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Self-Assembly of Quantum-Confined CsPbBr; Perovskite
Nanocrystals into Rhombic, Frame, and Rectangular

Superlattices

Matheus Gomes Ferreira, Baptiste Gastin, Jonas Hiller, lvan A. Zaluzhnyy,
Gerard N. Hinsley, Bihan Wang, Kuan Hoon Ngoi, Ivan A. Vartanyants, Frank Schreiber,

Marcus Scheele, and Dmitry Baranov*

Superlattices of quantum-confined perovskite nanocrystals (5-6 nm) present
an interesting example of colloidal crystals because of the interplay between
nanoscopic parameters (nanocrystal sizes, shapes, and colloidal softness) and
the microscopic shapes of their assemblies. These superlattices are reported as
rectangular or rhombic, with little discussion of the outcomes of self-assembly
experiments which are worthwhile to study given the rising interest in the
optical properties of these nanomaterials. It is observed that various super-
lattice shapes are produced in a single solvent evaporation experiment from
a nanocrystal dispersion drop-casted onto a tilted substrate. The observed
shapes are categorized as rhombi, rectangles, and hollow frames (including
hollow rectangular frames, nested structures, and interconnected fragments).
The influence of self-assembly conditions is studied by optical microscopy, and
the nanocrystal circularity, aspect ratio, and size are quantified by transmission
electron microscopy with additional insights into the superlattice structure
provided by X-ray nanodiffraction. The results suggest that rhombic shapes
arise from a subpopulation of nanocrystals with broader size and shape dis-
persions, whereas more uniform nanocrystals form rectangular structures
(either solid or hollow). The solvent evaporation dynamics and diffusion of
the drying liquid contribute to forming more complex shapes, such as nested
frames and cracked and multidomain superlattices.

1. Introduction

Self-assembly of quantum-confined lead-
halide perovskite nanocrystals into superlat-
tices is a rapidly developing area of research
motivated by the pursuit of collective proper-
ties. Many studies focus on the self-assembly
of weakly confined CsPbBr; nanocrystals
due to the reported observation of collective
properties in luminescence and X-ray
diffraction."® Theoretical predictions indi-
cate the largest enhancement of collective
light emission (e.g., superradiance) in the
assemblies of smaller, strongly confined
nanocrystals,”™®! due to the stronger radia-
tive coupling” The self-assembly requires
uniform nanocrystals, and thanks to the syn-
thetic development of recipes yielding nano-
crystals with narrow size distributions,®*"
batches with an average size of around 6 nm
in a strong quantum confinement regime
(below ~7nm Bohr exciton radius of
CsPbBr;*™")) are available. Consequently,
self-assembly into superlattices and investi-
gations of collective light emission such as
superradiance followed."®'”!  Specifically,
the quantum-confined CsPbBr; nanocrystals
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derived from the ZnBr,-mediated syntheses have been reported to
self-assemble into rectangular®'¢*# and less common rhombic
superlattices."” These observations of different superlattice mor-
phologies obtained from nanocrystals derived from nominally sim-
ilar syntheses suggest that there are factors, either intrinsic to the
nanocrystals or external to the self-assembly conditions, that influ-
ence the superlattice shapes. Ideally, one would like to predict the
shape of the superlattice based on the initial conditions and prop-
erties of nanocrystal batches, for example, average size, shape, and
other characteristics. However, predicting colloidal self-assembly is
notoriously difficult due to the many variables influencing self-
assembly and small energy differences between competing pack-
ing modes of polyhedral particles.”® As a result, researchers are
often left with trial-and-error experimentation to empirically
explore the diversity of superlattices and study their physical
properties.

Such experimentation is fruitful, as evidenced by several
examples. Rupich et al. observed size-dependent twinning in
PDbS superlattices by systematic assembly of a series of PbS col-
loids of different sizes.”"! In that work, PbS nanocrystals larger
than 7nm produced twinned superlattices, while nanocrystals
smaller than 4nm self-assembled without twinning. Huang
et al. monitored stages of antisolvent diffusion-induced colloidal
crystallization of octahedrally shaped 10.5nm PbS nanocrys-
tals.??! In that study, superlattices went from rhombic to trian-
gular shapes, including multidomain “butterfly” shapes, as their
size increased from a few microns to several tens of microns. The
different consecutive growth mechanisms (from classical nucle-
ation and growth to seeded secondary growth and oriented
attachment), along with changes in the nanocrystal packing from
body-centered cubic (bcc) to face-centered cubic (fcc), have been
used to rationalize these observations.”?! Different polyhedral
shapes in the colloidal assembly of noble metal nanocrystals have
been known for a while, with examples of single-component and
binary nanocrystal superlattices self-assembled into macroscopic
polyhedra such as truncated pyramids, hexagons, and octahedra,
among others.”>?% With lead halide perovskite nanocrystals,
most of the works have been dedicated to rectangular superlat-
tices and aggregates grown by solvent evaporation on flat
substrates,"®2¢=2% in the liquid phase,**~% by templating,**~*!
and rounded superlattices formed under spherical confine-
ment.®®3”) The shape appears to affect function, although the
evidence is presently limited due to the novelty of the material.
The perovskite nanocrystal superlattices of spherical shapes
showed properties different from rectangular ones, such as
Mie resonances, which accelerated photoluminescence (PL)
and reported polaritonic effects at cryogenic temperatures,*® dif-
ferent from the optical properties of rectangular superlattices at
low temperatures explained by collective superfluorescence and
superradiance.'®'7-2839-41 Begides rectangular, rhombic, and
spherical shapes, a report of pyramid-shaped superlattices with
a rectangular base and superfluorescence is emerging as well.*”]

Motivated by recent advances and theoretical predictions, we
explored the self-assembly of small (5-6 nm) CsPbBr; nanocrys-
tals synthesized via a ZnBr,-mediated approach. After optimiz-
ing the synthesis and isolation processes, we found that solvent
evaporation led to the formation of various superlattice shapes
from the same nanocrystal batch on a single substrate. This work
pursues several key objectives: first, to detail the synthesis and
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isolation of nanocrystals suitable for superlattice formation; sec-
ond, to examine how sample preparation steps such as filtering,
dilution, and the addition of extra solvent affect self-assembly
outcomes; and third, to investigate the factors driving superlat-
tice shape variation through direct observations, nanocrystal
characterization, and X-ray nanodiffraction studies on individual
superlattices. Overall, this study aims to deepen the understand-
ing of colloidal perovskite nanocrystal self-assembly under com-
mon experimental conditions.

2. Results
2.1. Nanocrystals and Self-Assembly

The as-synthesized and isolated CsPbBr; nanocrystals show a
pronounced lowest energy exciton peak in the absorption spec-
trum at 486 nm (2.55eV) (Figure 1a, dark blue curve), corre-
sponding to an average size of ~5.8 nm, obtained from the
sizing curve of Brennan et al. correlating absorption peak with
electron microscopy sizes.** This edge length puts these
nanocrystals into the strongly confined regime. The pronounced
and well-defined shape of the lowest energy absorption peaks,
assigned to the s-s and p-p excitonic transitions,''*3*% with
two discernible peaks at higher energy, indicates a narrow size
distribution of the nanocrystal ensemble. The PL spectrum has a
maximum of 498 nm (2.490 eV) with a full-width at half maxi-
mum of 110 meV (Figure 1a, light blue curve). From the self-
assembly perspective, 5.8 nm CsPbBr; nanocrystals capped with
oleic acid and oleylamine ligands are softer compared to larger,
weakly confined nanocrystals with edge lengths in the range of
8-10 nm. The estimated softness of nanocrystals in this work is
S=2L/a = 3.6nm /5.8nm = 0.62, where L is the estimated
ligand length and a is the nanocrystal size. Overall, nanocrystal
samples used for assembly experiments in this work are largely
congruent with as-synthesized nanocrystals derived from ZnBr,-
assisted synthesis in other works.

Upon deposition of 40 pL of the nanocrystal dispersion onto a
tilted (2.7°) microscope glass slide of 1.5 x 2.5 cm dimensions
and complete solvent evaporation in a loosely closed Petri dish
(Figure 1b), a surprising variety of superlattice shapes were
observed (Figure 1c). At the top of the substrate, the well-isolated
superlattices of thombic shapes (estimated obtuse angle = 105 + 3°)
were formed. In the middle of the substrate, the shapes
became more polygonal with numerous kinks, and superlattices
increased in thickness by showing a stronger contrast with the
background. At the bottom of the substrate, where in the tilted
configuration the amount of nanocrystal dispersion is the largest,
the primarily rectangular superlattices on top of a continuous
film have been formed. Tilting the substrate creates a spatially
resolved concentration gradient during nanocrystal assembly.
At 0° (no tilt), the dispersion dries via the coffee-stain effect, with
nanocrystals accumulating at the droplet edges to form a thick
film and superlattices on top. At higher angles (5.4° and 8.2°),
the assembly is similar to 2.7°, but the concentration gradient
is confined to a shorter region along the substrate due to liquid
accumulation near the bottom of the substrate. Thus, a moderate
tilt angle allows spatially resolved observation of superlattices,
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Figure 1. a) Optical absorption (dark blue curve) with four discernible tran-
sitions marked at 486 nm (2.55 eV), 456 nm (2.72eV), 429 nm (2.89eV),
and 403 nm (3.08 eV) and PL spectra (light blue curve, Ae,c = 385 nm) of
CsPbBr; nanocrystals in dilute toluene dispersion, the left inset shows a
photograph of dilute nanocrystal dispersion under the room light, and
the right inset shows a photograph of it under UV flashlight. b) Sketch
of the self-assembly setup on a tilted (2.7°) glass slide, illustrating the grad-
ual drying of the sessile drop of the nanocrystal dispersion. c) A variety of
superlattice habits were observed along the length of the substrate from top
to bottom under an optical microscope (40x objective) in a single experi-
ment. Two images in the bottom part of the sample illustrate isolated super-
lattices just before the edge of the drying liquid and superlattices together
with continuous nanocrystal solid film at the dried edge.

and beyond 2.7°, the region of assembly simply becomes shorter
and less convenient to work with.

The portion of nanocrystal superlattices from the top region of
the substrate where rhombic-shaped superlattices were observed
was dissolved in a small volume of toluene and the absorption
spectra of that fraction were compared with the absorption spec-
tra from the starting nanocrystal dispersion. After scaling the
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absorption spectra to compensate for differences in nanocrystal
concentrations, the spectra were found to overlap with each
other (see Supporting Information Figure S6), indicating mini-
mal differences between the nanocrystals in the rhombic super-
lattices and the starting solution. At the same time, the optical
microscopy results clearly show various superlattice shapes
formed from the same batch of nanocrystals in a single
experiment.

2.2. Diversity of Superlattice Shapes (Habits)

After performing the growth of superlattices made by the same
synthesis protocol with minor changes in superlattice growth
conditions and inspecting them under an optical microscope,
it was observed that a single batch of synthesized nanocrystals
with seemingly high size homogeneity could produce a variety
of superlattice shapes. To explore what other shapes are possible,
we chose to vary several experimental parameters, always using
the nanocrystal batches synthesized in the same way. The opti-
mized experiment led us to 12 samples with interconnected var-
iable changes, and the following major superlattice shapes have
been observed: rhombi, rectangles, squares, and hollow frames
(Figure 2). The superlattices with perfect sides were rare, and the
majority of superlattices showed kinks, cracks, a combination of
rounded and sharp corners, and rectangular inclusions inside
the hollow frames (i.e., a smaller rectangular superlattice within
alarger hollow frame superlattice). We note that across 44 experi-
ments (32 preliminary plus 12 optimized), among the isolated
superlattices with discernible geometrical shapes, rhombi have
been observed with an approximate frequency of 31%, rectangles
and squares at 47%, and frames at 22%. Besides these shapes, all
the samples featured variable amounts of aggregates of superlat-
tices, superlattices merged in irregular formations, and the dried
residue of continuous nanocrystal films.

Table S1 in the Supporting Information lists the samples and
varied conditions, and their optical microscopy images are shown
in Supporting Information Figure S7-S10, including the division
into three regions of interest along the substrate (top, middle,
and bottom). The self-assembly on a tilted substrate and the
resulting spatial resolution in the concentration of the drying
nanocrystal dispersion provide additional context for the inter-
pretation of the results. Figure 2 presents an overview of the col-
lected data from the prepared samples, in which the superlattices
of three principal morphologies are illustrated. Both rhombic
and rectangular shapes have been previously reported,’'”'*) while
hollow frames from perovskite nanocrystals have been observed,
but not reported before.

2.2.1. Rhombi

Analyzing the formation of rhombic superlattices under various
growth conditions revealed several key influences. Both filtered
and nonfiltered nanocrystal dispersions exhibited similar absorp-
tion spectra; however, the concentration in the filtered sample
was lower by about 4 pM (*230%) due to the removal of large
aggregates by the polytetrafluoroethylene (PTFE) filter. Optical
images (see Supporting Information Figure S7-S10) show that
nanocrystal concentration and the addition of extra toluene in
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Figure 2. The microscopy overview of CsPbBr; nanocrystal superlattices of different habits. a—c) Optical micrographs of the rhombic, frame, and rect-
angular superlattices; d—f) STEM images of the dissolved superlattices of rhombic, frame, and rectangular habits, respectively; g—i) bright-field TEM of the
dissolved superlattices of the rhombic, frame, and rectangular habits, respectively.

the Petri dish, which affects toluene vapor saturation and the
evaporation rate of the sample, influence the rhombic superlat-
tice formation. Samples containing extra toluene produced more
rhombic superlattices across all dilutions (1:1, 3:1, 5:1), and these
superlattices appeared in the middle region of the substrate only
when extra toluene was present. Furthermore, samples with
higher initial nanocrystal concentrations (nonfiltered) yielded
more rhombic superlattices compared to those grown from
filtered dispersions.

In the top and bottom regions of the substrate, larger rhombic
superlattices formed due to higher nanocrystal concentrations
during drying, as this is influenced by the pinning of the evapo-
ration front, diffusion, convection, capillary action, and grav-
ity.*”) The top region has a thinner liquid layer because of
tilting, leading to faster evaporation but higher nanocrystal con-
centration from capillary forces pulling the nanocrystals upward.
The bottom region contains a thicker layer of liquid with more
material and potential precipitation of nanocrystal aggregates by
gravity. Optical images indicate that extra toluene causes larger
superlattices and more cracks, possibly due to drying-induced
contraction or dissolution-recrystallization. As observed visually
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and in Video S1-S3, Supporting Information, for a sample dry-
ing in air, the evaporating liquid front recedes unevenly through
cyclical crystallization-dissolution. We hypothesize that this pro-
cess contributes to superlattice fragmentation, crack formation,
and the emergence of domains that eventually merge into bigger,
less regular structures in a closed Petri dish (see Supporting
Information Figure S11).

2.2.2. Frames

Figure 2b and 3 highlight surprising and unexpected superlattice
shapes referred to as “frames.” These were observed primarily in
samples prepared with filtered nanocrystal dispersions at the 3:1
dilution and extra toluene in the Petri dish. Frames with sharp
edges appear in all three regions of the substrate, sometimes as
isolated frames and sometimes interconnected (Figure 3a—c).
Curiously, small rectangular superlattices or rod-like crystals
could sometimes be found at the center of frames (Figure 3d—f).
Filtered samples without extra toluene showed no frame-shaped
superlattices under any concentration; when nonfiltered
dispersions were used with extra toluene, no frame-shaped
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Figure 3. Variety of frame superlattices observed by optical microscopy: a—c) isolated and interconnected frames with thick and thin boundaries, d-f)
nested superlattices with square and rod-like inclusions and their combinations, and g) an overview of the large sample area covered with numerous
nested frame superlattices. The images are displayed with an increased contrast, all scale bars are 40 pm.

superlattices were found as well. However, nonfiltered concen-
trated samples (dilution 1:1) without extra toluene yielded frames
ranging from large rectangular-/thombic-shaped frames in the
top region to smaller rectangular frames in the middle and bot-
tom of the substrate. Interestingly, a few larger frames in the top
region showed a spiral-like progression toward the center of the
structure (see Supporting Information Figure S11).

The apparent correlation of frames with filtration and extra
toluene during the sample evaporation made us hypothesize that
slow drying with excess solvent, removal of aggregates, and spu-
rious macroscopic impurities are key factors behind the frame
formation. The spiral-like structures suggest the drying of nano-
crystal dispersion did not proceed radially inward. The drying
liquid front was probably interrupted by superlattice formation,
trapping portions of the liquid inside and creating rectangular
basins, where nested superlattices formed as a result of diffusion
and evaporation.*®! In related observations, the round hollow
assemblies of colloidal nanorods dried from water dispersions
on a superhydrophobic surface at high humidity were reported
by Accardo et al.** and rationalized by convective flows pushing
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the solid residue toward the pinned line at the edge of the droplet,
with the central area remaining empty due to the low wettability
and adherence of the material to the substrate. Similar effects
could be at play in the case of perovskite nanocrystal superlattice
frames, as the drying in solvent vapor atmosphere may proceed
through the formation of localized microdroplets, and similar
material redistribution, as the empty areas around superlattices
in all of the observations suggest that nanocrystals do not wet the
surface of the glass but tend to roll off it. Another comparison
could be made with the formation of hopper-shaped inorganic
crystals such as NaCl. In that case, the hollow crystals form
because supersaturation and material deposition happen
faster at the edges or corners of the growing crystal than at
its center.’>*" The exact analogy seems not applicable here
as the frame superlattices look fragmented, unlike single crys-
tals of NaCl. These observations point to complex local
self-assembly dynamics at the length scales of tens of microns
that contribute to the formation of the frames, which are
affected by the solvent vapors and the supersaturation of drying
nanocrystal dispersion.

© 2025 The Author(s). Small Structures published by Wiley-VCH GmbH

d ‘6 'STOT ‘TI0YS89IT

sdny woy

D puE SwIa L, 21 23S *[STOT/60/0€] U0 Areaqr auruQ AS[IA NPYIONQIqENURZ - ASAA A9 £€100$TOTNSS/ZO01 0 1/10p/wod" Kopia A

ssdny) s

10)/w0d" K[ A.

P

QSUIOIT SUOWIWO)) AN d[qeoridde oy £q pouIdA0S are s9[ONIR Y 95N JO SN 10§ AIRIQIT dUIuQ AJ[IA UO (



ADVANCED
SCIENCE NEWS

small

structures

www.advancedsciencenews.com

2.2.3. Rectangles

Figure 2c shows superlattices exhibiting predominantly rectan-
gular habits. From optical image analysis, changes in the experi-
mental parameters did not substantially affect the rectangular
shape of the superlattices. The main difference was in their size:
extra toluene in the Petri dish yielded larger rectangular super-
lattices across all regions. However, many of these rectangular
superlattices feature slight angular distortions or rounded edges.
Initial inspection of EM images (Figure 2d—i) of nanocrystals
from selectively dissolved superlattices of different shapes indi-
cates that the nanocrystals from rectangular superlattices show
square and rectangular outlines, while other nanocrystal popula-
tions feature more irregular shapes and packing. Further analysis
and possible connections between nanocrystal shapes and super-
lattice habits are discussed in the next sections.

2.2.4. Influence of Extra Solvent

To study the influence of an extra solvent in the Petri dish, a 3:1
dilution of the nanocrystal stock solution with toluene was cho-
sen, and the atmosphere was saturated with either toluene,
hexane, ethyl acetate, or tetrachloroethylene (see Supporting
Information Figure S12). Overall, the superlattices were predom-
inantly rhombic or rectangular, but each solvent yielded differ-
ences. In hexane, the superlattices were generally smaller,
uniform, and distributed evenly across the top, middle, and bot-
tom of the substrate, with the bottom region showing a larger
amount of material due to the effects already discussed above.
In toluene, larger and more distinctly rhombic superlattices
formed, exhibiting noticeable cracks. In tetrachloroethylene,
the superlattices appeared thicker and bulkier, with holes instead
of cracks in one region. The formation of holes could be due to
the condensation of heavier tetrachloroethylene droplets onto the
superlattices during drying (tetrachloroethylene density 1.62 ver-
sus 0.866 gcm * for toluene). In ethyl acetate, the superlattices
appeared larger than those formed with hexane, possibly due to
the antisolvent properties of ethyl acetate.

2.3. Nanocrystal Dimensions from Electron Microscopy

The selective dissolution of superlattices with different habits
was followed by electron microscopy imaging of the resulting
nanocrystals. This allowed for a comparison of their 2D projec-
tions to identify any potential significant differences. Visual
inspection and comparison of fast fourier transform (FFT) of
the scanning transmission electron microscopy (STEM) images
indicated that nanocrystals from rhombic superlattices exhibit a
mixture of rectangular and irregular nanocrystal projections with
hexagonal or significantly distorted square packing (Figure 2d,
see Supporting Information Figure S13). Nanocrystals from rect-
angular and frame superlattices predominantly display rectangu-
lar close-to-square projections with square or distorted square
packing with the nearest neighbor (Figure 2e,f, see Supporting
Information, Figure S14, S15). These differences align with the
macroscopic shapes: rhombic superlattices lacked right angles
characteristic of square packing, while frame superlattices,
though hollow, were generally rectangular or square (Figure 3)
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and more like rectangular ones. To further quantify the observa-
tions, images were processed using Image].*?) The STEM
images were chosen due to their higher contrast compared to
bright-field transmission electron microscopy (TEM) images
and the nanocrystal outlines were extracted by applying a
smoothing filter (FFT bandpass filter) and thresholding, followed
by the automated quantification of the resulting outlines. Details
of the procedure are provided in the Supporting Information (see
Supporting Information Figure $16) and prior works;®*>* the
STEM images and the associated data are available in the dataset
accompanying this work.>*!

Among the various parameters measured by Image], circular-
ity, aspect ratio (AR), and the area of nanocrystals have been com-
pared between the nanocrystal populations for significant
differences. Circularity is defined as C = 4z - Ayc/pnc?, Where
Anc is the area of the nanocrystal outline and py is its perimeter,
while the AR is the ratio of the major to minor radii of the ellipse
fitted to the nanocrystal outline. For reference, C =1 for an ideal
circdle and C = 0.785 for an ideal square, with lower values indicat-
ing more elongated particles. In all three populations, circularity
was concentrated in the 0.8-0.9 range, which is higher than one
would expect for squares or anisotropic rectangles. The value of
the extracted circularity depends on the pixel resolution, image sig-
nal-to-noise ratio, and the degree of smoothing introduced by the
FFT bandpass filter and thresholding steps. There is a trade-off
here: minimal filtering leads to grainier outlines with larger
perimeters (and thus artificially lower C), whereas stronger
filtering rounds the outlines and inflates C. Based on the FFT com-
parison discussed above, we selected filter parameters that yielded
an average circularity close to that of an ideal square for nanocrys-
tals from rectangular superlattices. The obtained mean parameter
values (pa,., ftc, Har) for the extracted nanocrystal parameters
are as follows: rhombic superlattices (up .= 35+ 10nm?,
puc =0.76 £0.11, upg = 1.30 £0.29), rectangular superlattices
(ay= 35 + 11nm? uc = 0.78 + 0.08, uap = 1.31+0.23), and
frame (ua,. = 27 £ 7nm?, puc = 0.76 £ 0.09, pag = 1.33 £0.22).
The value of mean area agrees well with a square of the nanocrys-
tal size estimated from the absorption spectrum, a® = (5.8 nm)*
~34nm” (see Section 2.1), confirming that sizing curve is a reli-
able tool for estimating the average nanocrystal size. Figure 4
illustrates the distribution of parameters as a 3D density plot
(2D correlation plots are shown in Supporting Information
Figure S17-S19). Comparing the mean values, the biggest differ-
ences are smaller areas of nanocrystals from frame superlattices
and slightly wider spreads of the AR and circularity values for the
nanocrystals from rhombic superlattices as compared to the rect-
angular and frame ones. The comparison of the relative volumes
(Vzel) of the 3D ellipsoids fitted to the parameter distribution plots
reveals that the volume of the parameter ellipsoid for nanocrystals
from rhombic superlattices is ~1.6 times bigger than for rectan-
gular and 2.15 times bigger than for the frame superlattices. This
is an indication of a larger variety of nanocrystal projections for
nanocrystals from rhombic superlattices as compared to their rect-
angular and square counterparts. We attribute such variation of
nanocrystal projections to the variation of underlying 3D nanocrys-
tal shapes, possibly indicating that the population of nanocrystals
that self-assemble into rhombic superlattices deviate from rectan-
gular cuboidal or oblate parallelepiped shapes!'® toward more
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Figure 4. 3D correlation plots of circularity, aspect ratio, and area of nanocrystals from dissolved superlattices of different habits with fitted ellipsoids (red
contours) with center coordinates at mean parameter values pa,, fic, and pag: a) rhombi (ellipsoid radii, r =15.6, r, = 0.45, 3 = 0.13, V;;=2.15 a.u.),
b) rectangles (r, =16.6, r, =0.35, r; =0.10, V,ey=1.37 a.u.), and c) frames (ellipsoid radii, r, =10.4, r, =0.34, r; =0.12, V,ey=1a.u.). Insets show

FFT-filtered areas of STEM images for respective samples. The scale bar is 30 nm.

truncated geometries. We recognize that inferring 3D shapes from
2D projections must be done with caution and will require addi-
tional confirmation.®® To gain deeper insight, a different
approach shall be considered. For example, one possibility is to
combine in situ observations of nanocrystal assembly by electron
microscopy[57‘58] with 3D atomic structure reconstruction in lig-
uid.P*% The STEM results discussed here serve as an indication
of the origins of different superlattice habits and motivation to
seek sophisticated techniques in the future.

-
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2.4. Insight into the Superlattice Structure by X-Ray
Nanodiffraction

To gain further insight into the correlation between superlattice
habit and structure, isolated superlattices were studied with X-ray
nanodiffraction. Complete data acquisition and analysis details
are provided in the Supporting Information and Supporting
Information Figure S21-23. Figure 5 shows the results of
small-angle X-ray scattering (SAXS) experiments performed on
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Figure 5. Spatially resolved SAXS recorded from two isolated superlattices with morphologies close to rhombic (SL1, top) and rectangular (SL2, bottom).

a,b) SAXS intensity maps of the samples, c,d) spatially averaged SAXS patterns, e,f) corresponding radial profiles with red lines indicating the first order

SAXS peaks at g =0.70-0.96 nm ™', and g,h) azimuthal profiles of the spatially averaged SAXS intensity averaged over the range q = 0.70-0.96 nm™".
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two isolated superlattices with habits approximated by a rhombic
shape with a kink (SL1, Figure 5a) and a rectangular one (SL2,
Figure 5b). The SAXS peak positions are 0.80 nm ™" for SL1 and
0.82nm™" for SL2 for which we obtain lattice constants (inter-
nanocrystal periodicity) of 7.85nm and 7.66 nm, respectively.
The small deviation between these two values is expected for
superlattices, as they lack a rigid structure and consist of nano-
crystals of slightly different sizes interconnected by soft ligands,
which can result in slightly different lattice parameters for differ-
ent superlattices. For both measured superlattices, the lattice
constants are ~20% smaller than a nominal sum of the average
nanocrystal size from the absorption spectrum and two ligand
lengths, a+2L=58nm+3.6nm=94nm. The difference
has been noted previously, such as in the recent comparison
of sizing curves, where SAXS systematically underestimated
nanocrystal size for CsPbBr; nanocrystals in comparison with
TEM."* The combination of factors may explain this difference,
such as differences in how each measurement technique quan-
tifies dimensions of nanocrystals, the sampled volume, nanocrys-
tal anisotropy, and size segregation specific to self-assembly.[**%%
The comparison of the azimuthal broadening of the spatially
averaged first-order SAXS intensity (Figure 5c-h) revealed that
SL1 (rhombic habit) showed a pair of narrower (7.45° and 8.1°,
Figure 5g) and broader peaks (13.7° and 14.3°, Figure 5g), while
SL2 (rectangular habit) showed four similarly broad peaks
(12.7 £ 0.9°, Figure 5h). Building upon the results from the com-
parative STEM image analysis, we argue that the difference in
azimuthal broadening of the SAXS peaks is consistent with a sce-
nario where SL1 has been formed by nanocrystals that are more
truncated and elongated as compared to more uniform nanocrys-
tals in SL2. In analogy with colloidal cubes with sharp and
rounded corners, > rounded nanocrystals would form a
slightly oblique lattice, but size dispersion and orientational dis-
order distort the structure and broaden all four diffraction peaks,
as seen in SL2. In contrast, more facetted and anisotropically
shaped nanocrystals would form a lattice with smaller orienta-
tional disorder, because the misorientation of a single nanocrys-
tal would strongly affect its neighbors, resulting in narrower
peaks in SL1. The twinning of the oblique lattice could be respon-
sible for some peaks to double or broaden, as observed for SL1
(see Supporting Information Figure S24).

3. Conclusions

The reported observations lead to several conclusions. One con-
cerns the origin of the different superlattice shapes. Boehme
et all" rationalized the rhombic superlattices of ~5nm
CsPDbBr; nanocrystals by the colloidal softness of nanocrystals,
which accommodates structural distortion and produces obtuse
rhombic angles. The variety of superlattice habits observed from
a single batch of nanocrystals in our experiments and accompa-
nying differences in nanocrystal dimensions suggest a possibility
that the colloidal softness alone may not account for the full
diversity of observations and that the nanocrystal shape (such
as its deviations from the ideal cubic one by elongation, trunca-
tion, or their combination) and its dispersion in a given subpop-
ulation of nanocrystals is another factor. The superlattice habit,
that is, its macroscopic shape (thombic, rectangular, or frame),
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results from nanocrystal packing and the consequence of drying
dynamics. Theoretical studies of the packing of hard cubes with
various degrees of truncation provide additional perspective.
Monte Carlo simulations and free-energy calculations of hard
cube-shaped particles, progressively truncated toward spheres,
show a rich phase diagram, with small differences in truncation
capable of changing packing from square to hexagonal,®*~%%!
which for nanocrystals could manifest in microscopic superlat-
tice shapes being rectangular or rhombic. A recent simulation
considers the transition between a crystalline phase with only
translational order (rotator phase) to a phase with translational
and rotational order (for example, fully ordered phase) in trun-
cated cubes with small differences in truncation.*” In that work,
truncated cubes with s = 0.527 and 0.572 (s = 0 for an ideal cube,
s=0.5 for an ideal cuboctahedron, and s =1 for an ideal octahe-
dron) showed different crystal structures: the less truncated cube
packed into the hexagonal structure while the more truncated
cubes packed into a square structure.!*” The dispersity of nano-
crystal shapes in the experimental samples of small CsPbBr;
nanocrystals is evident from STEM images and their analysis.
The dispersion of nanocrystal shapes may originate from the syn-
thesis and subsequent shape-selective segregation during slow
self-assembly on an elongated substrate. Alternatively, because
self-assembly is slow (typically the drying was completed over-
night) and there is a concentration gradient on the tilted sub-
strate, the nanocrystals could undergo slow reshaping during
drying (e.g., nonuniform ligand concentration during solvent
evaporation may facilitate surface reconstruction) due to the
dynamic surface chemistry.

Concerning the frame-shaped superlattices, explaining their
shape by nanocrystal shapes is more challenging. The nanocrys-
tal shape and colloidal softness affect packing locally at the nano-
scale, while the frame shapes at the lengthscales of several
microns appear to be caused by the macroscopic effect of the
material distribution during self-assembly caused by the evapo-
ration dynamics and diffusion. In nanocrystals, frame and hol-
low shapes originate from chemical reactions (e.g., galvanic
replacement,’” the Kirkendall effect,”" or halide-/chalcogen-
mediated etching”?~7*). However, treating superlattice as a sin-
gle entity that can undergo such a concerted transformation
despite its size of several microns or tens of microns lacks exper-
imental evidence. On the other hand, frame-shaped mesostruc-
tures or hollow crystals can also be produced by oriented
attachment”® or hoppering, the latter driven by interfacial insta-
bilities that cause edges to grow faster than the center, and
reported for colloidal systems.”® Presently, the latter seems to
be a better explanation. Elucidation of the factors responsible
for frame formation is a worthy subject for future work, with
the goal of controlling the dimensions and reproducibility of
the frame superlattices.

To summarize, in this work, the self-assembly of quantum-
confined CsPbBr; nanocrystals by slow solvent evaporation
revealed that several superlattice habits, such as rhombic, rectan-
gular, and hollow frames, can be obtained from a single nano-
crystal batch. Such diversity of superlattice shapes has been
attributed to a combination of factors such as deviations from
an ideal cubic nanocrystal shape, dispersion of sizes and aspect
ratios, a concentration gradient on the tilted substrate, and the
presence of excess solvent during self-assembly. Motivated by
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the goal of engineering colloidal nanomaterials for collective
effects, the results put several aspects of perovskite nanocrystal
self-assembly into focus for future work: the correlation between
nanocrystal shape and superlattice habit, the origins of unusual
superlattice shapes like frames, and possibilities for the shape
control of colloidal assembly beyond the ones already observed
in the experiments.

4. Experimental Section

The details and the visual guide to the synthesis and assembly of the
5-6 nm CsPbBrs; nanocrystals, as well as characterization procedures,
are described in the Supporting Information (see Supporting Information
and Supporting Information Figure S1-S5). Briefly, the nanocrystals were
synthesized by adapting the ZnBr,-assisted method for size control of
Dong et al." The nanocrystal assembly was performed by slow solvent
evaporation on a tilted (2.7°) glass substrate from toluene dispersions in a
closed Petri dish under ambient conditions. The superlattices were imaged
by optical microscopy by using a white-light optical microscope (SAGA)
equipped with a digital camera (SJ-U500). The magnification calibration
of the optical microscope was done using a Micro-Tec MS33 glass calibra-
tion slide (Micro to Nano BV).

Three experimental parameters were interchanged to investigate the
influence of each parameter on the final superlattice morphology. The
parameters were as follows: 1) nanocrystal concentration [~16 and
11uM of the stock dispersion (unfiltered and filtered through 0.2 pm
PTFE syringe filter, respectively)], diluted with toluene in 1:1, 3:1, and 5:1
ratios by volume; 2) sample filtration prior to self-assembly; and 3) solvent
vapor saturation during the self-assembly by flooding the Petri dish with
350 pl of the solvent. For the selective superlattice dissolution, the glass
substrates were examined in an optical microscope. Once the area of inter-
est was identified (for example, an area on the glass substrate with predomi-
nantly rhombic or other-shaped superlattices), the sample around that area
was removed by wiping with a toluene-wetted cotton tip. Then, the super-
lattices of interest in the remaining area were dispersed in a 15 pL drop of
toluene using repetitive suction-release action with a micropipette and
immediately deposited on a TEM grid for microscopy study.

Absorbance and PL spectra of diluted CsPbBr; nanocrystal dispersion in
toluene (10 pL of the stock dispersion in 1000 pL of toluene) were recorded
using a Perkin Elmer Lambda 1050 spectrometer and a fiber-based USB
spectrometer (CCS200/M, Thorlabs), equipped with a 420 nm long pass
filter (FGL435, Thorlabs) and a 385 nm LED (M385L3, Thorlabs) as excita-
tion source, respectively, using a UV-Quartz 10 x 4 mm cuvette, with 4 mm
path length. The absorption spectrum was used to determine the average
nanocrystal size and nanocrystal concentration using published sizing
curves and size-dependent extinction coefficient.[*#477]

TEM in bright-field and STEM modes was performed to characterize the
CsPbBr; nanocrystals before and after superlattice growth by drop drying
10 pL of the concentrated dispersion and 15 pL of the dispersion of the
redissolved nanocrystals after superlattices growth on an EMR Lacey
Carbon support film on copper 300 square mesh grid using a JEOL
300kV HR-TEM 3000F transmission electron microscope. The STEM
images were collected at a magnification of x500 000, as they are better
suited for nanocrystal shape analysis than bright-field TEM images due to
higher contrast.”*) Attempts to image nanocrystals at higher magnifica-
tions led to excessive deposition of carbon in the field of view.

X-ray nanodiffraction experiments on single nanocrystal superlattices
were performed on samples grown on flat Kapton substrates by slow sol-
vent evaporation. The samples were scanned with a 13 keV X-ray beam
focused to ~2300 x 300 nm? spot in transmission geometry using the
GINIX endstation’® at the Coherence Applications beamline P10 of
the PETRA IIl synchrotron source at DESY.?%% The resulting SAXS dif-
fraction patterns were visualized and processed using a custom-written
analysis routine. The complete details are provided in the Supporting
Information.
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