitted using the DSE method utilizing atomistic
models of the 5 nm CsPbBr; QD, as described in detail in the
Supporting Information section “The Debye Scattering Equation
(DSE) Method”.

Single-QD PL Spectroscopy. For single-QD PL spectroscopy,
films of 5 nm CsPbBr; QDs in a polystyrene matrix on glass substrate
were prepared in a N,-filled glovebox. Briefly, a colloidal dispersion of
CsPbBry; QDs (1 mg/mL) was first diluted by a factor 100 in dry
toluene (ACROS, 99.85%, extra dry, over molecular sieves), then by
another factor of 100 in a dry toluene solution containing 1 mass %
polystyrene (Aldrich, ~280,000 MW). Subsequently, about 50 uL of
the obtained dilute dispersion of QDs was spin-coated at 3000 rpm
for 60 s onto a thin glass coverslip (Thorlabs, with a diameter of 25
mm, and a thickness of 170 + S pm). The obtained QD film was
placed onto a motorized precision xyz-stage with piezo drive
(SmarAct GmbH) inside a home-built single-QD setup. The sample
was excited by focusing the output of a fiber-coupled 405 nm pulsed
laser (Picoquant, <50 ps pulses, 10 MHz repetition rate) onto the
sample (1/e* radius = 0.6 ym) using an oil-immersion objective (NA
= 1.3, 100X magnification). According to the absorption cross section
of 107 cm? for 5 nm CsPbBr; QDs reported by Maes et al,*' the
average number of excitons is estimated to be 0.2 per QD (at 10 4J/
cm? excitation fluence). The emitted light is collected via the same
objective and residual scattered excitation light is discarded via a
dichroic beam splitter (Semrock, Di03-R442-t1-25x36) and a long-
pass filter (Thorlabs, FELH0450). The emitted photons are then
analyzed regarding their spectral distribution, using a spectrograph
(Princeton Instruments, 0.5 m) and an electron-multiplied charge-
coupled device (EMCCD, Princeton instruments) camera with a 1 s
binning time, or, alternatively, regarding their photon statistics, using
a Hanbury—Brown and Twiss (HBT) setup with a 50/50 beam
splitter, two avalanche photodiodes (APDs, EXCELITAS, 250 ps
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temporal resolution) and a counting card for time-correlated single-
photon counting (TCSPC, Picoquant).

For single QD measurements at cryogenic temperatures, the
diluted dispersion of QDs were spin-coated onto a Si/SiO, substrate
(size around 0.5 cm X 0.5 cm), mounted on Xyz nanopositioning
stages inside an evacuated liquid-helium flow cryostat (Montana
Instruments), and cooled to the targeted temperature of 4 K. The
fiber-coupled 405 nm pulsed laser (20 MHz repetition rate) is focused
(1/€* radius = 1.2 um) onto the sample by a microscope objective
(NA = 0.8, 100X magnification). From the employed excitation
fluence of 2.6 uJ/cm?, we estimate an average of about 0.05 generated
excitons per QD. The emitted light is collected by the same objective
and analyzed as in room temperature measurements.

PL Spectroscopy of QD SLs. The time-resolved photo-
luminescence (TRPL) images at room temperature and 4 K were
acquired under a vacuum using a constant-flow liquid helium cryostat
(Oxford, MicroHires) with the sample located on the cryostat’s
coldfinger. The cryostat was subsequently mounted on a confocal
microscope setup (PicoQuant, MicroTime 200). An air objective (NA
= 0.8, 100X magnification) was used to excite and collect emission
from the sample (radius ~1 pm). The excitation laser, a 405 nm
pulsed diode (Picoquant, ~100 ps, 0.5 MHz repetition rate, 8 nW),
was directly focused onto the sample with an air objective. The
emission signal was separated from the excitation light using a
dichroic mirror (FF01-405/10, AHF/Semrock). A pinhole of 150 ym
was included in the detection path, as well as an additional 425 nm
long-pass filter (ET425LP, Chroma) to minimize the laser
contribution to the recorded signal. The TRPL was then focused
onto a Hybrid PMT detector connected to a PicoQuant acquisition
card for time correlated single-photon counting (time resolution of
100 ps). Repetition rates of 0.5 MHz were used for the confocal maps.

Wide-field, hyperspectral microscopy measurements were carried
out at room temperature and 4 K under a vacuum using a constant-
flow liquid helium cryostat (Oxford, MicroHires) with the sample
located on the cryostat’s coldfinger. The cryostat was subsequently
mounted on a Photon etc. IMA system. A 40S nm continuous wave
laser was used for luminescence excitation. The excitation laser was
filtered by a dichroic mirror. The lamp light used for reflection
measurements travels through the objective to the sample. The
emitted light from the sample was incident on a volume Bragg grating,
which splits the light spectrally onto a CCD camera. The detector was
a 1040 X 1392 resolution silicon CCD camera kept at 0 °C with a
thermoelectric cooler and has an operational wavelength range of
400—1000 nm. By scanning the angle of the grating relative to the
incident light, the spectrum of light coming from each point on the
sample was obtained.
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