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ABSTRACT: Colloidal superlattices are fascinating materials
made of ordered nanocrystals, yet they are rarely called
“atomically precise”. That is unsurprising, given how challeng-
ing it is to quantify the degree of structural order in these
materials. However, once that order crosses a certain threshold,
the constructive interference of X-rays diffracted by the
nanocrystals dominates the diffraction pattern, offering a wealth
of structural information. By treating nanocrystals as scattering
sources forming a self-probing interferometer, we developed a
multilayer diffraction method that enabled the accurate
determination of the nanocrystal size, interparticle spacing,
and their fluctuations for samples of self-assembled CsPbBr;
and PbS nanomaterials. The multilayer diffraction method
requires only a laboratory-grade diffractometer and an open-
source fitting algorithm for data analysis. The average nanocrystal displacement of 0.33 to 1.43 A in the studied superlattices
provides a figure of merit for their structural perfection and approaches the atomic displacement parameters found in
traditional crystals.

Mismatch

KEYWORDS: nanocrystal, superlattice, multilayer diffraction, disorder, grazing-incidence, thermal annealing

-ray diffraction (XRD) is one of the most widespread Here we introduce a multilayer diffraction method that

x approaches to the characterization of nanomateri- exploits the periodicity of self-assembled nanocrystals to
als.'~° Specifically, small- and wide-angle X-ray achieve the precise structural characterization of their super-
scattering (especially grazing-incidence techniques)’ ™' are lattices, building upon the pioneering studies of epitaxially
used to study the structure of colloidal nanocrystal super- grown multilayer films from the 1970s.2>7%7 The approach is
lattices and assemblies. Experiments with these techniques are based on the analysis of the characteristic fine structure of
performed with dedicated benchtop instruments or at specific superlattice Bragg peaks, which arises from the secondary
synchrotron beamlines, and hence they are bound to interference of diffracted X-rays. This phenomenon, well

instrumental accessibility. Moreover, the quantitative structural
analysis of 3D superlattices through grazing-incidence
diffraction requires a strong background in diffraction theory
and al%orithms tailored to the symmetry of a specific
sample. 01419 Transmission electron microscopy (TEM)
and electron diffraction are arguably more user-friendly
techniques that have a broader spread among research centers
due to their versatility, but are limited to the analysis of thin
superlattices deposited on grids.”*™>* All this considered,
developing a technique for nanocrystal superlattice character-
ization that combines the power of XRD with instrumental
accessibility and user-friendly data analysis is an important
goal.

known for epitaxially grown multilayers, is rare for colloidal
nanocrystals due to the high structural order it requires.
However, it has been observed in diffractograms of nearly
monodisperse lead-halide perovskite nanocrystals,”* ™" where
it remained unexplained until its origin was first recognized in
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Table 1. Best-Fit Structural Parameters of the Nanocrystal Superlattices at Room Temperature

sample d (A) L (A) oy (A) N (planes) oy (planes) A (A)
CsPbBr; 5.8387 + 0.0033“ 36.989 + 0.070 1.428 + 0.020 12.94 ~ 13 + 0.27 1.45 + 0.78 107.053 + 0.082
nanocrystals (75.9 A thick)®
CsPbBr; 3.0083 + 0.0094 33.587 £ 0.099 0.630 + 0.017 4.02 ~ 4 +£ 0.15 0.42 + 0.12 42.61 + 0.10
nanoplatelets (2° B. peak) (12.1 A thick)”
PbS nanosheets 3.0083 + 0.0042 44.444 + 0.024 0.325 + 0.017 398 % 4 + 0.05 0.850 + 0.080 53.469 + 0.027
(9.07 A thick)®
PbS nanocrystals 2.9776 + 0.0007 n/a >1.5 (6, > 0.7)°  31.60 ~ 32 + 0.78 55+ 15 n/a

(92.3 A thick)”

“Error bars were evaluated via bootstrap analysis (100 iterations; see SI section S.j) and error propagation (for A). “Thickness is defined in section
S.d of the SL “For PbS nanocrystal superlattices, 6, was estimated based on the relative y* map (Figure S13).
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Figure 1. CsPbBr; nanocrystal superlattices. (a) Optical microscopy image of CsPbBr; superlattices grown on a silicon substrate. (b)
HRSEM imaging of a superlattice surface, where the squared packing of nanoparticles is apparent. Inset: the simple-cubic structure adopted
by superlattices, with its unit cell (one nanocrystal plus one organic layer in each spatial direction) outlined by a red frame. (c) :20 out-of-
plane XRD pattern of CsPbBr; superlattices plotted on a linear intensity versus scattering vector scale and divided into three sections: low-
angle (q < 0.8 A™"), first Bragg peak (q ~ 0.8—1.4 A™"), and second Bragg peak (q > 1.4 A™"). Insets show the plot on a logarithmic scale to
highlight the fine-structure features of the pattern. Here, “|” indicates the low-angle periodic signals (see SI section S.a for additional
discussion), downward-facing “=” indicates the superlattice diffraction fringes, and “X” indicates the side ripples of the nanocrystal form
factor. The two small peaks at g = 0.9 A™' and q = 1.8 A™" were assigned to an unidentified impurity. (d—f) Schematic representation of how
the diffraction experiment perceives the superlattice in each region: (d) as an electron density square wave at low angles due to the
alternation of inorganic cores and organic spacing, (e) as a vertical stacking of atomic planes at the first Bragg peak, and (f) as a group of
isolated nanocrystals at the second Bragg peak.
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out-of-plane diffraction patterns of CsPbBr; superlattices.”’ In
short, nanocrystals within a superlattice diffract X-rays at the
same Bragg angles, acting as orientation-selective light sources.
The precise periodicity between them produces a phase
modulation on the diffracted X-rays, causing the additional
interference which, in turn, produces the fine structure. Like an
interferometric measurement, the resulting diffraction pattern
contains information about the interferometer geometry,
represented by the superlattice (periodicity, interparticle
distance, stacking disorder), and its light sources, which are
the nanocrystals (size, size distribution, atomic planes
periodicity). On the basis of this analogy, we developed a
multiparametric model that enables the extraction of all of
these parameters with sub-angstrom accuracy by simply fitting
the experimental diffraction profile. Such an approach promises
to be highly relevant for the assessment of collective properties,
which are defined not only by the nanocrystals themselves but
also by their positioning with respect to their closest neighbors.

In this work, we applied our method to superlattices made of
CsPbBr; and PbS, both in the form of nanocrystals and
nanoplatelets (Table 1). The structural characterization of
CsPbBr; nanocrystal superlattices is particularly relevant due to
the recent reports of their collective optical properties.*”** For
this reason, results from the multilayer diffraction method were
validated by comparison with structural analysis by grazing-
incidence diffraction techniques and electron diffraction,
providing one of the most detailed structural characterizations
of CsPbBr; nanocrystal superlattices to date. Once validated,
the multilayer diffraction method was applied to study the
evolution of the superlattice structure upon thermal annealing
in the range of 25—125 °C. There we found that the treatment,
despite the expected and observed thermal expansion of
nanocrystals, caused an overall contraction of the superlattice
periodicity along with an increase in the superlattice
crystallinity, suggesting thermal annealing as a potential
approach for tuning the interparticle distance and improving
the assembly quality.

Moving from nanocrystal superlattices to nanoplatelet
assemblies, the multilayer diffraction method offers a
straightforward and powerful approach for their routine
analysis. In contrast with nanocrystal superlattices that require
finely tuned growth conditions for self-assembly, nanoplatelet
stacks often form spontaneously while the sample is dropcast
for the analyses. From that angle, the multilayer diffraction
constitutes a low-effort, high-gain means of analysis. As an
example, we accurately determined the thickness of CsPbBr;
and PbS nanoplatelets and quantified the size-dependent
lattice expansion of CsPbBr;.

Finally, we were able to study the structural disorder of both
the nanocrystal superlattices and the nanoplatelet stacks in
detail, because the multilayer diffraction method is very
sensitive to that property. We measured nanocrystal displace-
ment parameters of 0.33 to 1.43 A, an order of magnitude
smaller than those reported for other colloidal superlattices by
grazing incidence techniques (~5—10 A).'”'* These values are
significantly smaller than a nanocrystal unit cell and match the
periodicity fluctuations reported for epitaxially grown multi-
layers.”®** The ability to self-assemble nanomaterials with such
precision effectively closes the accuracy gap between wet-
chemical and physical synthesis methods. Moreover, such small
fluctuations are comparable to the atomic displacement
parameters found in some metalorganic bulk crystals,
prompting us to reconsider nanocrystal superlattices as hybrid
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organic—inorganic single crystals rather than simply ordered
aggregates of particles.

RESULTS AND DISCUSSION

Superlattice Interference and Multilayer Diffraction.
In the preceding work on lead-halide perovskite nanocrystal
superlattices, we reported some unusual modulations of the
Bragg peaks, here called superlattice fringes, which were absent
in patterns of randomly oriented particles and arose from the
mesostructure periodicity.”’ The fringes were further exploited
to estimate the structural periodicity and track its evolution in
mixed-halide CsPb(I,_Br,); superlattices upon light-induced
iodine sublimation, demonstrating their potential for the in situ
investigation of nanocrystal superlattices.’® That background
established CsPbBr; superlattices as a testing ground to
develop a versatile tool for the quantitative structural analysis
of colloidal nanocrystal superlattices. The 3D assemblies of
cuboidal particles are grown on a flat silicon substrate (Figure
1a) and feature a simple-cubic nanocrystal packing, evidenced
by high-resolution scanning electron microscopy (HRSEM,
Figure 1b). When probed via a 6:20 out-of-plane diffraction
scan (commonly named 6:20 XRD), they produce a pattern
that is rich in complex features, better highlighted when
plotted as the X-ray scattering intensity on a logarithmic scale
versus the scattering vector modulus (g = 47t‘sin(9)//lx_ray,
Figure Ic).

The 6:20 diffraction pattern can be divided into three
regions: low-angle reflectivity (g < 0.8 A 7'), first Bragg peak
(q ~ 0.8—1.4 A "), and second Bragg peak (q > 1.4 A ™),
each of them containing information about the superlattice
structure (Figure 1d—f). The first Bragg peak region is the
most interesting from the analysis point of view, as it merges
the information content from both low-angle and second Bragg
peak regions (mesostructure and nanocrystal atomic lattice,
respectively; see Supporting Information (SI) section S.a).
Upon close inspection, the first Bragg peak is composed of
multiple narrow fringes (downward-facing “=” in Figure 1c)
enveloped by a broader profile. Such peak shape is rare in
colloidal superlattices but is often encountered in XRD
patterns of periodic multilayer films grown by physical
methods.”>**** The analogy between nanocrystal superlattices
and epitaxial multilayers is consistent due to a characteristic of
the 6:20 XRD geometry: the scattering vector remains
perpendicular to the substrate throughout the experiment.
Because diffraction occurs between objects (atomic planes and
nanocrystals) stacked along the same direction, we could
approximate superlattices as vertically stacked crystalline slabs
separated by a gap and neglect the horizontal texture of those
planes. The resulting multilayer diffraction method is an
adaptation of a model published in 1991 by Fullerton et al. for
physically grown multilayers.”® Later, we outline the physical
picture and present the structural parameters considered by the
model, whereas the full description is provided in sections
S.b—S.j of the SI

When X-rays hit the superlattices, they are first diffracted by
atomic planes within individual nanocrystals, which, in turn,
act as diffraction gratings. Each nanocrystal produces a
diffraction profile with intrinsic size broadening (nanocrystal
form factor), shaped as a broad peak with weak side ripples
(“X” symbols in Figure 1c). The position and breadth of the
nanocrystal form factor depend on the interplanar periodicity d
and the number of scattering planes N, respectively. Following
this diffraction event, the superlattice periodicity A introduces

https://dx.doi.org/10.1021/acsnano.0c08929
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Figure 2. Structural parameters in the multilayer diffraction method. Effect of the five independent structural parameters considered by the
multilayer diffraction method on the calculated profile (solid orange line) in the process of fitting the experimental data (filled blue circles).
(a) The diffraction profile of a single nanocrystal is defined by the periodicity of its lattice planes d (peak center) and its thickness N (peak
broadening), expressed in the number of lattice planes. Each sphere represents a single scattering element of the nanocrystal atomic lattice.
(b) The superlattice periodicity produces sharp peaks whose intensity is modulated by the diffraction profile of the individual nanocrystal.
(c) Fluctuations in the interparticle spacing introduce broadening and diffuse scattering. (d) Lastly, the distribution of nanocrystal

thicknesses further broadens the outermost low-intensity fringes.

a g-dependent phase mismatch between the radiation coming
from different nanocrystals, forming interference fringes. In
this respect, superlattices behave as self-probing interferom-
eters where nanocrystals serve as orientation-selective secon-
dary light sources accurately measuring their own relative
distances. The stacking periodicity A is defined as the sum of
the nanocrystal thickness (a function of d and N) plus the
interparticle spacing L, according to the equation A = d (N —
1) + L. In the case of a perfect superlattice, the diffraction
profile would be that shown in Figure 2b. However,
superlattices contain two kinds of disorder: a continuous
disorder due to the fluctuation of the interparticle spacing and
a discrete disorder due to the size distribution of nanocrystals.
Both are represented by normal distributions of width o; and
oy respectively, which have the effect of smoothing the
superlattice fringes (Figure 2c,d). The multilayer diffraction
method retrieves the values of those five independent
parameters (d, N, L, o;, and oy) through a least-squares
minimization. As an example, the values of structural
parameters for the fit shown in Figure 2d are listed within
panels a—d.

The superlattice fringes decorating the diffraction profile are
especially sensitive to o;. If this parameter becomes too large
the fringes fade, and the peak shape becomes that of the
unmodulated nanocrystal form factor. The sensitivity of
superlattice fringes to oy gets higher with the fringe index,
which explains the almost complete lack of modulation of the
second Bragg peak. This can be exploited for a quick estimate
of the average nanocrystal stacking displacement J, by simply
observing whether a certain Bragg peak contains fringes

O <

p4
2q (1)
where ¢ indicates the Bragg peak position (for the derivation of
eq 1, see SI section S.k.) Since for CsPbBr; superlattices the
first Bragg peak shows fringes, whereas the second does not, eq
1 estimates that the average stacking displacement is 0.7 < 5, <
1.4 A. Notably, &, has the same magnitude as oy, as both are a
few percent of A and much smaller than a CsPbBr; perovskite
unit cell (d ~ 5.8 A), which points to a high structural order.

Comparison of the Multilayer Diffraction Method
with Established Techniques. To validate the reliability of
the multilayer diffraction method, we compared the fit results
on the room-temperature 8:20 pattern of CsPbBr; super-
lattices, found in Table 1, with those from grazing-incidence
small-angle scattering (GISAXS), grazing incidence wide-angle
X-ray scattering (GIWAXS), and selected area electron
diffraction (SAED) analyses on a replica sample (Figure 3).
In brief, GISAXS determined a simple-cubic superlattice
symmetry with A = 103 + 1 A, which is in good agreement
with the periodicity obtained by the multilayer diffraction
method (A ~ 107 A, with the difference likely being due to
batch-to-batch variability). GIWAXS and SAED qualitatively
confirmed the high structural order of the superlattices, also
consistent with the results of eq 1. A more detailed discussion
of grazing-incidence diffraction data is provided in SI section
Sl

Interestingly, we did not observe signs of superlattice
reflections in GIWAXS. In our interpretation, this is a result
of several factors. First, the instrumental response of GIWAXS

https://dx.doi.org/10.1021/acsnano.0c08929
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Figure 3. Comparison of the multilayer diffraction method with established techniques. (a) Representation of the diffraction geometries
adopted for experiments in panels b—d, highlighting the complementarity of grazing incidence techniques and TEM—SAED in terms of
probed spatial directions. (b) GISAXS pattern of CsPbBr; superlattices indexed according to a simple-cubic symmetry. The diffraction spots
are generated by the nanometer-scale periodicity of the mesostructure. (c¢) GIWAXS pattern of CsPbBr; superlattices. The spots arise from
the angstrom-scale periodicity of the CsPbBr; nanocrystal atomic lattice. The blue region hiding the (001) spots is known as the “missing
wedge”.>® (d) SAED pattern of a single CsPbBr; superlattice, featuring slightly elongated spots again produced by the atomic lattice. The
beam-stopper was masked for illustration purposes. Data in panels ¢ and d were indexed using a pseudocubic notation for simplicity.

is broader than that of a 0:20 diffractometer, and that may
translate into smearing of superlattice fringes. Second, the
direct comparison between GIWAXS and 6:26 data is hindered
because the reflections analyzed by the multilayer diffraction
method fall into the “missing wedge” region of GIWAXS.*
Third, the mosaicity of the film (due to individual superlattices
being randomly rotated with respect to each other in the
sample plane) and possibly additional structural disorder in the
in-plane direction wash out the structural coherence for the in-
plane Bragg peaks (consistent with in-plane 6:20 scans, as
illustrated in figure 1b of a prior work, ref 31). For SAED,
superlattice fringes have been previously observed on
epitaxially grown multilayers® but, as far as we know, not on
colloidal nanocrystal superlattices, which we attribute to the
higher structural disorder in small superlattices (Figure S9).
Because GISAXS and GIWAXS are popular techniques for
the structural analysis of colloidal superlattices, we deemed it
useful to compare the strengths and weaknesses of the
multilayer diffraction method with them. The multilayer
diffraction method relies on the 6:20 XRD out-of-plane scan,
which is a 1D measurement that probes the sample in the
direction normal to the substrate. Hence the multilayer
diffraction method is unable to determine the packing
symmetry of nanocrystals as compared with GISAXS and
GIWAXS. On the contrary, the multilayer diffraction allows the
quantification of o; and the separation of A into its N, d, and L
contributions. All of these parameters can, in principle, be
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measured by GISAXS and GIWAXS through a quantitative
fitting of the bidimensional diffraction data. However, this
approach requires including the space group of the superlattice
in the fitting model. Consequently, each superlattice packing
symmetry needs a specific fitting algorithm that requires time
and expertise to be implemented. The examples of quantitative
GISAXS/GIWAXS fits are rare,'”"**” 7" yet they are powerful
when these conditions are met. More commonly, the analyses
are focused on the sole position and broadening of diffraction
spots. Finally, the multilayer diffraction method requires a 6:26
diffractometer, which is a much more common setup than a
grazing-incidence one and further contributes to the
accessibility of our approach.

Case-Study: Thermal Annealing of CsPbBr; Super-
lattices. The high sensitivity of the multilayer diffraction
method to small changes in the superlattice structural
parameters makes it an excellent tool for tracking the
superlattice evolution under external stimuli. This is demon-
strated by analyzing a set of 6:260 XRD patterns collected
during the thermal annealing of CsPbBr; superlattices in the
25—125 °C temperature range (the superlattices degrade
above 125 °C, Figure S10). As the temperature increased from
25 °C, all three regions of the diffraction pattern evolved, as
exemplified by the changes in the first Bragg peak profile
(Figure 4a; see section S.m of the SI for the evolution of the
low-angle and second Bragg peak regions).
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Figure 4. Thermal annealing of CsPbBr; superlattices. (a) Evolution of the first Bragg peak upon thermal annealing of CsPbBr; nanocrystal
superlattices. Each panel reports the data (solid blue circles), the fit (orange line), and the residual (yellow line). (b—d) Evolution of the
main superlattice structural parameters as extracted from the fits shown in panel a. The atomic plane periodicity d is compared with lattice
constants reported for polymorphs of CsPbBr; (b), rescaled with respect to the cubic perovskite cell.*>**> Two of the orthorhombic lattice
constants (a and b as denoted in refs 40 and 43, empty gray circles in panel b) are represented by an averaged lattice parameter (a, gray
diamonds, lower line) because they both concur in describing the measured {110} orthorhombic reflections.

Focusing on the first Bragg peak, the multilayer diffraction
model correctly follows the anticipated thermal expansion of
the CsPbBr; atomic lattice (d = 5.839 — 5.871 A, Figure 4b).
The measured value for d is consistent with the expectation,
lying between the lattice constants reported for the
orthorhombic CsPbBr; along different axes.*” The parameter
evolution with temperature better matches that reported for
the shorter orthorhombic axes. We speculate that nanocrystals
could be preferentially oriented with their long crystallographic
axis (axis b in the Pnma space group setting, axis ¢ in Pbnm)
parallel to the substrate, although data do not provide a
conclusive answer, leaving this question open for future
investigations. The change of slope likely corresponds to the
orthorhombic — tetragonal — cubic transition, taking place at
a lower temperature than that reported for the bulk, in
agreement with a prior study."’ Despite the nanocrystal
thermal lattice expansion, A contracts due to the shrinking of
the interparticle spacing (L = 36.99 — 35.16 A, Figure 4c).
The superlattice contraction is similar to that previously
reported under vacuum, partly due to the desorption of volatile
molecules trapped in between the nanocrystals (e.g, solvent
and gases).”’ However, the superlattices in this work have been
kept under vacuum prior to the thermal annealing, suggesting
that the melting of surface capping molecules (i.e.,
oleylammonium bromide and cesium oleate, which are solid
at room temperature) also contributes to the mesostructure
contraction, possibly via the interdigitation of hydrocarbon
tails.*” In fact, the thermal annealing of superlattices leads to a
significant reduction of the nanocrystal stacking disorder (o} =
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1.43 = 1.01 A, Figure 4d), which is rationalized as an increase
in the superlattice crystallinity.

In our interpretation, during the self-assembly at room
temperature, the nanocrystals pack in the way best allowed by
the conformations of ligands. Moreover, during assembly and
drying, nanocrystals entrap small molecules of residual solvent
and atmospheric gases. The imperfectly packed ligands and the
entrapped molecules represent defects and sources of strain in
the superlattice. Heating supplies the activation energy needed
to release the strain by increasing the mobility of the
hydrocarbon tails for better interdigitation, and anneals the
defects by promoting the diffusion of entrapped molecules
toward the surface and outside of the superlattices. Addition-
ally, the CsPbBr; orthorhombic — tetragonal — cubic phase
transition is likely contributing to the reduction of disorder due
to the progressively increasing symmetry of the nanocrystal
structure. We highlight that 6; remained constant between 100
and 125 °C, suggesting that the maximum structural order
achievable by annealing was reached. Besides these three main
parameters, the extracted nanocrystal thickness and thickness
distribution remained constant at N = 13 atomic planes
(Figure S11) and 6y & 1.27 (in units of atomic planes, Figure
S11), with fluctuations within the fit uncertainty.

The sintering of nanocrystals into larger domains by aging
has been explored as an alternative explanation to rationalize
the evolution of the first Bragg peak in the 25-125 °C
temperature range. The appearance of larger particles would
have narrowed the diffraction peak, resulting in an increase in
the N and oy values from the multilayer diffraction fit, which
was not the case. Additionally, any sharp peak arising from the
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Figure S. CsPbBr; nanoplatelet stacks. (a) Second Bragg peak of CsPbBr; nanoplatelet stacks (N = 4 for a pseudocubic plane (200), meaning
N = 2 for a plane (100)) compared with (b) second Bragg peak of CsPbBr; nanocrystal superlattices (N = 13 for a plane (100)). The
comparison demonstrates the much broader modulation profile in the case of nanoplatelets due to their extreme thinness and a large
number of fringes due to the higher structural perfection of nanoplatelet stacks as compared with nanocrystals (6, = 0.630 vs 1.43 A,
respectively). The sketches of the superlattices of nanoplatelets and nanocrystals are shown on the right, with the best fit values of their

structural parameters.

merging nanocrystals would have remained fixed at an angular
position compatible with that of bulk CsPbBr;, whereas the
experimental data in Figure 4a show a systematic shift of the
diffraction peaks toward high angles, compatible with the
superlattice contraction. In contrast with data in the 25—125
°C range, at 150 °C, the Bragg peaks sharpen abruptly (Figure
§10), any additional intensity modulation is lost, and the low-
angle diffraction peak characteristic of the superlattice
periodicity weakens. This is consistent with the formation of
larger crystalline domains and the disruption of the superlattice
mesostructure. Hence we ruled out any significant contribution
of aging of the nanocrystals in the heating experiments within
the 25—125 °C temperature range; we argue that the short
experiment time (~2 h) played a role in minimizing the heat-
induced nanocrystal degradation.

CsPbBr; Nanoplatelet Stacks. The multilayer diffraction
method has its roots in epitaxial multilayer thin films, and thus
it naturally applies to the closest colloidal analogs, namely
stacks of self-assembled nanoplatelets. The first example is
CsPbBr; nanoplatelets, which are colloidal quantum wells****
widely studied for applications in solution-processed blue
LEDs.*>*” Here we analyzed the 6:20 XRD pattern of CsPbBr;
nanoplatelets prepared by a recently optimized robotic
synthesis."® The nominal thickness of the CsPbBr, nano-
platelets was reported to be two monolayers on the basis of
optical measurements and electron microscopy (1 monolayer =
a single plane of [PbBr,]*" octahedra).*

Figure 5 compares the second Bragg peaks of CsPbBr;
nanoplatelet and nanocrystal superlattices over the same g
range; the best-fit parameters are summarized in Table 1. The
comparison demonstrates the applicability of our fit to higher
order Bragg peaks and highlights the differences between the
two samples. The CsPbBr; nanoplatelet’s thinness results in a
very broad form factor, which allows the observation of

multiple superlattice fringes. The expected thickness of two
[PbBrg]*~ octahedra layers is consistent with the measured
four diffracting planes with a periodicity of ~3 A, compatible
with the length of one Pb—Br bond. The small value of o} =
0.68 A is well compatible with the §, criterion (eq 1) and
explains why superlattice fringes are visible for the nano-
platelets but not for the nanocrystals, for which o} is more than
doubled. The crystal structure constant d differs significantly
between nanocrystals and nanoplatelets (5.839 vs 6.016 A),
corresponding to a 3.0% atomic lattice expansion along the
stacking direction for nanoplatelets as compared with nano-
crystals. (See SI section S.0.) This size-dependent relaxation
effect is consistent with prior studies on colloidal quantum
dots, for example, PbSe,*” and has been previously measured in
six-monolayer-thick CsPbBr; nanoplatelets by means of pair
distribution function analysis.>

PbS Nanoplatelet and Nanocrystal Superlattices. The
multilayer diffraction effect is very apparent in lead halide
perovskite superlattices but is not limited to that class of
materials. This is demonstrated on assemblies of recently
synthesized ultrathin PbS orthorhombic nanoplatelets (Figure
6a—d)>' and spheroidal rock-salt PbS nanocrystals (Figure
6e—g).”” For both morphologies, the particles assemble with
the same crystal planes parallel to the substrate (cubic (200) =
orthorhombic (400)), a circumstance convenient for the
comparison. Table 1 summarizes the result of the fits. As for
CsPbBr;, stacks of PbS nanoplatelets produce a broad group of
superlattice fringes (Figure 6a), which extend away from the
strongest peak to low angles thanks to the sidebands of the
nanosheet form factor (Figure 6b). A large number of observed
fringes allows the fit-independent determination of A = 53.45
A (Figure 6¢) by exploiting the periodicity of fringes along the
q scale (q, = 27an/A, where n is a fringe index), a result in
agreement with that from the multilayer diffraction fit. The
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Figure 6. PbS nanoplatelet and nanocrystal superlattices. (a) Fit of the (400) orthorhombic = (200) pseudocubic Bragg peak of PbS
nanoplatelet stacks. (b) Full pattern acquired from PbS nanoplatelet stacks, showing superlattice fringes extending to lower angles. (c) Plot
demonstrating the linear distribution of the superlattice fringes in q space. (d) Representative TEM image of PbS ultrathin nanoplatelets. (e)
Fit of the PbS nanocrystal superlattice (200) Bragg peak. (f) Full pattern acquired from PbS nanocrystal superlattices, showing no fringes
but clearly indicating the strong preferred orientation of nanoparticles. (g) Representative optical microscopy image of the PbS nanocrystal
superlattices together with a representative TEM image of PbS nanocrystals (inset). The nanocrystal diameter measured by TEM is 11.5 +
1.0 nm, whereas the thickness measured by multilayer diffraction is 9.2 nm, suggesting that nanoparticles have the shape of a compressed
sphere, which also explains the complete preferred orientation seen in 6:260 XRD.

best-fit parameters N, d, and A are in a good agreement with determination of the average nanocrystal thickness in the

the previously reported literature values obtained by vertical direction (N = 32 — 92.3 A).
independent methods (from ref 51: d = 2.978 A; N = 4 Pb— Discussion and Perspectives. The examples above
S planes, A = 54 A). We point out that the PbS nanoplatelets introduce the multilayer diffraction method as a powerful
displacement value of 6; ~ 0.33 A is the smallest disorder tool for the detailed characterization of both the nanocrystals
parameter measured among the four kinds of studied and the superlattices they form. Here we discuss the ideal
superlattices. conditions for its applications and outline its limitations. Data
In stark contrast with the other samples, assemblies formed analysis via the multilayer diffraction method is suitable for
by spheroidal PbS nanocrystals showed no superlattice-related well-ordered superlattices composed of nanocrystals with
Bragg peak fine structure (Figure 6e) despite the well-defined restricted rotational freedom. Well-faceted or strongly
microscopic superlattice shapes (Figure 6g) and the strong anisotropic particles, such as cubes or platelets, are ideal.
preferred orientation of nanocrystals witnessed by the sole Otherwise, as seen for PbS spheroidal nanocrystals, the
(002) Bragg peak (Figure 6f). The lack of superlattice fringes is method might be limited to the analysis of the nanocrystal
explained by a rotational disorder due to the rounded shape of shape factor by the additional rotational freedom. The atomic
nanocrystals (inset in Figure 6g), which brings the PbS lattice of nanocrystals is important, too: materials with low-
nanocrystal superlattices beyond the maximum disorder angle peaks (20 < 20°) benefit from the higher tolerance of
threshold of §, < 0.7 A (from eq 1; see SI section S.p. for lower-index fringes to the superlattice structural disorder. Lead
the estimation of the maximum angular disorder compatible halide perovskites are particularly suitable for this method
with the measured linear displacement and further discussion). because of their strong X-ray scattering at low angles. However,
Therefore, only the nanocrystal form factor is visible, based on we point out that this requirement is relaxed in the case of
which the multilayer diffraction method enables the precise nanoplatelets, where the combination of a broader form factor
6250 https://dx.doi.org/10.1021/acsnano.0c08929
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and a high degree of stacking order extends the working range
to 260 < 30°, which is compatible with many inorganic materials
currently made in the form of colloidal nanoplatelets. This,
together with the much easier preparation of nanoplatelet
stacks with respect to the assembly of 3D superlattices, makes
the multilayer diffraction method promising for colloidal 2D
nanomaterials.

Focusing on its practical utility, the multilayer diffraction
method provides several insights into colloidal superlattices.
First, it allows the superlattice periodicity to be accurately
separated into its two components, which are nanocrystal size
and interparticle spacing. This is not a trivial task. Both
parameters are important for rationalizing the collective
optoelectronic properties of semiconductor nanocrystal super-
lattices because of their influence on the degree of quantum
confinement, the possible electronic coupling, and the exciton/
charge-transport phenomena. However, diffraction methods
usually measure only the total superlattice periodicity, whereas
particle size and interparticle distance are usually estimated
based on TEM imaging. However, TEM imaging lacks the
statistical strength of the multilayer diffraction approach and
has limited applicability to the estimation of interparticle
spacing in thick and tightly packed superlattices. Thanks to the
versatility of the multilayer diffraction, we found that the
annealing of CsPbBr; nanocrystal superlattices results in the
contraction of the interparticle spacing together with an
improvement in the structural order. This is likely due to a
combination of factors such as ligand interdigitation, loss of
volatile impurities, and increased nanocrystal structure
symmetry at higher temperatures.’**~** Other factors might
coexist, like the intriguing possibility of superlattice defect
annihilation (e.g, crowdion—voidion pair).””** Second, the
sensitivity to the atomic plane’s periodicity d revealed an
anisotropic 3.0% expansion of the CsPbBr; structure in going
from N = 13 nanocubes to N = 2 in nanoplatelets, indicating
that the approximate d = 5.8 A value often used to estimate the
thickness of a single [PbBry]*~ octahedron is imprecise for thin
nanostructures. Third, the superlattice periodicity fluctuation
(01), which represents the average displacement of nanocryst-
als in the stacking, establishes a figure of merit for the
superlattice structural perfection, and its upper boundary can
be quickly estimated from eq 1. The obtained values of o, are
much smaller than the periodicity of the atomic planes of the
inorganic material forming the superlattice (~3 A for both
CsPbBr; and PbS).

Surprising at first, this result is comparable to the periodicity
fluctuations measured in epitaxial multilayer thin films grown
by physical means (e.g, 65 < 1.4 A for Pb/amorphous Ge and
ox ~ 0.5 A for MgPt;/Co multilayers).”****° The ¢, values of
0.33 to 1.43 A determined in this work are comparable to the
atomic displacement parameters found in some metalorganic
crystals (eg, B = 0.38 A in silver behenate, a small-angle
scattering standard)*® and are roughly an order of magnitude
smaller than the displacements reported for other colloidal
nanocrystal superlattices (e.g., 0.5 to 0.9 nm in Fe;O, and 1.15
nm in FePt nanocrystal superlattices, both by GISAXS).'>"*
This high structural order poses a fundamental question: can
colloidal superlattices be considered microscopic single
crystals? For example, the CsPbBr; nanocrystal superlattices
in this study can be seen as “zero-dimensional” equivalents of
hybrid organic—inorganic layered metal halides.”” This
interpretation should be taken with a grain of salt, because it
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is based on the order characterized along a single spatial
dimension.

Another comparison of the studied nanocrystal superlattices
could be made with epitaxial multilayers with incommensurate
superlattice periodicity’® and incommensurate composite
crystals,”” where diffraction satellites have been observed and
predicted and the software for solving and refining the crystal
structure has been developed.60 However, the landscape in the
field of crystallographic studies of incommensurate structures is
wide and goes from single crystals to multilayers. In
comparison, there are few examples of colloidal nanocrystal
superlattices, and their diffraction peaks and superlattice
satellites are broad (due to disorder in ligands, nanocrystal
size distribution, rotational disorder, and ambiguity about
absolute nanocrystal crystallographic orientations), thus
precluding the structural refinement at the level needed to
distinguish between incommensurate and high-order commen-
surate structures.

The information made accessible by the multilayer
diffraction method, and the resulting change of perspective
about colloidal superlattices, is transferable to similar materials.
Assemblies of other widely studied nanocrystals, such as
colloidal CdE (E = S, Se, Te) nanoplatelets,m’62 will likely
benefit from the developed approach. CdE nanoplatelets show
reflections at relatively low-angles (20 = 25 to 26°, g ~ 1.8
A7"), which, combined with their precise thickness, is
anticipated to produce superlattice fringes. It might be suitable
for higher complexity nanomaterials, too, for example, to
investigate the role of the epitaxial interface in stacks of core—
shell or core—crown I1—VI heterostructured nanoplatelets®® or
to explore individual sublattices in binary superlattices” by
exploiting the material-dependent scattering angle. On the
contrary, the multilayer diffraction method could also be
extended to hybrid organic—inorganic 2D layered materials.”’
Despite being within the reach of single-crystal XRD, hybrid
organic—inorganic 2D layered materials could in fact benefit
from a simpler analysis via 6:260 XRD scans coupled to a
multiparametric fit.

CONCLUSIONS

This work introduces an XRD approach for the character-
ization of colloidal superlattices based on the multilayer
diffraction method. The method takes advantage of the
secondary interference of X-rays from precisely stacked
nanocrystals and enables quantitative determination of the
average nanocrystal displacement, the nanocrystal size, and
their distributions with high precision, all from a single
diffraction measurement. By using this method, we demon-
strated an average nanocrystal displacement of 0.33 to 1.43 A
in the studied materials, proving that superlattices achieve the
structural order of epitaxial multilayers and approach the
structural perfection of “traditional” single crystals. That
effectively closes the gap between wet chemistry and physical
methods of nanomaterial fabrication. The atomically precise
character of the investigated superlattices means, in principle,
that characterization techniques usually applied to single
crystals could be applied to the superlattices for the
characterization of single “average” nanocrystals, in analogy
with protein crystallography, which studies complex nano-
metric structures by probing their ordered aggregates. The
comparison could be extended to any anisotropic property. For
example, one can think of anisotropic magnetic measurements,
polarized spectroscopies, and even direct mapping of the
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electronic structure.”* From a practical viewpoint, the

developed method requires a laboratory-grade X-ray diffrac-
tometer for data collection and openly distributed Python
computational tools for data analysis, an accessible and
attractive alternative to highly specialized synchrotron experi-
ments. In addition to the superlattice characterization, fine
structural effects such as thermally induced improvement in
the order of CsPbBr; nanocubes in superlattices and size-
dependent lattice expansion of CsPbBr; nanoplatelets could be
accurately quantified by using this approach.

MATERIALS AND METHODS

Chemicals. Lead bromide (PbBr, >98%), lead thiocyanate
(Pb(SCN),, 99.5%), cesium carbonate (Cs,CO5, 99%), oleylamine
(OLAM, 70%), oleic acid (OA, 90%), 1-octadecene (ODE, 90%),
tetrachloroethylene, toluene (anhydrous, 99.8%), lead(Il) acetate
trihydrate (>99.5%), benzoyl bromide (97%), and dodecane were
purchased from Sigma-Aldrich. Cesium acetate (99%) and ethyl
acetate (>99.5%) were purchased from Fisher Scientific. All chemicals
were used without further purification; lead compounds were stored
inside a nitrogen-filled glovebox.

Synthesis of CsPbBr; Nanocrystal Superlattices. CsPbBr,
nanocrystal superlattices were grown following our previously
published method from tetrachloroethylene or toluene dispersions
of CsPbBr; nanocrystals.>’ To synthesize the starting CsPbBr,
nanocrystals, 74 mg (0.2 mmol) of PbBr, was dissolved in 5 mL of
ODE together with 500 uL of OLAM and 50 uL of OA at 120° under
a N, atmosphere with continuous stirring inside a 20 mL glass vial.
After the solubilization was completed, the vial was heated to 170 °C,
removed from the hot plate, and allowed to cool in air to the desired
injection temperature (usually 163 °C). Then, 0.5 mL of a previously
prepared solution of Cs-oleate in ODE (0.149 M) was swiftly
injected, and the system was allowed to cool to room temperataure in
air. CsPbBr; nanocrystals were recovered by centrifugation at 6000
rpm for S min. The supernatant was discarded, and the precipitate was
centrifuged again to separate the traces of residual supernatant. The
collected liquid was removed with a paper tissue, and the precipitate
was redispersed in a small volume of solvent (~200 uL) and
centrifuged again at 6000 rpm for 5 min to separate aggregates and
larger particles. The resulting supernatant (visually clear and
concentrated CsPbBr; nanocrystal dispersion) was diluted with a
solvent to obtain a stock solution with optical density of ~250 at 335
nm in 1 cm pathlength. The target optical density was determined by
extrapolation from an optical absorbance spectrum of a small aliquot
diluted by a known fraction. A small amount of stock solution,
typically 30 uL, was deposited on top of a 1 X 1 cm polished piece of
silicon wafer and placed inside a glass Petri dish to allow the solvent
to evaporate overnight.

Synthesis of CsPbBr; Nanoplatelet Superlattices. Lead and
cesium oleate solutions were prepared in line with previous
descriptions by Lu et al.*> 192 mg (1 mmol) of cesium acetate was
placed in a 4 mL glass vial with a stir bar, and 1 mL of OA was added.
For lead oleate solutions, 379 mg (1 mmol) of lead acetate was placed
in a 4 mL glass vial with a stir bar, and 1.5 mL of OA was added. The
mixtures were stirred for 3 h at 100 °C on a hot plate and used
without further purification, except for brief reheating before synthesis
to ensure full mixing of precursors. The sample of two-monolayer-
thick CsPbBr; nanoplatelets was prepared as previously reported*® in
a method derived from the synthesis scheme reported by Imran et
al.% Dodecane (1 mL), 60 uL of OLAM, 80 uL of OA, 10 L of (0.1
mmol Cs) cesium oleate solution (1 M), and 30 uL of (0.2 mmol Pb)
lead oleate solution (0.67 M) were added to a 4 mL glass vial
equipped with a stir bar and heated to 100 °C. 10 uL of benzoyl
bromide was then injected into the solution while stirring to start the
reaction. After 1 min, 1 mL of ethyl acetate was added to form a
cloudy suspension. Solid products were collected by centrifugation
(10 g 2 min) and resuspended in 1 mL of hexanes. To create
superlattices for the XRD measurement, 100 L of a two-monolayer
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nanoplatelet dispersion in hexanes was dropcast on a Si wafer (5 cm
radius, <510> cut) and evaporated under a nitrogen stream.

Synthesis of PbS Nanoplatelet and Nanocrystal Super-
lattices. PbS nanoplatelet stacks were prepared following our
previously published method.®' In brief, 32 mg (0.1 mmol) of
Pb(SCN), was dissolved in S mL of ODE together with 125 uL of
OLAM and 250 uL of OA at 120° under a N, atmosphere with
continuous stirring and inside a 25 mL three-necked flask. After the
solubilization was completed, the vial was quickly heated to 150—180
°C. The fast heating triggered nanoplatelet formation that manifested
itself by the sudden change in the color of the reaction mixture from
pale yellow to black. The reaction was quenched as soon as the color
change was complete by immersion in a mixture of water and ice. PbS
nanoplatelets were recovered by centrifugation at 6000 rpm for S min.
The supernatant was discarded, and the precipitate was centrifuged
again to remove the residual supernatant. The precipitate was then
redispersed in a small volume of toluene (~500 yL). PbS nanoplatelet
stacks were obtained by dropcasting a small amount of toluene
solution of freshly prepared nanoplatelets on a zero-diffraction silicon
wafer and letting it dry in air.

PbS nanocrystals were grown via a modification of the method we
originally published for the synthesis of lead chalcohalide nanocryst-
als.” In brief, 111 mg (0.4 mmol) of PbCl, was dissolved in a 20 mL
flask containing 10 mL of ODE, 750 uL of OLAM, and 750 uL of OA
at 120 °C under continuous stirring. The solubilization of PbCl, is
slow and might be incomplete. To remove any undissolved precursor,
the reaction mixture was cooled to room temperature after 20 min of
stirring at elevated temperature and filtered through a 0.2 um PTFE
filter (Sartorius). Afterward, the filtered reaction mixture was placed
back into the flask and heated to 170 °C, and the formation of the
nanocrystal was accompanied by the color change of the reaction
mixture from pale yellow to black, at which point the reaction was
quenched by submerging the flask in a room-temperature water bath.
The PbS nanocrystals were separated from the reaction mixture
following the procedure previously described for CsPbBr; nanocryst-
als. After that, one synthetic batch was diluted in 400 uL of toluene,
split into four aliquots, and further diluted at 1:1, 1:2, 1:3, and 1:4
ratios to quickly scan many possible assembly concentrations. A small
amount of each solution, typically 30 uL, was deposited ona 1 X 1 cm
silicon substrate, and the four substrates were enclosed in a single
nonsealed Petri dish to dry overnight. All of the samples formed
superlattices, demonstrating the high aptitude of those nanocrystals to
self-assemble.

Thermal Annealing of CsPbBr; Nanocrystal Superlattices.
Prior to the annealing experiments, a sample of CsPbBr; nanocrystal
superlattices (1 X 1 cm piece of silicon wafer with the superlattices on
top) was placed under vacuum for 2 h to complete the drying. After
that, it was mounted in a controlled atmosphere heating stage filled
with N, and covered within a Kapton dome transparent to X-rays.
The XRD patterns were acquired every 25 °C, starting from room
temperature (~25 °C) and up to 300 °C. The sample was heated at a
speed of 10 °C/min with a thermalization time of 10 min before each
measurement. A measurement at each temperature set point took ~10
min.

6:26 Coupled Out-of-Plane Diffraction of Superlattices. 6:20
XRD patterns of superlattices were acquired alternatively on three
different diffractometers: (1) a Panalytical Empyrean diffractometer
equipped with a 1.8 kW Cu Ka ceramic X-ray tube operating at 45
kV, 1 mm wide incident and receiving slits, a 40 mA PIXcel3D 2 X 2
area detector, and parallel-beam geometry; (2) a Rigaku SmartLab
diffractometer, equipped with a 9 kW Cu Ka rotating anode operating
at 40 kV and 150 mA, 1 mm wide incident and receiving slits, a 0D
scintillation counter (SC) detector, and parallel-beam geometry; and
(3) a Bruker D2 Phaser X-ray diffractometer equipped with a 30 kV
Cu Ka X-ray source operating at 10 mA, 1 mm wide incident slits, a 1
cm knife edge with parallel beam geometry, and an SSD160 silicon
strip detector.

GISAXS and GIWAXS Measurements. GISAXS and GIWAXS
measurements were performed on a Rigaku instrument equipped with
an FR-E+ superbright rotating anode microscource (Cu Ka, 1 =
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1.540S A) coupled to a three-pinhole camera through a Confocal Max
Flux optics apparatus.”” A Triton multiwire detector with online
readout was used to collect GISAXS data at a sample-to-detector
distance (SDD) of 2110 mm. An image plate detector with offline
readout (RAXIA) was used to collect GIWAXS data at an SDD of 87
mm. Both GISAXS and GIWAXS were acquired at room pressure and
in vacuum (~$ X 107> mbar) to keep track of the vacuum-induced
superlattice contraction effect.®’ Data were calibrated by using Ag
behenate standard powder. GISAXS patterns were acquired at three
different grazing incidence angles (GA = 0.18° — 0.28° — 0.38°) to
provide a robust data set, where GIWAXS patterns were acquired at
0.28 and 2° incidence. The data analysis was performed on the
patterns acquired at GA = 0.28° in vacuum, as this combination
provided the lowest background scattering and better visibility of
GIWAXS in-plane reflections. GISAXS data analysis was performed
by using the SUNBIM software suite.”® Indexing was performed based
on the NANOCELL algorithm included in SUNBIM.®® Superlattice
periodicity (A) was derived both (i) by extracting linear cuts through
the main diffraction spots spaced by Aq and calculating A = 27/Aq
and (ii) by direct simulation of the 2D diffraction pattern through the
indexing program and visually identifying the lattice parameters
leading to the best agreement with the experimental pattern, within an
acceptable tolerance. The average from the two procedures was taken
as the final result. GIWAXS data analysis was performed combining
both SUNBIM (data calibration) and the GIXSGUI software suite
(indexing).*®

TEM, HRSEM, and Optical Microscopy. TEM images of
nanocrystals were acquired on a JEOL JEM-1011 microscope
equipped with a thermionic gun at an accelerating voltage of 100
kV and on a JEOL JEM-1400Plus microscope working at 120 kV.
Selected area electron diffraction (SAED) patterns were acquired on a
JEOL JEM-1400Plus microscope. The samples were prepared by
depositing 3 uL of a diluted nanocrystal suspension in trichloro-
ethylene (TCE) onto 200-mesh carbon-coated copper grids and
letting it dry slowly. The indexation of SAED data was performed with
the help of the CaRlIne Crystallography software suite via a simulation
of the reciprocal atomic lattice. HRSEM images were acquired on a
JEOL JSM-7500FA scanning electron microscope (SEM). Optical
images were acquired on a ZETA-20 true color 3D optical profiler.

Using the Multilayer Diffraction Fitting Algorithm. The
multilayer diffraction fitting algorithm presented in this work is
provided in the form of an open-source Python code optimized for
running in the Jupyter environment. Individual Jupyter notebooks and
experimental input data for the four types of nanocrystal superlattices
discussed in this work (CsPbBr; nanocrystals and temperature series,
CsPbBr; nanoplatelets, PbS nanoplatelets, and PbS nanocrystals) are
provided in the SI ZIP archive.

Raw data require some preparation for the fit. The output format of
diffractometers is usually 26 (deg)/intensity, which must be converted
to q (A™")/intensity, where q = 47z-sin(6)/2y ,, (6 in radians, unless
specified otherwise). The g-scale diffraction data fitted in this work
were obtained from the experimentally measured I(26) by dividing it
(1+A cos? 20)
(1+A)sin 20’
20y and 6y is the Bragg angle of the monochromator crystal (1° in
our case).”’ The effects of the Lp correction on the multilayer
diffraction fit are illustrated in SI section S.q. A Microsoft Excel
spreadsheet for the input 26(deg)/intensity data conversion and
correction to the q (A™")/Lp-corrected intensity is provided as a part
of the SI. The converted and corrected data must be prepared for the
fit in the form of a double-column comma separated .csv spreadsheet,
containing the scattering vector in the first column and the diffracted
intensity in the second column. If the signal-to-background ratio is
high, then the raw experimental data can be fit (as in Figure 4);
otherwise, a background subtraction is needed. For example, in the
case of Figures 5a and 6a, the instrumental background was not
negligible, and thus it was described by a spline with the guidance of
the residual curve and subtracted. In addition, the pattern in Figure Sa
contained peaks not belonging to the superlattices, which were fitted
with a Gaussian profile and subtracted (Figure S12).

by the Lorentz-polarization factor, Lp = where A = cos®
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The so-prepared pattern is fed to the multilayer diffraction fitting
algorithm, together with starting values and fitting boundaries for each
parameter. The superlattice structural parameters (d, L, 6, S, o) are
defined in Figure 2 and Table S1. In addition to these, the model
relies on four instrumental parameters: g-zero correction, instrumental
broadening parameter, coherence length, and experimental intensity
fluctuation. Additional details are provided in Table S1 and sections
S.b—S.g of the SI.

We suggest exploiting the simulation functionality of our program,
which predicts the pattern with given parameters, to check if the
starting values are meaningful. Most can be guessed based on the
prior knowledge about the sample: d is known from the nanoparticle
crystal structure, N and A can be estimated from TEM, and L
depends on the choice of passivating ligands (20—50 A range for
oleylamine and oleic acid). The o, value can be conveniently changed
from very high (such as 10), to eliminate the superlattice interference
while checking d and N, to very low (such as 0.1), to sharpen the
superlattice fringes while checking L and N. Finally, oy is better set to
low values at first (such as 0.1). Regarding instrumental parameters, C
should start at a high value (such as 20), whereas the g-zero
correction should be initially set to 0 A™'. The instrumental
broadening and experimental intensity fluctuation are the constants
to be measured a priori, as illustrated in sections S.b and S.i of the SI
Once starting values and boundaries have been set, the program relies
on least-squares minimization to find the best fit for the experimental
profile. The program lets the user define up to three regions of
interest, which enter the fit with adjustable weights. It is advisable to
limit each region to a restricted range, for example, one single Bragg
peak or one single fringe, because the program in its current state does
not include the g-dependent intensity corrections needed for fitting
over wide ranges. This is particularly useful for fitting the g-zero
correction. (See SI section S.g.)

Once satisfactory starting values are found, the algorithm refines
the values by fitting the experimental profile. Once the fit is
concluded, the program allows the user to explore the influence of
individual parameters on the goodness of fit by plotting the y*/
parameters maps and estimates the error bars via a bootstrap
approach, which requires the user to estimate the fluctuation of the
diffracted intensity measured experimentally. We did this by repeating
three identical scans over one sample, finding that the average
fluctuation was 3%. The program uses this value to introduce a
random error in multiple replicas of the experimental data, which are
then fit and used to compute the average value and standard deviation
of parameters.
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