FACULTY
OF SCIENCE

LUN

UNIVERSITY

Self-assembly of Colloidal Perovskite
Nanocrystals into Mesocrystals. An In
Stu SAXSWAXS Study

Robin Eriksson

Thesis submitted for the degree of Bachelor of Science
Project duration: 2 months

Supervised by Jesper Wallentin







Abstract

This thesis investigates the self-assembly dynamics and structural characteristics
of cesium lead bromide (CsPbBr3) nanocrystals (NCs) into mesocrystals (MCs)
using in situ Small- and Wide-angle X-ray Scattering (SAXS/WAXS) techniques.
Central to this study is the exploration of the temporal evolution of mesocrys-
tal formation and the associated superlattice peak-split due to the alignment of
identical crystal planes between adjacent NCs. The self-assembly process was
visualized in time and space by recording SAXS and WAXS signals while scanning
the sample in a snake-like pattern. This method created detailed maps of the self-
assembly process and allowed for real-time visualization through animations.

The study handles extensive datasets, with high-resolution scans generating
data sizes up to 35GB, necessitating sophisticated data processing strategies to
manage, analyze, and interpret the SAXS and WAXS measurements. These strate-
gies included defining regions of interest to manage computational loads and de-
veloping scripts for effective data fitting and visualization. The research reveals
that the distribution and spacing of NCs within MCs vary along the capillary, sug-
gesting a density-dependent structuring that influences the mesostructure prop-
erties.

Significantly, this work contributes to a deeper understanding of the self-assembly
mechanics of mesocrystal formation in lead halide perovskites, a subject that has
not been extensively studied in real-time. The findings offer insights into the
mechanisms driving NC assembly, that potentially could have an impact on the
design and synthesis of perovskite-based materials in optoelectronics and other
applications. Furthermore, the project highlights the effectiveness of SAXS and
WAXS as tools for studying complex nanoscale transformations, setting a foun-
dation for future research aimed at exemplifying the nuances of nanocrystal be-
havior in situ.
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1 Introduction

In recent years, the field of material science has witnessed significant advancements due
to the synthesis and characterization of novel nanomaterials. Among these materials, lead
halide perovskite nanocrystals (NCs), particularly cesium lead bromide (CsPbBr3), have at-
tracted substantial attention due to their remarkable optoelectronic properties and their ver-
satility in applications ranging from solar cells to light-emitting devices. This thesis explores
the self-assembly of CsPbBr3; NCs into mesocrystals (MCs), a process facilitated by a solvent-
antisolvent diffusion method using hexane and perfluorodecalin, respectively. The NCs are
stabilized by a mixture of short-chain decylamine and long-chain oleic acid ligands, which
play a role in their assembly behavior and the resulting mesostructure properties.

Fig. [1.7]illustrates the general idea of the NCs self-assembly into MCs and the basic role of
the ligands, as well as real life images of the two different crystals with related length-scales.
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Figure 1.1: General illustration of the self-assembly process of NCs into MCs (upper image),
and real example of the NCs and MCs with related length-scales (lower image).
The self-assembly process from NCs to MCs as seen in the lower part of the image,
or last step in the upper part, is what is studied in this report. The upper part is
taken from Elena V. Sturm and Helmut Célfen Fig 1, and modified [1]. The lower
part is reproduced with modifications from the experimental report for Max IV
standard proposal no. 20230363 and provided by courtesy of Dr. Dmitry Baranov,
Division of Chemical Physics and NanoLund, Lund University.

The ability of CsPbBr3 NCs to form ordered mesostructures such as MCs results in unique
properties both from the individual NCs, but also as a collected group of said crystals. The
study of these MCs provides important information about their crystalline and superlattice
structures, directly influencing their electronic and optical functionalities. And by under-
standing the assembly process better we can learn to optimize the material in order to further
develop new technologies, such as light-emitting devices or solar cells as previously stated.

The primary aim of this thesis is to examine the growth dynamics and structural character-



istics of CsPbBrs NCs as they self-assemble into MCs. This involves an analysis of the crys-
talline structures using in situ Small- and Wide-angle X-ray Scattering (SAXS/WAXS), tech-
niques that offer nanoscale resolution and the ability to capture real-time structural transfor-
mations. Another key objective includes improving the handling of large-scale data obtained
from beamline measurements, processing this data, and extracting critical information for
analysis. Additionally, this study focuses on investigating the superlattice Bragg peak-split,
which occurs due to the alignment of identical crystal planes between adjacent NCs within
the MCs, providing further insight into the structural ordering during the self-assembly pro-
cess.

The experimental work was conducted at the MAX IV synchrotron facility in Lund, using
the ForMAX beamline that utilizes the advanced Eiger and Lambda detectors to capture high-
resolution SAXS and WAXS data. This thesis describes the sample preparation, data gath-
ering, including the azimuthal integration technique, crucial for the analysis of diffraction
patterns, and the analytical methods employed to understand the evolution from individual
NCs to complex MC assemblies. The SAXS data, gathered using the Eiger detector, provides
information about the overall size and distribution of NCs and MCs, while the WAXS data,
obtained with the Lambda detector, provides detailed information on the crystalline struc-
ture. Together, these techniques complement each other, presenting a fuller picture of the
nanoscale to mesoscale transition in perovskite materials.

This study not only helps us understand the CsPbBr; NCs behavior and MCs formation
but also shows the capabilities of x-ray scattering techniques in complex nanostructures. The
results of this study will have an impact on the design and synthesis of next-generation ma-
terials, helping in the development of new applications in different scientific fields, including
the field of optoelectronics.

2 Theory

2.1 Perovskite nanocrystal-growth into mesocrystals
2.1.1 Perovskites

The perovskite structure following the AB X3 formula for two positive ions A and B (usually
of different sizes), and three negative ions X, was first found in 1839, see Figure A). A
subgroup of these perovskites is the metal halide perovskites (MHPs), who began gaining at-
tention in the scientific community around the beginning of 1990s for their fascinating prop-
erties in optical and electronic components, such as high absorption coefficients, tunable
bandgaps and high charge carrier mobility’s.

The different positions for the elements/molecules are called sites as seen in fig. A). The
ABX-sites of MHPs are commonly filled with the following elements/molecules:

¢ A: caesium, methylammonium, formamidinium
* B (the metal): lead, tin
¢ X (the halogen): iodine, bromine, chlorine

Because of the wide range of possible combinations of ions, the resulting MHPs have very



tunable properties, such as colors of the emitted light as seen in fig. 2.1]C).
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Figure 2.1: A) The perovskite crystal unit cell with its lattice parameters a, b and c, where if
a # b # ¢ would result in an orthorhombic unit cell. B) The extended unit cell
showing the full MHP crystal structure. C) The tunable emission of perovskite
nanocrystals showing the distinction between the different element combinations
in the MHP. Images A) and B) taken from [2] and modified, C) taken from [3].

2.1.2 Crystalline structure of solids

To understand and make use of the perovskite structure, one would first need to look into
the crystalline structure of solids described by lattices. The crystal lattice can be described
as a three-dimensional arrangement of points that define the periodic array in which the
particles are situated. Each point in the lattice represents the position of a particle (atom,
ion, or molecule) as was seen in fig. A), and is known as a lattice point.

A ”Bravais” lattice is a set of points constructed by translating a single lattice point in dis-
crete steps according to a lattice vector such as

-

R=n1é1+ﬂ2é2+n353, (2.1)

where the n; are any integers, and 4; are primitive vectors, which lie in different directions
and span the lattice [4]. In three-dimensional space, the complex arrangement of atoms, ions
and molecules in crystalline materials is defined by one of 14 distinct Bravais lattices. They
are in turn organized into seven crystal systems: cubic, tetragonal, hexagonal, orthorhombic,
monoclinic, triclinic and trigonal, which further fall into four types of lattice configurations:
primitive, body-centered, face-centered and base-centered.

For each of these configurations a basis can be described as the arrangement of one or
more particles at each lattice point. This unit is essential for understanding how the repeating
patterns of a crystal’s structure emerge from the translation of the smallest repeating block,
known as a primitive unit cell, along lattice vectors. These lattice structures and their bases
give rise to a diversity of crystal structures, categorized into 230 space groups. This catego-
rization shows the versatility of crystal arrangements, enabling the same structure to show



vastly different properties based on the orientation of its atoms. Such orientations can lead
to structures being either centrosymmetric, where they possess a center of symmetry, or non-
centrosymmetric, lacking such a center, thereby influencing the material’s physical proper-
ties.

The reciprocal lattice G is the Fourier transform of another real lattice such as the Bravais
lattice, R, which is commonly used for crystal systems. It is expressed accordingly,

G = hby + kb, + b3, (2.2)

where h, k, and | are integers while Ei are the vectors of the reciprocal lattice. The key charac-
teristic of G being a Fourier transform of R is shown by the equation R-G = 27 n, where nis an
integer. This relation is essential for the reciprocal lattice’s role in identifying the planes with
Bravais lattices using Miller indices. These planes, which intersect the crystal axes at integer

multiples of the lattice constants (potentially extending to infinity), are defined by inverting

11 1 I . .
AT n—j) and adjusting them to integer values, resulting in the

Miller indices (h, k, I). Miller indices hence gives us the normal of the reciprocal plane and
serve as a standardized method for describing the orientation and position of these lattice
planes, which are a fundamental aspect of all crystalline solids.

these intersection multiplies (

The fundamental distinction between reciprocal space and real space lies in their inverse
relationship regarding length scales. A longer distance in real space (which corresponds to
the distance between planes in a crystal), translates into a shorter distance in reciprocal
space, and vice versa. This inverse relationship is particularly important in diffraction stud-
ies. Different diffraction methods are commonly used when identifying crystal structures,
where high-angle diffraction peaks (which occur at larger values of reciprocal space coordi-
nates) correspond to closely spaced lattice planes in real space. Conversely, low-angle peaks
indicate more widely spaced planes. This principle allows for the determining of the structure
of the crystal from its diffraction pattern.

2.1.3 Nanocrystals

With a sophisticated synthesis process usually involving ligands (molecules which constrain
crystal growth), the bulk of MHPs can be controlled and transitioned into perovskite nanocrys
tals (NCs) by down-scaling the size of the material into nanometer range. This can be accom-
plished by utilizing the quantum confinement effects, where the size of the crystal is reduced
to approximately the wavelength of the electrons’ wave function. This leads to an increase
in the band gap energy, and thus alters the absorption and emission spectra. The optical
and electronic characteristics of the material can be tailored by the shape and size of the
nanocrystals making it possible to grow nanostructures such as nanoplatelets, nanosheets,
nanowires and quantum dots.

The NCs can be considered as multiple unit cells stacked together in three dimensional
space into for example a cubic shape to form a crystal structure. In the case of the Lead
Halide Perovskite (LHP) such as the orthorhombic CsPbBrs defined by the a, b and c lattice
parameters of different lengths, in general, the orientation of the orthorhombic unit cell is
identical for every individual NC, forming perfect crystals. There are possibilities where the



unit cells in a single NC are not perfectly aligned and thus forming so called "domain walls”
in the crystal where for example the "a” parameter is parallel to ”"c” instead of itself, forming
a barrier in the crystal. This is generally not energetically favorable as misalignment’s tend to
introduce higher energy states due to increased strain and instability within the crystal, and
crystals are generally stable when they maintain a high degree of symmetry. Therefore such
alignments only occurs under certain circumstances, such as in nanowire growth, but for the

general NC formation they are regarded as perfect crystals.

2.1.4 Growth into mesocrystals

Under certain conditions, some described in Toso et al. [5], NCs can organize themselves into
a mesocrystalline structure as was seen in fig. This structure is characterized by a mul-
titude of tiny crystals, each bearing a somewhat uniform shape and size that are periodically
positioned. These crystals are aligned along the same crystallographic axes while maintain-
ing a distinct space between each other. This type of organization can be called oriented
aggregation or oriented attachment, a phenomenon that results in the crystals being parallel
to one another in their crystallographic orientation while being physically separated.

In the orthorhombic CsPbBrs3 NCs, where one side, denoted as "c”, is slightly elongated
along its axis, while the other two sides "a” and ”b” might be of similar but not identical
lengths. The ”a” side of one NC may easily align with the "b” side of the another NC within
the mesocrystals (MCs) because of their similar size, hence the exact alignment of the NCs
becomes more complex and challenging to determine. Therefore, for practical reasons, it is
assumed that the orientations of the axes are parallel for all NCs within a specific MC. While
on the larger scale, a sample containing many different MCs may very well be arbitrarily ori-
ented depending on the circumstance of the growth, such as the the substrate surface.

The assembly of nanocrystals (NCs) into mesocrystals (MCs) can occur through two pri-
mary methods. One method is directed assembly, where external forces are used to guide the
organization of NCs. Alternatively, NCs can undergo self-assembly, a simpler process that
may involve a solvent-antisolvent diffusion method. In this method, NCs are dispersed in a
solvent like hexane and then introduced to a denser antisolvent such as perfluorodecalin. As
the solvent and antisolvent begin to intermix at the interface where their densities converge,
the NCs naturally align and gradually form a mesocrystalline structure. This is shown and
described in more detail later in section[2.3] The self-organization is driven by various forces
and interactions, including capillary and Van der Waals forces, and potentially magnetic or
electric interactions, depending on the specific conditions of the experiment.

The resulting properties of the mesocrystals can differ depending on the NCs. In the case of
perovskite NCs, the mesocrystal properties involves characteristics such as enhanced photo-
voltaic performance, controlled bandgap tunability and enhanced light absorption and emis-
sion. Many different properties of ordered nanocrystal superlattices are discussed in Boles,
Engel and Talapin [6].



2.2 X-ray diffraction

In order to study nano-sized crystals and their structures, we employed x-ray diffraction
(XRD) methods. XRD is a powerful analytical technique used for finding the atomic and
molecular structure of a crystal. When a beam of x-rays, which are electromagnetic waves
(EM) hits a crystal, it interacts with the periodic electron densities of the crystal lattice and
scatters in many specific directions. From these scattered angles and the diffraction intensi-
ties at these angles, structural properties such as the arrangement of atoms within a unit cell,
crystal lattice symmetries and parameters, even molecular structures can be found.

X-rays interacts weakly with matter resulting in them only scattering either once or not at
all, which is also beneficial in air filled environments as are commonly used for these kinds of
experiments because of simplicity. The weak interactions provides direct information about
the path and structure that the x-rays encounters, and thus resulting in more accurate mea-
surements. Additionally, when these EM waves travels for along enough distance they can be
considered plane waves as they hit the sample, hence why the sample and detectors usually
are placed further away from the source. This then give rise to the foundational equation in
x-ray diffraction, Bragg’s law which predicts the angles at which diffraction will occur for a
crystal lattice according to:

nA=2d sin(9), 2.3)

where the integer n is the order of the reflected wave, A is the wavelength of the incident x-ray;,
d is the distance between the crystal planes and 6 is the angle of the incidence at which the
x-rays strike the crystal plane. This concept can be seen in lower section of fig. where the
incoming waves scatter at the atomic or crystalline planes and form constructive interference
for rays following Bragg’s conditions.

The upper section of the fig. shows the relation between the wave-vector k (parallel
to the incoming x-ray) and the reciprocal lattice vector G from eq. of the normal to the
plane of the crystalline structure described by the Miller indices (hkl). The relation between
the wavelength A of the incoming wave is also shown as k =27/A.

2.2.1 Small- and Wide-angle X-ray Scattering (SAXS/WAXS)

When doing XRD, the scattered x-rays can form ring-like diffraction patterns which can be
measured on one or multiple detectors at the same time. A powerful combinations for this
is the small- and wide-angle x-ray scattering (SAXS/WAXS) method, which utilizes both the
rays scattered at the small and wide angles and thus contains different valuable information
about the crystal structure. The range of angles for each method may differ depending on the
photon-energy source, like a synchrotron beamline. Commonly, angles above 5-10 degrees
are considered for the WAXS-range, while for angles below the SAXS ranges.

(1) The WAXS-method has many similarities to powder XRD in the sense that both pro-
duce patterns with peaks at specific angles that corresponds to the distances between planes
of atoms or molecules in the sample, following Bragg’s law. The wide angles corresponds
to smaller interatomic spacing that ranges between 0.1 nm to a few nanometers, where the
position of the diffraction-peaks at the angles corresponds to the Bragg planes of the crystal
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Figure 2.2: Lower section of the image illustrating the Bragg conditions in eq. for an
incoming wave scattering on two atomic planes. Upper section showing the k-
vector’s relation with the incoming wave, and the reciprocal lattice vector G with
the same alignment as the normal to the plane, defined by the Miller indices (hkl).

structure while the symmetry and distribution of peaks can provide clues about the crystal
lattice symmetry.

Avariation of the WAXS technique is scanning WAXS (SWAXS). In SWAXS, either the sample
or the detector is systematically moved in a series of positions or angles. This allows for a
more thorough scanning of the sample with possibly a smaller beamsize, resulting in more
detailed data being gathered of the sample for many smaller points and thus showing the
smaller changes, while still being able to cover the whole area. In comparison to using a large
beamsize that covers the whole sample which would give a more general view of the sample
as a whole. This alternative scanning method is useful when analyzing complex materials
with greater accuracy, providing a wider range of detailed data than what is achieved with a
stationary scan, which is very suitable for in situ experiments where very small changes can
occur in arbitrary places in the sample.

(2) The SAXS method provides statistically averaged structural data across a large sample
volume. This characteristic makes SAXS highly effective for real-time, in situ structural anal-
ysis during dynamic processes, such as chemical reactions. Consequently, a setup that inte-
grates both scanning WAXS and scanning SAXS simultaneously can be beneficial for compre-
hensive in situ analysis, as it combines the detailed atomic structural information from WAXS
with the broader crystal or molecular spatial information from SAXS.

In both methods, the scattered intensity is represented as a function of the scattering vector
q defined by,

A
q= Tszn(ﬁ), (2.4)



commonly measured in the units of A=, where 6 is half of the scattering angle (defined by
260) and A is the wavelength of the x-rays.

SAXS is used for probing structures typically at 1-100 nm ranges by studying the intensity
of the x-rays scattered at very small angles. The SAXS signal generally is considered for g <
10nm =1 = 100A~! [7], and thus provides information of the shape and size of both crystalline
and noncrystalline nanoparticles or macromolecules, often giving information on the size
distribution and spatial arrangement within the sample. In the case of LHP NCs forming
MCs, SAXS would scatter on the NCs in a MC in a similar way as WAXS would scatter on the
atoms in the planes of a single crystal. Hence SAXS could be used to find the distance between
the NCs in the MC structure.

The inverse relationship between the position of the peak in the scattering pattern and the
periodicity or size of the structure in real space is given by,
27

d , (2.5)
q

indicating that larger structures scatter at smaller angles. More on SAXS can be found in
chapter. 4 of Oliver H. Seeck and Bridget Murphy [7].

2.3 The Lead Halide Perovskite superlattice

When studying lead halide perovskites such as CsPbBrs, formed into NCs, the SAXS and
WAXS methods are very useful for structural analysis, especially when they are grown into
mesocrystals as previously mentioned. An example of this can be seen in fig. showing a
setup of how the individual NCs over a certain time-frame align into mesocrystalline struc-
tures, also commonly known as superlattices (SLs), and how the in situ detection method for
this could look like.

When probing the atomic planes of LHP NCs, depending on if they are arbitrarily orien-
tated such as the pre-assembly phase, or if they have formed a mesocrystalline superstruc-
ture, the resulting Bragg-peaks from the interference might look different. Fig. [2.4]illustrates
the difference between XRD on a SL and randomly oriented NCs, where for the SL, a peak-
split occurs contrary to the case with the unstructured NCs. The figure also shows the relation
for the split according to

NnAx—ray = 2Asin(0), (2.6)

for the SL-period A which is the distance between the center of two superstructured NCs,
and the order of satellite (SL reflections) n. This can, similarly to eq. be used to calculate
the corresponding peak center as ¢, = 2nn/A, obtained by rearranging eqs. and[2.6] For
CsPbBrs NC samples similar to the one used in Toso et al. [5], SL splits should occur at
g ~ 1.08 A= and potentially at even higher angles such as g = 2.15 A~!. For better ordered
samples the multilayer diffraction could potentially be seen more clearly at higher angles.

The reason for the possibility to observe splits is, as eq. [2.6]explains, that the ligand molecules
makes the NCs orient themselves at a small distance between each other. And similarly to the
constructive Bragg interference as was seen in fig. that occurs between lattice planes in
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Figure 2.3: An example setup of an in situ experiment using SWAXS in order to study the
self-assembly process of LHP NCs into MCs using solvent-antisolvent diffusion.
a) showing a theoretical setup with example diffraction patterns. b) showing a
real life setup and an illustration of the process. These image are reproduced
with modifications from the experimental report for Max IV standard proposal no.
20230363 and provided by courtesy of Dr. Dmitry Baranov, Division of Chemical
Physics and NanoLund, Lund University.
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Figure 2.4: Comparison of x-ray diffraction patterns from Lead Halide Perovskite nanocrys-
tals. The top part displays diffraction from a mesocrystalline superlattice, showing
a split Bragg peak with the related eq. The bottom part shows diffraction from
randomly oriented nanocrystals, resulting in a single Bragg peak. Image taken
from Toso et al. abstract figure [5].

the same crystal, when instead multiple NCs such as the orthorhombic CsPbBr3 are aligned
and thus have parallel lattice parameters, constructive interference can occur between the
identical crystal planes of different NCs. The result is the split of the Bragg with a small shift
between two peak-tops equal to the distance between the two identical crystal planes in ad-



jacent NCs. It is important to note that these are not two individual constructive interference
peaks from the NC-planes individually, as that would only result in one single Bragg peak of
just higher intensity. But instead it is the constructive interference between the two interfer-
ing waves from one NC as was seen in fig. and the two waves in the next NC in the MC,
with a spacing A between two identical planes in the two NCs. Very similar to d in in a single
NC, but for the MC instead.

3 Experimental Setup & Method

3.1 Sample preparation

The CsPbBr; perovskite NCs used in this report were synthesized at the Italian Institute of
Technology, Genova, Italy, by a hot-injection method as described in Toso et al. [5] with mod-
ifications. The modifications consisted in replacing long-chain oleylamine (C18) ligand with
shorter chain decylamine (C10) ligand. The nanocrystals have orthorhombic structure, with
unit cell crystal structure parameters that are based on the published Rietveld refinement:
a=82248 A, b =28.2741 A and c = 11.7748 A [5]. The NCs are assumed to have cubic shape
with specified edge lengths of 7-8 nm from transmission electron microscopy characteriza-
tion, and were covered by a mixture of shortchain decylamine (C10) ligands and long-chain
oleic acid ligands, to be described in the paper in preparation, Filippi et al. [8]. For the in situ
mesocrystals growth, nanocrystals were dispersed in hexane.

The in situ growth of mesocrystals was performed by using solvent-antisolvent diffusion
approach for self-assembly of perovskite nanocrystals in similar fashion as in Baranov et al.
[9]. In that approach, hexane acts as a solvent, and perfluorodecalin acts as an antisolvent
in the solvent-antisolvent diffusion process. For the synchrotron experiment, the growth
was carried out in Kapton capillaries. The Kapton capillary was first filled with the perflu-
orodecalin antisolvent, followed up by an a thin interlayer of the neat hexane solvent be-
fore deposition of the NC-hexane dispersion on top. The thin interlayer was used to prolong
the diffusion time before the NCs could start the assembly process, since 3-5 minutes were
needed to activate the beamline and initiate the measurement after the sample was manually
mounted into the sample holder. The Kapton was chosen because of its low x-ray scattering
background signal and chemical resistance to organic solvents.

3.2 ForMAX beamline and detectors

The ForMAX beamline at the MAX IV synchrotron facility in Sweden is designed for in-depth
structural characterization of materials on scales from millimeters down to nanometers. This
is achieved through advanced imaging techniques such as full-field tomographic imaging,
small- and wide-angle x-ray scattering (SAXS/WAXS), and scanning SAXS/WAXS imaging, all
integrated within a single instrument. The beamline operates within an energy range of 8-25
keV, and can adjust the beam size at the sample between approximately 1uym to Imm. Full
details about the beamline can be found on the MAX-lab website [10].

Beamline staff assisted in optimizing sample-detector distance, the x-ray energy (14.31
keV) and the beamsize (50x50 um?), in order to capture the SAXS/WAXS q-ranges of inter-
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est which was 0.006-0.28 A~ and 0.67-3.4 A~!, respectively. A capillary containing a sam-
ple could then manually be mounted on a translation-able and rotatable experimental stage
close to the WAXS windmill detector (lambda), see example setup fig. [2.3|b). The scanning
range and the final resolution could be determined when running the scans, as well as how
the scanning process would be made. For the data used in this report, a so called "snake-
pattern" was used, where the stage moved the sample through the beam as the name sug-
gests. Pre- and post-assembly scans was made for higher resolution images of (51, 240) 12240
pixels over a 2.5x6 mm range with step sizes 50um and 25um respectively (x,y), while for the
in situ scans a lower resolution was used of (81, 50) 4050 pixels over a 2x5 mm range with step
sizes 25um and 100um respectively.

3.2.1 Eiger and Lambda detectors

The two detectors used for the SAXS/WAXS methods at the ForMAX beamline are called Eiger
(SAXS) and Lambda (WAXS). The Dectris EIGER2 X 4M SAXS detector was at the moment
placed on a motorized XYZ trolley inside the 9m long SAXS flight tube where the sample to de-
tector distance could be varied between approximately 0.8 and 7.6 m. The custom-designed
X-Spectrum Lambda 3M WAXS detector was mounted on the front of the SAXS flight tube and
the four detector-components of the WAXS detector had the geometry of a "windmill” with
a central hole, to allow for the direct beam and the SAXS signal to pass through [10], once
again visible in fig. b). The 4M and 3M in the detector names represents the number of
pixels (Mega/million) for the sensors, with pixel sizes 75x75 umz and 55x55 umz as well as
maximum frame rates of 500 Hz and 1 kHz for the Eiger and Lambda detectors respectively.

3.3 Azimuthal integration

Azimuthal integration is a method used in x-ray scattering techniques such as SAXS/WAXS,
to convert 2D scattering patterns into 1D intensity profiles. Full description of the method
can be be found in Jensen et al., 2022 [11]. In short summary, it takes the pixel coordinates
of the scanned point from the 2D detector data and through integration converts them into
polar coordinates (260, y). The azimuthal angle y around the beam direction representing
the orientation of scattered intensity, and scattering angle 26 is commonly converted to the
scattering vector length q by the relation in eq.

As the beam is aligned with the sample and the detector, a PONI (Point Of Normal Inci-
dence) is used as a reference point relative to each pixel coordinate. The related geometry of
the setup can be seen in fig. showing related parameters which were saved in a PONI-file
and used for the integration. This is also illustrated with real raw data as seen in fig. show-
ing the diffraction pattern to the left on the detector, similar to fig. [3.1but with a centralized
beam, while the cake plot is shown to the right for the azimuthal angle y over the scattering
vector q.

3.4 Data gathering, processing and analysis

At ForMAX, once the beamline instruments were calibrated, multiple measurements were
performed on various samples. In situscans (numbered 1155-1181) monitored the self-assembly
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Parameters:

* 3 distances in meters. dist, poni,, poni,
3 rotations in radians: rot, rot,, rot
+wavelength || energy

} PONI-file

From the sample's point of view,
looking towards the detector :

2 rot.: moves detector — to the right
A~ rot : moves detector | downwards
2~ rot : moves detector ™ clockwise

Cetectors origin: Origin: '\/
lower left, looking from sample
the sample

Figure 3.1: The geometric setup used to produce a PONI-file for the Azimuthal Integration at
the ForMAX beamline. Image taken from PyFAI and modified [12].

of CsPbBrs nanocrystals (NCs) into mesocrystals (MCs), conducted at specified intervals.
Additionally, two comprehensive maps were completed before and after the assembly pro-
cess (scans 1187 and 1186, respectively), with the pre-assembly scan conducted on a replica
sample following the main assembly.

For each scan, the dimensions of the scanned sample area and the resolution were deter-
mined as previously mentioned in section 3.2. Each scanned point (or pixel) either displayed
a diffraction pattern or did not, depending on whether the beam encountered the targeted
crystal structure. Fig. [3.2]illustrates examples of a raw and thus pre-processed scanned pixel
from the post-assembly sample, showcasing diffraction patterns in both 1D data and a 2D
cake-plot format.

The raw data from the scanning SAXS/WAXS was automatically processed by an azimuthal
integration script at the beamline, which resulted in immediately usable 1D and 2D (cake)
processed data with converted g-values, thereby eliminating the need for manual handling.
A simple script, provided by the beamline, allowed for the loading of this processed data for
any of the scans. And with some minor modifications of the given script, each frame for a
selected scan could be integrated, summed up, and reshaped to facilitate the mapping of the
capillary as well as to produce integrated plots for both the 1D and 2D data, providing an
overview of the sample’s characteristics. A region of interest (ROI) in the data was chosen
for the integrated plots as seen in fig. for WAXS, showing the second ordered peak split.
This was done similarly for the SAXS data, which in turn could be used for further analysis
described in the following sections.
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Figure 3.2: SAXS/WAXS example plots of the raw data from the post-assembly scan 1186 for
the 9735 scanned pixel. Both a) and b) shows diffraction patterns, where a) is from
the Eiger detector and b) is from the "windmill” Lambda detector.

a)

Scan 1186:
integrated 1D WAXS

4.590
45851
=

S 4.580

—

= 4.575
2

o 4.570

3

[

= 4.565

4.560

2.10 2.15 2.20 2.25
q range / Ang~1

b)

Azimuthal angle ¥ [°]

Scan 1186:
Integrated Cake

u
o

100

150

200

250

300

350

2.10 2.15 2.20 2.25
q range / Ang~—1!

Figure 3.3: Processed WAXS data from post-assembly scan 1186, showing a) the 1D plot of the
logarithmic sum of all pixels, displaying the second ordered SL split around the
ROI range 2.09-2.25 A~1; b) the 2D integrated cake plot for the azimuthal angle,
showing increased intensity at the same q-range as the peaks in the 1D plot.

3.4.1 Real position analysis

The script designed to map the capillaries in real space and analyze the self-assembly of the
LHP NCs required performing Gaussian fits on spectral peaks through several difficult steps.
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The process began by manually examining and selecting individual frames (pixels), identi-
fying them based on different peak characteristics such as smaller, larger, and absent peaks.
This step was crucial as frames often contained random noise spikes. This preliminary man-
ual selection was essential to develop a Gauss-fitting script adaptable to varying datasets,
which could include anywhere from 4000 to 12000 frames, stressing the importance of an
automated approach.

Background noise was typically accounted for and eliminated using a straightforward lin-
ear fit. However, some datasets from the SAXS scans required a second-degree polynomial
fit due to the different noise patterns in the data. To further refine the data, a "gliding av-
eraging” technique was employed to smooth out datasets with scattered points, a common
issue with low-intensity peaks. The subsequent challenge involved addressing random spikes
frequently appearing in arbitrary frames and positions. A function was developed to calcu-
late the derivatives between two adjacent points across all data points. This function was
tested on various frames exhibiting different peak types to establish a general threshold for
the derivatives. This threshold was critical to effectively filter out spike points without exces-
sively removing data points vital for maintaining the accuracy of the Gaussian fits, particu-
larly in scenarios involving normal peaks with steep slopes.

For illustration, see fig. which shows an example of a challenging low-amplitude peak
affected by double-spike noise.

a) Detector: lambda, scan: 1187, frame: 7344 b) 030 Detector: lambda, scan: 1187, frame: 7344
5.4 B

---- Estimated Background —— Fitted Gaussian

Leftover

52 Noise-spikes e Original Data 0.25 N N e Data without background
e Removed Data-points spike-point

5.0 0.20

48 015
> >
= =
2 4.6 2 0.10
2 2
a4 £ o005

4.2 ~2e > g o 0.00

- o Lo
a0l SR ol Ml s . -0.05
'h’i"";-'b!
L -0.10 I .
3.8
2.075 2.100 2.125 2.150 2.175 2.200 2.225 2.250 2.075 2.100 2.125 2.150 2.175 2.200 2.225 2.250
qrange /Ang~! qrange / Ang~!

Figure 3.4: Example of a test-fit without the use of the gliding averaging method for a
low/difficult peak with two arbitrary spikes where: a) showing the original data,
the background-noise fit and spike points to be removed. b) showing a Gaussian-
fit to the filtered data. The two combined shows the difficulty to get a perfect fit
for all frames.

The script could be used for single-peak fitting for arbitrary frames which returned the av-

erage peak-position g, the Full Width at Half Max FW HM = 2,/2log(2)o for the variance o;
the intensity I = Aov/27 for the amplitude A; and the R? quality factor known as the coeffi-
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cient of determination calculated according to,

R>=1- SSres (3.1
SStot
n
SSres = Z(yi _)A/i)z 3.2)
i=1
n
SStor =Y. (yi = )% (3.3)

i=1
for the Sum of Square of Residuals (SS;.5) where y; is the actual observed value, j; is the

predicted value from the model; and for the Total Sum of Squares (SS;,;) where y is the mean
of the observed values y.

From the data illustrated in fig. the initial quality factor without applying the gliding

. . 2 _ . . _
averaging technique was Ry . )= 0.56, and the corresponding fitted peak value was ¢y;sy =

2.16636 A~1. Conversely, after smoothing the data using the gliding averaging method, the
quality factor improved to Rfmoo . = 0.77, with the peak value refined to gsmoorn = 2.16640
AL

By applying this analysis to various arbitrary frames and peaks, it was possible to establish
a general threshold for the quality factor. This threshold was then used to iterate over all
frames in a selected scan, thereby generating a dataset for mapping the sample. The dataset
was then filtered based on the quality factor to exclude any unreliable fits characterized by
low R? values.

Modifications to the script enabled it to work for data featuring two closely spaced peaks,
aiming to resolve the desired superlattice peak-split. This adjustment involved creating a set
of fitting variables for each peak, while the R? quality factor was derived from a dual Gaussian
fit of both peaks combined. The derived parameters aided in the creation of separate plots
for each peak, as combining them in a single plot was not practical.

Ultimately, the script was adapted to handle any data type presented, extracting the nec-
essary fitting parameters for visualization. Consequently, a table was compiled to categorize
each peak across the entire gq-range from the WAXS dataset, covering both pre- and post-
assembly scans.

3.4.2 Time-evolution of NCs self-assembly into MCs

In situ scans were conducted to monitor the self-assembly process of CsPbBr3; NCs into MCs.
Over a span of 1 hour, 8 minutes, and 30 seconds, a total of 26 scans (numbered 1155-1181)
were performed, with an interval of approximately 2 minutes and 37 seconds between each
scan. Each scan had a resolution of 81x50 (4050 pixels) with step sizes 25um and 100um
(x,y) as previously described under section which was slightly lower compared to the
resolution of 51x240 (12240 pixels) with step sizes 50um and 25um used in the pre- and post-
assembly scans.

To manage the WAXS data, where a single peak initially observed later evolved into a double
peak, a method was necessary for the script to identify the type of peak present and accord-
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ingly select the appropriate fitting approach. This involved hard-coding the ranges to search
for different peaks, thus pressing the implementation of the gliding averaging function to
prevent incorrect peak identification due to scattered points.

With this setup in place, the script could systematically process each scan, saving the nec-
essary parameters for subsequent visualization. Additionally, an animation was created to
depict the real-time positioning of the capillary and the intensity evolution throughout the
period, illustrating how the NCs transitioned into MCs.

4 Results
4.1 Peak identification

With the completion of a script capable of fitting and extracting parameters from any peak
of interest within the desired scans, it became possible to identify distinct peaks across the
entire g-range of those scans. The integrated 1D data from the WAXS scans at the start of the
experiment (pre-assembly, scan 1187) and at the end of the experiment (post-assembly, scan
1186) were utilized for this purpose. In both cases, individual frames representing signals
from NCs in solution and from MCs were chosen in addition, in order to observe and illustrate
more a detailed spectra.

An illustrative example of the integrated 1D data from scan 1187, paired with a chosen
frame from scan 1186 that highlights distinct and labeled peaks, is presented in fig. This
figure shows the whole g-range with peaks ranging from the solvent and antisolvent, to differ-
ent crystal planes, all identified by the method described in the following paragraphs. Infor-
mation regarding the most interesting peaks can be found in tab. while the summarized
and cross-referenced values for all peaks can be found in Appendix A, tab.

The integrated plot a) in fig. [4.1]was initially employed to identify ROIs for closer examina-
tion of each peak, similarly to the method illustrated in fig. This plot, which aggregated
data from multiple frames, was expected to yield the most accurate average peak parameter
values. However, as the comparison between plot a) and b) of fig. shows, some distinct
difference in details, such as the a; peak from hexane and the initial peak of the superlattice
at approximately g =~ 1.08 A™!, are obscured in the integrated data (similar issues are noted
with the ay split into b; and b, occurring in the 1186 data). Consequently, plots of individual
frames like plot b) were generated to provide a more detailed view of these peaks.

The integrated plot can be considered as if a large beam would hit the whole sample at
the same time, thus loosing a lot of information. While individual frames such as fig.
b) provides information of a single point in the sample. When applying the scanning WAXS
method with a small beam, where many single points are scanned in detail, very accurate
maps of the capillary can be produced as will be seen later in the results.

This shows the relevance of the scanning XRD, as individual points in the sample can pro-
vide information that otherwise is lost for a whole sample scan, which the integrated data
resembles.
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Figure 4.1: Labeled Peaks from Pre- and Post-Assembly WAXS Scans with visible noise-spike

artifacts from the detector: a) displays the logarithmic integrated pre-assembly
plot from scan 1187, primarily used for identifying the most distinguishable peaks.
b) presents a chosen frame of prominent peaks from the post-assembly scan 1186,
which reveals more distinct peaks and the peak splittings of the first-order split at
a and the second-order split at a4 as seen in a). Notably, a, and its split was not
distinguishable in the integrated plot, unlike a4 as seen in fig.|3.3(a).

Table 4.1: Experimental and tabulated values for the most interesting of the labeled peaks in

example fig. from scans 1186 and 1187 (Peak "X”). The experimental (exp) q
and d values for each peak were determined and cross-referenced to the values for
CsPbBrs perovskite with orthorhombic crystal structure as determined by Rietveld
refinement of the NC powder diffraction data, provided in the supporting informa-
tion of Toso et al. [5]. These values were then compared to those depicted in Figure
1(c) of the same study.

Peak "X” | q[A™!] (exp) dI[A] (exp) dI[A] (tab) Plane (hkl) | Extra notations

az 1.08 5.81 5.8874 (002) Single peak from
5.83317 (110) 1187 frame 9735

b; 1.04 6.02 Same as above First order First peak of a, split

bo 1.10 5.71 Second order | Second peak of a, split

a, 2.17 2.90 2.9437 (004) Single pre-assembly
2.91658 220 peak from integrated

by 2.15 2.92 Same as above First order First peak of a4 split

bs 2.20 2.85 Second order | Second peak of a4 split
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4.2 WAXS second order superlattice analysis
4.2.1 Scan 1187 - Pre-assembly of mesocrystals

The focus of the analysis was on the second-order superlattice peak split of a4 into the satel-
lites by and bs at g = 2.17 A™1, resulting from the alignment of the (004) and (220) crystal
planes between adjacent NCs within the MCs. Therefore, the ROI was established around this
peak, and the entire dataset from the pre-assembly scan 1187 of the replica sample was sys-
tematically looped through, fitted, and subsequently mapped. The intensity map, depicting
the real position of the capillary and showing the concentration of the individual CsPbBr;
NCs in C10 hexane solvent, is illustrated in fig. [7.1]located in Appendix A. The left side of fig.
a) from the in situ scans illustrates the same pre-assembly phase but for the non-replica
sample with a bit lower resolution.

4.2.2 Scans 1155-1181 - In situ self-assembly process

In situ scans were conducted to observe the self-assembly of CsPbBr; NCs into MCs, which
were then processed into an animation to illustrate the evolution of superlattice structures in
the WAXS data. For obvious reasons, the animation could not be shown in this report, instead
four semi-evenly distributed frames from the animation was put together into a figure which
will be referenced as "the animation" for simplicity. These frames showed the intensity maps,
similar to the pre-assembly scan shown in fig. but for three individual peaks at each
moment, the first split peak from the MC formation b4, the single peak from free NCs mixed
in hexane a4, and the second split peak from the MCs bs. These maps are displayed in fig.
which highlights the growth of mesocrystals as the intensities of the a4 peak split into the
satellites by and bs, as previously identified in fig.

The frames in fig. from the WAXS animation illustrates the gradual formation of su-
perstructure MCs along the inner surface of the Kapton capillary, as they need to initially as-
semble onto a surface. As well as the simultaneous depletion of free NCs. The concentration
of single NCs primarily clusters at the solvent-antisolvent interface, forming a pronounced
ring. Additionally, a smaller, less dense ring of MCs is visible at the top of the capillary, both
highlighted in red in the frames b) and d) respectively.

The R? quality factor used for filtering the animation scans was set to 0.8, and the frames
was chosen up to scan 1175 as any later scans did not show any prominent improvements to
the mesocrystal formation.

4.2.3 Scan 1186 - Post-assembly of mesocrystals

Following the completion of the in situ scan, a post-assembly scan (number 1186) was con-
ducted at the higher resolution of 51x240 (12240 pixels), as previously explained in the method.
This scan helped produce a more detailed intensity map of the capillary, specifically focusing
on the split peaks by and bs. As depicted in fig. this map shows the correlation between
the two peaks, as the concentration of the separate Bragg-peaks are mirrored in the two sepa-
rate maps. This indicates the reflection of the identical planes (004) and (220) of adjacent NCs
in the MCs, at the same points in the capillary. The image also reveals an elevated intensity
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Figure 4.2: Four frames with the relative time at the top, from the in situ WAXS animation de-
picting the self-assembly process of MCs across scans 1155-1181. Each frame from
a) to d) highlights the intensities of the a4 peak as it divides into the satellites by
and bs, as identified in fig. The images also distinctly capture the mesocrystal
formation, appearing more prominently at the bottom and less intensely at the
top of the capillary at the end of the process. Higher intensity (brighter points)
indicates a higher concentration of MCs.

at the edge of the mesocrystal formation along the interior of the capillary.

The pre-assembly scan 1187 was conducted after the post-assembly scan 1186 using a
replica sample, which accounts for the later scan number. However, both scans were per-
formed at the same resolution, contrary to the in situ scans (numbered 1155-1181).

Note, the vertical alignment differs by 1mm between scans 1186 and the in situ scans 1155-
1181, although they analyzed the same sample. This misalignment probably occurred be-
cause scan 1186 was meant to be adjusted 1mm higher, but adjustments to scanning param-
eters inadvertently shifted the origin, altering where the crystals were observed, mainly no-
ticeable by the main concentration of MCs (the ring) at y = —1mm in the in situ, and y = 0mm
in the post-assembly plot.
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Figure 4.3: Post-assembly WAXS Scan 1186: This plot displays the detailed map of the Kapton
capillary, highlighting the superlattice intensities for the split peaks a4 into by and
bs, as identified in fig. The image captures the enhanced intensity regions at
the edges where the mesocrystal formations are most concentrated, providing a
clear view of the structural evolution within the capillary.

4.3 Complementary analysis of SAXS scan 1186

The SAXS data, captured at shorter angles, revealed the MC structures, with individual NCs
diffracting similarly to atoms in a single crystal, comparable to observations made with WAXS.

4.3.1 The average nanocrystal distances

Using the expression following eq. the distance between the centers of two NCs arranged
in a superlattice could be determined as: A = 2nn/q,. The g-value difference between the
split peaks b, and bs, as identified in tab. is qps—pa = 2.20—2.15 A71 = 0.050 A~! with
an estimated uncertainty of about 0.001 A™!, resulting in a calculated A =~ 125.7 A with an
estimated uncertainty of about 2.5 A.

Additionally, with the integrated SAXS data, the average distance between NCs could be
computed by initially fitting the prominent peak located at approximately g =~ 0.06 A™!, yield-
ing an experimental value of gs; = 0.0603 A~!. Subsequently, using eq. the real space
distance was computed to be ds; ~ 104 A.

4.3.2 Examining the SAXS peak- and intensity-map

Similar results to the WAXS data was made from the SAXS data, including an animation from
the in situ scan and a comprehensive map of the post-assembly scan.
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Fig. found in Appendix A, presents the complete peak and intensity maps for the post-
assembly scan 1186, focusing on a single peak at approximately g ~ 0.06 A~1. This intensity
plot closely corresponds to the WAXS scan of the superlattice (SL) split peaks as seen in fig.
Additionally, the peak position map in this figure highlights variations across the sample,
illustrating how the spacing between NCs within the MCs changes within the sample.

A specific section of the maps was examined in detail, as denoted by a red rectangle in both
maps of fig. This region was subsequently enlarged and depicted in fig. The analysis
primarily focused on the variation in peak position, which was investigated by moving up-
ward along the y-axis at a fixed x-coordinate of 9 mm. In fig. the left plot a) displays the
variation in peak position and intensity relative to its location within the capillary, as shown
on the left side of b). The areas highlighted in blue in b) indicate the most prevalent q-value
corresponding to the area with the highest concentration of mesocrystals as seen when com-
pared to the right side of b) that illustrates the intensity and thus concentration of the SL
structures.
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Figure 4.4: Examination of a selected range of frames from scan 1186. The focus being on
variations in peak position and intensity along a fixed x-coordinate of 9 mm, mov-
ing upward on the y-axis over the main area of mesocrystal-formation. a) showing
the central peak values q and intensities individually over each frame, where the q
value plot also highlights in color the areas relative to the maps in b).

5 Discussion

5.1 Coding and data-handling difficulties

Developing a script to automatically process large datasets with uniform data structures is
complex and includes a multitude of challenges. As noted in the method section, manually
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inspecting frames or pixels across scans with 4000-12000 times 2000 data points each is im-
practical, but by instead making a general solution the fit quality might be compromised.

A major issue in data processing is the removal of background noise and interference, par-
ticularly with varied spectral features like different peak shapes and noise spikes. Fig.
illustrates a problematic frame. Addressing noise spikes is relatively straightforward by an-
alyzing derivatives between adjacent points. However, removing background noise is more
complicated. For WAXS data, a simple linear fit using the average of the first and last 10 points
generally suffices for well-defined peaks, but lower, noisier peaks often result in inaccurate
parameter estimation due to improper background subtraction.

Improvements could include doing the moving averaging prior to removing the background
as the opposite was done in this analysis. Using a broader range of points for averaging or fo-
cusing on the lowest points to minimize the impact on larger peaks. Alternatively, methods
like the second-degree polynomial fit or the "Rolling ball" algorithm were tested; the former
proved effective for SAXS data with nonlinear backgrounds, balancing simplicity and accu-
racy.

The introduction of the gliding averaging method later in the project significantly improved
fit quality. Initially overlooked due to seemingly adequate data quality, its integration greatly
enhanced the precision of fits, as demonstrated by the improvement in the quality factor of
Gaussian fits from R? . =0.56 to R? = 0.77 in fig. [3.4, This underscores the method’s

noisy smooth
value in refining data analysis, especially in handling large and complex datasets.

5.2 Analysis of peaks and images
5.2.1 Peakidentification

In identifying the peaks as shown and labeled in fig. the precision of the parameter values
subsequently used to fill tabs. [4.1)in the results, and[7.1]in Appendix A was not emphasized.
Specifically, the values for the first-order split peaks (a; into the satellites b, and b,) were de-
rived from individual fits of a single frame rather than from averages across multiple frames.
Given time constraints, a rough estimation was deemed sufficient for the initial identifica-
tion of each peak, with more detailed analyses reserved for peaks of particular interest later
in the study. This approach also explains the reliance on integrated plots, which provided
a straightforward and quick average value for peak positions by directly accounting for all
frames.

Due to this prioritization of efficiency over precision, identifying each peak as recorded in
the two tables proved challenging. The uncertainty, or errors for the experimental values was
only reliable for the first decimal place. A more uniform approach, potentially averaging mul-
tiple frames and including metrics such as the average width or Full Width at Half Maximum
(FWHM) of the peaks, could have helped with a more accurate determination of the crystal
planes associated with each peak.

Fortunately, the study by Toso et al. [5] provided not only the tabulated values for the inter-
planar distances ”d”, and their corresponding crystal planes for cross-referencing, but also a
detailed illustration (Figure 1c) of the Miller indices for the six most intense reflections related
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to the Bragg peak for randomly oriented NCs. This additional information was invaluable for
validating and refining our peak identification process.

5.2.2 Comparing the WAXS intensity maps

The findings from the WAXS data primarily focused on the second-order superlattice peak
split of a4 into its satellite peaks, corresponding to the (004) and (220) crystal planes.

The intensity map in fig. from the pre-assembly replica sample (scan 1187) highlights
a radial and vertical decrease in NC concentration within the capillary. The radial decrease
is due to the longer path the incoming beam travels in the center compared to the edges of
the cylindrical capillary. The less apparent vertical decrease may be influenced by the timing
differences in experimental setup and filling techniques, potentially allowing NCs more time
to blend with the neat hexane layer, reducing intensity near the solvent-antisolvent interface.
This is suggested by the comparison between the two pre-assembly phase scans, 1155 as seen
in fig. a), and the 1187 scan as seen in fig. where the same intensity pattern is not
observed for the two separate samples.

Differences in filling techniques and the precise dosing required, in addition to the the
scanning resolutions, could also contribute to variability in intensity patterns. In situ scans,
with a resolution of 4050 pixels and larger step sizes, contrast with the finer 12240 pixel resolu-
tion of the pre- and post-assembly scans. This variation affects how intensities are distributed
and perceived across the capillary.

When studying the evolution of the assembly process from the four frames of the in sifu
animation as depicted in fig. one can conclude that the MCs deposit onto the capillary
walls at the solvent-antisolvent interface and then grows upwards along the inner walls. The
smaller amount of MCs is also observed at the top of the capillary which might be an effect of
some capillary flow of the NC solution occurring during the process, perhaps caused by the
partial evaporation of the hexane, as the capillary is not capped.

The self-assembly process completed in about one hour, with minimal changes observed
from the last frame in fig. d) to scan 1181, suggesting that most of the the free NCs have
assembled into MCs, as confirmed by the high-resolution post-assembly scan in fig. Early
signs of MC formation were apparent within just five minutes from the start in scan 1157,
demonstrating the hexane solvent interlayer’s crucial role in the initiating assembly.

By 21 minutes, as seen in fig. b), a foundational layer of MCs had formed. Sixteen min-
utes later, fig. c¢) shows a significant decrease in free NCs, indicated by reduced intensity
in central plots as time evolves.

5.3 The Superlattice

As calculated in the results, the distance between the satellite peaks from the a4 split was
Gp5—ps = 2.20—2.15 A=1 = 0.050 A~!, resulting in a calculated A =~ 125.7 A. This value agrees
fairly well with Ayepiicq = 127 A from the WAXS multilayer diffraction analysis done in Italy,
on a sample made from replica nanocrystals, as to be presented in the paper in preparation,
Filippi et al. [8]. Additionally, with the integrated SAXS data, the average q value between NCs
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could be computed to be gs; = 0.0603 A™!, resulting in the real distance to be ds; ~ 104 A.

The first two values from the separate WAXS analysis of the satellite peaks (A = 125.7 A and
Aveplica = 127 A), as mentioned agreed well with each other, while the SAXS data provided
a shorter distance of ds; ~ 104 A. This could be a real difference caused by the differences
in how SAXS and WAXS signals originate. As we are working with orthorhombic CsPbBr;
perovskites, if the crystal planes causing the peak split in the WAXS data are perpendicular
to the elongated sides of the perovskites, then the distance would be longer between the two
planes than for the SAXS data which looks at the NCs as individual electron bunches. This
difference in distance between the SAXS and WAXS data is undetermined and thus should be
investigated further.

Additional analysis of the SAXS data, particularly focusing on the area marked in red as
shown in fig. (found in Appendix A), reveals variations in NC distances at different stages
of MC formation. This specific area is elaborated in fig. b), while fig. a) provides
detailed value differences. It's important to note that real space distance is inversely related to
the q value, meaning a higher q value corresponds to a shorter distance between NCs within
MCs. The observed higher intensity in fig. suggests denser MC packing. Comparatively,
this indicates longer distances between NCs at the brighter upper edge of the MC formation
and shorter distances at the darker lower edge. Combined with the general MC formation
observed in fig. these findings suggest that the distribution and spacing of NCs within
MCs vary along the capillary, indicative of a density-dependent structuring that affects the
mesostructure properties.

An intriguing observation emerges from examining the upper ring of MCs in fig. and
comparing the two plots. The variation in q intensity reflects the distribution of MCs within
the sample and the differences in q values indicate varying periodicities among the MCs. This
variation could be due to size segregation, as the initial NCs in solution typically have a size
distribution of £0.5 — 1 nm, or it could be influenced by the size of the MCs themselves, with
larger MCs appearing more "compressed" than smaller ones.

6 Conclusions and outlook

The data analysis methods developed in this thesis and the results obtained from in situ ex-
periments has improved our understanding of the process of NC self-assembly at the solvent-
antisolvent interface. New information about the self-assembly dynamics and structural
characteristics of the cesium lead bromide (CsPbBr3) NCs into MCs has been found using
in situ scanning SAXS/WAXS techniques. The study demonstrated that the distribution and
spacing of NCs within MCs are density-dependent, affecting the overall mesostructure prop-
erties. To highlight that before this experiment we assumed that all MCs formed via this pro-
cess are alike, and in this experiment we actually observed that it is not the case.

This challenges implicit assumptions of uniformity of MCs formed in self-assembly process
and suggests that controlling the environment and conditions of NC assembly could lead to
reproducible nanomaterials with more predictable and tailored properties. The use of scan-
ning SAXS and WAXS has proven effective for real-time, in situ measurements, providing a
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suitable method that can be applied to other research in nanomaterials.

Additional findings reveal notable differences in the distances measured between NCs,
with SAXS indicating a closer inter-NC distance (ds; =~ 104 A) compared to WAXS, which
showed a larger spacing (A ~ 125.7 A) due to the measurement of the planes between ad-
jacent NCs that is known as the superlattice split. The reason for this difference is uncon-
cluded and requires a deeper investigation in order to fully understand this outcome. This
discrepancy underscores the complexity of the mesostructures and the importance of using
complementary techniques to capture the full scope of nanoassembly dynamics.

Although this project was not directed towards any specific technological applications,
the methods developed and the information gained are promising to be beneficial for the
broader field of material science, particularly for understanding the self-assembly processes
of nano-sized building blocks dispersed in a liquid. That could be relevant for processes like
biomineralization, protein crystallization, and soft-matter in general. For me, the author,
this thesis has significantly improved my skills in data handling and background processing,
helping me develop the analytical capabilities as presented in this thesis. These learning out-
comes have given me a useful toolbox for data analysis and visualization of in situ scattering
data. Allowing me the opportunity to do more complex analyses in future research.

This research is a new step into the understanding of the self-assembly mechanisms at play.
A more detailed investigation into the physical-chemical interactions within the assembly
process could provide valuable information about the forces driving NC alignment and at-
tachment. Future studies could include topics like, kinetics, i.e. characterizing the timescales
of MC growth and coarsening (changes in NC separations over time). And comparison to MC
growth from NCs with different surface molecules, as the experiment conducted in this the-
sis also included measurements of samples with similar NCs but covered with longer ligands.
Hence the method of data analysis developed here could be used to learn how different NC
surface changes MC growth. Furthermore, to include the optoelectronic properties of the
assembled structures could link structural attributes to functional outcomes, beneficial for
applications in photovoltaics, sensors, and other electronic devices.

In conclusion, this thesis provides new information and understandings about the in situ
analysis of perovskite NC self-assembly into MCs. Additionally, it shows how effective scan-
ning XRD can be on these types of real-time experiments on nanoscaled material, and what
great potential it could have on any future research. Furthermore, it can help in setting the
groundwork for new research within the field of perovskite MCs, which has been a hot topic
in the scientific community as of late.
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7 App

endix A

The experimental and tabulated values from Toso et al. [5] for all of the peaks identified and
labeled in fig. [4.1]can be found tab. [7.1]below.

Table 7.1: Experimental and tabulated values for the labeled peaks in example fig. from
scans 1186 and 1187 (Peak "X”). The experimental (exp) q and d values for each
peak were determined and cross-referenced to the values for CsPbBr3 perovskite
with orthorhombic crystal structure as determined by Rietveld refinement of the
NC powder diffraction data, provided in the supporting information of Toso et al.
[5]. These values were then compared to those depicted in Figure 1(c) of the same

study.
Peak "’X” | q[A™!] (exp) dI[A] (exp) dI[A] (tab) Plane (h k1) Extra notations
a 0.98 6.42 Perfluorodecalin
ap 1.08 5.81 5.8874 (002) Single peak from
5.83317 (110) 1187 frame 9735
b; 1.04 6.02 Same as above First order First peak of a, split
b, 1.10 5.71 Second order | Second peak of a split
as 1.34 Hexane
bs 1.53 411 4.14371 (112) Peak from
4.13705 020 1187 frame 9735
4.1124 (200)
as 2.17 2.90 2.9437 (004) Single pre-assembly
2.91658 220 peak from integrated
by 2.15 2.92 Same as above First order First peak of a, split
bs 2.20 2.85 Second order | Second peak of ay split
be 2.42 2.60 2.62802 114 Peak from integrated
2.61493 (130
2.61347 (222)
2.60246 (310)
b 2.65 2.37 2.39849 024 Peak from integrated
2.39366 (204)
2.38981 (132)
2.38028 312)
2.34101 223) Close in range
bg 3.06 2.05 2.07186 224 Peak from integrated
2.06853 (040)
2.0562 (400)
2.04661 (025)
2.03733 041)

Fig. illustrates the pre-assembly scan 1187 made with the higher resolution of 12240
pixels over a 2.5x6 mm range with step sizes 50um and 25um respectively (x,y). The data
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underwent filtering based on an R? quality factor threshold of 0.2. Additionally, the sample
analyzed was a replica of those used in the in sifu scans 1155-1181 and post-assembly scan
1186.

Scan: 1187:
Intensity Over Real Position
Single peak, g = 2.166 [Ang™-1]

T 3 E 0.12
£ :
= 5] 0.10
> 2 2
5 2
S 1 0.08 g
0 +J
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fut 0.04 g
g -1 :
© o 0.02
& -21- T

: . 0.00

9 10

Real horizontal position X [mm]

Figure 7.1: Pre-assembly WAXS Scan 1187: The plot illustrates the intensity mapping rela-
tive to the actual position of the Kapton capillary, showing the localization of lead
halide perovskite nanocrystals (LHP NCs) around the distinct single peak a4 with
peak center at g =~ 2.17 A~1,

Fig. [7.2]illustrates the complete SAXS peak and intensity maps for the post-assembly scan
1186, mainly produced in order to partly show the different NC distances in the MCs formed
around the capillary. But also to focus on a specific section of the maps as denoted by a red
rectangle in both maps. This region was subsequently enlarged and depicted in fig. [4.4where
it was studied in more detail.
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SAXS Scan: 1186
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Figure 7.2: Post-assembly SAXS peak and intensity maps for scan 1186: This figure illustrates
the detailed maps of a single peak at approximately g ~ 0.06 A~! in the SAXS data,
reflecting similar structural delineations as the WAXS split peaks shown in Figure
Both plots have areas highlighted with red rectangles that are further studied

in fig.
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