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Abstract: Supramolecularly assembled high order supercrystals (SCs) help control the dielectric,
electronic, and excitonic properties of semiconductor nanocrystals (NCs) and quantum dots (QDs).
Ligand-engineered perovskite NCs (PNCs) assemble into SCs showing shorter excitonic lifetimes
than strongly dielectric PNC films showing long photoluminescence (PL) lifetimes and long-range
carrier diffusion. Monodentate to bidentate ligand exchange on ca. 8 nm halide perovskite (APbX3;
A:Cs/MA, X:Br/l) PNCs generates mechanically stable SCs with close-packed lattices,
overlapping electronic wave functions, and higher dielectric constant, providing distinct excitonic
properties from single PNCs or PNC films. From fast Fourier transform (FFT) images, time-
resolved PL, and small-angle X-ray scattering (SAXS), we identify structurally and excitonically
ordered large SCs. An Sc shows a smaller spectral shift (<35 meV) than a PNC film (>100 meV),
a microcrystal (>100 meV), or a bulk crystal (>100 meV). Also, the exciton lifetime (<<10 ns) of
an SC is excitation power-independent in the single exciton regime (N)<l, comparable to an
isolated PNC. Therefore, bidentate-ligand-assisted SCs help overcome delayed exciton or carrier

recombination in halide perovskite nanocrystal assemblies or films.



1. Introduction

Lead halide perovskites (LHPs) show excellent optical and electronic properties.[!! Controlling the
excitonic carrier lifetimes of LHPs is important for tuning their applications. Isolated PNCs show
short Auger lifetimes due to strongly confined excitons.!!* PNCs are in the film or assembled state
in various optical and photovoltaic devices. However, PNC assemblies show unusually long-range

[1d,3]

carrier diffusion due to dielectric screening, exciton-dressing, excited state electron

1e3] Furthermore,

wavefunction overlapping, and the photon propagation effect (reabsorption).!
exciton splitting, hole trapping, and delayed non-geminate recombination affect the electronic
properties of these assemblies.[’! The long carrier lifetime of PNC self-assemblies becomes short
at high excitation intensities due to an exponential increase in the non-geminate recombination
rate.l’) Such uncontrolled carrier diffusion and recombination are undesired for optoelectronic
applications.

Recently, perovskite SCs have become attractive for superfluorescence (SF), low-threshold
light amplification, and aggregation-induced PL intensity enhancement (AIE).[®! SF by cooperative
emission with red-shifted PL and short PL time was detected at the liquid helium temperature."’
Zhou et al. demonstrated cavity-enhanced SF with picosecond pulse duration in a perovskite QD
(PQD) superlattice (SL) microcavity.”?! Lasing and amplified spontaneous emission (ASE) from
perovskite SCs have also been studied due to their significance to photonic crystals.' A templated
CsPbBr; assembly showed ASE under lower optical excitation fluences than a PNC film.l'! Also,
AIE was reported for self-assembled low-dimensional perovskite SCs.!'!! Bi et al. reported the

self-assembly of CsPbBr; nanoplatelets into cuboid crystals('!®]

with the PL quantum yield
increase from 50 to 91% and a PL redshift. PL redshifts and PL lifetime changes of SCs compared

to isolated PNCs are caused by the combined dielectric environment, electronic coupling, and



photon propagation effects.l!?! The optical and electronic properties of PNCs depend on the
strength of exciton confinement and the degree of dielectric screening tuned by the size and shape
of the assembly.['3] The optical properties of PNC films and SCs depend on the electronic structures
of excitons.['#1&37) Unlike a PNC film, showing largely red-shifted PL and a long PL lifetime,
electronic coupling among assembled PNCs introduces minibands in an SC.['?*!4l The degree of
the electronic coupling strongly depends on the interparticle distance!'*! and alignment in an SC.!¢!

Nevertheless, PNC dislocation and structural stability of SCs formed by the self-assembly of

simple ligands remain unresolved.

Due to the large surface energy, quantum-sized perovskite materials spontaneously self-
assemble into ordered structures and SCs.!''*%!") Monodentate hydrophobic ligand-capped PNCs
assemble by the van der Waals interactions, which is also accelerated by solvent
evaporation,®!2#14¢l antisolvent addition,'!®!¥] or surface modification.’>!1%191 Also, templates

[94.201 horon silicate glass networks,?'! and polymer molds help form

such as oil-in-oil droplets,
SCs.l'%! For example, Tang et al. demonstrated isotropic SCs using oil-in-oil templates.*"!
Cherniukh et al. prepared spherical SCs from CsPbBrz nanocubes using a microdroplet
template.”¥ Wang et al. prepared self-assembled cubic SCs using L-cysteine.*?] Li et al.
synthesized cuboid and spindle-shaped perovskite SCs by photoinduced alkynyl homocoupling.?*]
Nevertheless, a correlation among the structures, stability, optical properties, and exciton and
carrier recombination processes of isolated, close-packed, and SC perovskites is missing. We
found PNCs self-assembled by monodentate ligands deform under mechanical stress, dislocating
PNCs, decreasing the local dielectric constant, and changing the PL color and lifetime. Although

the mechanical stability of SCs formed by weak interactions among monodentate ligands is yet to

be rationalized, we hypothesize and demonstrate mechanically stable, slipping-free halide



perovskite (APbX3; A:Cs/MA, X:Br/I) SCs with long-range ordering by interlocking PNCs using
the bidentate ligand eicosanedioic acid (EA, Figure 1). The structures and excitonic properties of
the SCs are compared with monodispersed PNCs and self-assembled PNC films. STEM images
and SAXS clarify long-range 2D and 3D SCs. The bidentate ligand-assisted SCs are free from
mechanical slipping, exciton splitting, spectral shifts, and prolonged PL lifetimes typical to PNC
films. The close-packed PNC structure with overlapping electronic wave functions and a higher
dielectric constant brings unique excitonic properties to an SC. Time-resolved PL measurements
help correlate the PL wavelengths, miniband formation, and excitonic and non-geminate carrier

recombination rates of the SC.

2. Results and Discussion

We synthesized the PNCs (APbX3; A:Cs/MA/FA, X:Br/I) with oleic acid (OA) and hexadecyl
amine ligands. Synthesis and characterization of the PNCs are in the supporting information.
Figure 1a shows the absorption and PL spectra of monodispersed CsPbBr3; and CsPbls PNCs. For
the as-synthesized cubic PNCs (8.44+0.9 nm, Figures 1b, S1, and S2), the excitonic and PL peaks
are at 496 and 509 nm for the bromide and 670 and 675 nm for the iodide samples, respectively.
PNC films were prepared by drop-casting PNC colloidal solutions (1 mg mL ™) on a glass slide.
Figure S3 shows the top-view and cross-section SEM images of a CsPbBr3 PNC film. The average
thickness of the film is 1.2 pm. We prepared APbX3 SCs by a ligand-exchange-assisted
sedimentation technique [Figure 1c(i)]. EA [Figure 1c(ii)] with the -COOH groups at both ends
coordinates to the PNCs in an SC, which is more advantageous for inter-PNC linking than
monodentate ligands. After adding an EA solution in toluene (0.5 mM, 2 mL) to a PNC solution,
the OA ligands were exchanged with EA spontaneously until the ligand concentration attained
equilibrium between the absorbing and desorbing ligands in about 48h [Figure 1c(iii)]. Figure 1d
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shows PNC colloids (i) without and (i) with adding the EA solution under room light and UV
light. The PNCs without EA continued as a stable dispersion for more than 48 h [Figure 1d(1)],
whereas most of the PNCs were settled as SCs after adding the EA solution [Figure 1d(ii)]. After
discarding the supernatant and washing the SCs using an EA solution, CsPbBr3 SCs were collected
and deposited on TEM grids and glass coverslips for STEM, SEM, XRD, and PL measurements.
Common SCs are rectangle-shaped (Figure 2a,b). The assembled CsPbBr3 PNCs in an SC are well-
aligned. The sizes of PNCs in the SCs are estimated at 8.1+1.0 nm (Figure S1b), showing the
ligand exchange does not affect the PNC size. The FFT images of an SC (Figure 2c¢,e) and a self-
assembled monolayer (Figure 2d) indicate a homogenous four-fold symmetry due to close-packed
cubic PNCs. STEM (Figure 2¢) and SEM images (Figure 2e) confirm well-ordered PNCs in SCs.
While CsPbBr3; and CSPbl; (Figures 2 and S4) form short-range assemblies, MAPbX3 PNCs form
irregular assemblies. In contrast, a PNC film shows a homogenous circular FFT pattern, indicating
a random arrangement of PNCs (Figure 2f). Also, partially assembled and fused PNCs were
observed in films (SEM image, Figure 2f). Interestingly, the constituent PNCs in an SC are
periodically arranged by EA. Also, unlike short-range ordered PNC arrangements in a film, long-
range arrangements were evident from SEM and STEM images (Figure 2c,e). Nevertheless, MA
and FA-based PNCs formed irregular assemblies, which need further attention.

We measured XRD and SAXS data to evaluate the structures, alignment, and interparticle
distances in PNC films and SCs. Figure 3a,b shows the XRD patterns of a PNC film and SCs,
which help assign cubic unit cells with Pm3m space group to the PNCs.['"7] After the SC formation,
the XRD patterns remained unchanged, indicating that the PNC crystal structure did not change in
the SC. Figure 3a (inset) shows the SAXS patterns of PNCs and an SC. The SAXS peak at ¢ = 0.5

nm ! indicates 3.5 nm inter-PNC spacing in a film, consistent with the STEM data (Figure 2d).



The SAXS pattern of the SC sample matches the peak at ¢ = 0.5 nm™ for a film, confirming the
close-packed PNC structure.

Time-resolved PL (TRPL) measurements help us to correlate the structure-property relations
of isolated PNCs, PNC films, and SCs. Figure 3¢,d shows PL spectra and decay curves of an
isolated CsPbBr3 PNC, a PNC film, and an SC, with the PLwavelengths centered at 511, 518, and
534 nm, respectively. The PL spectra and decays of CsPbBr3; and CsPbl; SCs are compared in
Figure S5. The PL decay curves were fitted using the triexponential kinetics (Table S1). Isolated
PNCs show shorter average PL lifetimes (<5 ns) due to strongly confined excitons; the effective
Bohr diameter for a CsPbBrs NC is 7 nm.**) Conversely, PNC films show much longer PL
lifetimes (>175 ns) with largely red-shifted (=100 meV) PL spectra relative to a PNC. The long
PL lifetime and red-shifted emission of a PNC film (Figure 3c¢) are due to weak dielectric screening

le,25

and photon reabsorption-emission, like in bulk films or crystals.['®?%] Exciton splitting into free

charge carriers under strong dielectric screening in self-assembled films and fused lattices with

3,7,11c

stripped ligands leads to delayed radiative non-geminate recombination.! 1 Furthermore, the

excited state lifetime and optical bandgap of a PNC sample are determined by the band-edge
electronic structure, defects, and trapping-detrapping processes.*”]

Compared to a PNC film, the small surface-to-volume ratios of SCs suppress surface-related
nonradiative recombination and delayed recombination.[''®) The PL redshift is much smaller (<35
meV, Figures 3¢ and S5a) for an SC than a PNC film or fused PNCs (>100 meV). Also, the PL
lifetime of an SC (<10 ns, Figure 3d) is comparable to isolated PNCs, but much shorter than a
PNC film (>100 ns), suggesting the dielectric exciton screening by the surrounding bidentate
ligands in an SC is greater than a PNC film but weaker a bulk crystal. Although defect-assisted

0]

nonradiative recombination and inter-PNC charge transfer accelerate the relaxation,!'"! narrowly



distributed PL lifetimes (7 to 8.1 ns or 8.8 to 9.7 ns, Figure S6) indicate a uniform low defect
density in an SC. The optical bandgap (ca. 2.393 eV) and PL lifetimes (<10 ns) of SCs suggest
minimal reabsorption emission in the PL spectra or decay profiles due to a small number of PNCs
in an SC.'"?l Therefore, we assume interparticle electronic coupling as the main ruler for the PL
spectral maximum and lifetime of SCs.

Figure 4 shows excitonic/carrier recombination processes in photoexcited PNC samples. Inter-
PNC electronic coupling generates minibands with a lower conduction band minimum than
isolated PNCs [Figure 4b(iii)],l'?>!#¥) like strong electronic coupling reported for ordered

(15161 We call the Kroning-Penney model®® to validate the band-edge

semiconductor SCs.
modification manifested by the spectral shift of SCs. Accordingly, the bandgap of the SC is given
by eq. 1, which is provided by eq. 2 for a PNC.

E;¢(n) = E° + E.(n,q = 0) + Ey(n,q = 0) €))

Ef(n) = Eg° + E.(n> 0, =0) + Ex(n > 0, =0) (2)
where, Eg3D is the bulk bandgap, E, and E}, are electron and hole energies, # is the carbon number
of a ligand (spacing), and ¢ is the wave number (2nn/L). For a bulk crystal (n — 0), electrons or
holes do not contribute to bandgap changes. The bandgap change (AE = 32 meV) detected for the
SCs is comparable to the simulated value (AE = 2 to 28 meV)!?%! for SCs using this model.

When fused PNC lattices are prepared by ligand stripping, a high-quality PNC film that avoids

1¢] Such noncoordinating ligands hamper

ligand stripping and lattice fusion carries excess ligands.!
long-range PNC ordering and engage PNCs to slip under a mechanical force (= 5 N, Figure S7),
causing a PL spectral blueshift (526 to 518 nm, Figure 4c) and a PL lifetime decrease (106 to 84
ns). In contrast, an SC with PNCs interlocked by the bidentate ligand is free from slipping, PL

spectral blueshift, and PL lifetime decrease under mechanical stress (ca. 5 N, Figures 4d and S8).



Conversely, the mechanically stressed SC shows a red-shifted PL spectrum and a longer PL
lifetime (Figure S5). These changes are attributed to the disordering of surface PNCs, providing
partial film-like characteristics only to the SC surface.

Excitation-power-dependent photocounts, correlated with PL lifetimes, help clarify the short
PL lifetime or the delayed emission suppression in an SC, unlike a PNC film. The laser fluence is
converted into an excitonic occupation (N)?’! obtained from eq. 3.

(N) = (Laser fluence x Absorption cross-section)/hv  (3)
The absorption cross-section value for a CsPbBrs PNC (d = 8 nm) is estimated at 4.5x107'4
cm?.11%28] The exciton recombination rates for an SC and a PNC film were measured in the single-
exciton regime (N)<<1. The PL intensity (photocounts, /pr) shows the following relationship (eq.
4) with the excitation power (Iex),”!
IrL = A Ii* = B (N)* (4)
where 4 and B are constants. The exponent £ is related to the radiative recombination mechanism.
For a PNC film, the /pL increases linearly (k = 0.92) with increasing (N) (Figure 4¢). In contrast,
the Ipr increases linearly (k= 1.03) and saturates ((N)>0.03) for an SC. The & values ca. 1 indicate
single exciton radiative recombination. For the excitation power dependency ofthe PL lifetime, the
7 value continuously decreases from 186 to 36 ns for a PNC film (Figure 4f). The long PL lifetime
of a PNC film at low /ex values suggests strong dielectric screening of excitons, followed by free
carrier generation.[”"!'°) As the I.x is increased, inter-carrier interaction is increased. In contrast, an
SC shows the constant 7 for (N)<0.03 (Figure 4f). The excitation power independent short PL
lifetime of an SC in the single-exciton regime ((N)<1) suggests its single PNC-like behavior, with

strong exciton confinement rather than exciton splitting and free carrier generation. Therefore,



bidentate ligands interlock PNCs in an SC and prevent PNC fusion or slipping, unlike ligand-
stripped perovskite lattices or PNC films.

Previous reports show large PL redshifts (>150 meV) for perovskite SCs formed by self-
assembly without ligand exchange.!1?#142-¢.20231 The PL lifetime also varies with spectral shifts. Li
et al. reported large PL redshift (44 =28 nm) and a longer PL lifetime (from 7.1 for a PNC to 37.9
ns for the SC) for CsPbBr; SCs formed by a photoinduced alkyl homocoupling among PNCs?3,
Kanemitsu et al. recently reported excitonic lifetime change in perovskites by exciton coupling
with phonons and polarons.*” Not all perovskite SCs show red-shifted PL or longer PL lifetimes.
Lapkin et al. reported a PL blueshift and a PL lifetime decrease for SCs compared to isolated
PNCs,*!l where the PL properties of SCs are affected by the PNC alignment, the SC preparation
temperature, local environments, and aging. The excitonic properties of SCs are correlated with
the compressive strain of PNCs in soft ligand shells.[*>!4>&18311 The SCs prepared in this work
show stability against mechanical stress, unlike a PNC film, which is attributed to PNC
interlocking and ordering in an SC by the bidentate EA, which also protects PNCs from fusion.

Also, the SCs are free from exciton splitting and uncontrolled carrier diffusion by maintaining the

interparticle distance with the homogenous four-fold symmetry.

3. Summary

We demonstrate stable halide perovskite SC preparation by bidentate ligand exchange on PNCs.
STEM images, XRD patterns, and SAXS data suggest that the bidentate ligand maintains the
nanocrystal ordered in an SC. Fast Fourier transform (FFT) analyses of STEM or SEM images and
SAXS data show long-range nanocrystal periodicity in an SC than in a film with randomly

arranged PNCs. The emission wavelength and lifetime of SCs are closer to isolated PNCs than a



PNC film with largely red-shifted emission and delayed carrier recombination. Unlike an increase
in the non-geminate recombination rate in a PNC film, the bidentate ligand maintains the PNC
identity in an SC, rendering stronger quantum confinement. These results suggest stable perovskite
SCs prepared using bidentate ligands overcome undesired exciton splitting and carrier

recombination.

4. Experimental Section

Materials: We used the following chemicals without further purification. Cesium acetate (Sigma-
Aldrich, 99.9%), Cesium carbonate (Sigma-Aldrich, 99.9%), oleylamine (TCI, >50.0%), PbBr
(Sigma-Aldrich, >98.0%), oleic acid (TCI, >85.0%), hexadecyl amine (Fujifilm Wako),
eicosanedioic acid (TCI, >98.0%), 1-hexadecene (Fujifilm Wako), 1-octadecene (Fujifilm Wako),

and dehydrated toluene (Fujifilm Wako, >99.5%).

Synthesis of CsPbBr3 perovskite nanocrystals (PNCs): A mixture of PbBr> (420 mg, 1.1 mmol),
oleic acid (3.2 mL, 10 mmol), hexadecyl amine (2.4 g, 10 mmol), and 1-hexadecene (50 mL) was
added into a three-necked flask and heated at 120 °C under a vacuum for 1 h. Parallely, a mixture
of cesium acetate (30 mg, 0.15 mmol), 1-hexadecene (1.2 mL), and oleic acid (180 nL, 0.5 mmol)
in another three-necked flask was heated at 120 °C under a vacuum for 1 h. After all the precursors
were dissolved, the temperature was increased to 170 °C, and Ar gas was flushed for 30 min. The
hot cesium acetate solution was injected into the PbBr; solution within a few seconds. Immediately
(within 1 min), the reaction mixture was cooled in an ice-water bath. 50 mL of toluene was added
into the as-synthesized CsPbBr3 PNC colloid, and the solution was centrifuged at 14500 rpm for

30 min. The supernatant was discarded, and the precipitate was redispersed in toluene. The PNC
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colloid was centrifuged at 2000 rpm for 5 min to separate large PNCs and aggregates. The

supernatant was collected and used in this study.

Synthesis of CsPbl; PNCs: A mixture of Pbl» (1.734 g, 3.8 mmol), oleic acid (1 mL, 3.2 mmol),
oleylamine (1 mL, 3.0 mmol), and 1-octadecane (10 mL) was added into a two-necked flask and
heated at 120 °C under a vacuum for 1 h. Parallely, a mixture of cesium carbonate (162.8 mg, 0.5
mmol), oleic acid (0.5 mL, 1.6 mmol), and 1-octadecane (8 mL) was loaded in another two-necked
flask and heated at 120 °C under a vacuum for 1 h. After all the precursors were dissolved, the
temperature was increased to 160 °C, and Ar gas was flushed for 30 min. The hot cesium oleate
solution (0.8 mL) was injected into the Pbl, solution within a few seconds. Immediately (within 1
min), the reaction mixture was cooled in the ice-water bath. The solution was centrifuged at 6000
rpm for 10 min. The residue was redispersed in toluene and centrifuged again at 12000 rpm for 10
min. The supernatant was discarded, and the precipitate was redispersed in toluene. The PNC
colloid was centrifuged at 2000 rpm for 5 min to separate large PNCs and aggregates. The

supernatant was collected and used in this study.

Synthesis of CsPbBr; SCs: First, a solution (0.5 mM) of eicosanedioic acid [EA,
(CH2)13(COOH);] was prepared in toluene. This solution was added to 2 mL of the CsPbBr; PNC
colloid in toluene. The mixture was undisturbed for 2 days at 25 °C in a screw-cap bottle. The
supernatant of the sample was decanted and discarded. The settled SCs were washed with the 0.5

mM EA solution in toluene.

PL decay recording: Time-resolved PL measurements were carried out on an inverted optical
microscope (IX71, OLYMPUS). The excitation light was femtosecond laser pulses (405 nm, 150

fs, 200 kHz) generated from the SHG crystal of an optical parametric amplifier (Coherent OPA-
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9400). The PL from the sample was collected using a 40x objective lens and filtered through a 420
nm long-pass filter. Time-resolved PL spectra were recorded for 2 min using an assembly of a
polychromator (model 2501S, Chromex) and a Streak-camera (model C4334, Hamamatsu). The
average power of the fs laser pulses (~8 mW) was controlled with 0.1-10% ND filters before
passing through the focusing lens placed before the sample. Also, we used a single photon counting
system for PL decay measurements, which was equipped with an avalanche photodiode (Perkin
Elmer, SPCM-AQRH)-time-correlated single photon counting module system (Becker & Hickl
GmbH, SPC-830). The excitation light source in the ps system was a Hamamatsu PLP-10 pulsed
laser (405 nm, 60 ps, 1 MHz). Amplitude-weighted average PL lifetimes zamp. were calculated by

the equation: Tamp. = (A171°+A4212°+A4373%)/ (A1T1+A202+A313).

Characterization of PNCs and SCs: The absorption and steady-state PL spectra of purified
CsPbX3 PNC colloid were recorded using a UV-vis spectrophotometer (Evolution 220, Thermo
Fischer Scientific) and a fluorescence spectrometer (F-4500, Hitachi). The morphologies of the
the PNCs, PNC films, and SCs were examined using a STEM (HD-2000 microscope, HITACHI)
operated at 200 kV. STEM samples were prepared by drop-casting the PNC colloid or SC
suspensions on copper grids supported by carbon films (Okenshoji). The top view and cross-
section images of PNC films were recorded using an SEM (SU8230, HITACHI) operated at 1 kV.
The size distributions of PNCs and FFT images were obtained by the NIH ImagelJ 1.48 v package.
XRD and SAXS profiles of PNCs and SCs were recorded on an X-ray diffractometer (SmartLab,
RIGAKU) with a Cu Ka (A = 0.15406 nm) X-ray source. Samples were deposited on glass slides

and Kapton films for XRD and SAXS measurements.

Investigation of mechanical stability of PNC films and SCs: To examine the mechanical

stability of the EA-assisted PNC SCs, we measured STEM and SEM images, PL spectra, PL
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decays of PNC films, and SCs before and after applying a lateral mechanical force of = 5 N. The
mechanical force was applied as follows. Firstly, a PNC film or dispersed SCs deposited on a glass
coverslip were covered by a glass slide. The lateral force was applied by fixing the lower glass
coverslip to a table, pushing the glass slide vertically, and sliding the upper glass slide. Figures S7
and S8 show the morphologies of a close-packed PNC film and an SC before and after the
mechanical deformation. The film showed a large PL blueshift (Figure 4c) and a decrease in the
PL lifetime (from 106 ns to 84.3 ns, Figure S7¢,d) by applying mechanical force. Conversely, the
mechanical force did not greatly affect the PL spectral maximum (Figure 4d) or the lifetime (Figure
S8c,d) of an SC. Interestingly, the SC showed a PL redshift (AA = 3 nm) with an increase in the
PL lifetime (from 7.4 ns to 13.8 ns). The PL blueshift and PL lifetime decrease for the PNC film
suggest assembly dissociation. The PL spectral redshift and lifetime increase for the SC suggest

the partial (surface, Figure S8) structural change of SCs to an NC film.
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Figure 1. (a) The absorption (i,iii) and PL (ii,iv) spectra of as-synthesized CsPbBr; and CsPbls
PNC samples dispersed in toluene. (b) STEM image of CsPbBr3 PNCs (also, see Figure S2). (c)
A scheme of (i) CsPbBr3; SC preparation, (ii) EA, and (iii) SC formation. (f) The photographs of

CsPbBr3 NC colloidal solutions (i) without and (ii) with adding an EA solution.
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Figure 2. (a,e,f) SEM and (b,c,d) STEM images of CsPbBr3 (a-c,e) SCs, (d) 2D self-assembled
monolayer of PNCs, and (f) a PNC film. The images d-f were recorded at 100k magnification.

Insets in c-f are the corresponding FFT data.
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Figure 3. (a,b) XRD patterns of (a) a CsPbBr; PNC film and (b) SCs. Inset: SAXS data for (black
line) a PNC film and (red line) SCs. (¢) PL spectra and (d) PL decays of a CsPbBr; PNC colloidal

solution, single SC, and a PNC film. The excitation laser fluence is 3 nJ cm 2 and Aey = 405 nm.
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Figure 4. (a,b) Schemes of exciton confinement, miniband formation, and reabsorption in (i) a

PNC, (ii) a PNC film and (iii) an SC. (c,d) Plots of (¢) photocounts and (d) PL lifetimes vs. (N) of

() an CsPbBr3; PNC film and (o) an SC. The plots o

(NY* (red lines).
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ToC text:

Using bidentate ligands, halide perovskite supercrystals are prepared by ligand-exchange-assisted
long-range and high-order nanocrystal assembling. The resulting 2D and 3D supercrystals retain
quantum confinement and excitonic properties different from exciton splitting, carrier trapping,
and charge diffusion in a perovskite film with randomly arranged nanocrystals. This method offers

a route to supercrystal fabrication for light-emitting and light-harvesting devices
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