
Technische Universität München
TUM School of Natural Sciences

Formation and Deformation of Functional
(Bio)hybrid Films Revealed by Advanced

Scattering Methods

Julian Eliah Heger, M.Sc.
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Abstract

This thesis investigates films with advanced scattering methods to determine their mor-
phology on the nanoscale. The main aspect is to study the functional properties of organic-
inorganic hybrid interfaces and their structure-function relationship. The thesis is divided
into two projects: The first projet focuses on the water-based synthesis of metal oxide
films at potentially low temperatures with the aim of promoting a more sustainable fa-
brication. Here, biohybrid interfaces made of whey protein and titania precursors form a
structure directing composite. The second project investigates the isotropy in a deforming
thin-film quantum dot superlattice and relates it to the inter-dot energy transfer using
photoluminescence. Here, the hybrid interfaces between compressible ligands and solid
quantum dots play a determining role in the observed phase transition.

Diese Arbeit untersucht Beschichtungen mit modernen Streumethoden, um deren Morpho-
logie auf der Nanoskala zu bestimmen. Der Schwerpunkt liegt auf der Untersuchung der
funktionellen Eigenschaften von organisch-anorganischen Hybridgrenzflächen und deren
Struktur-Funktion-Beziehung. Die Arbeit gliedert sich in zwei Projekte: Das erste Projekt
konzentriert sich auf die wasserbasierte Synthese von Metalloxidfilmen bei potenziell nied-
rigen Temperaturen mit dem Ziel, eine nachhaltigere Herstellung zu fördern. Dabei bilden
biohybride Grenzflächen aus Molkenprotein und Titanoxid-Präkursoren einen strukturge-
benden Verbund. Das zweite Projekt untersucht die Isotropie in einem sich verformenden
Dünnschicht-Quantenpunkt-Übergitter und bringt diese und den Energietransfer zwischen
den Quantenpunkten mit Hilfe der Photolumineszenz in Beziehung. Dabei spielen die hy-
briden Grenzflächen zwischen kompressiblen Liganden und festen Quantenpunkten eine
entscheidende Rolle für den beobachteten Phasenübergang.
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Chapter 1
Introduction

Thin-film technology is based on coatings and thin layers of various materials and covers
applications in a broad spectrum, such as optoelectronic and electronic devices, photo-
catalytic interfaces, sensors responsive to external stimuli, protective coatings, flexible
electronics, and electrochemical cells. [1], [2] This versatile technology has the advan-
tage that it entails potentially low material usage and affords light-weight devices with
high performance-to-weight ratio. With the development of more and more advanced
materials, new design strategies, e.g., optoelectronic devices on flexible foils, can be de-
veloped and implemented in every-day scenarios. [3], [4] An important branch in the field
of energy-related thin-film technology are coatings based on porous and nanostructured
metal oxides, such as titania. [5]–[8] With their high surface-to-volume ratio and tailored
morphology, they are widely applicable, especially in photovoltaic devices, photocatalytic
synthesis, and batteries. [9]–[12] To achieve desired nanostructures, wet-chemistry ap-
proaches combined with polymer templates such as beads, diblock micelles or lamellar
structures are typically chosen. [13] The wet-chemical approach avoids additional and
complex fabrication steps that would be necessary for, e.g., electron beam litography,
and enables solution-processible coating methods such as spin coating, printing and spray
coating. Besides nanostructured titania, another promising branch in the field of opto-
electronic thin-film technology are films based on colloidal PbS quantum dots (QDs). [14],
[15] PbS QD films provide high charger carrier mobilities, tunable bandgaps and high ab-
sorption in the infrared regime. Surface-attached ligands introduce solution processibility,
making PbS QDs promising for large-scale fabrication of photodetectors and solar cells.
The versatile prospects and potential of colloidal QDs in general is highlighted by the
awarding of the Nobel Prize in Chemistry 2023 to Moungi G. Bawendi, Louis E. Brus,
and Aleksey Yekimov for the discovery and synthesis of QDs. [16]

In both cases, hybrid interfaces between organic and inorganic materials play a fun-
damental role. In the first case of polymer directed metal oxide synthesis, the hybrid
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Chapter 1. Introduction

interfaces between the polymer template and the metal oxide define the resulting film
morphology after template removal. In the second case of QD film formation, the inter-
faces between organic ligands and QDs define the resulting degree of inter-dot coupling,
which influences charge carrier mobility and energy transfer. The structure-function-
relationship in these functional hybrid films is hence of high interest, the determination
of which is accessible via experiments based on advanced scattering methods. These
methods include in-situ grazing-incidence small-angle and wide-angle X-ray scattering
(GISAXS/GIWAXS) and grazing-incidence neutron scattering (GISANS). GISAXS/GI-
WAXS and GISANS probe large sample volumes and thus are statistically highly relevant
compared to real-space microscopy methods, which typically scan the sample locally at
the surface. The scattering methods probe the inner morphology along the penetration
path in a non-destructive way. Together with the high flux, especially for X-rays at syn-
chrotron facilities, time-resolved experiments on short time-scales can be realized. Fur-
thermore, thanks to varying contrast conditions between X-rays and neutrons, combined
measurements enable the complementary investigation of the nanostructure in composite
materials. The probed information on the morphology covers the crystallinity (GIWAXS)
and domains on the nanoscale (GISAXS/GISANS), which fundamentally influence the
functional properties of thin films in applications.

This thesis explores the structure-function-relationship of (bio)hybrid interfaces in func-
tional films with advanced scattering methods and is divided into two main projects. The
first project particularly addresses the question of how do biohybrid interfaces between
a protein and titania precursors dictate the formation of the titania film morphology
in the background of a more sustainable synthesis of foam-like titania films. For this,
spray-deposited biohybrid films are investigated, which are made of the whey protein
β-lactoglobulin (β-lg) and different titania precursors and result in foam-like morpholo-
gies. The structure-function-relationship between biohybrid interfaces and the final tita-
nia nanostructure is important to understand the structure directing properties of β-lg
as a water-based biotemplate with the aim to replace synthetic polymers and the typi-
cally involved organic solvents. The focus is on the formation of the biohybrid interfaces
during spray deposition revealed by in-situ GISAXS/GIWAXS (Figure 1.1a). Further-
more, GISAXS, GIWAXS, and GISANS probe the formation of biohybrid interfaces as a
function of pH (Figure 1.1b).

The second project particularly addresses the question of how does external strain
introduce deformation in superlattices built up by hybrid interfaces and change the inter-
dot coupling in QD films on flexible substrates. For this, the superlattice deformation of
PbS QDs capped with oleic acid (OA) ligands is examined with in-situ GISAXS during
uniaxial elongation of the flexible substrate (Figure 1.1c). In-situ photoluminescence (PL)

2



a)                                                    b)

c)

Figure 1.1.: Thesis Overview. The objects of this thesis are the investigation of (bio)hybrid
interfaces and their structure-function-relationship in functional films with respect to a) low-
temperature crystallization and film formation of β-lg:titania films during water-based spray
deposition (Chapter 5), b) influence of pH on the morphology of biotemplated titania films
(Chapter 6), and c) superlattice deformation upon uniaxial strain in PbS QD films (Chapter 7).
Adapted from Ref. [17] with permission from Wiley, Copyright 2022, and from Ref. [18] with
permission from the Royal Society of Chemistry, Copyright 2023.

during the elongation probes the optoelectronic coupling between the PbS QDs, which is
related to the deforming superlattice.

The structure of this thesis aims to firstly introduce the reader into the theoretical
background in Chapter 2. This covers the concept of sol-gel synthesis of titania nanos-
tructures via hydrolization and polycondensation reactions, an overview of the structure
of β-lg and its conformational changes upon denaturation, as well as principles on col-
loidal QDs and the solid structure they form. In this context, I highlight the pioneering
literature, which inspired the scientific questions addressed in this thesis. Furthermore,
the principles of X-ray and neutron scattering methods are described, which are applied
to answer these questions. After that, I continue with experimental details on the sample
fabrication and the involved materials in Chapter 3. This covers the substrates used as
support for film deposition, the spray deposition of biotemplated titania films, and the
synthesis PbS QDs for the deposition on flexible substrates. The characterization meth-
ods applied on the samples to probe their surface, molecular, and electronic structure are
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Chapter 1. Introduction

described in Chapter 4, together with the experimental setups and sample environments
at the synchrotron and neutron facilities.

Chapter 5 discusses the results of the formation of biohybrid interfaces in biotemplated
titania nanostructures, with the focus on the film formation during spray deposition and
is based on the publication ”Low-Temperature and Water-Based Biotemplating of Nanos-
tructured Foam-Like Titania Films Using β-lactoglobulin” in Advanced Functional Mate-
rials. [17]

Chapter 6 presents results and discussion on the formation of biohybrid interfaces and
their tailoring properties for foam-like titania films as a function of pH. Here, by use of
a water-based titania precursor and different supramolecular structures of β-lg, different
porous nanostructures are introduced into foam-like titania films.

Chapter 7 discusses the results of the deformation of hybrid interfaces and the relation
of photoluminescence and unit cell isotropy in PbS quantum dot superlattices under appli-
cation of uniaxial strain. This chapter presents a pioneering in-situ GISAXS experiment
on the investigation of structural changes in thin films on flexible substrates under applied
strain and is based on the publication ”Superlattice Deformation in Quantum Dot Films
on Flexible Substrates via Uniaxial Strain”, which is published in Nanoscale Horizons. [18]

The summary of this thesis is given in Chapter 8, together with a outlook on future
perspectives of the structure-function-relationship in functional (bio)hybrid films during
formation and deformation. The summary and outlook is followed by the appendix on
the index matching of QD superlattice reflexes on 2D GISAXS data utilizing the software
GIXSGUI in Appendix A and on the custom-modified spray coater based on commercially
available engraving machines in Appendix B. The references are listed in the Bibliography
and are followed by a list of first and coauthor publications, as well as scientific contri-
butions to conferences in the form of invited or contributed talks and posters. Lastly, I
express my gratefulness to people who provided support during the time of this doctorate
in the Acknowledgments.
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Chapter 2
Theoretical Background

The following chapter gives a basic introduction to the relevant theoretical background
for this thesis concerning titania nanostructures and their synthesis, the biopolymer β-
lg and its structure, the principles of QD solids, and the applied X-ray and neutron
scattering methods. Further, the scientific questions addressed in this thesis with respect
to the structure-function-relationship of (bio)hybrid interfaces in functional film during
formation and deformation is put in context to the existing literature, which inspired the
performed experiments.

2.1. Sol-Gel Synthesis of Titania Nanostructures

Fundamental Properties of Titania

Titania is a polymorph metal oxide that primarily occurs in three distinct crystal phases:
anatase, rutile, and brookite. The three polymorphs are built up by distorted TiO6

octahedrons (Figure 2.1). These octahedrons are packed along adjacent edges for anatase,
which leads to a triangular arrangement of the octahedrons in the tetragonal unit cell. In
rutile, the octahedrons are packed at opposite corners, yielding a linear arrangement in
the tetragonal unit cell. In contrast, the octahedrons build up an orthorombhic unit cell
in brookite. All polymorphs are indirect semiconductors resulting from p-d hybridization
of Ti-3d states with Ti-3p and O-2p states forming the conduction bands and O-2p states
with Ti-3d forming the valence bands, the different degree of distortion and the changing
atomic distances between Ti leads to a denser packing and higher thermodynamic stability
for rutile and different polymorph band gap energies: anatase 3.2 eV, rutile 3.0 eV, and
brookite 3.3 eV. [19]–[21] Accordingly, each titania polymorph absorbs light in the UV-
range. The optoelectronic properties differ when going from bulk to mesoporous phases
and changing the crystal sizes, as sizes smaller than the exciton Bohr radius lead to
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Chapter 2. Theoretical Background

a)                               b)                         c)

Figure 2.1.: Crystal structure of the three titania polymorphs. The crystal structure is
shown in the same perspective for a) anatase, b) brookite, and c) rutile.

increased band gaps via quantum confinement effects. Also, the high surface-to-volume
ratio of mesoporous titana films is beneficial for application as photoanodes in solar cells,
in lithium-ion batteries, or in photocatalytic generation of hydrogen. Hence, a controlled
nanostructure becomes essential for device performance.

Sol-gel Synthesis of Titania

The fabrication of nanostructured titania films in this thesis is based on the wet chem-
ical approach of sol-gel synthesis. Sol-gel synthesis is a well-established protocol for the
preparation of, e.g., metal oxides or ceramic materials from precursor materials to colloids
and integrated networks of the respective material in a bottom-up routine. Advantages
include the comparatively low synthesis effort and the possibility of solution-based pro-
cessing for inorganic materials. The resulting sol-gels have the potential to be used as
ink in industrially-scalable deposition methods such as printing or spray coating. Fur-
thermore, the introduction of polymers into the sol-gel synthesis forms hybrid materials
that can tune the resulting morphology at the nanoscale and allows for nanostructure
tailoring of, e.g., metal oxides without the need for more complex lithography and high
vacuum processes. Typical precursors for titania sol-gel synthesis are based on a Ti-
alkoxide. A prominent example is titanium(IV) isopropoxide (TTIP) in Figure 2.2a. The
pure precursor, or if stabilized in a homogeneous solution based on organic solvents such
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2.1. Sol-Gel Synthesis of Titania Nanostructures

as isopropanol or ethanol, hydrolyzes upon addition of water. Here, the OR groups are
replaced by hydroxyl groups during the reaction with H2O molecules:

Ti (RO)4 + H2O −−→←−− (HO)− Ti (OR)3 + R−OH (2.1)

Complete hydrolysis is achieved when all OR groups are replaced. If this is not the
case, the partially hydrolyzed precursor monomers can continue to condensate and form
a network via cross-linking and oxygen bridges along the Ti-O-Ti bonds and release H2O
or ROH upon reaction:

(RO)3− Ti−OH + (RO)3− Ti−OH −−→←−− (RO)3− Ti−O− Ti− (OR)3 + H2O (2.2)

(RO)4 − Ti + (RO)3 − Ti−OH −−→←−− (RO)3 − Ti−O − Ti− (OR)3 + R−OH (2.3)

The hydrolysis and condensation reactions are at the heart of sol-gel synthesis and are
sensitive to various chemical parameters such as temperature, pH, amount of water, type
of precursor and hydrolysis catalysts. For example, the introduction of HCl as a hydrol-
ysis catalyst promotes hydrolysis over condensation reactions, and thus tends to increase
the number of end-chain reactions rather than crosslinking at the monomer cores. As
a result, more elongated networks are formed, which is favorable for the formation of
foam-like and nanostructured titania films. Without HCl as a hydrolysis catalyst, there
is a tendency for more bulky and compact titania clusters. While slow hydrolysis reaction
and fast condensation tends to form amorphous titania networks, fast hydrolysis over
condensation has the potential to form nanocrystalline titania precipitates and crystal
seeds. [22] Besides TTIP, another titania precursor based on water-soluble Ti-lactate

a)     b)

Figure 2.2.: Chemical structure of the titania precursors: a) TTIP, b) TiBALDh.
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complexes, titanium(IV) bis(ammonium lactate) dihydroxide (TiBALDh), is investigated
in this thesis (Figure 2.2b). TiBALDh has a chemical equilibrium with water and crys-
talline anatase-TiO2 nanoparticles, which is described by the following expression: [23],
[24]

3 [Ti4O4 (lactate)8]
8− + 8NH+

4 −−→←−− 8 [Ti (lactate)3]
−2 + 4TiO2 + 8NH3 + 4H2O (2.4)

Polymer Directed Templating of Mesoporous Titania Films

Sol-gel synthesis of titania im combination with polymers is an established and power-
ful method to prepare titania films with a defined mesoporous nanostructure. Typically,
diblock copolymers are employed, such as polysterene-b-polyethylene oxide (PS-b-PEO),
which form various kind of nanostrucutures due to microphase separation in accordance
with their phase diagramm. [25], [26] These nanostructures, such as micelles, cylinders,
lamellae, and vesicles, are able to bind via hydrogen interactions to the titania precursor
(Figure 2.3a,b). The obtained organic-inorganic hybrid solutions based on titania pre-

a) b)

c)

Figure 2.3.: Illustration of polymer templating in sol-gel synthesis of titania films. a)
Different morphologies accessible by controlling the polymer’s phase. b) The polymer template
binds to the titania precursor via hydrogen interactions. c) Mesoporous and crystalline titania
films are commonly prepared by spin coating out of hybrid polymer-titania solutions based on
organic solvents and calcination. Reprinted from Ref. [25] with permission from Wiley, Copyright
2020.

cursor and diblock copolymer are feasible to be deposited by industrial relevant methods
such as spin coating, printing, and spray coating. For example, the choose of different
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2.2. Native and Denatured Structure of β-lg

kind of solvent sets as good and bad solvents for the respective blocks are straight for-
ward methods to precisley tune the final film nanostructure. However, typically rather
harmful organic solvents are involved in the film fabrication (Figure 2.3c), which limit
the potential in a green and sustainable fabrication on large industrial scale. Also, high
temperatures of about 500 °C are usually needed to combust the polymer template and
introduce crystallinity into the amorphous titania films.

A water-based sol-gel synthesis of nanostructured titania films with potentially low-
temperature crystallization is feasible by replacing synthetic polymers with biopolymers.
Due to the ability to form crystalline titania upon hydrolysis, TTIP and TiBALDh are
examined in this thesis for water-based routes towards foam-like and nanostructured ti-
tania films. In order to direct the titania morphology on the nanoscale, the water-based
biopolymer β-lg is introduced to the sol-gel synthesis and further described in the next
section.

2.2. Native and Denatured Structure of β-lg
Biopolymers are naturally occurring polymers with a defined structure and functionality.
In the case of proteins, this structure is built hierarchically by a specific sequence of
covalently linked amino acids. This primary structure gives rise to special conformations
with helical (α-helices) or zigzag (β-sheets) symmetries, the secondary structures, via
hydrogen bonds. After further complex folding, proteins exhibit a three-dimensional
conformation with a monodispersive and unique shape. This tertiary structure allows
proteins to function as motors, pumps, and transporters in biological systems. Some
proteins form higher order quaternary structures via oligomerization.

In this thesis, I focus on the major bovine whey protein β-lg as a foaming agent for
the synthesis of water-based and nanostructured biohybrid titania foams. The primary
structure of β-lg consists of 162 amino acids with a total molecular weight of about
18.3 kDa and is shown in Figure 2.4. [27] There are two disulfide bridges between amino
acids Cys-106 and Cys-119, and between Cys-66 and Cys-160, and a free thiol group at
Cys-121. [28]

The secondary structure consists of an eight-stranded antiparallel β-sheet wrapped to
form a cavity, a so-called β-barrel or calyx. [29] The β-sheet is followed by a three-turn
α-helix, which gives the tertiary structure the shape of a cup with a handle (Figure 2.5),
and is followed by a ninth β-strand. In its physiological state, the quaternary structure of
bovine β-lg is given by a non-covalent dimer, which is a couple of two monomeric subunits
linked by hydrogen bonds and electrostatic interactions. The ratio of monomer to dimer
can change depending on the chemical and physical environment, e.g., at low pH the

9



Chapter 2. Theoretical Background

Figure 2.4.: Primary structure of β-lg. 162 amino acids form the primary structure of β-lg.
The disulfide bridges are highlighted from Cys-106 to Cys-119 (orange) and from Cys-66 to
Cys-160 (blue), as well as the free thiol group at Cys-121 (magenta).

dimer dissociates into monomers. The secondary structure of β-lg classifies the protein as
a lipocalin. [27] The cavity nature of lipocalins reflects their common function as ligand-
binding and transport proteins. Although β-lg is one of the most intensively studied
representatives, its physiological function is not definitely clarified, but it is believed to
bind and transport fatty acids and vitamins such as retinol from the mother’s milk to the
offspring. [29] The barrel structure opens at a pH value of around 6.2 to 7.1, leaving the
hydrophobic core inside accessible for hydrophobic binding to ligands. [30] This reversible
transition is known as the Tanford transition and reveals the suggested transport character
of β-lg. In the food industry, however, β-lg is known as a foaming and texturing agent, as
well as a cause of allergic reactions, motivating parts of the research on its nature. [31]

Besides the Tanford transition, there are several more conformational changes possible

10



2.2. Native and Denatured Structure of β-lg

Figure 2.5.: Tertiary structure of β-lg. The tertiary structure consists of β-sheets (yellow),
which are forming a cavity, and a three-turn α helix (pink). The graphic is downloaded from the
protein data bank RCSB PDB (https://www.rcsb.org/3d-view/1BEB/1) [27], [32]

for β-lg. For instance, when exposed to heat, the quaternary and tertiary structure
unfold and the protein denatures. Depending on various parameters, such as temperature,
concentration, ionic strength, and pH value, the denaturation is an irreversible process
with the potential to form distinct supramolecular agglomerates. Here, β-lg is known for
its capability to form amyloid-like fibrils, that are hierarchically built up by ribbons of
twisted protofilaments which consists of stacked β-sheets along the protofilament’s axis.
[33] In general, denatured β-lg can build up various forms of aggregates. For instance,
combined SAXS and SANS studies performed by Jung et al. and the Mezzenga group
showed that the form factor changes from rod-like at pH 2 to sphere-like at pH 5.8 and
to worm-like at pH 7 (Figure 2.6). [34] The amount of heat-denatured β-lg and the
conversion rate k from the native state to non-native monomers and aggregates can be
described within the following kinetic model:[35]

ln Ct

C0
= 1

1− n
ln (1 + (n− 1) kt) (2.5)

where Ct and C0 are the native protein concentration at time t and the initial native
protein concentration. For a concentration of 90 gL−1 this kinetic equation is of first
order with n = 1 after 30 min at 78 °C and pH 7. Within these conditions, the protein
is fully denatured. [35] The conformational changes upon denaturation are one of the
reasons why β-lg is used for giving texture to edibles in food industry, but this idea can
be also translated to non-edibles and functional materials in nanoscience. The pioneering
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a) b) c)

Figure 2.6.: Different shapes of β-lg aggregates after controlled denaturation: a) Amyloid-
like fibrils, b) spherical aggregates, c) worm-like aggregates. Reprinted with permission from Ref.
[34]. Copyright 2008 American Chemical Society.

work using β-lg amyloid fibrils as a biotemplate for the synthesis of titania nanowires
was performed by Bolisetty et al. and the Mezzenga group with the idea to fabricate hy-
brid organic-inorganic photovoltaic devices. [36] This inspired the use of β-lg aggregates
with varying supramolecular shape obtained by denaturation to tailor nanostructured ti-
tana films and investigate the strucutre-function-relationship in the formation of biohyrid
interfaces, which is object of this thesis and discussed in Chapter 5 and Chapter 6.

a) b) c)

Figure 2.7.: β-lg as biotemplate. a) Network of amyloid-like fibrils based on denatured β-lg.
b) Titania nanowires based on decorated β-lg fibrils. c) Schematic of biotemplated titania films
with different nanostructure based on the formation of varying biohybrid interfaces as discussed
in Chapter 5 and Chapter 6. Adapted from Ref. [36] with permission from Wiley, Copyright
2012.
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2.3. Quantum Dot Thin Films

2.3. Quantum Dot Thin Films
Semiconducting colloidal quantum dots (QDs) are a special class of nanoparticles that
show unique optoelectronic properties due to full quantum confinement that is a conse-
quence of their small sizes, typically in the range of 2-20 nm (Figure 2.8a). The following
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Figure 2.8.: Structure properties of PbS QD solids. a) Illustration of a truncated octahedron
QD, which typically has a size between 2-20 nm and is crafted by a ligand shell. Adapted from
Ref. [37] with permission from the American Chemical Society, Copyright 2020. b) QDs have a
size-dependent bandgap which is relfected in the shift of the first excitonic peak in the absorbance
spectra. Adapted from Ref. [38] with permission from Wiley, Copyright 2019. c) The energy
levels in the potential wells are slightly different for individual QDs in an uncoupled assembly
with narrow size distribution. By reducing the inter-dot distance towards an arrangement of
coupled QD, their wavefunctions overlap and band formation of the electronic states occurs.
Adapted from Ref. [39] with permission from Springer Nature, Copyright 2015.

section introduces the theoretical background of colloidal QDs, which are the focus of
Chapter 7. Throughout the thesis, semiconducting colloidal QDs will be referred to
briefly as QDs. Upon reducing the radius of a bulk semiconductor radius smaller than
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Chapter 2. Theoretical Background

the electron Bohr radius, quantum confinement effects come into play, which increases the
bandgap energy. In contrast to 2D quantum wells and 1D quantum wires, QDs are 0D and
fully confined materials. The quantum confinement leads to discrete energy levels, hence,
QDs are often referred to as artificial atoms. The tunability of the QD bandgap energy
as function of size makes the material versatile and highly promising for optoelectronic
applications (Figure 2.8b). The size-bandgap dependency is mathematically described by
the Brus equation: [40]

EQD
g = Ebulk

g + h2

8m0r2

(
1

m∗
e

+ 1
m∗

h

)
− 1.8e2

4πϵϵ0r
(2.6)

Here, EQD
g and Ebulk

g are the bandgap energies of the QD and the bulk material, respec-
tively. The product m0m

∗
e,h is the effective electron or hole mass, r is the effective QD

radius, and h the Planck constant.
Chapter 7 focuses on QDs made of PbS, which are typically capped by an organic ligand

shell. These organic ligands act as surface passivation layer and introduce higher stability
of the QD surfaces against chemical degradation of the surfaces, increase solubility in
common organic solvents and enable solution procession via large scale techniques such
as spray coating or printing. Furthermore, the ligands act as a spacer in closed packed
QD solids, leading to a superlattice structure. Replacing the ligand shell via ligand-
exchange engineering is a versatile method to functionalize the QDs for various purposes.
By tuning the ratio of QD precursor and ligands during the synthesis, a controlled size and
size dispersion can be achieved. Depending on the PbS QD size, the individual QD shape
varies from octahedron to truncated octahedron and cubooctahedron. Size, shape, and
ligand shell have strong influence on the self-assembly of QDs into closed-packed solids.
In these solids, the wave-function of adjacent QDs overlap, forming a strongly-coupled
configuration that is beneficial for most optoelectronic applications (Figure 2.8c). The
QD solid’s energetic landscape formed by the closed-packed QDs is crucially dependent
on the spatial disorder. Variation from a mean inter-dot distance can lead to suppressed
charge-carrier transport and impact the performance in applications.

The dependency of the electronic structure in QD solids upon their coupling and hence
on their inter-dot distance requires an understanding of the influence of mechanical stress
on the QD solids, especially with respect to the application in optoelectronic devices on
flexible substrates. Gong et al. investigated the PL emission of perovskite QDs embed-
ded in a flexible polymer matrix as function of strain and discovered PL enhancement
with elongation (Figure 2.9a). [41] The authors suggest changing inter-dot distances d

as explanation for these novel findings, by comparing different loading concentrations of
QDs inside the polymer matrix. A true understanding of morphology and inter-dot dis-
tances within different QD solids are precisely accessible with GISAXS, as, for instance,
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Figure 2.9.: Varying inter-dot distances in QD solids. a) Elongation of perovskite QDs in a
polymer matrix changes the PL emission with a maximum intensity at a certain level of stress.
Adapted from Ref. [41] with permission from the Royal Society of Chemistry, Copyright 2020.
b) GISAXS provides precise insights to varying inter-dot distances between spin coated and spray
coated PbS QD solids. Adapted from Ref. [42] with permission from Elsevier, Copyright 2020.

is shown by Chen et al. on PbS QD solids, which are prepared by spin coating and spray
coating (Figure 2.9b). [42] Thus, in-situ GISAXS has the strong potential to uncover the
structure-function-relationship upon deformation in QD solids and to complement the
inspiring work of Gong et al., as presented in Chapter 7.

2.4. X-ray and Neutron Scattering Fundamentals
With the high brilliance and time-resolution of a synchrotron, advanced scattering exper-
iments, such as in-situ investigation of film formation and deformation, can be performed.
[43] X-ray and neutron scattering experiments are highly complementary, thanks to differ-
ent contrast sensitivity. This section deals with the theoretical principals of the scattering
methods used in this thesis.

The X-ray scattering methods used in this thesis are all based on the concept of electro-
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magnetic waves that interact and penetrate matter. This is described by the Helmholtz
Equation as follows:

∇2E⃗ (r⃗) + k2n2 (r⃗) E⃗ (r⃗) = 0 (2.7)

where E⃗ is the wave function, k the wave number, and n (r⃗) the refractive index. The
concept of refractive index is at the heart of light-matter interactions, as it brings the
electromagnetic wave’s wavelength and the electron density of matter into relation:

n (r⃗, λ) = 1− δ (r⃗, λ) + iβ (r⃗, λ) (2.8)

The dispersion δ (r⃗, λ) is a function of the specific electron density ρr (r⃗), the classical
electron radius re = e2

4πϵ0µ0c2 , and the atomic form factor fj (λ) = f 0
j + f ′

j (λ) + if ′′
j (λ).

Summing the real part of the atomic form factor over each chemical element j of the
material, weighted by the stoichiometric fraction cj and divided by the sum over the
electron number Zj, yields:

δ (r⃗, λ) = λ2

2π
ρe (r⃗) re

∑
j cj

(
f 0

j + f ′
j (λ)

)
∑

j Zj

= λ2

2π
Re (SLD) ≈ λ2

2π
ρe (r⃗) re (2.9)

Here, SLD denotes the scattering length density. For the absorption β (r⃗, λ), the sum
over the real part of the atomic form factor is replaced by its imaginary part:

β (r⃗, λ) = λ2

2π
ρe (r⃗) re

∑
j cjf

′′
j (λ)∑

j Zj

= λ2

2π
Im (SLD) ≈ λ

4π
µ (r⃗) (2.10)

For monochromatic light (λ = const.), both terms can be further simplified using the
approximations f 0

j ≈ Zj and f ′
j ≪ f 0

j . Dispersion and absorption are in the order of
10−6 and 10−7, respectively. Hence, in contrast to visible light, the refractive index is
below 1. In order to probe interfaces with scattering methods, the incoming X-ray needs
to experience a change in refractive index. Hence, a detectable interface consists of two
domains with distinct SLD. A measure of the scattering strength is the scattering contrast
of two interfaces with refractive indices n1 ̸= n2, as defined as:

|∆|2 = (δ1 − δ2)2 + (β1 − β2)2 (2.11)

According to Babinet’s principle, it is hereby only this scattering contrast, which is de-
tectable, and it is not possible to distinguish either of the both domains with respective
refractive index (Figure 2.10). This principle is important to keep in mind when ana-
lyzing scattering data. A typical example is nanoparticles embedded in a matrix, where
obtained domain sizes could either originate from the nanoparticle diameter or the sepa-
rating domain walls. Complementary measurements of, e.g., reference samples, real-space
microscopy, combined X-ray and neutron scattering, or diffraction are suitable ways to
identify how individual domains contribute to the scattering.
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Figure 2.10.: Illustration of scattering contrast. X-ray and neutron scattering detects in-
terfaces arising from a contrast variation |∆|2 and do not directly relate domains to a certain
SLD. According to Babinet’s principle, scattering from an ’orange’ domain in a ’blue’ matrix
yields the same intensity pattern as scattering from a ’blue’ domain in an ’orange’ matrix.

2.5. Grazing-Incidence Small-Angle X-ray Scattering
Switching from transmission scattering geometry to reflection scattering geometry pro-
vides morphology information of films and surfaces with high statistical validity that is
representative of the average film structure (Figure 2.11). Typically, transmission mea-
surements of thin films suffer from strong background and absorption from the substrate.
Compared to transmission mode, reflection mode provides a strong signal from thin films
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a)                                   b)

Figure 2.11.: From transmission scattering geometry to reflection. Illustration of the
sample arrangement of silver behenate (AgBeh) calibration samples with the respective scattering
signal in a) transmission and b) reflection measurements.

due to the footprint effect of the grazing beam scanning a large sample volume. Also,
a full 3D information of the sample on the nanoscale is obtained, i.e., in-plane lateral
morphology and vertical morphology along the film thickness. Hence, surface and buried
structures inaccessible to surface-SEM are examined. GISAXS effectively combines dif-
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fuse scattering, grazing-incidence diffraction, and small-angle scattering on a single 2D
detector. [44] The non-destructive nature of the X-ray penetration compared to, e.g.,
cross-sectional SEM and the high temporal resolution at a synchrotron make GISAXS an
optimal tool for advanced studies of in-situ kinetics and structure changes upon external
stimulation, especially in thin films and coatings. However, higher order refractive terms
add complexity to the data processing.

Thin Film Scattering Geometry

The scattering geometry is defined by the sample surface, i.e., the (x,y)-plane, and the
scattering plane, i.e., the (x,z)-plane (Figure 2.12). The incident beam hits the sample
surface under a shallow angle αi, that is typically well below 1°. The scattered photons
are measured as intensity on a 2D detector, where characteristic GISAXS regions can be
denoted as follows: the specular beam position at αi = αf , diffuse scattering rod when
αi ̸= αf , out-of-plane diffuse scattering when Ψ ̸= 0. A rotation along z probes the radial
anisotropy of the sample. As most films based on polymer hybrids are isotropic, the
rotation along z does not change the measured scattering pattern. Under consideration
of the incoming monochromatic beam with the wave number ki = 2π

λ
= const., where

λ is the wavelength, the momentum transfer q⃗ between the elastically scattered and the
incoming beam is given by:

q⃗ =


qx

qy

qz

 = k⃗f − k⃗i = 2π

λ


cos αf cos Ψ− cos αi

cos αf sin Ψ
sin αf + sin αi

 (2.12)

With the condition for elastic scattering:

|⃗ki| = |⃗kf | =
2π

λ
(2.13)

The relation between refractive index n and the critical angle of total reflection αc is
obtained from Snell’s law:

n = sin (90◦ − αc) = cos αc ≈ 1− α2
c

2 (2.14)

Hence, when neglecting small contributions from absoprtion, αc is approximated by the
real part of the SLD:

αc ≈
√

2δ = λ

√
Re (SLD)

π
(2.15)
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2.5. Grazing-Incidence Small-Angle X-ray Scattering

Considering the vertical component of the wavevector for the incoming beam ki,z and the
beam transmitted through the sample kt,z, the Fresnel transmission coefficient t has a
maximum at the critical angle of total reflection with kt,z = 0, which leads to the material
dependent Yoneda peak located at αf = αc: [45]

t = 2ki,z

ki,z + kt,z

(2.16)

Depending on the absorption along the vertical profile of the probed volume, the penetra-
tion depth Λ probing the morphology information from the bulk is given by the vertical
component of the transmitted wavevector’s imaginary part:

Λ = 1
|Im(kt,z)| (2.17)

Figure 2.12.: Grazing-incidence scattering geometry. Scattered and reflected X-rays are
detected at a fixed distance to the sample, which is adjusted to the incident angle αi with
respect to the incoming beam. Depending on the sample-detector distance from hundreds of
mm to several m, different q-ranges and hence length scales are probed. Reprinted from Ref.
[43] with permission from the International Union of Crystallography, Copyright 2015.
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Distorted Wave Born Approximation

At grazing-incidence, multiple reflection and refraction events within the probed film and
the substrate interface need to be taken into account. In order to adequately describe the
scattering data, the so-called distorted wave Born approximation (DWBA) is used. [46]
This is a first-order perturbation theory that treats, e.g., roughness as a small perturba-
tion, δV (r⃗), to the smooth surface with potential V (r⃗):

V (r⃗) + δV (r⃗) (2.18)

The obtained potential, as a function of r⃗, which is related to the surrounding electron
density and the refractive index n (r⃗) in Equation 2.8, accounts for roughness and in-
plane structures. The incident plane wave Φi (r⃗) = Ceik⃗1r⃗, the scattered wave Ψ1 (r⃗),
and its time-reversed state Ψ̃2 (r⃗) are eigenstates of V (r) according to the Helmholtz
equation 2.7, where C is a normalization constant. The differential cross section of diffuse
scattering, which defines the number of scattered photons within an infinitesimal solid
angle, is then measured as intensity on the 2D detector and is given by Fermi’s Golden
Rule as a function of the perturbed potential: [46]

dσ

dΩ =

∣∣∣〈Ψ̃2 |V |Φi

〉
+
〈
Ψ̃2|δV |Ψ1

〉∣∣∣2
16π2|C|4

(2.19)

The presence of δV in the second term gives rise to diffuse scattering, from which the
inner nanostructure of the samples investigated with GISAXS can be deduced. For small
products qzσz ≪ 1 of the vertical momentum transfer qz and the standard deviation
σz from the mean interface height z, the diffuse scattering cross section from buried
structures in a matrix with scattering contrast |∆|2 can be approximated as resulting
from one effective interface: [46]

dσ

dΩ = Aπ2

λ4 |∆|
2 |Ti|2 |Tf |2 P (q⃗) (2.20)

Here, A represents the surface area, which is illuminated by the beam of wavelength λ.
The Fresnel transmission functions Ti and Tf have a maximum at the material specific
critical angle and are constant for a fixed set of αi,f . Hence, the diffuse scattering solely
depends on the diffuse scattering factor P (q⃗): [47], [48]

P (q⃗) ∝ NF (q⃗) S (q⃗) (2.21)

This allows for directly probing the amount, N , of the scattering domains, their shape
and size as the Fourier transform of their electron density (form factor F (q⃗)), and their
arrangement (structure factor S (q⃗)).
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2.6. Grazing-Incidence Wide-Angle X-ray Scattering
Grazing-incidence wide-angle X-ray scattering (GIWAXS) is performed using the same
scattering geometry as in GISAXS, but with a reduced sample-to-detector distance in the
range of hundreds of mm (Figure 2.12). With this setup, larger momentum transfers are
captured on the detector, and thus smaller distances on the atomic and molecular level
are accessible. According to the Laue condition, the reciprocal lattice of crystals and
molecules is probed via constructive interference of X-rays passing a set of lattice planes
with the Miller indices {hkl}, when the momentum transfer q⃗ matches the reciprocal
lattice vector G⃗:

q⃗ = ha∗ + kb∗ + lc∗ = G⃗ (2.22)

For the elastically scattered X-rays, the possible set of momentum transfer q⃗ forms the
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Figure 2.13.: Illustration of Laue and Bragg conditions. a) Laue: Constructive interference
in reciprocal space occurs when the Ewald’s sphere intersects with the reciprocal lattice. b)
Bragg: Constructive interference in real space occurs when the path difference of the blue and
red X-ray becomes a multiple of the wavelength λ.

surface of the so-called Ewald’s sphere (Figure 2.13a). The sphere’s intersections with the
reciprocal lattice points are measured as a reflex on the detector. Hence, the reciprocal
lattice is directly probed with GIWAXS. The Laue condition is the reciprocal equivalent
to the Bragg condition in real space (Figure 2.13b), where the lattice spacing dhkl is
probed via constructive interference, when the path difference between interfering X-rays
becomes a multiple of the wavelength λ at a certain angle θ:

mλ = 2dhkl sin (θ) (2.23)
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When the 2D GIWAXS data is transformed from pixel space, as it is measured on the
detector (Figure 2.14a), to q-space, the scattering intensity is represented as a function
of (qz, qr) with qr =

√
q2

x + q2
y. This leads to a reshaped detector image, with a missing

wedge of no scattering information, as the surface of the Ewald’s sphere is sliced onto a 2D
map (Figure 2.14b). Another useful representation is the sector plot (Figure 2.14c), where
the scattering intensity is presented as a function of (q = |q⃗| , χ). Also here, a missing

a)                                      b)

                 c)

Figure 2.14.: Representation of 2D GIWAXS data a) As-measured data in pixel space. b)
Reshaped data in q-space. c) Data as function of (q, χ) represented in a sector plot. The 2D
GIWAXS data is plotted by use of the software INSIGHT (M. A. Reus, L. K. Reb, P. Müller-
Buschbaum; INSIGHT: The in situ GIXS heuristic tool for efficient reduction of grazing-incidence
scattering data; https://www.ph.nat.tum.de/functmat/forschung-research/insight/).

wedge of inaccessible data is centered in the intensity map. Azimuthal integration along
the horizontal direction of the sector plot leads to 1D diffraction patterns as function of q,
whereas radial integration of a reflex along the vertical direction of the sector plot yields
information on the respective lattice planes’ orientation with respect to the substrate.

To analyze 2D GIWAXS data, the data is integrated along the azimuthal angle χ

to obtain 1D diffraction patterns as function of q, also called pseudo-XRD cuts. The

22

https://www.ph.nat.tum.de/functmat/forschung-research/insight/


2.6. Grazing-Incidence Wide-Angle X-ray Scattering

profiles are fitted with Gaussian functions to extract peak center values, from which
lattice constant and spacing can be extracted:

qhkl

2π
= 1

dhkl

=

√√√√(h

a

)2

+
(

k

b

)2

+
(

l

c

)2

(2.24)

The peak broadening of a reflex is described by the full width at half maximum (FWHM)
obtained from the Gaussian fits and consists of contributions from the sample morphology
as well as from instrumental broadening, which add up quadratically:

∆2
meas = ∆2

samp + ∆2
inst (2.25)

Here, ∆meas is the full width at half maximum as obtained from the Gaussian fits as
measured, ∆samp and ∆inst the broadening introduced by the sample and the instrumental
setup, respectively. The instrumental broadening is typically determined from calibration
standards such as silver behenate (AgBeh) and lanthanum hexaboride (LaB6).

According to the Williamson-Hall theory, the sample’s peak broadening arises from the
crystallite size D and microstrain ε affecting the lattice spacing: [49]

∆samp =
√

∆2
meas −∆2

inst = 2πK

D
+ ε

qhkl

2π
(2.26)

Here, K is the Scherrer factor, which depends on the measure of peak broadening, e.g.,
FWHM or integral breadth, the crystallite shape, which can be different from its unit
cell, and the crystallite size distribution. [50], [51] For the case of titania crystallite
sizes obtained from the FWHM of a reflex, the factor K is typically set to 0.9. By
plotting the corrected FWHM as function of the respective q-reflexes, D and ε can be
calculated from the intercept and slope, respectively, of a linear fit. This Williamson-
Hall method to separate crystallite size and microstrain from peak broadening requires a
reasonable number of q-reflexes for good quality of the linear fit and the outcomes should
be interpreted rather qualitatively, e.g, in comparison to a set of samples with varying
synthesis conditions. Since peak broadening of titania crystallites mostly stem from the
finite crystallite size, the evaluation of microstrain contribution is neglected in this thesis.
Hence, the second term in Equation 2.26 is omitted, which yields the Scherrer equation:
[51]

Lhkl = 2πK

∆samp

(2.27)

Here, Lhkl is the coherence length along a certain direction [hkl], which serves as an
estimation for the lower limit of the crystallite size along the respective direction.
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2.7. Grazing-Incidence Small-Angle Neutron Scattering
While the concept of grazing-incidence small-angle neutron scattering (GISANS) is the
same like GISAXS, unique properties arise from the substitution of X-rays with neutrons.
[52] Neutrons are massive particles with spin and no elemental charge, meaning they do
not interact with the electron density of materials but with the atomic nucleus. This fun-
damental difference to X-rays allows for probing magnetic interfaces, hard and soft-matter
materials with characteristic contrast conditions and domain sensitivity. The scattering
potential is described by the Fermi pseudo-potential within the Born approximation, and
following theoretical aspects are based on the references in [53], [54]:

VF =
(

2πℏ
m

)
δ (r⃗) b (2.28)

Here, ℏ is the reduced Planck constant, m the neutron’s mass, δ (r⃗) the neutron position
with respect to the atomic nucleus, and the complex number b = Re (b) + iIm (b), de-
scribing the scattering length of a bound nucleus. The bound scattering length b is in
general a sum of the coherent scattering length bc and the incoherent scattering length bi,
and takes interaction between the neutron spin s⃗ and the nuclear spin I⃗ into account:

b = bc + bi√
I (I + 1)

s⃗ · I⃗ (2.29)

For a given nuclear spin quantum number I, the scattering length is written for neutrons
with the two states spin-up (+) and spin-down (−) as b±:

b± = bc ±
√(

I

I + 1

)±
bi (2.30)

It follows for the coherent and incoherent scattering length bc and bi, respectively:

bc = g+b+ + g−b−, bi =
√

g+g−
(
b+ − b−

)
(2.31)

Here, g± are weighting factors, which satisfy g+ + g− = 1:

g+ = I + 1
2I + 1 , g− = I

2I + 1 (2.32)

The neutron scattering cross section σs is the sum of the coherent and incoherent scattering
cross sections σc and σi, respectively. For the case of unpolarized neutrons or neuclei, the
neutron scattering cross section is:

σs = σc + σi = 4π|bc|2 + 4π|bi|2 (2.33)
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The imaginary part of the scattering length gives rise to absorption of neutrons in the
sample, which is described by the absorption cross section σa:

σa = 4π

k0
Im (b) = 4π

k0

(
g+Im

(
b+
)

+ g−Im
(
b−
))

(2.34)

Multiplication of the scattering length b and the absorption cross section σa with the
atomic number density N yields the neutron dispersion and absorption, respectively: [55]

δ (r⃗, λ) = λ2

2π

ρNA
∑N

j=1 njbj∑N
j=1 Mj

= λ2

2π
Nb = λ2

2π
Re (SLD) (2.35)

β (r⃗, λ) = λ

4π
Nσa = λ

4π
Im (SLD) (2.36)

Here, NA is the Avogadro number, ρ the material density, M the molar mass, and n the
For a given compound based on j elements, the scattering length and atomic number
densities are summed up, where the sum over bc yields the coherent neutron SLD and
the sum over bi the incoherent neutron SLD. In analogy to GISAXS, the critical angle of
total reflection for neutrons is approximated by neglecting the typically small absorption
as:

αc ≈ λ

√
Nb

π
(2.37)

Especially light elements, which have a low SLD for X-rays may benefit from high neutron
SLD as the magnitude of the bound atom’s scattering length b in Equation 2.29 is strongly
fluctuating and is irregular of the electron number Z.

2.8. Analysis of GISAXS and GISANS Data
The 2D GISAXS and 2D GISANS data is reduced to 1D intensity profiles vertically along
qz at qy = 0 and horizontally along qy at the Yoneda peak, qz (αc) (Figure 2.15). With this
approach, the effective interface approximation becomes valid and one obtains material
specific information about the lateral morphology from I (qy) with a strong signal due to
the maximum of Tf in Equation 2.20. To extract domain sizes with radius R and their
size distributions as well as mean center-to-center distances D, the intensity profile of
the integrated horizontal line cuts is modeled with a customized, python-based software
according to the following expression: [56]

I (q) ∝
∑

i

Ni

〈
|F (q, Ri)|2

〉
S (q, Di) (2.38)
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Here, the diffuse scattering factor is given in the local monodisperse approximation, where
it is described by the sum over i domains. The domains, assumed to be monodisperse
within the beam’s coherence length, have an average form factor weighted by their Gaus-
sian standard deviation σi: [56]

〈
|F (q, Ri)|2

〉
=
∫

σi (R) |F (q, R)|2 dR∫
σi (R) dR

(2.39)

Cylindrical form factors are applied since the scattering signal consists of rotation sym-

a)

b) c)

Figure 2.15.: Vertical and horizontal line cuts taken from 2D GISAXS. a) The 2D GISAXS
data is reduced to vertical line cuts by integration of about 3 pixels (red box) and to horizontal
line cuts by integreation of about 5 pixels (yellow box). b) Vertical line cuts with the typical
GISAXS features, indicated by arrows from left to right: direct beam position at qz (αf = 0),
sample horizon position at qz (αf = αi), Yoneda peak position at qz (αf = αc + αi), which is a
consequence of the maximum in the Fresnel coefficient function, and the specular beam position
at qz (αf = 2αi). c) Horizontal line cuts taken at the Yoneda peak position are used for the data
modeling as explained in this section. The same data reduction is performed for 2D GISANS
data.

metric averages of scattering centers within the probed sample volume, with the vertical
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2.8. Analysis of GISAXS and GISANS Data

axis defined by the film-substrate and film-air interfaces. With qz,c ≈ 0, the cylindrical
form factor is approximated by:

|Fcyl (qy)|2 =
(

R
J1 (qy, R)

qy

)2

(2.40)

Here, J1 is the Bessel function of first kind. The Hosemann interference function is applied
as a structure factor to model the center-to-center domain distances on a 1D paractystal
lattice with qz,c ≈ 0: [57], [58]

S (qy) = −
1− exp

(
πσ2

DD2q2
y

)2

1 + exp
(
πσ2

DD2q2
y

)2
− 2 exp

(
πσ2

DD2q2
y

)
cos (qyD)

(2.41)

Both the size distribution of a single domain type and the degree of long-range order of
the domain type’s lateral arrangement are given as the standard deviation σx from a mean
domain radius x = R and mean center-to-center domain distance x = D, respectively,
and expressed by a Gaussian distribution:

p (x) = 1√
2πσx

exp
(
−(x− ⟨x⟩)2

2σx

)
(2.42)

Depending on the respective film morphology, a sum of up to three distinct domain types
is applied in the model. In case no structural correlation between the domains is found,
the structure factor S is set to 1.
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Chapter 3
Sample Preparation

Parts of this chapter are based on the publications Low-Temperature and Water-Based
Biotemplating of Nanostructured Foam-Like Titania Films Using β-Lactoglobulin (J. E.
Heger, W. Chen, S. Yin, N. Li, V. Körstgens, C. J. Brett, W. Ohm, S. V. Roth, P.
Müller-Buschbaum, Advanced Functional Materials, 32, 2113080 (2022)) and Superlattice
Deformation in Quantum Dot Films on Flexible Substrates via Uniaxial Strain (J. E.
Heger, W. Chen, H. Zhong, T. Xiao, C. Harder, F. A. C. Apfelbeck, A. F. Weinzierl,
R. Boldt, L. Schraa, E. Euchler, A. K. Sambale, K. Schneider, M. Schwartzkopf, S. V.
Roth, P. Müller-Buschbaum, Nanoscale Horizons, 8, 383-395 (2023)). [17], [18] Reprinted
from [17] with permission from Wiley, Copyright 2022 and reproduced from [18] with
permission from the Royal Society of Chemistry.

3.1. Substrates

Silicon Substrates

Silicon substrates (Silicon Materials, Kaufering, Germany) are used as substrates for the
biohybrid film deposition and as a reference substrate to the flexible susbtrates for QD
superlattice films. The substrates have a thickness of 0.525 mm and are polished on the
surface with a (100) crystal orientation. P-doped Si substrates are used for SEM surface
imaging, X-ray and neutron scattering, and undoped Si substrates for FTIR spectroscopy.

An adjusted piranha acid bath is used to clean the Si substrates prior to film deposition
and install a defined surface potential for increased wettability of the films. First, 54 mL
Milli-Q water (18.2 MΩcm−1) is filled in a glass beaker, second 84 mL of hydrogen peroxide
(Carl Roth, Germany), and lastly 198 mL of sulfuric acid (Carl Roth, Germany) are
carefully and slowly added to the water. The beaker containing the acid bath is heated in a
water bath set to 80 °C. After that, the cut Si wafer are fixed on a poly(tetrafluoroethylene)
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Chapter 3. Sample Preparation

(PTFE) sample holder and put inside the acid bath for 15 min. Subsqeuent flushing of
the samples in three different beakers filled with 500 ml Milli-Q water, followed by rinsing
the sample with a Milli-Q water from a spray bottle, washes the remaining acid bath from
the substrates.

To ensure an increased wettability of the spray deposited film from aqueous solution, the
Si substrates are surface treated in a controlled oxygen plasma (Nano Plasma Cleaner,
Diener Electronic, Ebhausen, Germany). After putting the substrates into the plasma
chamber and pumping vacuum to 0.1 mbar, oxygen atmosphere at a pressure of 0.4 mbar
is introduced. The oxygen plasma is initiated by applying a frequency of 40 kHz at
250 W. As consequence, polar hydroxyl groups are forming on the Si surface, which
yields a sufficient hydrophilicity of the substrate surfaces after 10 min. Film deposition
is performed in direct sequence to the oxygen plasma treatment, as the effect is only of
relatively short permanence.

PDMS Substrates

Poly(dimethylsiloxane) (PDMS) substrates are used as a flexible support for the deforma-
tion of QD superlattices upon strain elongation. The PDMS substrates are synthesized
by mixing base and curing agent of SYLGARD 184 in a ratio of 7 : 1. The mixture
is poured into a rectangular mold and stored in a vacuumed desiccator for outgassing
of remaining air. Subsequently, the resulting PDMS slides are cut into substrates with
dimensions of 10 mm × 60 mm and a thickness of 1 mm. Commercially available PDMS
susbtrates (Goodfellow GmbH, Hamburg, Germany) with same dimensions are used as a
flexible reference substrate for QD superlattice films.

Optical microscopy images reveal a smooth and homogeneous surface of the custom-
made PDMS substrate, compared to a heterogeneous surface of the commercial PDMS
substrate (Figure 3.1a). To evaluate the influence of the different PDMS surfaces on
the superlattice morphology, PbS QD films on custom-made and commercial PDMS sub-
strates are compared with GISAXS. The scattering intensity shows Bragg reflexes related
to a nested FCC/BCT superlattice on the custom-made PDMS substrate (Figure 3.1b)
and a single reflex with strong azimuthal and radial broadening on the commercial PDMS
substrate, indicating weak long-range order and poor superlattice formation (Figure 3.1c).
The substrate’s surface influences the PbS QD film’s adhesion and hence influences grain
boundary formation during spin-coating and stretching. However, grain boundaries play
a minor role in the observed strain distribution as discussed in Chapter 7. Since the het-
erogeneous surface does not provide superlattices with defined unit cells and long-range
order, a homogeneous surface is necessary to form regular superlattices. Further, the ref-
erence PL spectrum of PbS QDs spin-coated on a silicon substrate shows good agreement
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3.2. Spray Deposition of β-lg-templated Titania Films

with the PL spectrum on custom-made PDMS (Figure 3.1d). Thus, custom-made PDMS
is used as flexible substrate for the in-situ GISAXS, in-situ PL, and in-situ absorbance
measurements during PbS QD superlattice deformation in Chapter 7.

a)                                  b)                                

c)                                   d)
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Figure 3.1.: Influence of the substrate on the PbS QD superlattice. a) Surfaces of the
custom-made and commercial PDMS substrate obtained from optical microscopy. b) 2D GISAXS
data of PbS QDs spin-coated on the commercial and c) on the custom-made PDMS substrate,
respectively. d) PL spectra of PbS QD films on the custom-made PDMS substrate and on a
silicon substrate as reference.

3.2. Spray Deposition of β-lg-templated Titania Films
The biopolymer β-lg, lyophilized powder, 90 % PAGE) and the titania precursor TTIP
(97 %) and TiBALDh (50 wt. % in H2O) are purchased from Sigma-Aldrich, Germany,
and used without any further purification. Hydrochloric acid (37 %) is purchased from
Carl Roth, Germany. The aqueous solutions are based on deionized water (Milli-Q, 18.2
MΩcm−1).
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The sample solutions under investigation in Chapter 5 are prepared as follows: 12 M HCl
are diluted to 10 × 10−3 M HCl with deionized water and used as a host solvent. First,
4 mL of 10 × 10−3 M HCl are mixed with 148 µL TTIP. Second, 20 mg of β-lg are added
and kept stirring for 30 min at room temperature to form a biohybrid sol–gel. After
that, the β-lg:TTIP sol–gel is kept stirring in a sand bath at a temperature of 90 °C for
22 h, to promote the hydrothermal synthesis of titania nanoparticles. Also, the heating
under acidic conditions leads to denaturation and unfolding of β-lg to fibrillar aggregates.
[34], [59] These aggregates electrostatically bind to the titania nanoparticles and act as a
templating network. The sol–gel is eventually immersed and quenched in a water bath at
the temperature of 4 °C. Pure β-lg and pristine titania reference solutions are fabricated
the same way without addition of the counterpart.

The sample solutions under investigation in Chapter 6 are prepared as follows: Solutions
of 10 mg mL−1 β-lg in distilled water are adjusted to pH 5 ± 0.5 and pH 2 ± 0.5 by addition
of 1 µL and 10 µL 12 M HCl, respectively. Without addition of HCl, the solutions remain
at pH 7 ± 0.5. Denaturation of β-lg is introduced via thermal treatment at 90 °C for 5
hours at pH 2 and for 30 min at pH 5 and pH 7. [34] After quenching the heated solutions
in an ice bath, 2.5 mL of the respective solutions are mixed with 79.2 µL TiBALDh
(50 wt. % in H2O) to obtain the biohybrid solutions. TiBALDh reference solutions are
prepared by diluting the precursor with 2.5 mL distilled water and addition of 0 µL, 1 µL,
and 10 µL HCl (12 M), respectively.

In-situ and ex-situ samples in Chapter 5 are prepared by spray deposition of the result-
ing β-lg:titania hybrid dispersions with an air atomizing nozzle of type JAUCO D555000
(Spraying Systems Co., Hamburg, Germany). The nozzle provides a cone-shaped spray
coat with an opening angle of 10°, which results in a circular film of the biohybrid compos-
ite. The radius of the covered area depended on the sample-substrate distance as well as
the opening angle of the spray cone. Precleaned and surface-treated silicon substrates are
placed at a distance of 20 cm to the nozzle and heated to 120 °C. Pulsed spray deposition
based on 0.5-1 mL of β-lg:titania solution is performed in intervals of 0.2 s spraying and
2.8 s drying, followed by 10 s of annealing. Hence, a single spray cycle lasts 3 s in total.
A nitrogen flow set to 1 bar is used as carrier gas with a flow rate of 125 µL s−1. The
pulsed deposition is controlled by the magnetic valve MEBH-5/2-1/8-B, purchased from
Festo SE & Co KG. More details on the spray setup used for ex-situ samples are given in
Appendix B.

The samples under investigation in Chapter 6 are spray coated in a commercial spray
chamber (PVA 350, Werner Wirth GmbH, Hamburg, Germany), located at the labora-
tories of the Zentrum für Energie und Information (ZEI, TU Munich, Garching), with a
spray nozzle for general purpose (781S, Nordson, USA). Precleaned and surface-treated
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silicon substrates with a dimension of 7x7 cm are coated by moving the spray nozzle with
a speed of 150 mm s−1 in a grid with 5 mm spacing and a distance to the sample of 3.5 cm.
The atomizing pressure of the oil-free nitrogen carrier gas is set to 0.5 bar. The samples
are heated to 80 °C during deposition and annealed at 140 °C for 10 min after deposition.
The wafers are used for GISANS measurements as deposited and are cut down to about
2x2 cm for GISAXS and GIWAXS measurements. FTIR samples are drop-casted from
100 µL of the respective solutions on 1x1 cm undoped silicon wafers and dried at 140 °C
for 10 min.

The as-deposited biohybrid samples in Chapter 5 are irradiated with UV-light (HTC
400-241, Osram AG) for 24 h, to remove the biomatrix and to obtain the biotemplated,
nanostructured titania films. The pure β-lg and pristine titania reference sample are not
treated with UV-light.

To achieve nanostructured and crystalline titania films, the as-deposited biohybrid sam-
ples in Chapter 6 are calcined for 2 hours at 500 °C with a heating ramp of 1 °C min−1

to remove the template β-lg and the organic parts of the Ti(IV) lactate complexes. The
same calcination protocol is performed for the pure TiBALDh samples as reference.

3.3. PbS QD Superlattices on Flexible Substrates
Stock solutions of PbS QDs in octane with a concentration of 80 mg mL−1 are supplied
from Shenzhen Technology University (SZTU, China) and synthesized according to the
protocol described in this section.

The QDs were synthesized following the recipe by Chen et al. with slight modifications
as follows. [60] 1.20 g lead oxide (PbO) are dissolved in 3 mL oleic acid (OA) and 10
mL octadecene (ODE) as Pb-precursor. 0.5 mL bis(trimethylsilyl)sulfide ((TMS)2S) are
diluted in 2 mL ODE as S-precursor. After the purification of the Pb-precursor solvent
at 100 °C under vacuum conditions for 6 hours, the solvent is further shifted to an argon
atmosphere. The S-precursor is injected into the Pb-precursor swiftly and the temperature
of the mixture remains at 95 °C for 3 min for the QD crystallization reaction. Afterwards,
the reaction is terminated by cooling in an ice bath. The resulting PbS QD solution is
washed twice with a solvent mixture of acetone and methanol (volume ratio 2 : 1), in
which the QDs are precipitated by centrifugation at 5000 rpm and dried with nitrogen to
obtain a powder. For further use, the powder is redispersed in octane with a concentration
of 80 mg mL−1.

Two PbS QD batches are synthesized according to the same protocol. The first is
used for the in-situ GISAXS and in-situ PL measurements. The second batch is used
for HRTEM and in-situ absorbance measurements (Figure 7.10). All QD batches have
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an OA ligand capping that is synthesized according to the literature and have a relaxed
chain length llig

0 of about 2.5 nm. [61]
The films for the in-situ GISAXS and PL measurements are deposited from 50 mL of

the final solution on the PDMS substrates by spin-coating at 3000 rpm. It is noteworthy
that the PDMS surface quality affects the degree of long-range order so that smooth
and homogenous surfaces are beneficial to form PbS QD superlattices. The influence
of different substrates on morphology and PL is discussed briefly in Figure 3.1 in the
beginning of this section.
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Parts of this chapter are based on the publications Low-Temperature and Water-Based
Biotemplating of Nanostructured Foam-Like Titania Films Using β-Lactoglobulin (J. E.
Heger, W. Chen, S. Yin, N. Li, V. Körstgens, C. J. Brett, W. Ohm, S. V. Roth, P.
Müller-Buschbaum, Advanced Functional Materials, 32, 2113080 (2022)) and Superlattice
Deformation in Quantum Dot Films on Flexible Substrates via Uniaxial Strain (J. E.
Heger, W. Chen, H. Zhong, T. Xiao, C. Harder, F. A. C. Apfelbeck, A. F. Weinzierl,
R. Boldt, L. Schraa, E. Euchler, A. K. Sambale, K. Schneider, M. Schwartzkopf, S. V.
Roth, P. Müller-Buschbaum, Nanoscale Horizons, 8, 383-395 (2023)). [17], [18] Reprinted
from [17] with permission from Wiley, Copyright 2022 and reproduced from [18] with
permission from the Royal Society of Chemistry.

4.1. Scanning Electron Microscopy
Scanning electron microscopy (SEM) probes the surface of a sample with higher reso-
lution on the nanoscale as compared to conventional optical microscopy, since electron
wavelengths are much shorter than photon wavelengths in the visual spectrum. The elec-
tron wavelength λe is derived from the de Broglie equation using the Planck’s constant h

and the electron momentum pe, which is a function of the acceleration Voltage Uacc:

λe = h

pe (Uacc)
(4.1)

A field emission electrode produces electrons which are focused by electromagnetic lenses.
The sample is positioned at the focal point and at the working distance of the detector,
which is typically around 3-5 mm. Line-by-line raster scans with the electron beam
generate secondary electrons by inelastic scattering, which are then detected by an InLense
detector to capture the surface morphology. By plotting the number of secondary electrons

35



Chapter 4. Sample Characterization

against the scanned pixel, it is possible to visualize the surface morphology as a gray scale
image. It is worth to mention that the gray scale of pixels depend among others on the
specific material, height and geometry. These influences are challenging to avoid and
lead to a restricted analysis of the surface topography. In order to analyze SEM images,
the open source software ImageJ was used. Domain sizes and porosity can be extracted
from binary images which are converted from gray scale images via the Otsu threshold
algorithm. Further applying combinations of pixel erosion and dilation algorithms is
helpful to reduce influence of isolated pixels and overexposed edges. For the domain
sizes, the analyze particle algorithm in ImageJ is used. The local surface porosity is
estimated by the area ratio of the black area to total pixel area. SEM measurements
are performed at a 3.5 mm working distance and an accelerating voltage of 5 kV (Zeiss
NVision 40, Figure 4.1). SEM measurements complement the GISAXS data with a real-
space surface characterization of the as-deposited β-lg:titania sample after spray coating,
the nanostructured titania sample after biopolymer removal, and the pristine titania as a
reference.

sample

e-beam

Figure 4.1.: Photograph of the SEM instrument.

Closely related to SEM, high-resolution transmission electron microscopy (HRTEM)
applies electrons to study the nanostructure of materials. Due to vertical arrangement
of the transmission geometry, the electron can be focused by additional electromagnetic
lenses, thus achieving higher resolution. In this thesis, HRTEM measurements (Tecnai
G2 F30) are used to investigate the (111) plane of PbS QD superlattices. The long-range
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order, inter-dot distance, average size, and size distribution (Figure 7.1e-g) are confirmed
by HRTEM and based on the second batch of PbS QDs. The average size obtained from
HRTEM is (2.8 ± 0.1) nm with a standard deviation of 21 % and agrees with the results
from absorbance measurements in Figure 7.10 and 4.4.

4.2. Photoluminescence
Photoluminescence (PL) is a way of probing the optoelectronic structure of materials
and quantifying light emission by radiative recombination in a material exposed to light
irradiation. Photon energy from a light source is absorbed by the sample and excites
electrons from a lower state to a higher state. The excited electron relaxes through various
mechanisms within the excited level until it relaxes to the ground state by emitting a
photon of energy equal to the difference between the respective levels. The emitted photon
is then detected by a photodiode. This emission of light is called fluorescence when it
occurs quasi-instantaneously on short timescales. In the case of metastable excited states,
light emission can still occur after the external photon pump has been switched off. This
delayed emission is called phosphorescence. The time scales of PL are important to
consider for optoelectronic applications, as they are directly related to the performance
of LEDs and the lifetime of excitons in OPVs. A more detailed understanding of charge
carrier dynamics can be obtained with time-resolved PL. In Chapter 7, the focus is placed
on steady-state PL to extract the PL energy and intensity from QD in thin films in-situ
as a function of applied strain. The PL spectra of an inorganic semiconductor depends
on the absorptivity A (ℏω) and the chemical potential µ, which relates to the quasi-Fermi
energy splitting of the electron-hole pairs forming after excitation: [62]

PL (ℏω) = A (ℏω) · (ℏω)2

4π2ℏ3c2
0
·
(

exp
(
ℏω −∆µ

kBT

)
− 1

)−1

dℏω (4.2)

Here, ℏ is the reduced Planck’s constant, ω the frequency of the emitted photon, c0 the
speed of light in vacuum, kB the Boltzman’s constant, and T the absolute sample tem-
perature. In QD solids, energy gained, e.g., by absorbing photons, can be transferred via
dipole-dipole interactions to neighboring QDs. In this case, the energy is transferred from
an excited donor level to a resonant acceptor level. As the acceptor typically has a smaller
bandgap energy, the energy transfer is accompanied by a redshifted PL emission. This
energy transfer is known as Förster resonance energy transfer (FRET) and is graphically
depicted in Figure 4.3. An important condition for FRET to take place is a sufficient
spectral overlap of the donor’s emission and the acceptor’s absorption, which is given by
the integral J :

J =
∫

IDεAλ4dλ (4.3)
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Figure 4.2.: In-situ PL setup. The flexible QD films were mounted in clamps that are able
to uniaxial elongate the sample. At the same time, PL is measured at a detector in reflection
geometry with a 520 nm laser.

Here, ID is the donor’s PL intensity, εA the accpetor’s exctinction coefficient, and λ the
photon wavelength. The FRET efficiency depends on the transfer rate kF RET , which is
defined by the donor’s PL lifetime τD, the distance R between donor and acceptor, and
their Förster distance R0:

kF RET = 1
τD

(
R0

R

)6
(4.4)

The Förster distance R0 is a characteristic measure of the FRET coupling strength be-
tween donor and acceptor, and depends on the spectral overlap J , an orientation factor κ

between the donor’s and acceptor’s dipole moments, the donor’s PL quantum yield ΦD,
the donor’s the refractive index n, and the Avogadro number NA:

R6
0 = 9 ln (10)κ2ΦDJ

128π5n4NA

(4.5)

At the Förster distance R = R0, the FRET efficiency EF RET is 50 %:

EF RET =
(

1 +
(

R

R0

)6)−1

(4.6)

The power-to-six dependence on the distance R in Equation 4.4 and 4.6 makes FRET
very sensitive to changing inter-dot distances in QD superlattices and plays a key role in
the structure-function relationship during deformation of the QD superlattice by uniaxial
strain, which is investigated in Chapter 7.
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In-situ PL measurements are performed in reflection mode during uniaxial stretching
(Figure 4.2. For this, a laser diode with 520 nm wavelength (CPS520, Thorlabs, typical
power output 4.5 mW) and a spot size of 4.6 × 1.7 mm2 is aligned on the sample.
A finger detector made up of a long-pass filter (Thorlabs FEL0600, cut-on wavelength
600 nm), an achromatic doublet (Thorlabs AC254-075-A, focus 75 mm), and a collimator
(Thorlabs F240SMA-780) captures the PL emission. The signal is read out with the
software environment SpecWin Pro (Instrument Systems) via a spectrometer with 1000
ms integration time (CAS140CT-154, Instrument Systems).

Figure 4.3.: Förster Resonance energy transfer schematic. Light energy absorbed by a
donor is resonantly transferred via dipole-dipole interactions to an acceptor with a lower bandgap
energy. In this case, the characteristic PL signal is redshifted

4.3. UV-Vis Spectroscopy
The optical path typically appearing in UV-Vis measurements consists of three main com-
ponents: the light sources for visible light (halogen lamp) and ultraviolet light (deuterium
lamp), a monochromator based on an optical grating that defines the spectral width,
and a beam splitter that divides the beam into a sample and a reference beam. The
emitted light travels along the optical path via mirrors and slits. After passing through
the sample, the intensity of the transmitted light, It(λ), is measured by a photodetector
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and compared with the intensity of the reference light, I0(λ). The wavelength-dependent
absorbance A(λ) of the sample is given by the Lambert-Beer law:

A(λ) = − log10

(
It(λ)
I0(λ)

)
= dα(λ) log10(e) (4.7)

Here, d and α(λ) are the thickness and the wavelength-dependent absorption coefficient of
the sample, respectively. Therefore, by including the transparent substrate of the sample
in the reference beam, its contributions can be eliminated by logarithmic subtraction. For
semiconducting materials, one of the conditions for light absorption is that the photon
energy Eph is greater than the bandgap energy Eg. In turn, the bandgap energy of a
semiconducting sample can be evaluated from UV-Vis transmission spectroscopy using
the Tauc equation: [63]

(αhν)n = B (hν − Eg) (4.8)

Figure 4.4.: PbS QDs absorbance spectrum. The absorbance spectrum is taken from solid
films from the same batch used for in-situ GISAXS and in-situ PL experiments. I use the
Weidman model to calculate the size from the absorption spectra. [64] The average QD size of
(2.70 ± 0.02) nm is obtained from the absorbance center and agrees with the HRTEM result
obtained from the second batch of PbS, which is prepared according to the same protocol.
Reproduced from [18] with permission from the Royal Society of Chemistry.

By plotting (αhν)n as a function of photon energy hν, the bandgap energy can be
read directly from the intersection on the x-axis after linear extrapolation. Here, B is
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a constant, h is the Planck’s constant and ν = c/λ the photon frequency given by the
wavelength and the speed of light c. The exponent n reflects the type of semiconductor,
e.g. n = 2 for a direct bandgap semiconductor and n = 0.5 for an indirect bandgap
semiconductor. In accordance with the Brus equation 2.6, empirical formulae are used to
relate the size of semiconductor QDs to the bandgap energy: [64]

Eg = c + 1
ad2 + bd

(4.9)

where c is the bulk semiconductor bandgap, a and b are constants, and d is the average
diameter of the studied QDs. For the PbS QDs in this work, it holds that c = 0.41,
a = 0.0392, and b = 0.114. [64] The average QD size of the first batch is obtained by opti-
cal absorption measurements with a UV-vis-IR spectrometer (Lambda 35, PerkinElmer),
with a wavelength range of 190–1100 nm and an interval of 1 nm. The average size of
(2.70 ± 0.02) nm of the first PbS QD batch used in the stretching GISAXS and PL
experiments is obtained from the absorbance spectrum in Figure 4.4.

4.4. Fourier-Transform Infrared Spectroscopy
Fourier-transform infrared spectroscopy (FTIR) is a powerful tool to probe the chemical
structure of materials. Absorption of infrared light causes the chemical bonds of functional
groups to vibrate, if the absorption is associated with a change in the dipole moment.
Several vibration modes are potentially IR active, including stretching and bending of the
respective bonds. Some examples of these vibrational modes are shown in Figure 4.5a.

a)                                              b)

Figure 4.5.: Principles of FTIR spectroscopy: a) Examples of different vibration modes, b)
Typical FTIR experimental setup.

The FTIR signal of a specific vibration mode is located at a characteristic wavenumber
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ν̃, given by the following formula with the speed of light c, the spring constant k, and the
reduced mass µ:

ν̃ = 1
2πc

√
k

µ
(4.10)

This formula indicates that for lighter atoms or stronger bonds the FTIR signal is shifted
to higher wavenumbers. It is worth mentioning that there is no direct proportionality
between the peak area of the FTIR signal and the concentration of the corresponding
functional group. Instead, the peak area is affected by the type of vibration and the
difference in electronegativity of the involved atoms. A typical FTIR setup in transmission
geometry consists of a light source with infrared spectrum and a Michelson interferometer
as depicted in Figure 4.5b. Here, the IR light gets split at a beam splitter. A moving
mirror adjusts the optical path difference between the split beams and lead to constructive
or destructive interference, returning an interferogram as a function of mirror position
I (x). The IR spectrum I (ν̃) is obtained by taking the Fourier transformation from the
interferogram.

a) b)sample 

chamber

IR-beam

sample

filtered air

Figure 4.6.: Photographs of the FTIR instrument. a) FTIR instrument with gas inlets to
reduce signal from atmosphere. b) Sample environment inside the FTIR instrument.

The FTIR samples in this thesis are placed in an Equinox 55 (Bruker) FTIR system in
transmission mode, which is purged with CO2-free and dry air (Figure 4.6). The FTIR
measurements are conducted with a resolution of 2 cm−1 and 125 scans per measure-
ment. Baseline correction is performed with a silicon reference sample and atmospheric
compensation is taken into account.
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4.5. Experimental Setups for X-ray and Neutron
Scattering

This section describes the experimental setups, which are used to determine the structure-
function relation in biotemplated titania films during spray coating (Chapter 5), as func-
tion of pH value (Chapter 6), and in PbS QD superlattices during deformation (Chapter
7).

In-Situ GISAXS/GIWAXS During Spray Coating

In-situ GISAXS/GIWAXS measurements are performed at the beamline P03 MiNaXS of
the storage ring PETRA III (DESY, Hamburg, Germany). [65] Nozzle and substrate are
mounted in a spray chamber, which is mounted into the beamline (Figure 4.7). Spray
deposition is carried out with the spray protocol described above. The X-ray wavelength is
0.984 Å, corresponding to a photon energy of 12.6 keV. Dectris Ltd. Pilatus 1M detector
and Dectris Ltd. Pilatus 300K detector are placed in 4871 mm and 326 mm distance
to the sample position, to simultaneously record the 2D GISAXS and GIWAXS signals,
respectively. Both detectors have a pixel size of (172 × 172) µm2. 2D in-situ GISAXS

Figure 4.7.: In-situ spray deposition GISAXS/GIWAXS. Experimental setup at DESY beam-
line P03. The position of GISAXS and GIWAXS detectors is labeled along the pathway in the
X-ray direction (red arrow). The air atomizing nozzle (shown in the detail) is mounted above a
heating stage inside a custom-built spray chamber. Reproduced from [17] with permission from
Wiley, Copyright 2022.
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and GIWAXS images are taken with an exposure time chosen to be 0.1 s to ensure a high
time resolution. The Si substrate is aligned to an incident angle of αi = 0.425°, which
ensures a proper separation of the material characteristic scattering signal called Yoneda
peak and the signal from specular reflection. The whole setup is periodically sweeping
with 0.5 mm s−1 in a range of 8 mm perpendicular to the beam direction, to protect the
sample from radiation damages by the high brilliance X-ray illumination (Figure 4.8).

Figure 4.8.: Stability against X-ray irradiation. 2D plot showing the temporal evolution of
the horizontal Yoneda line cuts during long-time exposure of 30 sat a fixed sample position.
The scattering intensity remains constant and the morphology does not show any changes. The
effective exposure time per spot for the in-situ measurements is below 0.5 s, so that any radiation
damage to the sample is ruled out. Reproduced from [17] with permission from Wiley, Copyright
2022.

This also probes the film formation for different positions in the spray cone within the
scanning area defined by the turning points A and B as sketched in Figure 5.1d. Optical
microscope images are taken during spray deposition by a camera mounted into the spray
chamber. Figure 4.9 shows the film evolution and the scanned area between the turning
points A and B, together with the position C close to the center of the spray cone.

The 2D GISAXS images are reduced to 1D intensity distributions as a function of the
scattering vector qy (nm−1) by use of the software DPDAK. [66] These horizontal line
cuts provide lateral information about the morphology and are taken at the Yoneda peak
position of the β-lg:titania biohybrid material (at qz = 0.6 nm−1), which corresponded to a
critical angle of αc = 0.13°. To extract the lateral information, the horizontal line cuts are
modeled by applying cylindrical form factors on a 1D paracrystal in the framework of the
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Figure 4.9.: Photographs of film formation. Photographs show the film deposition from the
bare silicon substrate (0 s) and intermediate stages (30 s) to the final film (60 s). The scanning
area probing the film gradient induced by the spray cone between the motor turning points A
and B and the selected position C is indicated by dashed lines. Reproduced from [17] with
permission from Wiley, Copyright 2022.

distorted wave Born approximation (DWBA), using the effective interface approximation
in combination with the local monodisperse approximation. [67] This lateral information
is modeled in terms of form factors (structure sizes) and structure factors (center-to-center
distances). 2D GIWAXS images are reshaped with the MATLAB-based software package
GIXSGUI and 1D intensity distributions as functions of q (Å−1) are obtained by azimuthal
integration. [68] These intensity distributions contain information about the crystalline
phase evolution during spray deposition. The data is fitted with Gaussian functions to
extract q-spacings, distribution widths at half maximum, and intensities of the crystalline
phases.

Influnce of pH on biohybrid and biotemplated titania morphology

GISAXS and GIWAXS are performed at the beamline P03 MiNaXS of the storage ring
PETRA III (DESY, Hamburg, Germany). [65] The wavelength is set to 1.05 Å, corre-
sponding to 11.8 keV photon energy and the sample placed in 4085 mm to the GISAXS
detector (Pilatus 2M, Dectris, pixel size 172 × 172 µm2) and in 260 mm to the GIWAXS
detector (Lambda 9M, X-Spectrum, pixel size 55 × 55 µm2).

GISANS is performed at the instrument MARIA (Heinz Meier-Leibnitz Zentrum MLZ,
Garching, Germany), provided by the Jülich Centre for Neutron Science (JCNS). [69] To
ensure a controlled relative humidity, the samples are placed in a 3D printed spherical
environmental chamber for GISANS experiments (Figure 4.10). [70] A constant flow of
H2O saturated nitrogen and dry nitrogen establishes a relative humidity of 50 %. The
incident angle is set to 0.7° and the scattered neutrons with a wavelength of 10 Å are
detected in a distance of 1910 mm to the sample. The 2D GISANS data is normalized
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by the detector sensitivty and reduced to horizontal 1D line cuts as function of qy (nm−1)
based on a python code provided by A. Koutsioumpas (JCNS, Garching).

sample

neutron beam
detector

Figure 4.10.: Photograph of the GISANS setup at the MARIA instrument.

In-Situ GISAXS During Uniaxial Strain

In-situ GISAXS measurements are performed at the beamline P03 at DESY. [65] A
sample-to-detector distance of 3.8 m is chosen to probe the PbS QD superlattice scat-
tering signal. The signal is captured with a Pilatus 2M detector (Dectris, pixel size
172 × 172 µm2). The wavelength is set to 1.05 Å, corresponding to 11.8 keV photon
energy. The incidence angle was adjusted to 0.341°. During the in-situ experiments, the
sample is moved perpendicular to the incident X-rays to probe a larger sample volume
and avoid radiation damage by the highly brilliant beam.

The PDMS substrate supporting the PbS QD film is mounted in a custom-built stretch-
ing apparatus by clamping the sample edges along the strain axis (Figure 4.11a). [71],
[72] The clamps are connected to two stepping motors for controlled elongation of ∆lsub

from the initial sample length lsub
0 . The ratio ∆lsub/lsub

0 measures the value of the applied
strain to the substrate. Four cylindrical rolls guide the sample during the in-situ GISAXS
experiments to prevent deformation-induced sagging and twisting of the sample (Figure
4.11b). This setup ensures controlled sample alignment with respect to the incident X-ray
beam. The QD superlattice Bragg reflexes are indexed in the 2D GISAXS data with the
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Figure 4.11.: Photographs of the in-situ GISAXS setup for uniaxial deformation. a)
Stretching apparatus mounted at the DESY beamline P03. b) Sample holder designed by
K. Schneider, A. K. Sambale, E. Euchler (IPF, Dresden) for in-situ GISAXS on freestanding,
flexible substrates. A red star indicates the X-ray beam position on the thin QD film. Reproduced
from [18] with permission from the Royal Society of Chemistry.

software GIXSGUI. [68] A detailed step-by-step guide using GIXSGUI for index matching
is provided in Figure A.1–A.6 of the Appendix A.

The (011)bct, (110)bct, and (111)fcc reflexes are reduced to 1D intensity cuts by azimuthal
integration with the software environment DPDAK and fitted with Gaussian functions.
[66] From the extracted q011, q110, and q111 values, the superlattice spacing d011, d110, and
d111 and consequently the unit cell axes abct, cbct, and afcc are obtained.
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Chapter 5
Low-Temperature and Water-Based
Biotemplating of Nanostructured Foam-Like
Titania Films Using β-Lactoglobulin

This chapter is based on the publication Low-Temperature and Water-Based Biotemplating
of Nanostructured Foam-Like Titania Films Using β-Lactoglobulin (J. E. Heger, W. Chen,
S. Yin, N. Li, V. Körstgens, C. J. Brett, W. Ohm, S. V. Roth, P. Müller-Buschbaum,
Advanced Functional Materials, 32, 2113080 (2022)) [17]. Reprinted from [17] with per-
mission from Wiley, Copyright 2022.

Given the broad use of nanostructured crystalline titania films, an environmentally friendly
and more sustainable synthesis route is highly desirable. Here, a water-based, low-
temperature route is presented to synthesize nanostructured foam-like crystalline titania
films. A pearl necklace-like nanostructure is introduced as tailored titania morphology
via biotemplating with the use of the major bovine whey protein β-lactoglobulin (β-lg).
It is shown that titania crystallization in a brookite-anatase mixed phase is promoted via
spray deposition at a comparatively low temperature of 120 °C. The obtained crystal-
lites have an average grain size of (4.2 ± 0.3) nm. In-situ grazing-incidence small-angle
and wide-angle X-ray scattering (GISAXS/GIWAXS) are simultaneously performed to
understand the kinetics of film formation and the templating role of β-lg during spray
coating. In the β-lg:titania biohybrid composites, the crystal growth in semicrystalline
titania clusters is sterically directed by the condensing β-lg biomatrix. Due to using spray
coating, the green chemistry approach to titania-based functional films can be scaled up
on a large scale, which can potentially be used in photocatalytic processes or systems
related to energy application.

49



Chapter 5. Low-Temperature and Water-Based Biotemplating of Nanostructured
Foam-Like Titania Films Using β-Lactoglobulin

5.1. Preface
Nanostructured titania has emerged to an important research topic in the field of func-
tional materials, due to its versatile applications. For instance, the nontoxic and photoac-
tive semiconductor is used as a photocatalyst in self-cleaning coatings, [73], [74] molecule
sensors, [75] photocatalytic production of hydrogen, [9], [76] and as an anode material
in lithium-ion batteries, [10], [77]–[79] dye-sensitized solar cells, [11], [80]–[82] hybrid so-
lar cells, [83], [84] and perovskite solar cells. [12], [85] In several of these applications,
e.g., photovoltaics, a tailored morphology in terms of porosity, surface-to-volume ratio,
and size distribution is beneficial for the device performance. [86] In particular, foam-like
structures are of high interest due to their mechanical advantages and robustness. Among
the different approaches of templating titania nanostructures, copolymer-assisted sol–gel
synthesis has been shown to provide a facile way toward a controlled morphology also
for films. [25], [87]–[90] Furthermore, solution processing based on copolymer-assisted
sol–gel synthesis has shown high promise for economically producing nanostructured ti-
tania films via large-scale deposition techniques, such as slot-die coating [91]–[93] and
spray deposition. [94]–[96] However, the synthetic copolymer templating routine comes
along with comparatively toxic, harmful, or flammable organic solvents as well as a low
sustainability. For an improved environmentally friendly and more sustainable scenario,
water-based templating of the mesoscopic titania morphology is desirable in combination
with using water-soluble biopolymers, which substitute the synthetic copolymers. [97]–
[100] Besides the structural properties on the mesoscopic length scale, also the crystal
phase and the crystallinity affect the performance of titania-based films in applications.
The polymorph titania can be found in three different phases, namely tetragonal rutile,
tetragonal anatase, and orthorhombic brookite. Rutile is known to be the thermody-
namic most stable crystal form, however, showing lower photocatalytic activity compared
to anatase and brookite. [101] Brookite is more laborious to obtain in a pure phase,
but offers also a more promising performance in photocatalytic applications, compared to
anatase and rutile. [102]–[104] Moreover, it was observed that copolymer templating of
titania nanostructures from an amorphous precursor such as titanium-(IV)-isopropoxide
(TTIP) in a nonaqueous media showed first crystallization starting at temperatures in
the range from 250 to 500 °C. [105]–[107] To enhance low-temperature crystallization,
alternative precursors such as ethylene-glycol-modified titanite (EGMT) were success-
fully introduced to copolymer-based titania sol–gel synthesis to enable a low-temperature
crystallization. [108], [109] However, the synthesis of tailored precursor molecules like
EGMT can become comparatively laborious. [110] Alternatively, anatase-brookite mixed
crystalline titania phases were readily produced by the precipitation of titania precur-
sors upon hydrolyzation in aqueous media. [111]–[113] Besides this, in anatase-brookite

50



5.1. Preface

mixed systems, smaller crystallite sizes are shown to be more beneficial for photocatalytic
performance, in contrast to pure anatase phase materials, in which large crystallite sizes
showed improved photocatalytic performance. [101], [114] However, synthetic copolymers
are less sustainable compared with biopolymers and biopolymers typically also match
well with aqueous processing. Among the numerous biopolymers, the bovine whey pro-
tein β-lactoglobulin (β-lg) attracted interest in this direction because it forms different
supramolecular structures such as amyloid fibrils upon denaturation,[34], [59], [115]–[118]
that can act as a template material in titania-based applications. [36] Hence, substituting
synthetic copolymers with water-based biopolymers has the potential to combine low-
temperature crystallization in aqueous media with a compatible templating route and to
further promote the environmentally friendly synthesis of titania nanostructures. This
work presents a facile and water-based sol–gel route to achieve crystalline titania films
with a mixed anatase-brookite phase and a foam-like nanostructure at low temperatures.
Our approach is based on the well-established titania precursor TTIP. As described in
more detail in Section 3.2, TTIP is mixed with β-lg in acidic water to form a fibrillar
biohybrid sol–gel, which is spray deposited on a heated silicon substrate (Figure 5.1).

Figure 5.1.: Fabrication of β-lg:titania films. a) β-lg is mixed with the titania precursor TTIP
in aqueous solution. b) Hydrothermal synthesis of titania nanoparticles at 90 °C for 22 h. The
protein unfolds into a fibrillar network during denaturation by heating in the acidic environment
and acts as a template for the titania nanoparticles. c) The resulting β-lg:titania film is spray
deposited on a silicon substrate at 120 °C out of the resulting dispersion. d) The scanning area
of the in-situ GISAXS/GIWAXS measurements is sketched between the turning points A and
B with respect to the gradient in material induced by the spray cone. The selected data for 1,
19, 35, and 53 s were taken at position C. Reproduced from [17] with permission from Wiley,
Copyright 2022.

Spray deposition allows kinetic rearrangements of the biohybrid film morphology dur-
ing drying on short time scales. Furthermore, spray deposition matches the sustainable
synthesis route presented in this work, due to comparatively low material wastage. The
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deposited biohybrid films consist of a pearl neck-lace-like titania nanostructure that is
embedded in a fibrillar β-lg biomatrix and revealed upon biopolymer extraction by ul-
traviolet (UV) irradiation. To reveal the kinetics of morphology formation and crystal
growth during the spray deposition process, simultaneous in-situ grazing-incidence small-
angle and wide-angle X-ray scattering (GISAXS/GIWAXS) is applied as an advanced
investigation method. [43], [95], [119]–[121] Experimtal details on the in-situ setup are
given in Section 4.5. The morphology information of the biohybrid film is complemented
by ex-situ scanning electron microscopy (SEM) and ex-situ GISAXS measurements. Based
on this fundamental understanding of the film formation process of the biohybrid film,
the knowledge is gained to control the spray deposition and achieve low-temperature and
water-based biotemplating of nanostructured foam-like titania films. Such environmen-
tally friendly and more sustainable synthesis route will be highly desirable for multiple
applications in the fields of sensors, energy conversion and energy storage.

5.2. Influence of β-lg on the Film Morphology

Surface Morphology

The sample surfaces of pristine titania, biotemplated titania after UV irradiation, and the
biohybrid β-lg:titania composite films are probed with SEM (Figure 5.2).

Figure 5.2.: SEM surface morphology. a) The pristine titania reference sample shows irregular
porosity. b) The as-deposited biohybrid sample shows the β-lg biomatrix embedding the titania
phase. c) The biotemplated sample after UV irradiation shows a nanostructured titania scaffold.
Yellow boxes highlight the pearl necklace-like arrangement of titania. Red boxes highlight the
fibrillar-shaped porous matrix in which the titania domains are embedded. Reproduced from [17]
with permission from Wiley, Copyright 2022.

The surface of the pristine titania film shows a typical irregular foam-like structure with
widely distributed pore sizes (Figure 5.2a). The surface of the biohybrid film obtained by
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SEM before UV irradiation (Figure 5.2b) shows a homogenous coverage on the macroscale
but provides only limited contrast for the nonconductive biopolymer matrix for an analysis
on the nanoscale. The remaining biotemplated titania film has an improved contrast
in SEM after UV irradiation so that the biotemplated titania nanostructure becomes
apparent. The biotemplated titania film exhibits a foam-like nanostructure with a pearl
necklace-like arrangement of titania structures (highlighted with yellow rectangular boxes
in Figure 5.2c), separated by pores with a fibril shape (highlighted with red rectangular
boxes). This finding suggests that the titania pearl necklace-like nanostructure is present
in the biohybrid sample and is sterically aligned within the voids by the surrounding β-lg
fibril network, as sketched in Figure 5.1d. The variation of surface morphology for the
biohybrid sample with different UV exposure times is shown in Figure 5.3.

Figure 5.3.: UV light biopolymer extraction. Surface morphology obtained from SEM of
the biohybrid samples after a) 5, b) 9, c) 17 and d) 22 h UV irradiation. The buried titania
nanostructure gradually becomes more apparent due to the enhanced contrast in SEM upon
longer UV irradiation and resulting higher degree of biopolymer extraction. Reproduced from
[17] with permission from Wiley, Copyright 2022.

Inner Morphology

To understand the role of the β-lg matrix in templating of the titania nanostructure
and extend the accessible information from surface to bulk morphology, static GISAXS
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measurements are performed. These ex-situ GISAXS measurements probe the biohybrid
film after spray deposition and the UV illuminated film. In addition to this, pristine
titania and a pure β-lg film are measured as references. The horizontal line cuts are
shown in Figure 5.4a. Three characteristic structures are extracted from the applied
model of the biohybrid and titania samples. The related radii and distance values are
presented in Figure 5.4b,c, respectively.
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Figure 5.4.: Inner morphology. a) Horizontal line cuts from static GISAXS data of the hybrid
(as-deposited biohybrid), pristine (pristine titania), UV (UV irradiated, biotemplated titania),
and pure (pure β-lg) films. The modeled curves are shown with solid red lines. Corresponding
b) radii as obtained from cylindrical form factors, c) center-to-center distances as obtained
from the structure factors, and d) pore radii approximated by Equation 5.1. Orange squares,
red circles, and green triangles represent the large, medium, and small domains, respectively.
Adapted from [17] with permission from Wiley, Copyright 2022.

The biohybrid film exhibits three characteristic structures, related to a small-, medium-,
and large-domain radii of (2.1 ± 0.2), (3.5 ± 0.3), and (9.6 ± 0.4) nm, respectively. These
domains have a characteristic center-to-center distance of (9.6 ± 0.4), (19.1 ± 0.5), and
(32 ± 1) nm, respectively. An interpretation of the morphology associated with the
domain sizes is presented later in the context of the in-situ GISAXS/GIWAXS discus-
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sion. After UV illumination, the characteristic domain radii of the biotemplated titania
morphology remain unchanged compared to the biohybrid sample before UV irradiation.
This indicates that mainly the titania domain form factors rather than the β-lg bioma-
trix contribute to the scattering intensity of the biohybrid sample, and the nanoparticle
sizes of titania do not undergo obvious changes with UV irradiation. The center-to-
center distances, however, slightly increase after UV irradiation, to (11.4 ± 0.4) nm (small
structures), (22.8 ± 0.5) nm (medium structures), and (40 ± 1) nm (large structures),
respectively. The deformation of the remaining titania scaffold that is reflected in slightly
increased distances after biopolymer extraction can be seen as an inverse process to the
humidity uptake in porous titania scaffolds studied in an earlier work. [122] Here, the
ingress of water vapor into the pores leads to a contraction in terms of reduced center-
to-center distances. For the present case of biopolymer extraction, the transition from
solid to gas phase of the biomatrix during UV combustion causes isotropic expansion of
the titania scaffold with slightly increasing center-to-center distances. In contrast to the
biotemplated titania film, the pristine titania reference sample consists of bigger medium
(radius of around (6.1 ± 0.3) nm) and large domains (radius of around (13.1 ± 0.4) nm).
The small structures show the same radius ((2.1 ± 0.2) nm) as the biotemplated tita-
nia. The distances related to the small and medium domains of the pristine titania are
(14.1 ± 0.4) nm and (28.2 ± 0.5) nm, respectively. For the large domains, there is no
significant structural correlation in terms of center-to-center distance. The pure β-lg
film consists of two characteristic structure sizes with a radius of (6.1 ± 0.3) nm for the
small-sized structures and a radius of (12.2 ± 0.4) nm for the large-sized structures and
the corresponding center-to-center distances of (19.1 ± 0.5) and (44 ± 1) nm, respec-
tively. The obtained values of the small and large β-lg domains are in good agreement
with expected values for bundles of about 2 (small structures) and 4 (large structures)
β-lg amyloid fibrils with 6 nm in diameter. [115], [116] With the obtained radii and dis-
tances, an estimation of pore sizes in the respective sample can be given by the following
expression: [67]

Rpores = 1
2 Ddomains − Rdomains (5.1)

Here, Rpores and Rdomains refer to the radii of the pores and the respective domains with
the related distances Ddomains. By comparing the pores’ radii (Figure 5.4d), it is found
that the biotemplated titania scaffold consists of a slightly higher hierarchy in pore radii
((3.6 ± 0.7), (7.9 ± 0.8), and (10.4 ± 1.4) nm) compared to the pristine sample ((5.0 ± 0.7)
and (8.0 ± 0.8) nm), respectively. It is further noticeable, that the pore radii obtained
for the pure β-lg sample (Figure 5.4d, (3.5 ± 0.7) and (9.8 ± 0.8) nm) coincide with
the radii of the medium and large titania domains in the biohybrid sample (Figure 5.4b,
(3.5 ± 0.3) and (9.8 ± 0.4)). Vice versa, the pores related to the distances of the medium
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and large titania domains inside the biohybrid sample (Figure 5.4d, (6.1 ± 0.8) and
(6.4 ± 1.4) nm) coincide with the small β-lg domain radius (Figure 5.4b, (6.1 ± 0.3) nm).
These observations are summarized as:

Pβ−lg,small ≈ Rhybrid,medium (5.2)

Pβ−lg,large ≈ Rhybrid,large (5.3)

Phybrid,medium ≈ Phybrid,large ≈ Rβ−lg,small (5.4)

Here, R is the domain radius of the small, medium, or large structures of the pure β-lg
and the biohybrid sample, respectively. The corresponding pore radius is denoted with
P . This claims that the structure factor of the biohybrid sample representing the titania
domain distances can be attributed to the surrounding β-lg biomatrix, which is further
supported by the increased titania domain distances after removal of the biopolymer by
UV illumination. In conclusion the biohybrid morphology can be interpreted as voids
inside the β-lg biomatrix, which are filled with titania and as consequence, that the β-lg
domains separate the titania domains from each other.

5.3. Lateral Film Formation on the Crystalline Length
Scale

To understand the temporal evolution of the overall morphology in the biohybrid film and
its crystal structure during the spray deposition process, in-situ GIWAXS measurements
are performed simultaneously to in-situ GISAXS during the spray deposition. In Figure
5.5 the 2D GIWAXS data at four selected times is presented. From this 2D GIWAXS data,
1D intensity curves are taken by azimuthal integration and plotted against the scattering
vector q (Figure 5.6a). It shows the rise of three distinct peaks from 1 to 53 s during
spray deposition. At these given four time stages a position on the film close to the inner
part of the spray cone is probed (marked as position C in Figure 4.9 and Figure 5.1d).
With fits of the intensity curves using Gaussian functions, the temporal evolution of the
peak intensities, the q-values, and the distribution full width at half maximum (FWHM)
is determined during film formation. The three peaks are assigned to the (121) brookite
phase at (2.143 ± 0.002) Å−1, to the (004) anatase phase at (2.650 ± 0.001) Å−1, and
to the (200) anatase phase at (3.318 ± 0.001) Å−1 of titania, respectively. These peaks
are in good agreement with the reported brookite phase (PCPDS #29-1360) and anatase
phase (PCPDS #21-1272). An estimation for the lower limit of the corresponding crystal
sizes is calculated from the FWHM according to the Scherrer Equation 2.27. [67] The
results from the Gaussian fits are presented in Figure 5.6b–e and show the film formation
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Figure 5.5.: 2D GIWAXS data. Evolution of 2D GIWAXS data shown for the selected position
C at a) 1 s, b) 19 s, c) 35 s and d) 53 s. Reproduced from [17] with permission from Wiley,
Copyright 2022.

on the crystalline length scale between the turning points A and B (Figure 4.9 and 5.1d)
of the scanning area during the entire spray experiment. In more detail, the data shows
the inner, central, and outer regions of the spray cone. The temporal evolution of the
Gaussian fits suggests that only the signal intensity (Figure 5.6b) depends on the position
with respect to the spray cone, whereas q-value, FWHM, and hence crystallite sizes evolve
independently of the position. Thus, the inner region of the spray cone provides a larger
material deposition and hence a higher signal as compared to the central and outer regions
with respect to the scanned area. The local maxima at 27 s and the local minima at 43 s
correspond to the turning points A and B of the sweeping motor, respectively, and hence
to the positions of highest (27 s) and lowest (11 s, 43 s) deposited material amount within
the measured region of the spray cone. For the fixed position C, however, the intensity
shows a linear increase as a consequence of the linear growth of the film thickness and
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hence the linear growth of the number of crystallites, which is characteristic of pulsed
spray deposited layer-by-layer growth. [123]–[125]

Figure 5.6.: Film formation on the crystalline length scale. a) 1D GIWAXS data after
azimuthal integration of 2D GIWAXS data show the evolution of the crystal phases during spray
deposition at a fixed position. Temporal evaluation of the b) intensity, c) q-position, d) FWHM,
and e) crystallite size for the characteristic Bragg peaks as indicated. Reproduced from [17] with
permission from Wiley, Copyright 2022.

The q-values defining the inverse lattice spacing and their respective FWHM are given
in Figure 5.6c,d. The temporal evolution differs for the anatase and brookite phases. The
anatase peaks indexed with (004) at (2.650 ± 0.001) Å−1 and (200) at (3.318 ± 0.001) Å−1

remain constant during the entire spray deposition. The brookite (121) peak shifts from
(2.09 ± 0.06) to (2.143 ± 0.002) Å−1 within the first 9 s and remains constant afterward.
Also, the FWHM of the brookite (121) peak shows a pronounced decay compared to the
anatase crystallites from (0.4 ± 0.1) to (0.133 ± 0.006) Å−1 and remains constant within
the error bars after approximately 30 s. At the same time, anatase (200) FWHM slightly
decreases from (0.17 ± 0.01) to (0.125 ± 0.002) Å−1, whereas the FWHM of the anatase
(004) peak remains constant at (0.149 ± 0.002) Å−1. Estimating the brookite crystal
size by the Scherrer Equation 2.27 shows nucleation centers of around (1.3 ± 0.3) nm
in the early stage at 3 s, growing to crystallites of (4.3 ± 0.2) nm in diameter (Figure
5.6e). I suggest, that these brookite nucleation centers are formed from the amorphous
phase by the rapid solvent evaporation and temperature jump from room temperature of
around 25 to 120 °C, introduced by the spray deposition on the heated substrate. [126]
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The small nucleation centers have a high surface-to-volume ratio and hence high surface
energy, which is lowered upon further crystal growth and consumption of the surrounding
amorphous phase. [105], [127] In contrast, the estimated crystal size from the anatase
(004) peak remains constant at (3.8 ± 0.1) nm after slight rearrangement within the
error bars from 0 to 15 s (Figure 5.6e). The crystal size of anatase (200) shows a slight
increase from (3.4 ± 0.2) to (4.5 ± 0.1) nm and remains constant after that (Figure
5.6e). These results indicate that the anatase crystallites are already formed during the
hydrothermal sol–gel process and slightly grow preferentially toward the (200) direction,
whereas the brookite crystallites form and grow as a consequence of spray coating on the
heated substrate.

5.4. Lateral Film Formation on the Mesoscopic Length
Scale

Simultaneous in-situ GISAXS is performed to link the lateral film formation on the meso-
scopic length scale to the crystal growth evolution described before. With this, comple-
mentary information to the crystallite formation in the film on a hierarchical scale can be
deduced. The chosen spray parameters cause the atomization process to be in the diluted
regime when arriving at the substrate. Here, the solvent has not evaporated completely
and the β-lg:titania phase is still dispersed in tiny droplets. [128] This enables drying
kinetics on the substrate and hence morphological rearrangements that can be revealed
by GISAXS. [129] Figure 5.7 shows the 2D GISAXS data at the selected position C close
to the center of the spray cone, from which the horizontal line cuts are taken (Figure
5.8a).

The obtained radii for the small, medium, and large structures are presented in Fig-
ure 5.8b. The small structures (green triangles) grow in radius from (1.6 ± 0.2) to
(2.1 ± 0.2) nm within the first 30 s of spray deposition and remain constant afterward.
The medium structures (red circles) decrease from (4.4 ± 0.3) nm to (3.4 ± 0.3) nm during
the first 30 s of film formation and remain constant afterward. A symmetric correlation
between the shrinking medium and the growing small structure sizes is noticeable. The
small structures are associated with the crystalline phase as they are in good agreement
with the values for the brookite and anatase crystallite sizes obtained from GIWAXS.
Hence, I conclude that the medium structures can be associated with the amorphous
phase that is consumed during crystallite growth. The particle size distributions of small
and medium structures both narrow with time (Figure 5.8d). This effect is more pro-
nounced for the crystalline phase than for the amorphous phase and reflects the growing
brookite crystallite size, which is approaching the constant size of anatase crystallites.
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Figure 5.7.: 2D GISAXS data. Evolution of 2D GISAXS data shown for the selected position
C at a) 1 s, b) 19 s, c) 35 s and d) 53 s. Reproduced from [17] with permission from Wiley,
Copyright 2022.

Furthermore, the intensity related to the crystalline phase is 80 % higher than the amor-
phous phase intensity. Besides the structure sizes, also the center-to-center distances vary
for the crystalline and the amorphous domains during film formation (Figure 5.8c).

The distance related to the titania crystallites (green circles) decreases from (10.2 ± 0.4)
to (9.4 ± 0.4) nm. The distance between the amorphous domains (red squares) decreases
from (20.5 ± 0.5) to (18.9 ± 0.5) nm. The distributions of the shrinking crystalline
and amorphous center-to-center distances show also narrowing in the FWHM (Figure
5.8e). As discussed earlier, the distances of titania domains are related to separating
β-lg domains. Hence, I conclude the driving force for the observed changes in the titania
domain distances and their distribution widths to be the condensation of the surrounding
biomatrix upon drying on the heated substrate. By comparing the temporal evolution
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Figure 5.8.: Film formation on the mesoscopic length scale. a) Four selected horizontal line
cuts at 1, 19, 35, and 53 s shown together with the modeled curves (red lines). Corresponding
b) radii and c) distances of the crystalline phase (green), the amorphous phase (red) and the
agglomerates (orange). d) Radius and e) distance distributions of the crystalline and amorphous
phases. Reproduced from [17] with permission from Wiley, Copyright 2022.

of crystalline domain distance with the radius of the crystalline and amorphous phase, a
common relation turns out, that can be described by

Ramorphous = Dcrystalline√
3

− Rcrystalline (5.5)

Here, Ramorphous is the radius of the amorphous domain. Dcrystalline and Rcrystalline are
the distance and the radius of the crystallites, respectively. The term Dcrystalline√

3 describes
the radius of an isosceles triangle. This link between amorphous and crystalline phases
suggests that the titania morphology consists of semicrystalline clusters, built by an amor-
phous domain being centered within surrounding growing crystallites that are arranged
in an isosceles triangle. In addition to the small structures (crystallites) and medium
structures (amorphous phase), the large structures extracted from the horizontal line cuts
decrease in radius from (10.2 ± 0.4) to (9.4 ± 0.4) nm during the time of spray deposition
(Figure 5.8b) and in distance from (290 ± 30) to (32 ± 1) nm (Figure 5.8c). The evolu-
tion of the large structures equals the center-to-center distances of amorphous phase and
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crystalline phase in the following way, suggesting the large structures to be agglomerates
of adjacent semicrystalline clusters:

Ragglomerates = Dcrystalline ≈
1
2 Damorphous (5.6)

Here, Ragglomerates is the domain radius of the large structures built up by the semicrys-
talline clusters. Damorphous and Dcrystalline are the distances of the amorphous and the crys-
talline domain, respectively. Hence, I explain the resulting film morphology as semicrys-
talline titania clusters, formed by amorphous domains (medium structures) inside an
isosceles triangular way arranged crystalline domains (small structures), that form ag-
glomerates (large structures) with the adjacent semicrystalline clusters, inside the pores
of the surrounding β-lg biomatrix. Besides the lateral film formation, the biohybrid film
shows a uniform distribution along the vertical direction without the presence of any en-
richment layers, which can be seen in the vertical line cuts taken at qy = 0 nm−1 in Figure
5.9. This indicates also the absence of any roughness correlation between the interfaces.

Figure 5.9.: Vertical film morphology. Vertical line cuts taken from selected GISAXS data at 1,
19, 25 and 53 s at qy = 0 nm−1 provide information about vertical correlations. The absence of
intensity modulations indicates a homogeneous vertical distribution without correlated roughness
or enrichment layers at the interfaces. The material characteristic Yoneda peak labeled with a
dashed line. The high specular intensity was blocked by a circular beam stop. Reproduced from
[17] with permission from Wiley, Copyright 2022.
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5.5. Steric Templating of Titania by β-lg
To further investigate the dependence of the film formation on the condensing β-lg bioma-
trix and to link it with the crystal growth obtained from GIWAXS, a Kratky-like analysis
is performed (Figure 5.10a).

Figure 5.10.: Steric templating by the condensing biomatrix. a) Kratky-like representation
of horizontal GISAXS line cuts fitted with Gaussian functions (solid red lines). b) FWHM of
Kratky-like intensity bells (red circles) compared to the brookite (121) FWHM (green circles)
obtained from GIWAXS. c) Ratio of Kratky-like intensity bell FWHM and brookite (121) FWHM
(blue circles) converges to 1 and correlates with the ratio of the crystalline and amorphous
distances’ FWHM (pink circles). Reproduced from [17] with permission from Wiley, Copyright
2022.

The rise of an intensity maximum is noticeable during the film formation. These bell-
shaped intensities are fitted with Gaussian functions to extract the respective center values
for qy,c with the corresponding FWHM and hence to obtain information about the overall
morphology formation, including the contributions of the crystalline, amorphous, and
agglomerated domains. The evolution of the obtained qy,c shows an inverse correlation
with the center-to-center distance associated with the crystalline phase and according to
Equation 5.6 with the radius of the agglomerates

Dcrystalline = Ragglomerates ∝
1

qy,c

(5.7)

This result further confirms that the morphology inside the biomatrix mainly consists of
the semicrystalline clusters and their agglomerates. The corresponding FWHM of the
Kratky-like intensity bell narrows during film formation, indicating a rearrangement into
a more ordered assembly of the overall morphology. Interestingly, the Kratky-like FWHM
shows the same trend in temporal evolution when compared to the brookite (121) FWHM
evolution in Figure 5.10b. The ratio of the Kratky-like FWHM and brookite (121) FWHM
converges to 1 and follows the evolution of the ratio obtained by dividing the crystalline
phase distance’s FWHM by the amorphous phase distance’s FWHM (Figure 5.10c). The
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convergence to 1 indicates that the film formation has finished since no changes appear
anymore in the size distribution on the crystalline length scale (brookite (121) FWHM)
and the overall morphology (Kratky-like intensity bell FWHM). Moreover, Figure 5.10c
reflects, that the brookite crystallization and the overall morphological formation toward
a more ordered spatial assembly are directly linked to the same mechanism. The temporal
evolution of the morphology can be interpreted as the coalescence of the structures that is
driven by the shrinking of the center-to-center distances as seen from the interdependence
of radii and distances in Equations 5.5–5.7. As the semicrystalline clusters and their
agglomerates are embedded in and separated by the biomatrix made up of the β-lg fibrillar
network (Equations 5.1–5.4), the shrinking center-to-center distances can be related to
the condensation of the β-lg biomatrix. Thus, the common mechanism for film formation
is given by the fibrillar β-lg network, which acts as a steric template for the semicrystalline
clusters and their agglomerates, building up the pearl necklace-like titania morphology.

Figure 5.11.: Illustration of biotemplated film formation. The schematic illustrates the
coalescence of the semicrystalline clusters and their agglomerates within the condensing fibrillar
β-lg biomatrix during spray deposition on the heated substrate. The crystallites grow upon
consumption of the amorphous phase. After the spray deposition and the subsequent annealing,
the biohybrid film has fully dried and remains in a state of increased structural order as compared
to the swollen state. Reproduced from [17] with permission from Wiley, Copyright 2022.

Since not all water evaporates during spray deposition, the biohybrid film is deposited
in a swollen state of the biomatrix. The condensation mechanism takes place as the
biomatrix gradually shrinks upon drying on the heated substrate, allowing for kinetic
rearrangements toward higher spatial order, and eventually stops after the film has fully
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dried. The mechanism of steric β-lg biotemplating is illustrated in Figure 5.11. It is further
notable that the correlation of distribution widths obtained by Kratky-like analysis may
serve as a tool for future evaluation of simultaneous GISAXS/GIWAXS data.

5.6. Conclusion
In the present study, I investigate the film formation of biohybrid titania:β-lg composites
with respect to the influence of β-lg on the titania morphology during spray deposition
on a heated substrate. For this, in-situ GISAXS and GIWAXS techniques are combined
and complemented with static GISAXS and SEM imaging to understand the formation
process on the crystalline and nanometer length scale. The titania nanostructure consists
of agglomerates of semicrystalline clusters with a mixed brookite-anatase crystal phase of
around (4.2 ± 0.3) nm crystal grain size. In these semicrystalline clusters, the amorphous
phase is consumed by the growing crystalline phase. I show that the distribution widths
obtained from a Kratky-like representation serve as a good tool to link the analysis of
GISAXS to GIWAXS. As a result, there is a correlation of the brookite distribution width
extracted from GIWAXS with both, the amorphous and crystalline domain distance dis-
tribution widths obtained from GISAXS. The shrinking distances of the titania domains
are attributed to the condensing β-lg biomatrix, in which semicrystalline titania clusters
are agglomerating. This interpretation is further supported by the findings from ex-situ
SEM and GISAXS measurements. In SEM, the biotemplated titania exposed to UV irra-
diation shows a foam-like nanostructure provided by a pearl necklace-like titania scaffold,
introduced by the fibrillar β-lg biomatrix. Ex-situ GISAXS measurements reveal, that
the pore size of a pure β-lg reference agrees with the domain radii of the biohybrid titania
morphology and vice versa. These results lead to the conclusion that the β-lg biomatrix
acts as a promising biotemplate for the creation of foam-like titania nanostructure with a
pearl necklace-like order by sterically directing the morphology formation. Therefore, this
work presents an approach to a water-based, low-temperature route for the synthesis of
nanostructured foam-like brookite-anatase mixed titania films by spray deposition. It is
promoting an environmentally friendly and more sustainable fabrication of titania-based
functional films with the possibility to an upscaling on large scale being of interest for
multiple applications from the fields of sensors, energy conversion and energy storage.
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Chapter 6
Tuning the Morphology of Biohybrid
β-lg:titania Films with pH for Water-Based
Nanostructured Titania Synthesis

The supramolecular structure of the whey protein β-lg varies when denatured at different
pH values and is used as a biotemplate for the water-based synthesis of nanostructured
and foam-like titania films. The water-soluble titania precursor TiBALDh is in chemi-
cal equilibrium with anatase titania nanoparticles and Ti(IV)-lactate complexes, and this
equilibrium shifts with varying pH. When β-lg is mixed with TiBALDh to promote biotem-
plated titania precipitation, the influence of the pH value on the final film morphology
becomes essential. This work investigates this influence for three pH values: pH 7, pH 5,
i.e., close to the isoelectric point of β-lg, and pH 2. Spray deposition, a method of indus-
trial relevance, is used to fabricate biohybrid β-lg:titania foam-like films. The obtained
films are calcined to combust the biotemplate β-lg and achieve nanostructured titania
films. To understand the influence of pH on the film morphology, GISAXS/GISANS and
GIWAXS, in combination with SEM, are applied on both the biohybrid and biotemplated
films. With these techniques, information about domain sizes, porosity, and crystallinity
is obtained with high statistical significance. FTIR probes the interaction of TiBALDh
and β-lg on the molecular level as function of pH. The results underline pH as a suitable
tool for tuning the morphology in biotemplated titania films.

6.1. Preface
The omnipresent role of nanostructured titania in various applications, such as ecological
and energy-related fields, indicates titania’s versatile potential to contribute to environ-

67



Chapter 6. Tuning the Morphology of Biohybrid β-lg:titania Films with pH for
Water-Based Nanostructured Titania Synthesis

mental sustainability. Nanostructured titania is used as a photocatalyst to decompose
CO2 and produce hydrogen by water-splitting, in protective and self-cleaning coatings,
and as electrodes in next-generation solar cells and batteries. [130] A tailored morphol-
ogy and crystallinity of the nanostructured titania is essential to benefit the overall device
performance in applications. [26], [80], [131], [132] For instance, the porosity and its size
distribution control the interfacial area in applications and, hence, the functionality. Sol-
gel synthesis under the direction of copolymer templates is a proven strategy to introduce
a controlled morphology to nanostructured titania. Moreover, the obtained solutions and
dispersions are feasible for deposition via large-scale industrial methods, such as print-
ing and spray coating. To further increase sustainability, water-based biotemplating of
titania using biopolymers becomes increasingly attractive. [97], [99] In this context, the
whey protein β-lg has shown its potential in the substitution of synthetic copolymers.
[17], [36] The biomatrix is built up by the supramolecular structures of heat-denatured
β-lg, which sterically directs the formation of titania domains within the pores of the
biomatrix. The supramolecular structure and, thereby, the biomatrix depend on the pH
value at which β-lg is denatured and ranges from amyloid fibrils to spherical and worm-like
aggregates. [34] The water-based titania precursor TiBALDh is used in the biomineraliza-
tion of titania due to its biocompatibility. Ti(IV) ammonium lactate complexes improve
the water-solubility of titania. The precursor is in chemical equilibrium in water with
anatase-TiO2 and promotes the precipitation of crystalline titania at room temperature:
[23], [24]

3 [Ti4O4 (lactate)8]
8− + 8NH+

4 ⇆ 8 [Ti (lactate)3]
2− + 4TiO2 + 8NH3 + 4H2O (6.1)

Besides concentration and ionic strength, the chemical equilibrium depends on the pH
value, which influences the amount of water-soluble Ti(IV) complexes. Hence, the pH
value becomes essential to be considered for the water-based synthesis of nanostructured
titania fabricated from β-lg and TiBALDh. In this chapter, the film morphology of foam-
like biohybrid β-lg:TiBALDh films, which are deposited by spray coating, is investigated.
Here, spray coating aligns with economic interests as it is a deposition method with low
material usage and the possibility of being upscaled to industrial levels. The surface
morphology of the pristine and biotemplated titania films is investigated with SEM. The
information about the surface is extended to the bulk morphology of the biotemplated
titania films with GISAXS and GIWAXS, where domain sizes, porosity, and crystallinity
are extracted with a high statistical significance, and compared to the biohybrid and pure
β-lg films. The results are complemented by neutron scattering (GISANS), which pro-
vides a different contrast sensitivity than GISAXS. The influence of pH on the domain
sizes, size distribution, and crystallinity in the foam-like biohybrid films and the nanos-
tructured, foam-like titania films after biopolymer removal is revealed. The molecular
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interaction between TiBALDh and β-lg is probed with FTIR. Consequently, the results
contribute to the understanding of nanostructured, foam-like, biotemplated titania films,
which meet ecological and economic interests and promote sustainable material synthesis
that is relevant to energy research.

6.2. Influence of the pH Value on the Foam-Like
Nanostructure

To reveal the role of β-lg as a template for titania nanostructure while varying the pH
value, samples of pure β-lg films, the foam-like biohybrid composite film of β-lg:TiBALDh,
the biotemplated titania after β-lg removal via calcination, and pristine titania via cal-
cination of the pure TiBALDh films are fabricated. Each sample is prepared at three
different pH values under otherwise constant conditions. The pH value is adjusted to a
neutral level of 7, to 5 which is close to the isoelectric point of β-lg, and to an acidic
level of 2. At these values, heat denaturation of β-lg is known to introduce worm-like
structures, spherical agglomerates, and amyloid fibrils, respectively. [34] Experimental
details on sample preparation and characterization are given in Section 3.2 and in Section
4.5, respectively.

A direct comparison of the surface morphology with SEM after calcination of the
biotemplated titania and the pristine titania, as reference, is given in Figure 6.1. The
pristine titania consists of a dense surface, that is built up by nanometer-sized titania
particles. With increasing pH value from 2 to 5 to 7 (Figure 6.1a, b, c), hardly any
changes on the surface are recognizable. Upon higher magnification (Figure 6.1d, e, f),
the titania nanoparticles become apparent. The biotemplated foam-like titania films, how-
ever, consist of nanoporous surfaces, that are built up by larger titania domains compared
to the pristine domains. The underlying porous structure has a worm-like shape, that are
of comparable size at the different pH, but are embedded in a changing superstructure
with increasing pH (Figure 6.1g-l). This superstructure consists of titania agglomerates
with sizes between 50 nm and 250 nm at pH 7. Close to the isoelectric point of β-lg at
pH 5, the superstructure is characterized by spherical pores. At the acidic pH 2, where β-
lg forms amyloid fibrils, the superstructure is formed by a fibrillar network of micrometer
elongated pores. The surface morphology demonstrates the pH-dependent influence of β-
lg as a foaming agent on the titania nanostructure. In order to quantify size distributions
in a statistical relevant matter and to extend the morphology information from surface
to bulk and from nano- to atomic scale, GISAXS, GIWAXS, and GISANS are performed
on the different sets of samples.
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Figure 6.1.: SEM surface morphology of titania. a)-f) Surface of the pristine titania films
after calcination at two different magnifications for the three different pH values. g)-l) Surface
of the biotemplated titania films after calcination at two different magnifications for the three
different pH values.

Figure 6.2 shows the GISAXS results and the obtained domain sizes for the biohybrid
samples. To extract quantitative values, material characteristic horizontal 1D intensity
line cuts taken from the 2D GISAXS data are modeled with cylindrical form factors
distributed on a 1D paracrystal (Figure 6.2a). From this model, average domain sizes
(Figure 6.2b) and their dispersions (Figure 6.2c) are extracted. The results show that
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Figure 6.2.: GISAXS result from biohybrid foam-like films. a) Material characteristic hor-
izontal 1D GISAXS line cuts of biohybrid films synthesized at three different pH values. Gray
lines show the corresponding model calculations from which the domain radii are obtained. b)
Domain radii as function of pH, categorized in small domains (square), medium-sized (circle),
and large domains (triangle). c) Normalized size distributions of the domains in the biohybrid
films at different pH values.

the biohybrid domains have a trimodular size distribution, which is built up by small,
medium-sized, and large domains. The small domains remain nearly unaffected by pH
with a radius of (9.0 ± 0.5) nm at pH 2, (8.0 ± 0.4) nm at pH 5, and (9.0 ± 0.5) nm
at pH 7. The medium-sized domains show strong dependence on pH with a minimum
radius of (80 ± 4) nm at pH 5, compared to (142 ± 7) nm at pH 2 and (121 ± 6) nm at
pH 7. Also, the average radius of the large domains varies from (315 ± 6) nm at pH 7
to (264 ± 5) nm at pH 5, and to (345 ± 7) nm at pH 2. The size distribution of the
medium-sized domains has the narrowest dispersion (σm = 35 %) and highest number
at pH 5 compared to pH 2 (σm = 40 %) and pH 7 (σm = 45 %). For the small and
large domains, the size distributions remain constant at σs = 35 % and σl = 45 %,
respectively. To extend the information on the biohybrid film morphologies, GISANS
is performed in addition to GISAXS. Neutron scattering contrast differs from X-ray and
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hence complements morphology investigations by detection of additional domains. Figure
6.3a shows line cuts from 2D GISANS data of the biohybrid foam-like films synthesized
at pH 7 and a pure β-lg reference. Here, the scattering signal from the biohybrid domains
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Figure 6.3.: GISANS result from biohybrid foam-like films. a) Material characteristic hor-
izontal 1D GISANS line cuts of the biohybrid film and the pure β-lg film synthesized at pH 7.
b) Material characteristic horizontal 1D GISANS line cuts of biohybrid foams synthesized at
three different pH values. Gray lines show the corresponding model calculations from which the
domain radii are obtained. c) Normalized size distribution of the domain radius decreases in
intensity with decreasing pH value.

is higher. Stronger background at higher qy-values in the biohybrid foam compared to
the reference results from incoherent scattering of the hydrogen-rich TiBALDh domains.
Figure 6.3b shows the line cuts taken of the biohybrid samples synthesized at the three
different pH values. Utilizing the same model as for GISAXS, the GISANS domain radii
are extracted. A single domain size of about 250 nm is sufficient to describe the data.
With decreasing pH, the average size remains constant but the overall number of domains
diminishes. (Figure 6.3c).

The GISAXS line cuts of the biotemplated titania foams after calcination at 500 °C are
presented in Figure 6.4a, from which domain sizes are extracted (Figure 6.4b). The small
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Figure 6.4.: GISAXS result from nanostructured, foam-like titania films. a) Material
characteristic horizontal 1D GISAXS line cuts of the nanostructured titania films after calcination
at 500 °C. Gray lines show the corresponding model calculations from which the domain radii are
obtained. b) Domain radii as function of pH, categorized in small domains (square), medium-
sized (circle), and large domains (triangle). c) Normalized size distributions of the domains in
the nanostructured titania films after calcination at 500 °C.

domains are of same size at pH 2 and pH 7 with (11.0 ± 0.6) nm in radius. The radius
of the medium-sized and large domains are with (24 ± 1) nm and (130 ± 3) nm slightly
larger at pH 7 than at pH 2 with (22 ± 1) nm and (121 ± 2) nm, respectively. The largest
domains are found in the pH 5 sample for all three domain types. The radii of small,
medium-sized, and large domains at pH 5 are (18 ± 1) nm, (31 ± 2) nm, (163 ± 3) nm,
respectively. This trend is opposite to the biohybrid foams before calcination. Whereas
small domains in the nanostructured titania foams are more than twice as large, the
medium-sized and large domain are smaller in comparison to the respective domains in the
biohybrid foams. Furthermore, the distributions of the small and medium-sized domains
tend to overlap at pH 2 (σs = 35 %, σm = 36 %), at pH 5 (σs = 35 %, σm = 40 %), and
at pH 7 (σs = 30 %, σm = 30 %) (Figure 6.4c). The large domains have the broadest
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distribution at pH 5 (σl = 45 %), followed by pH 2 (σl 40 %), and are the smallest at
pH 7 (σl = 30 %).

To connect the morphology from biohybrid samples and biotemplated titania, the in-
formation about the pure β-lg films, presented in Figure 6.5, is essential. The small,
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Figure 6.5.: GISAXS result from β-lg foam-like films. a) Material characteristic horizontal
1D GISAXS line cuts of β-lg films synthesized at three different pH values. Gray lines show the
corresponding model calculations from which the domain radii are obtained. b) Domain radii as
function of pH, categorized in small domains (square), medium-sized (circle), and large domains
(triangle). c) Normalized size distributions of the domains in the pure β-lg films at different pH
values.

medium-sized, and large domains have each a maximum size at pH 5 with (19 ± 1) nm,
(171 ± 9) nm, and (390 ± 8) nm, respectively. At pH 2, the respective domain radii are
(11 ± 1) nm, (130 ± 7) nm, (350 ± 7) nm, and at pH 7, (11 ± 1) nm, (140 ± 7) nm,
(370 ± 7) nm. The size distributions for the small domains are σs = 35 % at pH 2,
σs = 30 % at pH 5, and σs = 30 % at pH 7, for the medium-sized domains σm = 35 % at
pH 2, σm = 45 % at pH 5, and σm = 30 % at pH 7, and for the large domains σl = 35 % at
pH 2, σl = 44 % at pH 5, and σl = 30 % at pH 7. When comparing the biotemplated films
to the pure β-lg films, the domain sizes for both sets of films show the same trend with
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changing pH. The large and small domains of biotemplated titania match the medium-
sized and small domains of the pure β-lg films, respectively. This result indicates that
the biotemplated domains in Figure 6.4b represent the pores inside the foam-like titania
films, which are formed by the β-lg-template.
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Figure 6.6.: Vertical GISAXS line cuts of biotemplated titania as function of pH. a) The
vertical line cuts show a shift in the critical angle αc, which is related to the electron density of
the calcined titana films. b) The porosity of the biotemplated films after calcination at 500 °C
for the different pH, as obtained from the varying electron density.

The relative degree of porosity Φ is estimated by the comparison of the varying SLD

that is obtained from vertical GISAXS line cuts of the nanostructured titania after calci-
nation (Figure 6.6a). The experimental SLDexp and hence the electron density is taken
from the Yoneda peak position at the critical angle αc,exp, following Equation 2.15, as
explained in Section 2.5, and compared to the theoretical αc,bulk = 0.19° calculated for
bulk anatase titania with a material density of 3.9 g cm−3 at a wavelength of 1.05 Å. The
porosity Φ is then estimated by the following equation: [109]

Φ = 1−
(

αc,exp

αc,bulk

)2

(6.2)
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The biotemplated titania films have the highest porosity of 60 % at pH 5, followed by
46 % porosity at pH 2, and 20 % porosity at pH 7 (Figure 6.6b).

Figure 6.7 shows azimuthally integrated, pseudo-XRD cuts obtained from 2D GIWAXS
data of the biohybrid (Figure 6.7a) films and the calcined biotemplated titania (Figure
6.7b) films. The 1D cuts contain information about the films’ crystal phase and are
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Figure 6.7.: GIWAXS result on the crystal phase. Pseudo-XRD cuts, which give information
on the crystal phase of the a) foam-like biohybrid films and b) nanostructured, foam-like titania
films after calcination.

analogous to powder-like X-ray diffraction. In the biohybrid films, a fingerprint of anatase
can be detected with a rather broad peak at q = 1.75 Å−1, which corresponds to the (101)
anatase reflex. Furthermore, the peak at q = 1.35 Å−1 is related to β-lg and the spacing
of its β-strands within a β-sheet. In the biotemplated films after calcination, the peaks
centered at q = 1.75 Å−1, q = 2.58 Å−1, q = 3.25 Å−1 are related to the (101), (004), and
(200) reflexes of anatase and do not show obvious influence of pH.
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6.3. Influence of the pH Value on the Molecular Level
Drop-casted films of TiBALDh, β-lg, and the biohybrid composite are investigated with
FTIR to analyze changes on the molecular level as function of pH and to also identify
possible interactions between the biopolymer and the titania precursor. Figure 6.8a shows
the FTIR absorbance spectra of TiBALDh at different pH. The spectra consist of rela-

amino acid

TiBALDh

…

…

Figure 6.8.: FTIR absorbance spectra. Influence of different pH values on the a) TiBALDh
films’, b) β-lg films’, and c) biohybrid films’ absorbance spectra. d) Illustration of the molecular
sites of TiBALDh and the amino acids in β-lg that are involved in the absorbance spectra.

tively complex absorbance signals that overlap strongly in the regime from 2400 cm−1 to
3700 cm−1. Absorption peaks in this regime originate from O-H, N-H, C-H2, and C-H3

stretching vibrations. Also, the signal rising from carbonyl groups, i.e., C=O stretch-
ing from 1500 cm−1 to 1800 cm−1, as well as the fingerprint region from 1500 cm−1 to
1200 cm−1, show overlapping signals. Towards smaller wavenumbers, from 1000 cm−1 to
400 cm−1, the absorbance peaks become more distinct and are partially related to Ti-O
vibrations. Whereas the pH 7 and pH 2 films do not show major difference beside slight
intensity variations in the O-H and C=O band, the pH 5 sample shows a strong deviation
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with loss in intensity and peak broadening over the entire spectra. Furthermore, peak
shifts of several signals, strong changes in the intensity especially in the N-H and O-H
regime, and the development of an additional shoulder at 2625 cm−1 suggest the forma-
tion of different molecular interactions or even changes on a constitutional level of the
precursor.

The absorbance spectra of the pure β-lg samples at the respective pH values is presented
in Figure 6.8b. The signal at about 3280 cm−1, which is assigned to the O-H stretching
vibration, is decreasing in intensity with increasing pH. A smaller peak at 3072 cm−1

shows increasing intensity and is related to N-H stretching. The region from 1475 cm−1

to 1775 cm−1 shows two main features. The first feature around 1600 cm−1 to 1700 cm−1

is related to the amide I band, which is characteristic for proteins and includes overlapping
signals from α-helices, β-sheets, and random coil segments. The second peak at about
1530 cm−1 is called the amide II signal, which is a contribution of several vibrations
derived from amide groups. One of the main contributing vibrations is the N-H bending
vibration of the amide functional group. With decreasing pH, a small shoulder evolves
at 1720 cm−1, which indicates that inter- or intramolecular interactions in the protein
are changed at the polar group. The contributions from both the TiBALDh and β-lg
spectra are recognizable along with their respective pH dependencies in the absorbance
spectra of the biohybrid composite at different pH (Figure 6.8c). To evaluate the possible
interactions in the biohybrid films more thoroughly, specific peaks are chosen and analyzed
with respect to their peak center position.

Figure 6.9a shows the absorbance peak which is originating from the asymmetric C-H
stretching vibration of the methyl groups. [133] For the pure TiBALDh samples, this
peak is located at around 2985 cm−1 and does not change with varying pH. In the pure
β-lg samples, the peak is originating from the methyl groups in the residuals of amino
acids and is located at around 2060 cm−1. Also this β-lg peak position does not shift
with varying pH. Interestingly, in the biohybrid composite sample, the signal does shift to
higher wavenumbers from about 2967 cm−1 at pH 7 to about 2976 cm−1 at pH 5 to about
2981 cm−1 at pH 2. This result indicates that due to interactions between TiBALDh and
the protein, the system becomes pH sensitive at the molecular level. Figure 6.9b shows the
absorbance peaks stemming from the Ti-(lactate) vibrations at around 868 cm−1 and from
the Ti-O-Ti vibrations at around 775 cm−1. [133], [134] In the pure TiBALDh samples,
the Ti-(lactate) vibrations slightly shift towards higher wavenumbers from 867 cm−1 at
pH 7 to 868 cm−1 at pH 5 to 869 cm−1 at pH 2, and the Ti-O-Ti vibrations remains
constant at 774 cm−1 for pH 7 and pH 2, while it shifts to the higher wavenumber at
777 cm−1 for pH 5. Remarkably, this further highlights the deviating behaviour on the
molecular level of TiBALDh at pH 5 when compared to pH 2 and pH 7 and might be
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Figure 6.9.: FTIR absorbance peak shifts. a) In contrast to the pure precursor and pure
protein samples, there is a pH-dependent shift of the peak center related to the asymmetric
stretching vibration of C-H at the methyl groups in the biohybrid sample. b) Ti-(lactate) and
Ti-O-Ti vibrations show a constant and lower pH dependency in the biohybrid composite, re-
spectively, than compared to the pure precursor.

related to the isoelectric point of TiBALDh in the vicinity of pH 5. [24] In the biohybrid
composite, the Ti-(lactate) vibrations shift to lower wavenumbers, while keeping the same
pH dependency. The Ti-O-Ti vibrations remain constant in the biohybrid composite for
pH 7 and pH 2, while they shift to the lower wavenumber at 773 cm−1 at pH 5, which
is close to the values at pH 7 and pH 2, making the Ti-O-Ti vibrations less affected by
varying pH in the biohybrid sample than in the pure TiBALDh sample.

6.4. Conclusion
All biohybrid domains show a minimum in their radii at pH 5 compared to pH 2 and
pH 7, which hints at the influence of the isoelectric point of β-lg on the overall film
morphology. The linearly decreasing domain number obtained from GISANS with an
average radius of 250 nm seems to be unaffected by the isoelectric point of β-lg and may be
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attributed to the decreasing amount of Ti (lactate) 3 domains as the chemical equilibrium
shifts towards Ti4O4 (lactate) 8, as shown in Expression 6.1. [23] Remarkably, the trend
observed in the biohybrid samples with GISAXS inverses after calcination at 500 °C, with
the nanostructured titania films having the largest domain sizes at pH 5. This fact suggests
that these domains actually represent the voids of foam-like titania nanostructures, which
form upon biopolymer combustion and coarsening of the amorphous phase and anatase
nanoparticles into the crystalline and porous anatase phase, especially since the protein
agglomerates show the same trend in domain sizes as the nanostructured titania with a
maximum at pH 5. This interpretation is further reflected in the highest degree of porosity
of 60 % at pH 5 for the calcined, biotemplated titania film.

The strongly deviating FTIR absorbance spectra of TiBALDh at pH 5 may originate
from a pronounced formation of carboxylic acids from the ester groups via hydrolysis
and may be another influence on the deviating morphology at pH 5 compared to pH 2
and pH 7. The complex TiBALDh absorbance pattern is attributed to a superposition
of the lactate ligands, titania nanoparticles, and the Ti4O4 (lactate) 8 complexes in the
precursor. Mixing with β-lg affects the involved methyl groups and introduces stronger
pH dependency to the asymmetric C-H stretching, whereas Ti-O-Ti vibrations are less
affected by pH in the biohybrid state than compared to the pure precursor. The Ti-
(lactate) vibrations do not change their relative pH dependency in the biohybrid films,
but shift overall to slightly lower wavenumbers, which indicates a changing environment
at the biohybrid interfaces.

In conclusion, the influence of pH on the morphology of biohybrid foam-like films and
titania foam-like films after calcination is a critical aspect that determines the final nanos-
tructure and porosity. While all biotemplated titania films consist of crystalline titania
in the anatase phase, the titania films synthesized at pH 5 show the largest domain radii
with the broadest distributions (18 nm, 35 %; 31 nm, 40 %; 163 nm, 45 %) and the highest
degree of porosity (60 %), the films synthesized at pH 2 have the smallest domains with
intermediate broadening of the size distributions (11 nm, 35 %; 22 nm, 36 %; 121 nm,
40 %) and an intermediate degree of porosity (46 %), and the titania films synthesized
at pH 7 have intermediate domain radii with the narrowest distribution (11 nm, 30 %;
24 nm, 30 %; 130 nm, 30 %) and the lowest porosity (20 %). The results demonstrate,
that controlling the supramolecular strucutre of β-lg by pH-adjusted heat denaturation
will tailor the porosity and nanostructure of titania films, when applied in water-based
sol-gel synthesis.
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Chapter 7
Superlattice Deformation in Quantum Dot
Films on Flexible Substrates via Uniaxial
Strain

This chapter is based on the publication Superlattice Deformation in Quantum Dot Films
on Flexible Substrates via Uniaxial Strain (J. E. Heger, W. Chen, H. Zhong, T. Xiao,
C. Harder, F. A. C. Apfelbeck, A. F. Weinzierl, R. Boldt, L. Schraa, E. Euchler, A. K.
Sambale, K. Schneider, M. Schwartzkopf, S. V. Roth, P. Müller-Buschbaum, Nanoscale
Horizons, 8, 383-395 (2023)) [18]. Reproduced from [18] with permission from the Royal
Society of Chemistry. Results of this chapter were obtained in close collaboration with
K. Schneider, A. K. Sambale, E. Euchler (Leibniz-Institut für Polymerforschung Dresden
e.V., Institut für Polymerwerkstoffe, Hohe Straße 6, 01069 Dresden, Germany) [72]

The superlattice in a quantum dot (QD) film on a flexible substrate deformed by uniaxial
strain shows a phase transition in unit cell symmetry. With increasing uniaxial strain,
the QD superlattice unit cell changes from tetragonal to cubic to tetragonal phase as
measured with in-situ grazing-incidence small-angle X-ray scattering (GISAXS). The re-
spective changes in the optoelectronic coupling are probed with photoluminescence (PL)
measurements. The PL emission intensity follows the phase transition due to the result-
ing changing inter-dot distances. The changes in PL intensity accompany a redshift in
the emission spectrum, which agrees with the Förster resonance energy transfer (FRET)
theory. The results are essential for a fundamental understanding of the impact of strain
on the performance of flexible devices based on QD films, such as wearable electronics
and next-generation solar cells on flexible substrates.
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7.1. Preface
Modern technology builds on advanced materials that fulfill three properties: smart, suit-
able, and sustainable. Advanced materials are smart when they respond to some external
triggers of various origins. The stimuli-and-response cycle is fundamental for sensors,
robotics, coatings, and electronics. Moreover, they display a certain degree of autonomy,
for instance, the feasibility of self-assembling and self-powering. Advanced materials are
suitable when they match the expected operating conditions and optimize performance.
The race for outperforming next-generation solar cells demonstrates the urgent demand for
suitability. Advanced materials are sustainable when produced from abundant precursors,
with low energy costs, and with high stability upon operation to reduce the environmental
impact. Ideally, they are easily fabricated on a large scale to benefit economic and eco-
logical interests. The material class of colloidal quantum dots (QDs) features promising
properties in this context. [37], [135] They consist of nanocrystals showing strong quan-
tum confinement in all dimensions due to their small sizes of 2–20 nanometers. Hence,
they are commonly referred to as artificial atoms, reflecting their high versatility. [136]
For instance, when deposited into a thin film, colloidal QDs self-assemble into super-
lattices with long-range order, similar to atoms in a solid. [42] Accordingly, unit cells
periodically build up the QD superlattice (Figure 7.1). From separated to close-packed
QDs in superlattices, the wavefunctions of neighboring QDs start to overlap due to the
short inter-dot distances, and the energy levels split up. The consequent formation of
bands offers new possibilities for charge transport and energy transfer between the QDs.
The possibility of either band-like or hopping transport is given, depending on inter-dot
distance and the energetic disorder. The disorder is introduced by, e.g., size-polydisperse
QDs and influences the energetic landscape by bandtail and midgap states. [39], [137]
Non-radiative energy transfer, e.g., via dipole–dipole interactions sensitive to the distance
between neighboring QDs becomes more efficient in superlattices. [138], [139] The distance
between neighboring QDs dominates the electronic coupling within these QD superlattices
and influences the optoelectronic properties. [39], [41], [140] Hence, external stimuli that
change the inter-dot distance can cause a response. [141] For instance, QDs embedded
in flexible polydimethylsiloxane (PDMS) matrices showed enhanced luminescence when
the samples were stretched. [41] This response makes QD superlattices encouraging for
smart applications. [135], [142] Moreover, the feasibility of a controlled synthesis features
controlled quantum confinement and thereby controlled optoelectronic properties, e.g., a
broadly tunable emission or absorbance spectrum. [143] Together with high charge car-
rier mobilities by state-of-the-art ligand engineering, the aspect of tunability makes QDs
suitable, e.g., for next-generation solar cells. [144]–[147] The optimized synthesis of col-
loidal QDs has a high yield from a reasonable amount of precursor materials. [26], [148]
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Surface-attached ligands result in solubility for numerous solvents,increase the environ-
mental stability and give QDs the appearance of semi-soft materials. [149]–[151] Solution
processability opens the door to industrial-scale fabrication via printing, spray-deposition,
or spin-coating with low energy costs and high compatibility for use in integrated circuits.
[42], [152], [153] QDs deposited into thin films dramatically reduce material usage in ap-
plications. Recent techno-economic cost analyses have shown that under consideration
of synthesis yield optimization, process automatization, and solvent recycling, the fab-
rication costs of colloidal QD films have the potential to decrease to 3 $ m−2. These
aspects make QD films also a sustainable material. [154], [155] As mentioned before, the
electronic and spectral performance of QD films depends on the inter-dot distance and,
hence, on the QD superlattice structure. Repeating blocks of unit cells build up the QD
superlattice structure and contain information about inter-dot distance and packing den-
sity. [156] Superlattices made of QDs with different sizes and size distributions, shapes,
and ligand conditions can show different kinds of unit cells. For example, spray-coated
large-sized lead sulfide (PbS) QDs form superlattices based on a body-centered cubic
(BCC) unit cell (Figure 7.1a). [152] In contrast, printed small-sized PbS QDs show face-
centered cubic (FCC) symmetry (Figure 7.1b) in early stages, which eventually form a
superposition of cubic unit cells to a nested FCC/BCC structure (Figure 7.1c) due to the
ligand condition shift. [42] This nested structure also forms the QD superlattice in films
of spin-coated PbS QDs. There are various strategies to tailor the inter-dot distance, e.g.,
polymer matrix-induced spacing and ligand engineering. [41], [157]–[159] Typically, using
different-sized ligand molecules, a controlled spacing between QDs is achieved. [136], [160]
Post-treatment techniques, such as ligand exchange or temperature and solvent annealing,
are practical tools to change the QD arrangement in a given superlattice configuration
after deposition. [161]–[163] Furthermore, Gong et al. suggested that external strain
changes the inter-dot distance by tearing neighboring QDs apart, explaining changes in
the corresponding photoluminescence (PL) emission. [41] The influence of strain on the
spatial configuration of QDs becomes essential for applications on flexible substrates, such
as wearable electronics and printed photovoltaic foils, since flexibility inherently allows for
mechanical deformations of the related devices. However, detailed studies on the correla-
tion between QD superlattice deformation and optoelectronic coupling in QD films upon
strain are rarely reported. Winslow et al. recently investigated QD superlattices with
grazing-incidence small-angle X-ray scattering (GISAXS) and reported a unit cell phase
transition from FCC to body-centered tetragonal (BCT) (Figure 7.1d)) upon sample cool-
ing to 100 K. [164] GISAXS is a powerful method to study the superlattice deformation
in QD films during strain with X-rays. [43], [146], [152], [165], [166] It is sensitive to the
desired length scales and probes a large sample volume with the grazing beam’s footprint
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Figure 7.1.: Superlattice configuration in PbS QD films. a) BCC unit cell. b) FCC unit
cell. c) Nested FCC/BCC unit cells. d) BCT unit cell. e) HRTEM surface image of the (111)
close-packed PbS superlattice plane. f) The high lateral order of the superlattice is reflected in
the PSDF obtained from TEM. The pronounced peak is associated with the nearest-neighbor
center-to-center distance of 5 nm in the (111) plane. g) The PbS QDs have a size distribution
that is obtained from HRTEM with an average size of 2.7 nm and a standard deviation of
21 %. h) Illustration of the experimental setup for in-situ GISAXS and in-situ PL that are used
to determine the QD superlattice deformation and electronic coupling with increasing strain.
Reproduced from [18] with permission from the Royal Society of Chemistry.

effect. In contrast, probing thin QD films with conventional small-angle X-ray scattering
(SAXS) in transmission geometry typically does not yield a sufficient scattering signal.
However, GISAXS requires precise sample alignment with respect to the incoming X-ray
beam since it is highly surface sensitive. A bent surface could result in multiple reflec-
tion conditions and, hence, ill-defined alignment conditions. This circumstance makes
the study on flexible films during uniaxial strain challenging, as the freestanding, flexible
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substrate deforms under tension and thus changes the sample alignment. To overcome
this challenge, a sample environment based on four cylindrical rolls is introduced. Two
rolls act as support from the bottom and two as fixation from the top, acting together
to guide the substrate and balance strain-induced substrate bending (Figure 4.11). This
approach establishes a controlled sample alignment for successful GISAXS measurements
on freestanding, flexible substrates. Given the possibility of performing GISAXS, this
chapter aims to complement the understanding of QD superlattice deformation via uni-
axial strain and its influence on the respective luminescence. I focus on PbS QD thin
films prepared by spin-coating on flexible PDMS substrates, which exhibit a superlattice
assembly. Moreover, PbS QDs have also developed into a representative role model for
understanding QD superlattices. Figure 7.1e shows the transmission electron microscopy
(TEM) image of the close-packed FCC (111) plane formed by the PbS QDs capped with
oleic acid (OA) ligands which were used in this chapter. The high degree of spatial order
and the mean inter-dot spacing are reflected in the radial power spectral density func-
tion (Figure 7.1f). The first order peak at 1.25 nm−1 corresponds to a mean inter-dot
spacing of about 5 nm. The PbS QDs have a mean size of 2.7 nm, and a size dispersity
with a standard deviation of 21 % (Figure 7.1g). Uniaxial strain applied to the sample
deforms the QD superlattice. In-situ GISAXS probes this QD superlattice deformation,
and in-situ PL records the optoelectronic coupling as a function of applied strain. Figure
7.1h sketches the experimental setup. Experimental details for sample fabrication and
measurements are given in Section 3.1, Section 3.3, and Section 4.5.

7.2. Superlattice Deformation Upon Strain
The 2D GISAXS data in Figure 7.2 obtained from the in-situ uniaxial stretching ex-
periment gives an overview of the QD superlattice deformation process with increasing
substrate elongation ∆lsub/lsub

0 from 0 % to 30 %, where ∆lsub is the difference to ini-
tial substrate length lsub

0 . The 2D data shows the direct beam blocked by a beam stop
and typical GISAXS features, such as the sample horizon that separates reflected from
transmitted signals and the material characteristic Yoneda peak. The GISAXS features
are displayed in the vertical line cut along qy = 0 nm−1 (Figure 7.3). Moreover, there
is a change in the vertical density profile in these line cuts, first towards higher and
then lower density. The scattering pattern for the relaxed sample at 0 % substrate elon-
gation in Figure 7.2a shows prominent Bragg reflexes arranged in a bow-like intensity
distribution characteristic for PbS QDs. Additional reflexes are arranged vertically along
qy = 1.3 nm−1. I identify the unit cell by matching the indices of the respective Bragg
reflexes via the routine explained in the Appendix A. It turns out that the superlattice
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Figure 7.2.: In-situ 2D GISAXS data with increasing uniaxial substrate elongation. a)
The relaxed state at 0 % indicates a nested FCC/BCT superlattice. Orange and grey boxes label
FCC and BCT reflexes, respectively. b) At 10 %, the FCC reflexes vanish. c) With increasing
substrate elongation to 20 %, the BCT (121) reflex vanishes, and the BCT (102) reflex appears.
d) With increasing the substrate elongation from 0 % to the applied maximum of 30 %, the
(110) reflex shifts towards lower q-values and the (011) reflex towards higher q-values, revealing
an anisotropic unit cell deformation. Reproduced from [18] with permission from the Royal
Society of Chemistry.

consists of FCC and BCT unit cells, forming a nested FCC/BCT structure. The (011),
(011̄), (110), (020), and (121) superlattice planes correspond to the BCT part and are
labeled with grey boxes in Figure 7.2a. The (011) reflex is aligned vertically to the direct
beam position at qy = 0 nm−1 . Hence, the BCT unit cell is in edge-on orientation with
respect to the substrate plane. The (111), (111̄), (200), and (220) reflexes correspond to
the FCC unit cell and are labeled with orange boxes in Figure 7.2a. Since the FCC’s (111)
reflex is located at qy = 0 nm−1, the FCC unit cell is present in the corner-on orientation.
At 10 % substrate elongation (Figure 7.2b), the GISAXS data deviates from the relaxed
state, and the (111̄), (200), and (220) reflexes related to the FCC phase diminish. At 20 %

86



7.2. Superlattice Deformation Upon Strain

Figure 7.3.: Vertical GISAXS intensity with increasing effective strain. Vertical line cuts
at qy = 0 nm−1 are shown for the respective strain. The grey boxes mask the detector gaps.
The red dashed line indicates the sample horizon. The Yoneda intensity at qz = 0.37 nm−1

measures the sample‘s electron density. With increasing effective strain from 0 % to 8.3 %, an
additional intensity at higher qz values of about 0.45 nm−1 appears, as shown with a red arrow.
This trend further confirms the increasing unit cell density along with the phase transition. The
Yoneda intensities shifts towards lower qz values from 11.7 % to 15.5 % of applied effective strain
and remains constant at the black dashed line at 0.31 nm−1 afterward. The decreasing electron
density after the phase transition reflects the increasing formation of voids with the beginning
of crack propagation. The peak at qz = 1.4 nm−1 shifting towards higher qz corresponds to the
(111) and (011) superlattice planes of the FCC and BCT unit cells, respectively. Reproduced
from [18] with permission from the Royal Society of Chemistry.

substrate elongation (Figure 7.2c), the (121) reflex related to the BCT phase diminishes,
and the BCT (102) reflex appears (labeled in Figure 7.2d). With increasing substrate
elongation from 0 % to 30 %, the BCT (110) reflex shifts towards lower q-values and
the BCT (011) reflex towards higher q-values. These shifts indicate an anisotropic defor-
mation and, hence, suggest a change in unit cell symmetry. The shifted reflex positions
and the additionally appearing reflex match the following superlattice indices of the BCT
unit cell symmetry (Figure 7.2d): (011), (011̄), (110), (020), and (102). Interestingly,
this QD superlattice deformation again relaxes when reducing the substrate elongation to
20 % and 10 %, respectively (Figure 7.4). In conclusion, the 2D GISAXS data identifies
a complex unit cell evolution from nested FCC/BCT at 0 % to BCT with increasing
deformation.
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Figure 7.4.: Relaxed superlattice deformation. The superlattice deformation passing the
FCC/BCT-BCC-BCT phase transition from a) 10 % of substrate elongation with the effective
strain of 8.3 % to b) 20 % (the effective strain of 13.8 %), discussed in the main text, shows
a relaxation of superlattice deformation in the 2D GISAXS data when releasing the substrate
elongation from c) 20 % back to d) 10 %. Reproduced from [18] with permission from the Royal
Society of Chemistry.

7.3. Unit Cell Evolution Upon Strain
The prominent (011) and (110) superlattice reflexes contain information about the BCT
unit cell evolution upon strain, and the (111) and (200) superlattice reflexes about the
FCC unit cell evolution. For analysis, the respective peaks are azimuthally integrated to
one-dimensional intensity curves that are fitted with Gaussian functions (Figure 7.5a and
7.5b). From the respective center q-values, one extracts the superlattice constants a, b,
and c that represent the lengths of the unit cell edges. For the tetragonal symmetry, the
unit cell consists of a squared base area of side length a and a height c, with a = b ̸= c, and
for the cubic symmetry, with a = b = c. Hence, the aspect ratio c/a helps to understand
the unit cell evolution.
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Figure 7.5.: In-situ unit cell evolution from the 2D GISAXS data. a) Azimuthal integrated
intensity of the (011) bct and (111) fcc peaks marked with asterisks show a shift to higher q-
values with increasing effective strain, indicating superlattice shrinkage. b) Azimuthal integrated
intensity of the (110) bct and (200) fcc peaks marked with asterisks show a shift to lower q-values
with increasing effective strain, indicating superlattice expansion. c) Evolution of superlattice
constants afcc, abct, and cbct. The BCT phase continuously expands and shrinks along abct and
cbct, respectively. The FCC phase vanishes at the unit cell phase transition when abct = cbct. d)
The BCT unit cell density increases towards the phase transition and remains constant afterwards.
e) Linear dependence of the BCT unit cell’s aspect ratio over the whole effective strain. At
10 %, the aspect ratio crosses the cubic phase line. Deviation of the aspect ratio from the cubic
phase measure the degree of the unit cell’s isotropy. f) The confined ligand length reaches the
critical value of 1.55 nm at 10 %, which triggers the unit cell transition to the cubic phase.
Further increase of strain also causes the BCT phase to reach the critical confinement value that
eventually triggers microscopic crack propagation. g) The schematic illustrates the evolution of
BCT inter-dot distance and the resulting changes in the optoelectronic coupling of adjacent QDs
during phase transition from a < c to a > c. The body-centered QDs are omitted for clarity of
the visualization. Reproduced from [18] with permission from the Royal Society of Chemistry.
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It is essential to highlight that the applied strain via uniaxial substrate elongation does
not distribute uniformly but mainly along three different length scales of deformation on
the PbS QD film: (1) 3D superlattice deformation by changing the superlattice constants
a = b and c on the nanoscale. (2) Grain boundary formation on the mesoscale of several
tens to hundreds of nanometers. (3) Crack formation on the microscale. This chapter
focuses on the superlattice deformation on the nanoscale, which is obtained directly from
GISAXS analysis. To account for the inhomogeneous distribution of applied strain, I
introduce an effective strain εeff with the equivalent strain magnitude: [167], [168]

εeff =
√

ε2
x + ε2

y + ε2
z (7.1)

Here, εx,y,z are the principal strains ∆a/a0 and ∆c/c0 along the superlattice and the
diagonal elements of the strain tensor ε̂:

ε̂ =


∆a/a0 0 0

0 ∆a/a0 0
0 0 ∆c/c0

 (7.2)

To qualitatively estimate the effect of grain boundary and crack formation on the dis-
tribution of the applied strain, we compare the effective strain εSL

eff for the superlattice
and εSub

eff for the substrate as a function of uniaxial substrate elongation (Figure 7.6a).
Whereas the effective strain on the substrate per definition linearly follows the uniaxial
elongation, the effective strain on the superlattice deviates after 10 % of substrate elon-
gation from εSub

eff with increasing magnitude until it approaches a value of εSL
eff = 16 %

at εSub
eff = 30 %. Scherrer analysis of the superlattice planes’ peak broadening yields an

estimation for the evolution of the average grain size (Figure 7.6b). [169] The grain size
shrinks from about 165 nm to about 75 nm with increasing effective strain to 10 %. After
that, the grain size decreases slightly and approaches about 62 nm at 16 % effective strain.
The disintegration of larger grains to smaller grains upon strain is accompanied by the
formation of grain boundaries. Since this effect is strongly suppressed after 10 %, it is sug-
gested that the evolution of granular interfaces plays a minor role in the observed strain
distribution compared to superlattice deformation and crack propagation. The increasing
deviation of effective strain can be attributed to the beginning crack formation. After
30 % of substrate elongation, i.e., 16 % of effective strain on the superlattice, the applied
strain fully disseminates on the cracks. Optical microscopy reveals the cracks, which are
orthogonal to the direction of uniaxial strain, with a width of about 1 mm and with a
distance of about 5–10 µm in the relaxed PbS QD film after the stretching experiment
(Figure 7.6c). The superlattice constants afcc, abct, cbct of the respective unit cells are
shown against the effective strain in Figure 7.5c. The FCC unit cell shrinks along afcc

from (7.87 ± 0.03) nm to (7.49 ± 0.03) nm and the FCC phase vanishes after 8.3 % of
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Figure 7.6.: Effective strain applied to the superlattice. a) Comparison of the effective
strain applied to the superlattice and to the substrate show increasing deviation starting from
10 % of substrate elongation. The applied strain increasingly distributes on crack formation on
which it is fully focused at 30 %. The maximum effective strain applied to the superlattice is
16 %. b) Besides the average superlattice domains, which are formed by the QDs around the
average size of 2.7 nm, domains of larger PbS QDs pass the phase transition locally already
at lower applied strain. This effect leads to peak broadening of the lattice reflexes in GISAXS
and contributes to the early formation of grain boundaries towards 10 %. Average grain size
obtained from Scherrer analysis. With the reduction in grain size to 10 %, grain boundaries are
formed. Since only a few grain boundaries are formed after 10 %, they play a minor role in strain
distribution at higher strains. c) Optical microscopy image of the PbS QD film after stretching
reveals elongated cracks that are orthogonal to the direction of applied strain in a distance of 5
to 10 µm. Reproduced from [18] with permission from the Royal Society of Chemistry.

effective strain. The BCT unit cell deforms via shrinking cbct from (6.94 ± 0.06) nm to
(5.98 ± 0.05) nm and slightly extending abct from (6.16 ± 0.03) nm to (6.38 ± 0.03) nm
(Figure 7.5c). At 10 % of effective strain the lattice constants abct = cbct match, indicat-
ing a cubic phase transition. The changing superlattice dimensions result in an increasing
BCT unit cell density, which is given by the inverse product a−2c−1 of base area and
height, respectively (Figure 7.5d). The density increases from (3.80 ± 0.05) × 10−3 nm−3

to (4.12 ± 0.05) × 10−3 nm−3, which remains constant within the error bars after the
phase transition. The aspect ratio provides an understanding of the BCT unit cell’s sym-
metry evolution as a function of the effective strain (Figure 7.5e)). A horizontally dashed
line at the aspect ratio of 1.00 represents the cubic phase line. With increasing effective
strain from 0 % to 16 %, the aspect ratio reduces linearly from 1.13 to 0.91, passing the
cubic phase line at 10 % of effective strain. The evolution of the aspect ratio reveals an
FCC/BCT–BCC–BCT phase transition with a < c from 0 % to 10 % and a > c after
10 % to 16 %. A vertically dashed line indicates the phase transition at a = c at 10 %
of effective strain, separating the FCC/BCT and BCT phases. Notably, the aspect ratio
changes linearly along the effective strain range, demonstrating continuous superlattice
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deformation until 16 %. To further understand the phase transition and the vanishing
FCC phase in the nested FCC/BCT structure with the phase transition, it is helpful to
consider the spacing between the nearest PbS QD neighbors in the superlattice. The
nearest-neighbor spacing nn = DQD − dnn is given by the average QD size DQD and
the average nearest-neighbor center-to-center distance dnn. It describes the available free
space between the closest QDs, which measures the degree of intercalation and compres-
sion of the OA ligands. [170] Figure 7.7 shows the nearest-neighbor spacing of the FCC
and BCT phase against effective strain for mean QD size DQD = 2.7 nm. At 0 %, the

Figure 7.7.: Nearest-neighbor spacing with increasing effective strain. The edge-to-edge
distance of nearest-neighbor QDs is the same for BCT and FCC in the nested unit cell con-
figuration at 0 %. With increasing superlattice deformation, BCT and FCC nearest neighbors
separate. Both spacings indicate a high degree of intercalation and compression of the ligands
having a relaxed chain length of 2.5 nm. The compression level finally reaches a critical value
for the FCC phase, which triggers the phase transition at 10 %. Reproduced from [18] with
permission from the Royal Society of Chemistry.

two spacings of both phases nnfcc = nnbct = (2.86 ± 0.05) nm match because of the
nested FCC/BCT structure. With increasing strain, the BCT nearest-neighbor spacing
decreases to (2.68 ± 0.05) nm and remains constant within the error bars after the phase
transition at 10 %. The FCC nearest-neighbor spacing, however, shows a stronger de-
crease to (2.60 ± 0.05) nm at 8.3 %. The reduced nearest-neighbor spacing is close to half
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of the spacing of about 5 nm that two ligands would induce with relaxed chain lengths
of llig

0 = 2.5 nm. This result indicates a high degree of ligand intercalation close to the
maximum, high ligand compression along the nearest- neighbor distances, and dominating
repulsive interactions between the neighboring QDs. [170], [171] To quantify the ligand
compression, the interface between adjacent ligand-capped QDs needs to be considered.
This interface is given by the wall of the unit cell’s Wigner–Seitz cell and confines the
ligand length. The confined ligand length in the superlattice llig

SL varies from the relaxed
ligand length llig

0 and is given by the difference: [172]

llig
SL = RW S −

DQD

2 (7.3)

of the two Wigner–Seitz cell radii Rfcc
W S = afcc(3/16π)1/3 and Rbct

W S = cbct (3/8π)1/3 that
limit the ligand length along the condensing superlattice constants afcc and cbct for the
respective unit cells. Figure 7.5f shows the evolution of llig

SL as a function of the effective
strain. The confined ligand length reduces from (1.73 ± 0.03) nm to (1.58 ± 0.03) nm
at 8.3 % for the FCC phase and from (2.07 ± 0.06) nm to (1.55 ± 0.05) nm at 16 %
for the BCT phase. It is remarkable that llig

SL = 1.55 nm has the same value at the
FCC/BCT–BCC–BCT phase transition at 10 % and at the transition to dominating crack
propagation at 16 %. Hence, llig

SL = 1.55 nm can be seen as a critical ligand compression
length promoting phase transition. The BCT unit cell deformation is depicted in Figure
7.5g. For clarity, the QD on the body-centered position is not shown. Blue clouds illustrate
the electronic coupling between adjacent QDs, which changes strength and isotropy with
increasing unit cell density and increasing isotropy towards the BCC phase. After the
phase transition, the unit cell isotropy and the inter-dot spacing along cbct decrease, while
the inter-dot distance slightly increases along abct. I consider the consequences of the
changing inter-dot distances and the critical confined ligand length llig

SL = 1.55 nm for the
superlattice phase transition and the resulting unit cell isotropy for the optoelectronic
coupling in the following sections.

7.4. Photoluminescence Upon Strain
To understand the influence of the superlattice deformation on the optoelectronic cou-
pling upon phase transition, additional in-situ PL measurements are performed while
increasing the effective substrate strain εSub

eff from 2.5 % to 30 %. The overall PL spec-
trum shows an inhomogeneous broadening, which redshifts with increasing strain (Figure
7.8a). Such inhomogeneous broadening is known for polydisperse QD solids with a single
mean size and becomes more pronounced with a larger QD size distribution, such as the
QDs investigated in this chapter. [138] A reason for the inhomogeneous broadening in
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Figure 7.8.: In-situ PL evolution with increasing effective strain. a) The normalized PL
intensity reaches a maximum in the cubic phase at 10 % and decreases afterwards. The overall
profiles appear more asymmetric with higher strains. Solid lines are fits to the inhomogenously
broadened spectrum based on two Gaussian functions with narrow and broad distribution, re-
spectively. The two peak positions are marked with asterisks. b) The broad peak shows a more
pronounced redshift compared to the narrow peak with changing inter-dot distances towards the
phase transition, which is characteristic for FRET. c) The normalized PL intensities pass three
stages with the increasing strain defined by the critical value of confined ligand length. From
stage I to stage II, both PL intensities follow the varying unit cell isotropy with the maximum
in the isotropic cubic phase at 10 %. Stage III shows constant PL intensities due to full strain
distribution on microscopic cracks that leaves the superlattice in the state of constant deforma-
tion reached at the maximum effective strain applied to the superlattice of 16 %. Reproduced
from [18] with permission from the Royal Society of Chemistry.

polydisperse assemblies is a resonant energy transfer from smaller QDs to neighboring
larger QDs via dipole–dipole interactions. After radiative relaxation, the larger QDs hav-
ing a smaller bandgap emit a redshifted photon compared to the donor emission from
the smaller QDs. As a result, the acceptor emission intensity is enhanced. [173] The
energy transfer between neighboring smaller QDs as donors and larger QDs as acceptors
via dipole–dipole interactions and the characteristic redshift is described in the theory of
FRET. [138], [174] The FRET efficiency is proportional to d−6 , where d is the inter-dot
distance. Due to the power of 6 exponent, FRET efficiency is very sensitive to chang-
ing distances. [175] The influence of FRET on the PL spectrum is often observed in
polydisperse QD assemblies upon varying distances, e.g., from solution to deposited film.
[176], [177] Spatial sensitivity and enhanced acceptor emission intensity make FRET also
essential in fluorescence-based microscopy broadly used in life sciences. [178], [179] The
appearance of the PL spectra in Figure 7.8a as a function of strain strongly suggests the
interpretation of the changing emission in the framework of FRET theory. Inspired by
the pioneering work of Kagan et al., I describe the inhomogeneously broadened PL profile
as the sum of a narrow and a broad emission band. [138] By fitting the PL profiles with
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two Gaussian functions, the PL intensities, the center values for the emitted wavelength,
and the line broadening of the full width at half maximum (FWHM) are extracted. The
normalized intensity substantially boosts to about 185 % of the initial magnitude at 2.5 %
when increasing the strain towards 10 %. After the phase transition, the intensity de-
creases at 30 % strain to about 125 % of the initial magnitude. This PL intensity behavior
is in good agreement with the findings of Gong et al. for perovskite QDs in bulk PDMS
matrices. [41] Besides the changing intensity, the broad peak experiences a continuing
redshift from (947.4 ± 0.3) nm to (957.1 ± 0.3) nm towards the phase transition. After
the phase transition, the peak slightly blueshifts to (956.0 ± 0.3) nm and remains con-
stant within the error bars (Figure 7.8b). The narrow peak only slightly redshifts from
(944.8 ± 0.1) nm to (945.4 ± 0.1) nm. In addition to the redshift, the broad peak first
slightly narrows in the FWHM from (124.1 ± 0.7) nm to (122.1 ± 0.7) nm and then
broadens slightly to (125.6 ± 0.7) nm with respect to the phase transition (Figure 7.9).
In contrast, the FWHM of the narrow peak remains constant at (16.9 ± 0.4) nm across
the phase transition.

Figure 7.9.: In-situ PL emission broadening with effective strain. A slight decrease of
PL FWHM is found for the acceptor until 10 %, followed by an increase afterwards, whereas it
remains constant for the donor. With increased unit cell isotropy, donor-acceptor couples can
form more uniformly with respect to their size difference. With increasing crack propagation,
more donor-acceptor couples at crack interfaces rearrange, leading to an increased broadening
of the acceptor emission. Reproduced from [18] with permission from the Royal Society of
Chemistry.
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7.5. Isotropy-Dependent FRET Efficiency
The results show that the PbS QD superlattice deforms upon sample elongation and
eventually passes an FCC/BCT–BCC–BCT phase transition (Figure 7.5e). At the same
time, the PL intensity and emission spectrum change with respect to the phase transition
(Figure 7.8a and 7.8b; Figure 7.9). I suggest that the PL behavior observed in this
chapter results from changing dipole–dipole interactions of adjacent QDs in the framework
of FRET. In this context, the increasing BCT unit cell density shown in Figure 7.5d
favors FRET as inter-dot distances become shorter. However, the BCT unit cell density
does not increase isotropic, which affects the arrangement of adjacent QDs and needs to
be considered for the dipole–dipole coupling. To quantitatively estimate the degree of
isotropy upon superlattice deformation, I first introduce the anisotropy parameter χ̃ as
the following:

χ̃ =
∣∣∣∣∣1 −

(
c

a

)4
∣∣∣∣∣ (7.4)

Expression 7.4 reflects the unit cell anisotropy for a given aspect ratio c/a to the power
of 4, considering the 4-fold rotational symmetry of the tetragonal unit cell. The degree of
anisotropy becomes minimal with χ̃ = 0 as the aspect ratio becomes 1 in the cubic phase
of maximal isotropy. The degree of isotropy χ is then given by:

χ = 1 − χ̃ (7.5)

By comparing the degree of isotropy χ with the normalized PL emission intensities of
the narrow peak and the broad peak as a function of the corresponding effective strains
εSL

eff and εSub
eff , respectively, I identify three distinct stages of optoelectronic coupling with

increasing uniaxial substrate elongation (Figure 7.8c)): (I) Increasing isotropy towards the
cubic phase with a < c that is followed by increasing PL intensity with the maximum in the
isotropic cubic phase a = c. (II) Decreasing isotropy with a > c towards the maximum
εSL

eff = 16 % that is followed by decreasing PL intensity. (III) Constant PL intensity
from 16 % to 30 % of substrate elongation. Besides the changes in unit cell symmetry
discussed in this work, reorientations of QDs on individual superlattice sites are possible
contributions to the varying optoelectronic coupling. Especially in BCC configuration, an
improved facet–facet alignment of {111} and {100} QD facets, respectively, compared to
the FCC is commonly observed. [156], [169], [180]–[183] I propose further investigations
of QD orientation on the superlattice sites as a function of applied uniaxial strain for
future studies. Alternatively, the degree of disorder in the QD film introduced by the size
polydispersity and the increasing grain boundaries with strain are possible explanations for
the observed redshift and the inhomogeneous broadening. [137] While disorder certainly
contributes, there is a strong evidence for FRET in the perfect match of PL intensity and
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unit cell isotropy based on inter-dot distances together with the characteristic redshift
and FWHM narrowing of the inhomogeneously broadened peak. A more quantitative
verification and analysis of strain-induced PL changes in the framework of FRET could
be achieved by time-resolved photoluminescence, which is not the focus of this thesis.
[176]

Stage I: Increasing PL Emission From 0 % to 10 %

In the first stage, FRET benefits from the resulting higher density of adjacent QDs and
higher isotropy for dipole–dipole interactions so that it becomes more efficient and miti-
gates emission losses that otherwise would occur via non-radiative recombinations. [139],
[184] This is reflected in the increasing PL intensity from 0 % to 10 % (Figure 7.8c).

Figure 7.10.: In-situ absorbance spectra with increasing strain. a) First excitonic peak in
the absorbance spectra of PbS QD films shows a slight shift with the increasing effective strain.
The curves are fitted with Gaussian functions to extract the evolution of center wavelengths and
the corresponding FWHM. b) The absorbance wavelength redshifts towards the phase transition
at 10 % by about 4 nm, remains constant at 20 %, and blueshifts by about 6 nm at 30 %. The
occurring redshift corresponding to about 6 meV and its correlation with the decreasing edge-to-
edge distance of nearest neighbors (Figure 7.7) are in good agreement with the observed redshift
via decreasing inter-dot distance upon ligand exchange in PbSe QD thin films. [185] c) The
FWHM remains constant within the error bars and broadens at 30 %. The blueshift and line
broadening at 30 % are attributed to the increasingly contributing interfaces at the microscopic
cracks. Reproduced from [18] with permission from the Royal Society of Chemistry.

Further increase of the strain beyond 10 % would cause a compression of the confined lig-
and chains beyond the critical value of llig

SL = 1.55 nm, which is energetically unfavorable
(Figure 7.5f). Instead, the FCC/BCT superlattice transforms into a BCC phase at 10 %.
The ligands relax upon phase transition to the BCC phase, providing a longer confined
ligand length of about 1.75 nm, which is in good effective strain. The FCC/BCT–BCC
transition takes place via slipping in ⟨110⟩ directions on the close-packed {111} FCC
planes that are in parallel alignment with the {011} BCT planes and is similar to the
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Nishiyama–Wassermann path known from the martensite transition in iron. [186], [187]
Consequently, neighboring QDs get locally rearranged during the FCC/BCT–BCC phase
transition and with the increasing isotropy, more dipole–dipole interactions between the
QDs are likely to form. This rearrangement in adjacent QD coupling is reflected in the
slightly redshifted wavelengths of the inhomogeneous broadening (Figure 7.8b)) and its
reduced FWHM towards the cubic phase (Figure 7.9). [138] Moreover, the decreasing
nearest-neighbor spacing (Figure 7.7) agrees well with the observed redshift of the first
excitonic peak in the absorbance spectra (Figure 7.10). A similar redshift in absorbance
was observed by reducing nearest neighbor distances, e.g., by ligand exchange in PbSe
thin films. [185]

Stage II: Decreasing PL Emission From 10 % to 16 %

Further increase of strain after the unit cell phase transition leads to the decreasing
unit cell isotropy followed by decreasing PL intensity. Isotropy and emission intensity
vary symmetrically with respect to the maximum at the cubic phase line. Whereas the
nearest-neighbor distances in the (011) BCT plane (Figure 7.7) and the absorbance spectra
remain constant (Figure 7.9), the lattice continuously shrinks along cbct. The FRET
efficiency, however, is reduced by the slightly increasing distance along abct since twice
as many inter-dot distances along the unit cell edges are affected by abct than by cbct. The
reduced isotropy of QD coupling also shifts the dipole–dipole interactions, as seen from
the slightly blueshifted wavelength with respect to the phase transition (Figure 7.8b). The
blueshift is less pronounced than the redshift in stage I. The reason for this hysteresis is
in no slipping of the densest planes being involved in stage II. At 16 %, the confined
ligand length compresses to the same size that formerly caused the FCC/BCT–BCC
phase transition via slipping (Figure 7.5f). In the BCT phase, however, there is no unit
cell symmetry left to access via phase transition that would allow for ligand relaxation.
This missing relaxation pathway causes the beginning of microscopic crack formation
that conserves a constant superlattice configuration with increasing strain. Hence, the
FCC/BCT–BCC–BCT phase transition is considered as a ductile-to-brittle transition.

Stage III: Constant PL Emission From 16 % to 30 %

In the final stage, the strain introduced by substrate elongation is entirely focused on the
formation and widening of microscopic cracks (Figure 7.6a). The superlattice remains
under tension in the configuration of isotropy, and inter-dot distances given at the maxi-
mum to the superlattice applied effective strain of 16 %. Consequently, the optoelectronic
coupling remains unchanged regarding constant PL emission intensity and wavelength. I
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attribute the observed slightly increasing FWHM of the inhomogeneous broadening to
the loose interfaces upon crack propagation. This effect also reflects in the blueshift and
the broadening at FWHM of the first excitonic peak in the absorbance spectra at 30 %
of effective strain (Figure 7.9). A slight decrease of PL intensity within the error bars
hints increasing contribution of the arising voids on the area illuminated by the excitation
laser, causing increasing light leakage at higher strains.

7.6. Conclusion
Uniaxial strain applied to the substrate of OA-capped PbS QD thin films introduces three
stages of superlattice deformation linked by the ligand shells’ compression to a critical
value. This critical value is about 10 % for the investigated QDs with a core-to-shell
ratio of about 1.08 and corresponds to a confined ligand length of about 1.55 nm. The
first two stages are linked by an FCC/BCT–BCC–BCT unit cell phase transition that
relaxes the confined ligand length. The varying unit cell isotropy upon phase transition
results in changed optoelectronic coupling and explains observed changes in PL emission
within the framework of FRET. The third stage introduces crack propagation in the
QD thin film because the critical ligand compression cannot be relaxed via unit cell
phase transition. Here, the unit cell isotropy remains unchanged with increasing strain,
leading to constant PL emission. Given the impact on superlattice deformation and
optoelectronic coupling, the external strain on optoelectronic QD devices is necessary to
account for real-world applications, e.g., on flexible substrates. Since FRET is a resonant
energy transfer, its efficiency varying with strain plays a crucial role, e.g., in the figure
of merit for QD solar cells. In summary, I report in-situ GISAXS measurements on
thin films on freestanding, flexible substrates upon uniaxial strain. By comparing the
results of superlattice deformation and PL, we provide a connection between strain and
optoelectronic coupling. This connection is given by the variation of the unit cell isotropy
upon phase transition that affects the inter-dot coupling and complements the findings
from the literature on a fundamental level.
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Chapter 8
Summary

This thesis explores the structure-function relationship of organic-inorganic (bio)hybrid
interfaces in functional films with emphasis on the formation and deformation of these
(bio)hybrid interfaces. For the analysis of the structural properties, advanced X-ray scat-
tering methods are used, which, due to the excellent brilliance at large-scale research
facilities, allow the investigation of the film nanostructure with high spatial and tempo-
ral resolution. These X-ray scattering methods are complemented by neutron scattering,
SEM, and spectroscopic characterization methods. This thesis is divided into two projects,
which are related to the formation and deformation of (bio)hybrid interfaces, respectively.

The first project focuses on the formation of biohybrid interfaces consisting of β-lg and
titania precursors to promote a sustainable route towards nanostructured titania films.
A large surface-to-volume ratio resulting from a tailored porosity in these films is of high
relevance for applications, e.g., for the photocatalytic generation of hydrogen. To address
the question how the the biohybrid interfaces direct the resulting inner morphology of
titania films, spray deposited films are investigated with GISAXS/GISANS and GIWAXS
together with SEM. Subsequently, by comparing the inner morphology obtained from
GISAXS of pure β-lg films, biotemplated titania films after protein removal, and the
biohybrid β-lg:titania composite films, a relationship between the titania domain distances
and the β-lg domain sizes is found. This structure-function-relationship of the protein
tailoring the titania film morphology manifests in the equivalence of the β-lg domain sizes,
and the titania inter-domain distance, which relate to the titania pore sizes after protein
removal. With this knowledge, a closer look into the film formation process during spray
deposition is performed with simultaneous in-situ GISAXS/GIWAXS measurements. The
results reveal the formation of crystalline titania in a mixed anatase-brookite phase with
an average crystallite size of 4.2 nm at the set substrate temperature of 120 °C. The domain
sizes and crystallite sizes obtained from GISAXS and GIWAXS, respectively, match in
their temporal evolution during spray deposition. Also, the temporal evolution of the
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lateral arrangement of the titania domains and the temporal evolution of the crystallite
growth match. The observations reveal, that the condensing β-lg matrix sterically directs
the formation of crystalline clusters, and defines the pore size after protein removal. To
further investigate the potential of β-lg in establishing different titania morphologies, the
influence of different β-lg aggregates on the titania film morphology is studied. This is
achieved by denaturation of β-lg at pH values of 2, 5, and 7, which leads to different
domain sizes. At pH 5, close to the isoelectric point of β-lg, the smallest average domain
sizes are found in the biohybrid composite films and after protein removal, the largest
pore radii are found at pH 5 in the biotemplated titania films. The results reveal insights
into the formation of β-lg:titania biohyrid interfaces and demonstrate that the controlled
aggregation of β-lg by denaturation is a suitable tool to tailor the morphology and porosity
in nanostructured, foam-like titania films as a water-based alternative to conventional
templating based on synthetic polymers.

Besides the formation of interfaces in functional films, also their deformation is of
particular interest regarding the structure-function-relationship. The second project of
this thesis explores the deformation of hybrid interfaces based on PbS QDs with oleic
acid ligands that build up a QD superlattice film. As optoelectronic performance in QD
superlattice devices depend on the inter-dot coupling and hence on the inter-dot arrange-
ment, knowledge about the deformation of the superlattice arrangement is essential. The
deformation of the hybrid interfaces is introduced by uniaxial strain, which is applied
to a flexible substrate supporting the QD superlattice film. While GISAXS is an opti-
mal tool to gain the required knowledge on the deforming superlattice, it is challenging
to perform on flexible substrates during elongation, due to the necessary precise sample
alignment with respect to the incident X-ray beam. This challenge has been overcome
in close collaboration with the Leibniz-Institut für Polymerforschung Dresden (IPF) and
successful in-situ GISAXS on flexible substrates with increasing strain is performed in
a pioneering experiment. From the obtained in-situ GISAXS data, an equivalent strain
model is obtained, which captures the 3D deformation of the supported QD superlattice
on the nanoscale. The results show, that with increasing uniaxial substrate elongation,
the hybrid interfaces contribute significantly to the distribution and relaxation of the
induced strain. A critical compression length of about 1.55 nm of the flexible organic
ligands attached to the QDs plays a crucial role. Beyond this maximum compression
length, further absorption of mechanical energy is compensated via a phase transition
into another crystal structure of the superlattice, where the ligand compression relaxes.
This phase transition occurs from the initial nested FCC/BCT to a pure BCT lattice sym-
metry, passing the BCC phase. Upon further deformation, the ligands compress again to
the critical value of 1.55 nm and further mechanical strain is converted into macroscopic
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cracking due to lack of available crystal symmetry. Along with the phase transition in
superlattice symmetry, the associated isotropy of inter-dot arrangement also varies, hav-
ing a maximum in the BCC phase. The isotropy is given as a function of the aspect ratio
c/a of the unit cell in the respective superlattice symmetry, which matches the emission
intensity of the QD superlattice obtained from in-situ PL. This observation is described
in the framework of FRET and connects the changing inter-dot arrangement upon de-
formation of the hybrid interfaces with the changing inter-dot coupling captured by PL.
With this structure-function-relationship based on the deformation of hybrid interfaces in
a PbS QD superlattice, significant knowledge on strain induced morphology and function
changes in flexible optoelectronics based on QD superlattice is gained.

The objectives of this thesis have successfully contributed new expertise on water-based
synthesis of nanostructured titania films and mechanical stability in PbS QD superlattice
films by exploring their structure-function-relationship of (bio)hybrid interfaces during
formation and deformation. Future studies regarding the formation of biohybrid inter-
faces are suggested to investigate further denaturation mechanisms of β-lg, e.g, based
on alcohol additives or ionic strength. Another promising approach to nanostructured
and conductive biohybrid films is offered by the use of denatured β-lg films as substrates
for biotemplated sputter deposition of metals. Investigation of hydration kinetics in bio-
hybrid films based on β-lg potentially benefit application as sustainable hydrogels. Re-
garding the deformation of hybrid interfaces, further research on the influence of ligand
type on the morphology variation upon mechanical deformation introduced by strain, but
also by compression, are able to broaden the understanding of fundamental structure-
function-relationships in QD devices. The concept of studying the deformation in thin
films as function of strain with in-situ GISAXS has great potential to be extended to
other functional materials besides QD superlattices. For example, the investigation of the
film formation during the deposition of conductive coatings as function of uniaxial strain
applied to a flexible substrate potentially yields interesting insights into the structure-
function-relationship with respect to the percolation threshold. Beyond that, there are
various potential studies on the formation and deformation of (bio)hybrid interfaces in
functional films inviting to be performed, for which the outcomes of this thesis aim to set
a fundamental framework.
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Appendix A
Superlattice Index Matching on 2D GISAXS
Data With GIXSGUI

Appendix A is based on the publication Superlattice Deformation in Quantum Dot Films
on Flexible Substrates via Uniaxial Strain (J. E. Heger, W. Chen, H. Zhong, T. Xiao,
C. Harder, F. A. C. Apfelbeck, A. F. Weinzierl, R. Boldt, L. Schraa, E. Euchler, A. K.
Sambale, K. Schneider, M. Schwartzkopf, S. V. Roth, P. Müller-Buschbaum, Nanoscale
Horizons, 8, 383-395 (2023)) [18]. Reproduced from [18] with permission from the Royal
Society of Chemistry.
The MATLAB-based software GIXSGUI is used for indexing the observed superlattice
reflexes on the 2D GISAXS data in Chapter 7. [68] GIXSGUI is a broadly employed
application for treating raw data from grazing incidence scattering. It offers a variety of
functions, such as transferring the data from the as-measured pixel space to reciprocal
q-space, plotting the data in various representations, and indexing the reflexes in a scatter-
ing pattern. The graphical user interface of GIXSGUI is opened with the function gixsgui
in the MATLAB Command Window, after loading the path to GIXSGUI with subfolders
into the MATLAB editor (Figure A.1). For more information about the installation of
GIXSGUI and the available functions, the software documentation is recommended:
https://www.aps.anl.gov/files/APS-Uploads/SECTOR8/8-ID/doc.pdf

In the following, a step-by-step guide on how to use GIXSGUI to identify the QD su-
perlattice unit cells is presented. The routine is summed up in three main steps, with
precise details listed as substeps:

1. Enter the setup parameters for scattering geometry and detector details (Figure
A.2).
1.1. The setup parameters must be entered in the top right corner of the appearing
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window. These parameters include the sample-detector distance, X-ray energy, incident
angle, direct and specular beam positions, and detector details about, e.g., pixel size.
This information is obtained by calibration measurements at the DESY P03 beamline
and from the Pilatus 2M detector datasheet.
1.2. For convenience, the setup parameters are saved and exported so that they are easy
to reload next time. The working directory is loaded via the path to the 2D GISAXS
data. In this step-by-step guide, exemplarily GISAXS data at 0 %, 10 %, and 30 % of
applied strain to the substrate is shown.
1.3. The 2D GISAXS data is loaded and plotted in q-space representation on a loga-
rithmic intensity scale by choosing the respective plot settings and double clicking on the
respective data file.

2. Calculate the superlattice reflexes for a given space group in q-space (Figure A.3-
A.6).
2.1. By clicking on the Data Processing button, an additional window appears, in which
the Diffraction tab is selected for calculating the superlattice reflexes.
2.2. The parameters for the unit cell’s space group and superlattice constant are entered.
This is an iterative process, which starts with an educated guess based on our previous
work and becomes defined with the superlattice constants, which are obtained from the
measured q-positions of the reflexes. [152] The q-positions are obtained by Gaussian fits
of the reflexes 1D peak intensities, which are in this work azimuthally integrated by using
the software DPDAK. [66] The space group #139 (I 4/mmm) is chosen with a = b ̸= c

describing a distorted BCC unit cell to match the shifting reflexes of the BCT-BCC-BCT
phase transition with increasing strain (Figure A.3, A.3, A.5). To match the remaining
scattering pattern in the nested FCC/BCC symmetry before the phase transition, the
space group #225 (Fm3̄m) is selected with a = b = c, describing the FCC unit cell (Fig-
ure A.6).
2.3. It is necessary to enter the unit cell orientation with respect to the substrate. In this
work, the (011) planes of the distorted BCC unit cell and the (111) planes of the FCC
unit cell are parallel to the substrate in edge-on and corner-on orientation, respectively.
After inputting the set of indices to be calculated, the calculation can be started with the
respective button Start Calculation.

3. Plot selected superlattice indices on the 2D GISAXS data in q-space representation
(Figure A.3-A.6).
3.1. The calculated set of indices can be plotted on the 2D GISAXS data in q-space
representation when choosing the plot option Born. Spare indices of the calculated set,
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which show no reflexes in the 2D GISAXS data, are deselected from the table.
3.2. Further adjustments of the intensity scale and its color code can be made in the
appearing window of the combined 2D GISAXS and superlattice indices plot. When the
indices match the reflex positions, the process of index matching with GIXSGUI is done.

Figure A.1.: Start GIXSGUI. GIXSGUI is started by loading its path with subfolders to the
editor environment of MATLAB. The function gixsgui, highlighted by the red box, opens the
graphical user interface. Reproduced from [18] with permission from the Royal Society of Chem-
istry.
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Figure A.2.: Initialize parameters. The setup parameters are entered and the working directory
is opened in the main window. The 2D GISAXS data is loaded and plotted from the working
directory. The button Data Processing opens a window where index calculation is done. The
numbers label the steps as explained in the step-by-step guide. Reproduced from [18] with
permission from the Royal Society of Chemistry.
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Figure A.3.: BCT at 0 %. The superlattice indices for the (121), (020), (110), (011), and
(001̄) planes for the distorted BCC unit cell in space group #135 with edge-on orientation
are matched with GIXSGUI and plotted on the 2D GISAXS data without applied strain. The
superlattice constants a = b = 61.6 Å , and c = 69.4 Å are obtained from the center values of
the q011 and q110 reflexes. The numbers label the steps as explained in the step-by-step guide.
Reproduced from [18] with permission from the Royal Society of Chemistry.
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Figure A.4.: BCT at 10 %. The superlattice indices for the (121), (020), (110), (011), and
(001̄) planes for the distorted BCC unit cell in space group #135 with edge-on orientation are
matched with GIXSGUI and plotted on the 2D GISAXS data at 10 % applied strain, close to the
BCT-BCC-BCT phase transition. The superlattice constants a = b = 62.3 Å, and c = 63.7 Å
are obtained from the center values of the q011 and q110 reflexes. The numbers label the steps
as explained in the step-by-step guide. Reproduced from [18] with permission from the Royal
Society of Chemistry.
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Figure A.5.: BCT at 30 %. The superlattice indices for the (121), (020), (110), (011), and
(001̄) planes for the distorted BCC unit cell in space group #135 with edge-on orientation are
matched with GIXSGUI and plotted on the 2D GISAXS data at maximum applied strain. The
superlattice constants a = b = 63.8 Å , and c = 58.8 Å are obtained from the center values of
the q011 and q110 reflexes. The numbers label the steps as explained in the step-by-step guide.
Reproduced from [18] with permission from the Royal Society of Chemistry.
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Figure A.6.: FCC at 0 %. The superlattice indices for the (220), (200), (111̄), and (111)
planes for the FCC unit cell in space group #225 with corner-on orientation are matched with
GIXSGUI and plotted on the 2D GISAXS data without applied strain. The superlattice constants
a = b = c = 78.7 Å are obtained from the center values of the q111 reflex. The numbers label
the steps as explained in the step-by-step guide. Reproduced from [18] with permission from the
Royal Society of Chemistry.
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Appendix B
Spray Coater for Controlled Area Deposition
of Thin Films

Based on a computer numerical control (CNC) milling router machine kit (WindWilder),
a spray coater was built for controlled area deposition (Figure B.1). Two stepper motors
control the lateral movement of the spray nozzle and a single stepper motor controls
the perpendicular movement. The nozzle can move freely within an effective area of
20 cm × 17 cm and is controlled via a microcontroller (Arduino Nano) and two motor
drivers (A9488). The spray nozzle is easily changed to different kind of systems, such as
pulsed air-atomizing nozzles or ultrasonic spray nozzles.

The pulsed spray deposition is enabled via a magnetic valve (MEBH-5/2-1/8-B, FESTO)
that controls the nitrogen flow towards the nozzle and is programmed via a microcon-
troller (Arduino Uno R3), which is connected to the magentic valve according to the
circuit diagram in Figure B.2. A MOSFET transistor (TSR-1-2450) allows for operating
fast on/off cycles down to 50 ms. Once a protocol for pulsed spray deposition is load
on the microcontroller, the program is started and stopped by pushing a button. The
program is loaded onto the Arduino via the software Arduino IDE and the following code:

1 //adjust spray parameter here:

2 int cycleNumber = 10; //number of spray cycles

3 int sprayTime = 100; //spraying time in milliseconds

4 int dryTime = 1000; //drying time in milliseconds

5
6 //initializing the control circuit:

7 int pushButton = 2; //set by hardware, do not change

8 int motorControl = 9; //set by hardware, do not change

9 int count = cycleNumber;
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10
11 void setup() {

12 pinMode(pushButton, INPUT);

13 pinMode(motorControl, OUTPUT);

14 Serial.begin(9600);

15 pinMode(LED_BUILTIN, OUTPUT);

16 }

17
18 //loop controlling the magnetic valve

19 void loop() {

20 //start spray cycle by pushing the button

21 if(digitalRead(pushButton) == HIGH){

22 count = 0;

23 }

24
25 //if Arduino LED blinks, the program loaded successfully

26 digitalWrite(LED_BUILTIN, HIGH); // turn the LED on

27 delay(500); // wait for half a second

28 digitalWrite(LED_BUILTIN, LOW); // turn the LED off

29 delay(500); // wait for half a second

30
31 //spray cycle parameter

32 while(count < cycleNumber){

33 digitalWrite(motorControl,HIGH);

34 delay(sprayTime);

35 digitalWrite(motorControl,LOW);

36 delay(dryTime);

37 count++;

38
39 //abbort and reset spray cycle by pushing the button

40 if(digitalRead(pushButton) == HIGH){

41 count = cycleNumber;

42 delay(500);

43 }

44 }

45 }

114



Figure B.1.: Spraycoater for area deposition. Yellow rectangles highlight the stepper motors
that control the movements along x- and y-axis. The blue rectangle highlights the spray nozzle
of type JAUCO D555000, which is easily attached to the spray coater. The orange rectangle rep-
resents the substrate with maximum dimensions of 20 cm × 17 cm, in this case a 10 cm × 10 cm
copper hotplate for substrate heating.
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Figure B.2.: Circuit diagram for control of pulsed spray deposition.
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Szilágyi, ”Synthesis of TiO2 nanofibers by electrospinning using water-soluble Ti-
precursor“, J. Therm. Anal. Calorim., vol. 139, no. 1, 57–66, 2020. doi: 10.1007/
s10973-019-08398-z.

[134] V. A. Zeitler and C. A. Brown, ”The infrared spectra of some Ti-O-Si, Ti-O-Ti
and Si-O-Si compounds“, J. Phys. Chem., vol. 61, no. 9, 1174–1177, 1957. doi:
10.1021/j150555a010.

[135] M. Liu, N. Yazdani, M. Yarema, M. Jansen, V. Wood, and E. H. Sargent, ”Colloidal
quantum dot electronics“, Nat. Electron., vol. 4, no. 8, 548–558, 2021. doi: 10.1038/
s41928-021-00632-7.

[136] J. J. Choi, J. Luria, B.-R. Hyun, A. C. Bartnik, L. Sun, Y.-F. Lim, J. A. Marohn,
F. W. Wise, and T. Hanrath, ”Photogenerated exciton dissociation in highly cou-
pled lead salt nanocrystal assemblies“, Nano Lett., vol. 10, no. 5, 1805–1811, 2010.
doi: 10.1021/nl100498e.

[137] P. Guyot-Sionnest, ”Electrical transport in colloidal quantum dot films“, J. Phys.
Chem. Lett., vol. 3, no. 9, 1169–1175, 2012. doi: 10.1021/jz300048y.

[138] C. R. Kagan, C. B. Murray, and M. G. Bawendi, ”Long-range resonance transfer
of electronic excitations in close-packed CdSe quantum-dot solids“, Phys. Rev. B,
vol. 54, no. 12, 8633–8643, 1996. doi: 10.1103/PhysRevB.54.8633.

[139] M. S. Kodaimati, C. Wang, C. Chapman, G. C. Schatz, and E. A. Weiss, ”Distance-
dependence of interparticle energy transfer in the near-infrared within electrostatic
assemblies of PbS quantum dots“, ACS Nano, vol. 11, no. 5, 5041–5050, 2017. doi:
10.1021/acsnano.7b01778.

[140] A. A. Chistyakov, M. A. Zvaigzne, V. R. Nikitenko, A. R. Tameev, I. L. Mar-
tynov, and O. V. Prezhdo, ”Optoelectronic properties of semiconductor quantum
dot solids for photovoltaic applications“, J. Phys. Chem. Lett., vol. 8, no. 17, 4129–
4139, 2017. doi: 10.1021/acs.jpclett.7b00671.

131

https://doi.org/10.1002/cphc.200800800
https://doi.org/10.1002/cphc.200800800
https://doi.org/10.1007/s10973-019-08398-z
https://doi.org/10.1007/s10973-019-08398-z
https://doi.org/10.1021/j150555a010
https://doi.org/10.1038/s41928-021-00632-7
https://doi.org/10.1038/s41928-021-00632-7
https://doi.org/10.1021/nl100498e
https://doi.org/10.1021/jz300048y
https://doi.org/10.1103/PhysRevB.54.8633
https://doi.org/10.1021/acsnano.7b01778
https://doi.org/10.1021/acs.jpclett.7b00671


Bibliography

[141] P. Siffalovic, L. Chitu, K. Vegso, E. Majkova, M. Jergel, M. Weis, S. Luby, I. Capek,
J. Keckes, G. A. Maier, A. Satka, J. Perlich, and S. V. Roth, ”Towards strain gauges
based on a self-assembled nanoparticle monolayer–SAXS study“, Nanotechnology,
vol. 21, no. 38, 385702, 2010. doi: 10.1088/0957-4484/21/38/385702.

[142] M. K. Choi, J. Yang, T. Hyeon, and D.-H. Kim, ”Flexible quantum dot light-
emitting diodes for next-generation displays“, npj Flexible Electron., vol. 2, no. 1,
2018. doi: 10.1038/s41528-018-0023-3.

[143] D. M. Kroupa, M. Vörös, N. P. Brawand, B. W. McNichols, E. M. Miller, J. Gu,
A. J. Nozik, A. Sellinger, G. Galli, and M. C. Beard, ”Tuning colloidal quantum
dot band edge positions through solution-phase surface chemistry modification“,
Nat. Commun., vol. 8, no. 1, 15257, 2017. doi: 10.1038/ncomms15257.

[144] S. Lee, M.-J. Choi, G. Sharma, M. Biondi, B. Chen, S.-W. Baek, A. M. Najarian,
M. Vafaie, J. Wicks, L. K. Sagar, S. Hoogland, F. P. G. de Arquer, O. Voznyy, and
E. H. Sargent, ”Orthogonal colloidal quantum dot inks enable efficient multilayer
optoelectronic devices“, Nat. Commun., vol. 11, no. 1, 4814, 2020. doi: 10.1038/
s41467-020-18655-7.
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