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ABSTRACT: A thorough understanding of structural heterogene-
ity in CsPbBr3 quantum dot superlattices (SLs) is necessary for the 
realization of exciton coherence in these systems. Scanning trans-
mission electron microscopy (STEM) coupled to fast-Fourier trans-
form (FFT) analysis is utilized to characterize the structural prop-
erties of individual SLs. For each SL, the average constituent quan-
tum dot size, size dispersity, and number of crystalline domains are 
quantified. Analysis of 40 individual SLs across eight growth ex-
periments reveal that SLs are structurally heterogeneous but tend 
to have a narrower size distribution than the precursor solution due 
to size selection that occurs during evaporative self-assembly. We 
directly correlate STEM-FFT structural properties to low-tempera-
ture photoluminescence spectra for individual SLs, demonstrating 
that substructure in the photoluminescence peak arises from multi-
ple, locally-ordered domains within the SL. In addition, we show 
that long-range structural disorder in a SL does not necessarily im-
pact short-range phenomena such as exciton delocalization.  

Ordered superlattices (SLs) grown from CsPbBr3 quantum dots 
(QDs) have attracted a great deal of attention because of the obser-
vation of coupled photoemission behavior, superfluorescence or 
superradiance, at low temperature.1-6 These 3D SLs self-assemble 
from a colloidal solution of cubic QDs as the solvent evaporates, 
ranging widely in macroscopic size, shape, and aspect ratio.2,7-15 
Identifying and quantifying these forms of SL structural heteroge-
neity will be critical toward understanding how exciton delocaliza-
tion competes with disorder in CsPbBr3 3D SLs. In Rainò et al.’s 
work, superfluorescence from up to 28 coupled QDs was observed 
at 6 K at high excitation fluence because of coherence induced by 
photoexcitation.1 More recently, our group showed that CsPbBr3 
cubic SLs also exhibit single-photon superradiance arising from ex-
citon delocalization at low excitation fluence. Unlike superfluores-
cence, superradiance does not require a light-induced phase-syn-
chronization of emitters.16 However, we found that the number of 
coherent emitters in the superradiant state varied widely across SLs 
grown under the same conditions, which was reflected in their het-
erogeneous photoluminescence (PL) spectra and lifetimes at low 
temperature. Dynamic disorder from phonon scattering becomes 

negligible at 11 K, which indicates that differences in PL properties 
stem strictly from structural heterogeneity among SLs.3,17 SL struc-
tural heterogeneity can exist in many forms including size-based 
segregation of the constituent QDs into separate SLs (Scheme 1a), 
a broad size distribution of QDs in a single SL (Scheme 1b), disor-
dered packing at SL surfaces (Scheme 1c), and misaligned domains 
(Scheme 1d). 
Scheme 1. Types of SL structural disorder possible in self-
assembled structures. 

 

The self-assembly and structural properties of CsPbBr3 SLs have 
been studied in the literature through X-ray scattering and diffrac-
tion techniques, which interrogate the average properties of many 
SLs in a solution or powder sample.8,12,18-21 Samples containing 
highly-ordered SLs exhibit sharp small-angle and wide-angle X-
ray scattering features due to the long-range ordering of QDs within 
the SLs. The average center-to-center distance between QDs can be 
extracted from the peak position, and the average domain size can 
be estimated from peak broadening. However, in a non-uniform SL 
sample such as those prepared from evaporative self-assembly, 
these average methods are insufficient to structurally explain the 
diverse PL properties we observe for individual SLs. Lapkin et al. 
utilized spatially-resolved X-ray diffraction, scattering, and PL to 
map the structural and optical heterogeneity within a single SL.22 
The authors observed significant compressive strain and structural 
disorder at the edge of the SL, which were correlated to a blue-shift 
and shorter lifetime in the PL. However, structural and optical het-
erogeneity across different SLs were not probed in this work. To 
understand the SL structural properties that lead to coherence, we 
aim to quantify the structural parameters of many individual SLs 
prepared under identical growth conditions using fast-Fourier 
transform (FFT) analysis of high-angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM) images and 
perform one-to-one correlations to their low-temperature PL prop-
erties. 



 

 

Figure 1. STEM imaging and FFT structural analysis for three representative CsPbBr3 SLs (7-2, 2-4, and 5-3) and one film (F1-1). Included 
for each sample is the low-resolution image, zoomed-in HAADF-STEM image, corresponding FFT pattern, and extracted radial and angular 
FFT data.

Quantifying Superlattice Order through STEM-FFT 
To quantify the structural heterogeneity observed in a population 

of CsPbBr3 SLs, HAADF-STEM images were collected for 40 in-
dividual SLs across eight samples (Figure 1, S1-S2). These SLs 
were grown directly on TEM grids via evaporation of a colloidal 
solution of CsPbBr3 cubic QDs (details in SI section 2). SLs are 
labeled #-# where the first number indicates the sample and the sec-
ond indicates the individual SL on that sample. All images are ob-
tained using dark-field STEM, but we observe a thickness-depend-
ent contrast change that does not influence the structural analysis 
(details in SI section 5).  

We then performed FFT analysis of an 836 by 836 nm2 image 
centered on the SL to obtain a more quantitative representation of 
the periodic order within the STEM image (Figure 1b). The FFT 
extracts the frequency (1/nm) and angle of the ordered rows of QDs 
and plots them in polar coordinates along the radial and angular 

axes, respectively (Figure 1c). The radial position of the FFT spots, 
converted to a 2D plot in Figure 1d by extracting the data in the red 
wedge, is representative of the average spacing of the QD rows and 
columns within the SL (Figure 1c, d). The angle at which each FFT 
spot occurs can be obtained from the data in the yellow ring, which 
represents the orientation of the SL domain(s).  

All CsPbBr3 SLs exhibit simple cubic crystal packing based on 
the presence of four angular peaks spaced at 90° intervals (Figure 
1d). In the radial profile, the position of the strongest peak repre-
sents the primary QD center-to-center (CtC) spacing in the cubic 
arrangement. A weaker peak at half of the primary spacing also ap-
pears, a feature which arises only in highly periodic images. Dif-
ferences in radial peak position from one SL to another arise from 
changes in the constituent QD size since the capping ligands oc-
cupy the same amount of space in all cases (Figure S3). Concur-
rently, the full-width at half-maximum (FWHM) of the major radial 



 

peak can be used to approximate the size distribution of QDs within 
each SL (Table S1).  

Figure 1 illustrates the structural and morphological heterogene-
ity observed in our self-assembled SL samples. SL 7-2 (Figure 1a-
d) exhibits one simple cubic domain with radial peak position of 
12.45 ± 0.11 nm and radial FWHM of 2.06 ± 0.21 nm, making it 
one of the more ordered SLs within the population. SL 2-4 (Figure 
1e-h), while exhibiting a similar CtC spacing and FWHM, contains 
multiple crystalline domains based on the presence of multiple sets 
of four angular spots in the FFT, which may contribute to its more 
distorted macroscopic shape. SL 5-3 (Figure 1i-l), substantially 
smaller and thinner in macroscopic size compared to the previous 
two SLs, shows a smaller CtC spacing of 10.32 ± 0.03 nm and 
larger radial FWHM of 3.13 ± 0.35 nm. All samples also contain a 
significant amount of dense QD film material in the vicinity of the 
SLs that show modest ordering in the STEM image (Figure 1m-n, 
S4 and Table S2). These film regions still show simple cubic pack-
ing of QDs but are multimodal or broadened in their radial and an-
gular FFT peaks due to the wide distribution of QD sizes and ori-
entations present (Figure 1o-p). On average, the radial peak center 
and FWHM in five dense QD film regions is 10.9 ± 0.6 nm and 4.6 
± 0.7 nm, respectively. These films represent the population of QDs 
that remain unincorporated after the SL growth terminates. 

 

Figure 2. (a) STEM image of a SL with QD centroids indicated in 
green, (b) radial distribution function generated from STEM image, 
(c) FFT pattern of same region, (d) extracted radial, and (e) angular 
data from FFT. 

As a validation of our method, FFT analysis was performed on a 
simulated image of perfectly aligned 10.02 nm cubes with 3.15 nm 
inter-cube spacing (Figure S5). The radial peak position from the 
FFT analysis (13.34 nm) matches closely to the actual CtC spacing 
(13.17 nm). However, the radial FWHM was substantially larger 
than zero despite the perfect periodicity in this image, indicating 
that a major component of the radial peak broadening is inherent to 
the fast Fourier transform (Table S3).23 We also compared the 
STEM-FFT analysis to a radial distribution function (RDF) gener-
ated by directly locating QD centroids within the STEM image 

(Figure 2a).24,25 The RDF analysis is carried out on a smaller image 
than our typical FFT analysis because centroid locations can only 
be accurately determined in regions of high order. The first peak in 
the RDF at 13.30 nm measures the distance between nearest neigh-
bor QD centers, and the FWHM of 1.75 nm reflects positional dis-
order in the QD centers (Figure 2b). The subsequent peaks in the 
RDF are indicative of a simple cubic arrangement of QDs, and 
long-range order persists over the length scale of the entire image.26 
The radial FFT fitting of the same region gives consistent results: a 
CtC distance of 13.51 nm and FWHM of 2.66 nm (Figure 2c-d). 
The angular FFT data reveals a more significant difference between 
the two analyses. Because RDF relies on QD center position with-
out considering orientation, the presence of a rotated second crystal 
domain in the bottom left corner of Figure 2a is not captured. In 
contrast, the angular slice of the FFT pattern in Figure 2c shows 
that two sets of peaks are present, and the relative intensity of the 
two peak sets corresponds to the relative area of each domain in the 
STEM image (Figure 2e). In our view, the primary advantage of 
the STEM-FFT analysis is that it can be performed on all SL and 
dense film STEM images regardless of their degree of ordering and 
number of domains (Figure S6), enabling characterization of a 
broad distribution of structurally heterogeneous samples. 

Superlattice Structural Trends 
To understand structural trends within the SL population, we 

constructed histograms for the FFT radial peak center and FWHM 
for all 40 SLs (Figure 3a-b). The SLs exhibit a broad range of ra-
dial peak broadening, but over 90% have a FWHM narrower than 
the 4.6 nm observed on average in the dense QD films (Figure 3a). 
The observation that SLs are considerably more monodisperse than 
the surrounding film suggests that size-selection occurs during the 
evaporative self-assembly process. The radial FFT peak position, 
representative of the QD CtC distance in each SL, also ranges 
widely from 9 to 15 nm in the population with a slight skew toward 
larger QD sizes (Figure 3b). In comparison, the dense films exhibit 
an average CtC spacing of 10.9 nm, similar to the average QD size 
in the precursor solution (8.1 ± 1.8 nm) assuming a constant 3.0 nm 
ligand gap length (Figure S3). The variation in CtC spacing com-
bined with the narrow FWHM values corroborates the hypothesis 
that QDs of similar size tend to spontaneously self-assemble. To-
gether, these data show that the solvent evaporation self-assembly 
method grows CsPbBr3 SLs with larger average QD size and nar-
rower size distribution than the colloidal solution from which they 
were derived. 

We also correlated the FFT parameters to macroscopic proper-
ties of the SL, including its edge length and height. Under our 
growth conditions, we observe SLs ranging in edge length from 1.0 
to 5.5 µm (Table S1). While SLs may appear cubic in the 2D pro-
jections, tilted SEM images reveal that all SLs have a smaller height 
dimension than edge length (Figure S7). SLs range in height from 
50 nm to 2 µm with the largest height to edge ratios reaching ~0.5. 
We find that SL height is the macroscopic property most closely 
correlated to FFT structural parameters (Figure 3c, S8). When the 
SL contains a polydisperse distribution of QD sizes, characterized 
by radial FWHM > 4 nm, SLs are never able to grow beyond 1 µm 
in height regardless of the average QD sizes present (Figure 3c, 
circled). In the more ordered SLs, a range of heights are observed 
but are discriminated by their constituent QD sizes. SLs comprising 
small QDs (FFT center <11 nm) are all <1 µm in height while SLs 
containing larger QDs can grow up to 2 µm thick.  

 



 

 

Figure 3. Histograms of FFT structural properties for a population of 40 SLs: (a) radial FWHM and (b) radial peak center (the solution size 
distribution has a 3.0 nm ligand gap added for comparison). (c) SL height vs. FFT linewidth. 

 

Figure 4. (a) Low-temperature PL spectra and FFT patterns for multi-domain SLs. Correlation between 7 K PL linewidth and (b) FFT 
linewidth or (c) FFT peak center.  

These SL structural trends are congruent with previous studies 
on SL growth dynamics during evaporative self-assembly using 
other nanocrystal cores.27,28 Many factors are known to influence 
nanocrystal assembly dynamics in solution, including size, shape 
and faceting, ligand density, concentration, and solubility.29-35 
Among these factors, the starting nanocrystal size likely plays an 
important role in our CsPbBr3 SL assemblies because the other fac-
tors remain constant in a single growth experiment. Several studies 
utilizing in-situ X-ray scattering and theoretical modeling have elu-
cidated how nanocrystal size impact attractive (van der Waal’s) and 
repulsive (ligand sterics, osmotic pressure) interactions between in-
dividual nanocrystals in SL growth.36-38 These studies show that 
larger nanocrystals begin to assemble into ordered SLs at earlier 
time points and lower solution concentration than smaller nano-
crystals due to their stronger attractive interactions. The final mor-
phology and degree of ordering, however, depend upon the compo-
sition and morphology of the constituent nanocrystals and the spe-
cific conditions of the growth experiment. 

In a study on Fe2O3 cubes capped with oleic acid, larger 
nanocubes (9.1 nm) formed cuboidal mesocrystals in the 1-3 um 
size regime with simple cubic packing, similar to those observed in 
our CsPbBr3 growths. 36 Smaller nanocubes (6.8 nm) formed spher-
ical superstructures with a mixture of simple cubic and face-cen-
tered cubic crystal structures. Monodisperse PbS and Au nano-
spheres have also shown size-dependent SL morphology, crystal 
packing, and defect density.39,40 All of these examples were grown 
from colloidal solutions with <10% size dispersity, which facili-
tates crystalline SL assembly.41,42 In an example of CdSe SLs 
grown from a more polydisperse colloidal solution, nanocrystal 
size selection was observed during evaporative self-assembly.43 

Both the TEM and PL data confirmed that SLs comprised a nar-
rower size distribution than the precursor colloidal solution while 
amorphous films on the same samples showed broader and more 
red-shifted PL peaks due to their larger nanocrystal size distribu-
tion. 

Correlating Superlattice Structure to Optical Properties 
To examine if SL structural properties influence their exciton de-

localization and coherence, low temperature PL (7 K) was collected 
for 17 of the CsPbBr3 SLs (Figure S2, 9a). A beam diameter of 910 
nm was used for all PL measurements, and the excitation wave-
length at 447 nm has a penetration depth of ~400 nm. The lateral 
extent of the optical probe is comparable in size to the STEM im-
ages, but the penetration depth is significantly lower for tall (>500 
nm height) SLs. Surface disorder as well as structural heterogeneity 
in the vertical and lateral dimensions may convolute direct correla-
tions between PL and STEM-FFT properties (see SI section 4-5). 

The first question we asked was whether substructure in the low-
temperature PL spectrum arises from multiple, locally-ordered do-
mains in the SL. In our SL population, the most complex PL spectra 
show three features, for example in SL 3-4 (Figure 4a, red). The 
broad, high energy feature at 2.450 eV arises from uncoupled QDs 
in the vicinity of the SLs, matching closely in energy and FWHM 
to a film of dilute QDs embedded in a polymer matrix (Figure S9c). 
The red-shifted emission band at 2.365 eV arises from coupled QDs 
in the SL, and substructure therein has been attributed to the pres-
ence of multiple domains.1 To directly address this hypothesis, we 
identified all SLs that show multiple features in the coupled QD 
emission band: 2-1, 3-2, 3-3, 3-4, 3-5, a subset of which are shown 
in Figure 4a and the remainder in Figure S2. All of these SLs with 
the exception of 3-2 exhibit two or more domains at different angles 



 

along the angular FFT axis. SL 3-2 shows poor ordering within the 
STEM image, making domain identification impossible in the ma-
jority of the image. We also characterized two SLs that do not ob-
viously exhibit multiple peaks in the PL emission but clearly con-
tain multiple domains in the FFT (2-3, 2-4) (Figure 4a, yellow, S2). 
By quantifying the FFT radial peak center and FWHM of both do-
mains, we observe that the two domains in each SL show similar 
structural properties, which could result in overlapping and indis-
tinguishable PL peaks (Table S4). These data suggest that sub-
structure in the red-shifted PL peak does indeed arise from struc-
turally-distinct domains within the SL. 

We then correlated the low-temperature PL linewidth to the 
structural properties obtained from STEM-FFT analysis. In molec-
ular J- and H-aggregates with exciton delocalization, PL linewidth 
is inversely proportional to the number of coupled emitters, a phe-
nomenon known as exchange narrowing.44-46 PL linewidths for 
CsPbBr3 SLs also exhibit exchange narrowing below 100 K com-
mensurate with their degree of coherence, though some convolu-
tion with inhomogeneous broadening is present (Figure S9e, SI 
section 4).3,16 Surveying our population of SLs, we find that PL lin-
ewidth has no correlation to FFT linewidth, the primary metric for 
disorder in the SL assembly (Figure 4b). In other words, the extent 
of exciton delocalization at low-temperature is not dictated by long-
range structural order in the SL. We hypothesize that this observa-
tion stems from a mismatch in length scales between exciton delo-
calization and the FFT measurement. The coherent coupling of 
emitters needed for exciton delocalization occurs over ~3 QDs 
while STEM-FFT interrogates structural disorder over ~105 QDs. 
Our observations are also consistent with a recent report of super-
fluorescence in quasi two-dimensional hybrid perovskite films with 
no long-range structural order.47 We anticipate that optical phe-
nomenon that occur on longer length scales, for example exciton 
transport, may be more closely correlated to structural disorder 
measured by STEM-FFT.48-51 In contrast to the FWHM, the FFT 
peak center shows a modest negative correlation with the low-tem-
perature PL linewidth (Figure 4c). SLs comprising larger QDs tend 
to have narrower low-temperature PL peaks and therefore greater 
exciton coherence relative to SLs with smaller QDs or the polydis-
perse QD films. We postulate that SLs containing the largest QDs 
(10-11 nm) exhibit coherence that is more tolerant to size hetero-
geneity because individual QDs have more similar excited state en-
ergies compared to equivalently polydisperse SLs centered around 
smaller QDs (7-8 nm). The size dependence may also arise in part 
from the van der Waal’s and osmotic interactions that govern the 
self-assembly process in solution. Stronger associative interactions 
between larger QDs in the growth solution may cause these SLs to 
assemble into more strongly-coupled local domains even when sig-
nificant global disorder remains.34 

In summary, we have shown that STEM imaging coupled to FFT 
analysis is a facile method to characterize the structural properties 
of individual 3D SLs comprising cubic CsPbBr3 QDs. The radial 
and angular FFT profiles provide information on the average QD 
center-to-center distance and size dispersity in the SL as well as the 
number of crystalline domains. Analyzing 40 CsPbBr3 SLs with 
this method, we find that QDs undergo size-selection during the 
evaporative growth, yielding SLs that have narrower QD size dis-
tribution and larger average QD size than the precursor solution. 
Direct comparisons can then be made to the low-temperature PL 
spectra for individual SLs. We show that PL spectra with multiple 
features at low-temperature correlate to the presence of multiple 
cubic crystalline domains in the angular FFT profile. We also find 
that structural disorder at the whole SL level (>105 QDs), repre-
sented by line broadening in the radial FFT profile, does not corre-
late directly to the ability for that SL to exhibit superradiance.  

Experimental Section 
Self-Assembly of 3D Superlattices via Solvent Evaporation 

CsPbBr3 quantum dots were synthesized according to a literature 
procedure, described in detail in the Supporting Information.52 Su-
perlattices were then self-assembled from the colloidal QD solution 
through solvent evaporation using a literature method with some 
modifications.1 The 3D SLs were prepared on 8 × 6 mm silicon 
substrates with 90 nm SiO2 surface layer. To clean the substrate, 
the silicon substrate was sonicated in acetone, isopropyl alcohol, 
and water for 5 min per solvent, then placed in a 120 °C oven to 
dry. Substrates were placed in a Teflon holder in a jar in the glove-
box, and a carbon-coated marked Cu TEM grid (01910-F, Ted 
Pella) was placed on the silicon substrate. Purified QDs were di-
luted in toluene to 0.125 – 0.5 µM QDs. The actual concentration 
of QDs was determined from the absorption spectra using a litera-
ture molar extinction coefficient.53 27 µL of QDs in toluene were 
deposited on the silicon, and the jar lid was sealed. The toluene was 
allowed to slowly evaporate (about 3 hr) to form SLs near the edge 
of the silicon.  

Structural Characterization 
TEM images were acquired using an FEI Tecnai T20 TEM 

equipped with a 200 kV LaB6 filament. HAADF-STEM images 
were obtained on a FEI Talos F200X S/TEM with a 200 kV X-FEG 
field-emission source. SEM images were acquired using a Teneo 
Volumescope at 5.0 kV and 45° tilt angle. Optical images were ac-
quired using an Olympus BX-51 Microscope with tungsten lamp 
and DP71 CCD camera. UV-Vis data were collected using an Ag-
ilent Cary 6000i UV-Vis-NIR Spectrophotometer equipped with a 
PMT detector. Solution photoluminescence data were collected on 
a Varian Cary Eclipse Fluorescence spectrophotometer. Powder 
XRD patterns were obtained using a Panalytical Empyrean Powder 
X-ray diffractometer using a 5-axis cradle in Bragg-Brentano ge-
ometry.  

Steady-State Photoluminescence Measurements 
Optical measurements were collected prior to STEM imaging 

since extended exposure to the electron beam during STEM imag-
ing quenches the fluorescence of the superlattices. Steady-state 
photoluminescence measurements were performed with the same 
home-built confocal micro-PL setup as described in our recent pub-
lication.16 Briefly, the SLs were excited using a 447 nm picosec-
ond-pulsed diode laser (LDH-P-C-450B, PicoQuant, full width-
half maximum ~50 ps, repetition rate 5 MHz). A 40x objective with 
a numerical aperture (NA) of 0.6 was used in reflection mode to 
excite and collect sample emission. A monochromator (Andor 
Technology) and a thermoelectric-cooled charge-coupled device 
(CCD, Andor Technology) were used to detect sample emission. A 
fluence of 180 nJ/cm2 was used to prevent annihilation and other 
second order effects. The samples were cooled in a closed-cycle 
optical cryostat (Cryostation s50, Montana Instruments) with a 
temperature stability <10 mK. Low-temperature data were col-
lected at 7 K. 

Fast-Fourier Transform Analysis of STEM Images 
STEM images were cropped to include only the SL, as the pres-

ence of dead space led to artifacts in the FFT. Then, a fast Fourier 
transform was performed in Python with the output array being set 
to 8196 by 8196 pixels. For the angular data, the FFT image was 
converted from polar coordinates to Cartesian in GIMP (an open-
source image editor). Then, a rectangular plot profile was collected 
in Fiji (an open-source software for processing and analyzing sci-
entific images).54 The radial width of the profile had minimal effect 
on the resulting angular profile. There is an artifact that arises in 
the angular profile of each FFT, a false intensity along the x-y axes. 
This was removed by subtracting the artifact peak from a sample 
with no overlap in the FFT spot with the x-y axes. The radial profile 
was generated by taking ten-degree wedges over all observed spots 
between 0 and 180 degrees (i.e., two sets of four peaks would be 
analyzed by taking ten-degree wedges over the four spots between 



 

0 and 180 degrees) with the radial profile plot plugin in Fiji. For 
each wedge, the exponential background was subtracted, and these 
subtracted traces were summed together to give the radial profiles. 

The radial parameters, FFT center and FWHM, were calculated 
from four values. The major radial peak was fit in pixel space with 
a PseudoVoigt function (5 particularly skewed radial profiles were 
fit with a BigGauss function), from which the fit peak center and 
FWHM were extracted. These were averaged with the peak cen-
troid and raw FWHM, respectively, to determine the average FFT 
center and FWHM. 
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