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Abstract

The cost-efficient fabrication of plasmonic superstructures is a key challenge for the development
of optoelectronic devices. This thesis is focused on the preparation of such superstructures via
self-assembly of colloidal building blocks. In order to integrate plasmonic superstructures into
optoelectronic devices, organic thin film solar cells are selected as a model system. Additionally,
a brief theoretical background on the localized surface plasmon resonance, self-assembly of soft
particles, image analysis, and thin film solar cells is provided.

Polymer-encapsulated gold nanoparticles are used as colloidal building blocks for plasmonic su-
perstructures. The nanoparticles are encapsulated by non-cross-linked or cross-linked poly(N -
isopropylacrylamide) shells. The shell thickness of the polymer-encapsulated gold nanoparticles
is tunable from a few tens up to several hundreds of nanometers. Further modification of the
gold nanoparticles is carried out by seed-mediated core overgrowth. The particles are overgrown
with spherical gold or silver shells leading to superior optical properties. The synthetic protocol
allows for size-controlled overgrowth of the particles up to a final particle diameter of 100 nm and
produces neither secondary nucleation nor strongly anisotropic particle shapes. Thus, four key
parameters are available for the design of colloidal core-shell building blocks for plasmonic super-
structures: size and composition of the plasmonic core as well as thickness and architecture of
the polymer shell. Using these parameters, a library of polymer-encapsulated gold nanoparticles
is produced for self-assembly.

Focusing on interface-mediated self-assembly, plasmonic superstructures of polymer-encapsulat-
ed gold nanoparticles are prepared and collected on solid, cm2-scale supports. By this pro-
cess, hexagonally ordered plasmonic monolayers with exceptional long-range order are obtained.
Atomic force microscopy measurements at multiple positions of the substrate reveal almost iden-
tical interparticle distances and particle densities, independent of size or composition of the
plasmonic core. UV-Vis spectroscopy, also performed at multiple locations, highlights the op-
tical homogeneity of the plasmonic monolayers making them perfectly suitable for organic thin
film solar cell devices.

Plasmonic monolayers are systematically deposited at different interfaces of solar cell devices.
Current-voltage measurements demonstrate that all plasmonic devices are fully operational. If
the monolayer is located at any location underneath the active layer of the device, parasitic light
absorption limits the efficiency of the device. This effect is most pronounced for monolayers with
large gold nanoparticles. However, plasmonic monolayers improve the efficiency of space-charge
limited solar cell devices considerably. Once the monolayer is located above the photoactive layer
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of a solar cell, near the metal electrode, it acts as a light redistributing element. Thus, photo-
generated charge carriers near the metal electrode increase the photocurrent of the device.

Further research investigates plasmonic superstructures beyond hexagonally ordered monolay-
ers. Binary honeycomb structures are fabricated by the sequential double self-assembly of two
hexagonally ordered monolayers on the same solid substrate. Each monolayer was prepared by
interface-mediated self-assembly of polymer-encapsulated nanoparticles with either gold or silver
cores. Elemental mapping unravels the exact location of each core in the honeycomb structure
with submicron resolution.

The outcomes of this work are relevant for future applications such as sensors, nanolasers, and
solar cells that rely on cost-efficient, optically homogeneous plasmonic superstructures.
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Zusammenfassung

Die kostengünstige Herstellung von plasmonischen Überstrukturen ist essentiell für die Entwick-
lung von optoelektronischen Bauteilen. Ziel dieser Arbeit ist es, solche Überstrukturen durch
kolloidale Selbstassemblierung zu erzeugen. Anschließend werden die Überstrukturen in organi-
sche Dünnschichtsolarzellen integriert, welche als Modellsystem für optoelektronische Bauteile
dienen. Weiterhin werden kurz die Grundlagen der Partikelplasmonresonanz, Selbstanordnung
von weichen Partikeln, Bildanalyse und Dünnschichtsolarzellen erläutert.

Für die Herstellung von plasmonischen Überstrukturen werden Goldnanopartikel als kolloidale
Bausteine verwendet. Die Nanopartikel werden mit einer Polymerschale aus quervernetztem oder
nicht-quervernetztem Poly(N -isopropylacrylamid) umhüllt. Dabei kann die Schalendicke von ei-
nigen zehn bis mehren hundert Nanometern variiert werden. Des Weiteren werden die Goldna-
nopartikel mit sphärischen Gold- oder Silberschalen überwachsen, wodurch sich die optischen
Eigenschaften der Partikel außerordentlich verbessern. Das größenkontrollierte Überwachsen er-
möglicht Kerngrößen von bis zu 100 nm, wobei weder Sekundärnukleation noch stark anisotrope
Partikelformen entstehen. Daraus ergeben sich vier essentielle Parameter für das Design von kol-
loidalen Kern-Schale Bausteinen für plasmonische Überstrukturen: Größe und Zusammensetzung
des plasmonischen Kerns, sowie Schalenarchitektur und Schalendicke der Polymerschale.

Plasmonische Überstrukturen werden durch Selbstanordnung der kolloidalen Bausteine an der
Wasser/Luft Grenzfläche erzeugt und auf feste cm2-große Substrate übertragen. Untersuchungen
mittels Rasterkraftmikroskopie zeigen hexagonal geordnete Monolagen mit außergewöhnlicher
Fernordnung. Aus Messungen an verschiedenen Positionen des Substrates wird deutlich, dass der
Abstand zwischen den einzelnen Kolloiden der Monolage, sowie die Partikeldichte nahezu iden-
tisch sind – unabhängig von Größe und Zusammensetzung des plasmonischen Kerns. Folglich
verfügen die Monolagen über eine exzellente optische Homogenität, was durch UV-Vis Spek-
troskopie, ebenfalls gemessen an verschiedenen Positionen, gezeigt werden kann. Somit sind die
plasmonischen Monolagen bestens geeignet für organische Dünnschichtsolarzellen.

Plasmonische Monolagen werden systematisch an verschiedene Grenzflächen einer Solarzelle inte-
griert. Strom-Spannungs-Kennlinien zeigen, dass alle plasmonischen Solarzellen vollständig funk-
tionsfähig sind. Allerdings wird der Wirkungsgrad der Solarzellen durch parasitäre Lichtabsorp-
tion der Monolage verringert. Dieser Effekt ist am stärksten ausgeprägt für Monolagen, welche
sich an beliebigen Grenzflächen unterhalb der aktiven Schicht der Solarzelle befinden. Jedoch füh-
ren plasmonische Monolagen zu einer erheblichen Leistungssteigerung in raumladungslimitierten
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Solarzellen. Befindet sich eine plasmonische Monolage oberhalb der aktiven Schicht, nahe der Me-
tallelektrode, so wirkt die Monolage wie ein Licht umverteilendes Element. Dadurch entstehen
photogenerierte Ladungsträger nahe der Metallelektrode, welche den Photostrom der Solarzelle
erhöhen.

Weiterhin werden in dieser Arbeit plasmonische Überstrukturen jenseits von hexagonalen Mono-
lagen untersucht. Die sequentielle Selbstassemblierung von zwei hexagonalen Monolagen auf das
Gleiche Substrat erzeugt binäre Bienenwabenstrukturen. Die einzelnen Monologen der Bienenwa-
benstruktur wurden zuvor durch Selbstassemblierung an der Wasser/Luft Grenzfläche erzeugt.
Dafür wurden kolloidale Bausteine verwendet, die entweder einen Gold- oder Silberkern besaßen.
Anschließend kann durch Element-Mapping die exakte Position der Kerne in der Bienenwaben-
struktur mit submikrometergenauer Auflösung bestimmt werden.

Die Ergebnisse dieser Arbeit sind relevant für zukünftige Anwendungen im Bereich der Sensorik,
Nanolaser oder Solarzellen, welche auf kostengünstige, optisch homogene plasmonische Oberflä-
chen angewiesen sind.
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Chapter 1

Introduction

Surface functionalization of gold nanoparticles. Colloidal nanoparticles are metastable and
aggregate easily. One striking example is the destabilization of a colloidal suspension of citrate-
stabilized gold nanoparticles by the addition of salt. Initially, the suspension is ruby red but
changes quickly to black as the particles aggregate because of attractive van der Waals forces
and the high Hamaker constant of gold in water.1,2 Surface functionalization with surface ligands
or optical dielectric shells is one clever strategy to enhance the colloidal stability of the parti-
cles. Common examples for the stabilization of gold nanoparticles are: Small molecules (citrate,
alkyl ammonium chains, thiols),3–7 silica,8–10 DNA,11–15 and polymers.16–19 Thus, additional
electrostatic repulsion and/or steric stabilization of the colloids is provided.

The particle functionalization can be conveniently followed by UV-Vis spectroscopy due to the
strong interaction of gold nanoparticles with light. This stems from their ability to support a
localized surface plasmon resonance (LSPR) – collective oscillations of the conducting electrons
stimulated by the electric field component of incident light. The LSPR is sensitive to the refrac-
tive index close to the surface of the nanoparticles. Functionalization of gold nanoparticles with
dielectric shells increases the refractive index close to the nanoparticle surface, and consequently,
a small red shift of the LSPR is observed.20–22 Polymers are particularly interesting shelling
materials because the thickness of the shell can be easily controlled by the polymer molecular
weight. For instance, Ebeling and Vana demonstrated that the interparticle distance between
poly(N -isopropylacrylamide) (PNIPAM) stabilized gold nanoparticles increases from 11.6 nm to
40.9 nm with increasing molecular weight of the polymer shell.23

In principle, even larger polymer shells are possible by further increasing the molecular weight
of the polymer. However, obtaining large polymer shells in the order of hundreds of nanometers
is increasingly challenging because it is not trivial to synthesize monodisperse, high molecular
weight polymer chains.24 Another approach to large polymer shells are hydrogel shells – cross-
linked polymer networks. Especially PNIPAM hydrogel shells are a common shelling material
for gold nanoparticles. These core-shell particles are prepared by free radical precipitation poly-
merization of N -isopropylacrylamide and the cross-linker N,N’-methylenebisacrylamide in the
presence of surface-functionalized gold nanoparticles. The nanoparticles act as seeds during the
precipitation polymerization, and after the reaction, each gold nanoparticle is encapsulated by
a cross-linked PNIPAM hydrogel. Functionalizing the nanoparticles with thin layers of silica,25
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Chapter 1 Introduction

polystyrene,26,27 or butenyl amine28 ensures a stable and homogeneous encapsulation of the
gold nanoparticles. Rauh et al. demonstrated that the hydrophobicity of the gold nanoparticles
is essential for the hydrogel encapsulation reaction.29 The yield of hydrogel-encapsulated gold
nanoparticles was close to 100% for nanoparticles stabilized by butenylamine. In contrast, only
a fraction of hydrophilic gold nanoparticles – stabilized by citrate or mercaptoundecanoic acid –
was encapsulated.

As the above examples illustrate, PNIPAM is a highly versatile polymer for the fabrication of
core-shell metal-polymer nanoparticles with a wide range of shell thicknesses using either non-
cross-linked or cross-linked architectures. In addition, PNIPAM is a stimuli responsive material,
i.e., in water the shell thickness of PNIPAM-encapsulated particles experiences a temperature-
induced volume phase transition. Subtle changes of the PNIPAM solvency in water with tem-
perature drive this transformation. At room temperature, water is a good solvent for PNIPAM
and the polymer shell is highly swollen because of hydrogen bonds between water and the amide
groups of PNIPAM. Once the temperature is raised polymer-polymer hydrogen bonding (via
the amide groups) and polymer-polymer hydrophobic interactions become increasingly favoured.
The polymer shell collapses and water is expelled – the particle shrinks. As a result, PNIPAM
hydrogel-encapsulated gold nanoparticles experience a drastic change in volume once the tem-
perature is increased above a certain point – similar to pure colloidal PNIPAM hydrogels. Karg
et al. determined volume phase transition temperatures (VPTT) of 34◦C–37◦C of PNIPAM-
encapsulated gold nanoparticles, slightly higher than the transition temperatures of pure colloidal
PNIPAM hydrogels (32◦C–33◦C).28

In addition to shell thickness control and thermal responsivity, the hydrogel shell offers an-
other advantage. The porous nature of the shell enables further post-modification of PNIPAM-
encapsulated gold nanoparticles once the hydrogel shell is highly swollen in water below its
VPTT. Hence, small molecules can diffuse in and out of the PNIPAM network and reach the
nanoparticle at the center. For instance, the gold core can be overgrown with other noble metals
such as gold, silver, or platinum, respectively.26,27,30,31 Overgrowth with gold was presented by
Contreras-Cáceres et al.26,27 They adapted a seed-mediated overgrowth protocol originally de-
signed for the overgrowth of citrate-stabilized gold nanoparticles. The synthesis was carried out
in water and required a gold salt precursor (tetrachloroauric acid, HAuCl4), a reducing agent
(ascorbic acid), and the cationic surfactant hexadecyltrimethylammonium bromide (CTAB).32

Briefly, the complexation of HAuCl4 by CTAB changes the redox potential of AuIII so that a final
reduction to Au0 is only possible at the surface of gold nanoparticles acting as catalytic centers.
Overgrowing gold nanoparticles changes the optical properties of the particles significantly. For
example, spherical gold nanoparticles of 15 nm in diameter have a pronounced absorbance peak
at 524 nm. The absorbance stems from the dipolar mode of the LSPR of the nanoparticles. The
LSPR experiences a pronounced red shift as the particles get larger and an additional quadrupolar
mode develops, once the particle size exceeds 100 nm.32 The spherical core overgrowth works
excellent for citrate-stabilized gold nanoparticles. However, overgrowth of PNIPAM hydrogel-
encapsulated gold nanoparticles is more difficult as anisotropic particle shapes are observed
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frequently.26,27,30

Application of plasmonic nanoparticles. Overgrowing PNIPAM-encapsulated gold nanoparticles
highlights just one of the ways that the easy access to plasmonic particles of defined size and
composition sparked a strong interest amongst the scientific community over the last decade.
Plasmonic particles have a broad range of applications including sensing,33–39 nanolasers,40 and
solar cells.41–46 Particularly organic thin film solar cells can serve as an instructive example for
the application of plasmonic particles. Briefly, such a device uses an organic semiconductor as
photoactive material. The semiconductor is sandwiched between two electrodes – one of them is
transparent.47

Currently, the benchmark for organic solar cells uses a blend of poly(3-hexylthiophene-2,5-
diyl) and the fullerene derivative phenyl-C61-butyric acid methyl ester as photoactive mate-
rial (P3HT:PCBM).48–52 However, such devices suffer from limited light absorbance because
the thickness of the P3HT:PCBM layer is restricted to values below 200 nm due to low charge
carrier mobility, short exciton diffusion lengths, and charge recombination in organic semicon-
ductors.53–56 Here, plasmonic particles are promising as light managing elements. They can
improve the photocurrent of thin film solar cells by increasing the optical path length of light
via scattering or by acting as light concentration centers via near-field enhancement.45,57 The
application of plasmonic particles in solar cell devices leads to a new class of solar cells termed
"plasmonic solar cells".57–59

Most commonly, plasmonic particles are deposited on certain layers of the device by spin-coating
or dip-coating from a particle solution. Alternatively, the particles are synthesized directly on
the device by vapour-phase deposition as demonstrated by Morfa et al.44 They produced silver
nanoparticles on the transparent indium tin oxide (ITO) electrode of P3HT:PCBM solar cells.
Evaluation of the solar cell performance revealed a strong increase of the solar cell efficiency by a
factor of 1.7. Baek et al. systematically investigated size and concentration of plasmonic particles
in organic thin film solar cells.60 They incorporated silver nanoparticles of 10 nm– 100 nm in
diameter in the anodic buffer layer of solar cell devices and determined their power conversion
efficiencies (ηOPV ). A clear enhancement of 7.6% was found for silver nanoparticles of 67 nm
in diameter and an optimized particle concentration of 4.5 x 109 particles/cm2. Investigation of
the solar cell performance revealed that the enhancement mainly stemmed from an increase of
the photocurrent due to additional light absorption by the silver particles. Interestingly, ηOPV
decreased for higher particle concentrations due to agglomeration of the nanoparticles. It follows
that not only the particle size is important but also the particle separation and concentration
are crucial parameters for the design of plasmonic solar cells.

Even though these parameters are essential, they are less frequently studied in many publications.
Systematic investigations of particle concentration effects are scarce60,61 and a thorough char-
acterization of the particle distribution (structure, surface density, and interparticle distance)
is neglected frequently.44,62–72 Ultimately, this can lead to contradictory results as there is a

7



Chapter 1 Introduction

trade-off between enhancing effects such as scattering and near-field enhancement and weaken-
ing effects such as leakage currents, parasitic absorption, and quenching of excitons by plasmonic
particles. It follows that there is a need for well-defined particle arrays with controllable inter-
particle spacing and a high degree of optical homogeneity – on the local and macroscopic scale.

Plasmonic superstructures. Currently, well-defined arrays of plasmonic particles are prepared
easily by top-down lithographic methods such as photolithography,73 electron beam lithogra-
phy,74 and focused ion beam milling.75 These methods allow for the fabrication of two dimen-
sional plasmonic superstructures with a precise control of structural parameters such as geometry,
spacing, shape, and material. Although virtually any plasmonic superstructures can be prepared
by lithographic techniques, they require expensive equipment and are often time-consuming pro-
cesses.76 This leaves top-down lithographic methods incommensurable with thin film organic
solar cells that target markets for disposable, low-cost, or flexible solar cell applications.

Another approach to plasmonic superstructures are colloidal self-assembly methods. They can
produce particle arrays with exceptional control of interparticle spacing, geometry, and long-
range order on macroscopic domains. PNIPAM-encapsulated gold nanoparticles are ideal build-
ing blocks for such plasmonic superstructures because thickness of the polymer shell and size of
the gold nanoparticle are tunable by simple synthetic protocols. Convenient methods for the self-
assembly of PNIPAM-encapsulated gold nanoparticles are drop-casting, spin-coating, convective
assembly, or interface-mediated self-assembly.

Using drop-casting, Clara-Rahola et al. prepared hexagonally ordered monolayers of PNIPAM-
encapsulated gold nanoparticles.77 The polymer shell acted as an inherent sterical spacer control-
ling the interparticle distance during the self-assembly process. Alternative fabrication methods
for plasmonic superstructures were investigated by Jaber et al.78 They prepared colloidal mono-
layers either by spin-coating or convective assembly of PNIPAM-encapsulated gold nanoparticles.
They found that prefunctionalization of the substrates with polyelectrolytes improved the order
of the monolayers due to enhanced particle-substrate interactions. Moreover, the surface density
of plasmonic particles was tunable by encapsulating gold nanoparticles with PNIPAM shells of
different thicknesses. Interface-mediated self-assembly is another powerful method for the self-
assembly of PNIPAM-encapsulated gold nanoparticles. Using a Langmuir-Blodgett trough (L-B
trough), Vogel et al. prepared colloidal monolayers at the air/water interface.79 The monolayers
had a hexagonal symmetry which was preserved after transfer onto solid substrates. Moreover,
compression of the monolayers at the air/water interface allowed to tune the interparticle distance
between 650 nm and 300 nm.

Even though these colloidal self-assembly methods provide access to well-defined monolayers
of PNIPAM-encapsulated gold nanoparticles, they face certain limitations. For instance, all of
the ordered monolayers had a hexagonal symmetry because the hexagonal lattice is the favoured
minimum free energy position of these particles.79 In order to realise other particle arrangements,
templated particle assembly is a promising approach. This method uses a topographically or
chemically structured surface in order to force specific arrangements of colloidal particles.80
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Müller et al. used wrinkle-substrates as templates in order to organize PNIPAM-encapsulat-
ed silver or gold nanoparticles into linear particle assemblies.38,81 However, the main drawback
of templated particle assembly is the template itself, which must be specifically designed for
the desired nanostructure. If the template can only be designed by photolithography, template
fabrication can become expensive and complex and thus a bottle-neck for applications such as
plasmonic solar cells.80,82

Templated particle assembly concludes state-of-the-art self-assembly methods for the fabrication
of two-dimensional plasmonic superstructures of PNIPAM-encapsulated gold nanoparticles. Yet,
it is still difficult to incorporate plasmonic superstructures in optoelectronic devices without
relying on lithographic methods. Commonly, a standard solar cell test substrate has a surface
area in the order of 1.2 cmx 1.2 cm– 2.25 cmx 2.25 cm.47 It follows that structural parameters
such as interparticle spacing, geometry, and long-range order of plasmonic superstructures must
be controllable on the same scale. Consequently, the cost-efficient fabrication of homogeneous
plasmonic superstructures on the macroscopic scale is a key challenge for the development of
optoelectronic devices.

dc

dcs

Figure 1.1. Illustration of a PNIPAM-encapsulated gold nanoparticle. The core-shell particle is
defined by the core diameter dc and the overall diameter dcs.

Colloidal building blocks for plasmonic superstructures. This thesis is focused on the prepara-
tion of plasmonic superstructures using non-cross-linked and cross-linked PNIPAM-encapsulated
gold nanoparticles as building blocks. Figure 1.1 shows a schematic illustration of a PNIPAM-
encapsulated gold nanoparticle. The particle is defined by two important lengthscales: one due
to the size of the polymer shell (dcs) and one due to the size of the gold nanoparticle core (dc).

Both lengthscales are found in self-assembled monolayers of PNIPAM-encapsulated gold nanopar-
ticles as demonstrated in Figure 1.2. Transmission electron microscopy (TEM) images reveal a
non-close packed monolayer in Figure 1.2 A. The particle arrangement of the monolayer is referred
to as shell-to-shell arrangement because the particles do not interpenetrate. The interparticle
center-to-center distance (dc−c) is close to the hydrodynamic diameter of the particles in solution,
even though the particles are clearly separated on the TEM grid. This apparent discrepancy can
be explained considering the preparation conditions of the TEM measurements. A monolayer of
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A B

d » dc-c cs d < dc-c cs

Figure 1.2. Different arrangements of PNIPAM-encapsulated gold nanoparticles. A, B, TEM
images of the particles in shell-to-shell (A) or core-to-core arrangement (B). The scale bar is 1µm.
Sketches illustrate the two different scenarios. The overlapping region of the core-to-core arrangement
is indicated in blue.

core-shell particles is transferred onto a TEM grid, dried, and subjected to a very high vaccuum
during the TEM investigation. Hence, the PNIPAM shell of the core-shell particles is strongly
collapsed which explains the large gaps between the particles in Figure 1.2 A. Initially, the par-
ticle monolayer was prepared by interface-mediated self-assembly at the water surface. Hence,
the PNIPAM shell is strongly swollen by water (below the VPTT of the core-shell particles), and
the core-shell particles are in a direct shell-to-shell contact on the water surface. The particle
arrangement of the monolayer in Figure 1.2 B is referred to as core-to-core arrangement, because
the particles interpenetrate each other. Consequently the interparticle distance is considerably
smaller as compared to the particle diameter. Moreover, the density of core-shell particles is
also significantly higher as compared to Figure 1.2 A. Importantly, such a scenario is impossible
for hard sphere colloids such as polystyrene (PS) or poly(methyl methacrylate) (PMMA), for
example.

Organization of the thesis. The thesis is organized in four major parts.
The first part of the thesis deals with the synthesis of gold-PNIPAM core-shell particles as
colloidal building blocks for plasmonic superstructures. Shell size, shell architecture, and size of
the plasmonic core are investigated as design parameters for the colloidal building blocks. Further
diversity of the core-shell particles is achieved by post-modification. Therefore, the plasmonic
core of the core-shell particles is overgrown with silver or gold. These design parameters are
systematically changed in order to produce a diverse library of plasmonic building blocks. Char-
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acterization of the building blocks is carried out using dynamic light scattering (DLS), TEM,
and UV-Vis spectroscopy. Next, plasmonic superstructures are fabricated in the second part
of the thesis. The impact of two different self-assembly methods – spin-coating and interface-
mediated self-assembly – upon the order of the superstructures is investigated. The structures
are probed by atomic force microscopy (AFM), and the optical properties are evaluated by UV-
Vis spectroscopy. In the third part of the thesis, the role of plasmonic superstructures is
investigated in organic thin film solar cells. Therefore, plasmonic superstructures are systemati-
cally integrated at different interfaces in the layer stack of organic solar cells. The performance
of the devices is evaluated using current-voltage, external quantum efficiency, and reflectance
measurements. The last part of the thesis investigates fabrication methods for plasmonic
superstructures beyond hexagonal monolayers. The superstructures are fabricated using two
distinctive methods: double deposition of two monolayers on top of each other and anisotropic
stretching of a single monolayer. The superstructures are investigated using AFM and TEM.
All in all, this work provides bottom-up self-assembly strategies for the fabrication of optically
homogeneous plasmonic superstructures using simple self-assembly methods and well-defined
colloidal building blocks.
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Chapter 2

Theoretical Part

2.1 Plasmon Resonance of Noble Metal Nanoparticles
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Figure 2.1. Schematic illustration of the interaction between the electric field component of incident
light and a spherical metal nanoparticle. The electric field causes a collective oscillation of the electron
gas of the nanoparticle. The photograph shows a typical gold nanoparticle dispersion. The particle
diameter is 15± 2 nm.

Noble metal nanoparticles such as gold and silver have a pronounced absorbance in the visible
range. Figure 2.1 shows a digital photograph of a gold nanoparticle dispersion. The nanoparticles
have a size of 15± 2 nm in diameter. The dispersion appears ruby red because green light, with
a wavelength of approx 520 nm, is strongly absorbed by the particles, while red light, with a
wavelength of approx. 700 nm, is reflected. The electric field component of incident light causes
a coherent oscillation of the conducting electrons relative to the immobile positive nuclei of the
metal nanoparticle (cf. Figure 2.1). This phenomenon is known as localized surface plasmon
resonance of metal nanoparticles.83–85

It is instructive to compare the LSPR with a mechanical oscillator. When the oscillator is
displaced from its equilibrium state, a restoring force towards the equilibrium position is exerted
and the system starts oscillating. The motion is described by a continuous sinusoidal wave until
losses, caused by damping, bring the system to rest. However, the application of an oscillating
external driving force can overcome this damping. For a particular driving force at least one
frequency is found at which the oscillator will have a maximum amplitude, which is known as
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the resonant frequency of the system. This occurs when the driving force is in phase with the
natural frequency of the oscillator. In this case, a small periodic driving force will cause very
large amplitude oscillations of the system because of an effective energy transfer between the
external force and the harmonic oscillator.

The same concept can be applied to the plasmon oscillation of a metal nanoparticle stimulated by
incident light. The electric field component of light corresponds to the external sinusoidal driving
force causing an oscillation of the conduction electrons of the metal nanoparticle. The restoring
force is the Coulomb attraction between the positive nuclei and the electron gas. Although all
free electrons of the metal nanoparticle are oscillating, the main cause for the restoring force
is the surface polarization of the particle.83 Resonant conditions are found once the light is
in phase with the plasmon oscillation of the particle. At this point, the maximum amount of
incident electromagnetic radiation is absorbed by the particle resulting in the strongest charge
displacement.85 This process only works for metal nanoparticles, which are considerably smaller
as compared to the wavelength of the incident light. Then, the surface plasmon is confined to
a very small volume and an intense, oscillating electric field develops close to the nanoparticle
surface. The electric field extends from a few nanometers up to a few tens of nanometers into
the dielectric environment of the nanoparticle.35,85,86

Silver or gold metal nanoparticles are the most popular examples of plasmonic particles because
of their high environmental stability and their accessibility by well-established synthetic pro-
tocols.87–92 The LSPR of these nanoparticles is affected by many different factors such as the
dielectric environment, size, shape, and material of the particle.84,85,93–98 For instance, the gold
nanoparticles of Figure 2.1 have a single, dipolar plasmonic mode. The entire electron gas of the
particles oscillates under resonant conditions. In contrast, larger particles show a broadening of
the LSPR and have additional absorption bands due to the excitation of higher order plasmon
modes. Here, parts of the electron gas move parallel/anti parallel to the incident electric field.85

Shape anisotropy also affects the LSPR, causing additional plasmon modes. This phenomenon
is commonly observed for gold nanorods, where the dipole LSPR splits in a transverse and a lon-
gitudinal mode.99–101 Moreover, coupling of the LSPR occurs if two independent nanoparticles
approach each other below a certain distance, usually in the range of a few nanometers.102,103

LSPR coupling is also observed when particle-particle aggregation takes place, for instance by
destabilization of a colloidal gold nanoparticle dispersion. Then, a pronounced change of color
is visible due to a significant shift and broadening of the LSPR.15

The LSPR of noble metal nanoparticles causes the particles to strongly absorb and scatter
incident light. The absorption and scattering cross sections are considerably higher as compared
to non-plasmonic particles of the same size and shape. The absorption and scattering cross
sections are given by Equation 2.1 and 2.2 for nanoparticles that are considerably smaller than
the wavelength of light86,104,105

Cabs = 4πkr3 Im
{
εs − εm
εs + 2εm

}
= k Im{αp} (2.1)
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Csca = 8π
3 k4r6

∣∣∣∣ εs − εmεs + 2εm

∣∣∣∣2 = k4

6π |αp|
2 (2.2)

where k is the wavevector, εs and εm are the dielectric functions of the metal and the surrounding
medium, r is the particle radius, and αp is the dipolar polarizability of the spheres.105 The
extinction cross section Cext = Cabs + Csca is given by Equation 2.3

Cext = 9ω
c
ε3/2
m V

ε2
[ε1 + 2εm]2 + ε22

(2.3)

where V is the volume of the spherical nanoparticle, and ε1, ε2 are the real and imaginary parts
of the complex dielectric function εs(ω) = ε1(ω) + iε2(ω) of the metal. The calculations are valid
for an isolated, spherical nanoparticle located in a nonabsorbing medium, and the nanoparticle
is treated as an electric dipole. The polarization αp of the nanoparticle is given by Equation
2.483,86,104,105

αp = 4πr3 εs − εm
εs + 2εm

(2.4)

For metal nanoparticles, εs is obtained by the Drude model according to Equation 2.583,104,105

εs(ω) = ε1(ω) + iε2(ω) = 1−
ω2
p

ω2 + iγω
(2.5)

where ωp is the plasma frequency of the free electron gas, ω is the angular frequency of light,
and γ describes the electron damping in order to account for electron/phonon scattering in the
metal.104,105

In Equation 2.4 the term εs−εm
ε+2εm describes the optical properties of the nanosphere.105 αp be-

comes very large if |εs + 2εm| approaches a minimum. This criterion is fulfilled at the LSPR
of the nanosphere. A UV-Vis spectrum shows the LSPR of gold nanoparticles at the resonance
frequency (ωres). ωres = ωp√

3 if the surrounding medium is vaccuum (εm = 1). This frequency is
called the dipolar surface plasmon resonance of a spherical metal nanoparticle.104,105

If the particle size exceeds a certain size then a strict dipolar approximation is no longer valid
as additional multipolar modes are excited. Consequently, the electric field, induced by the
incident light, is no longer constant as assumed before and retardation effects must be considered.
Retardation is caused by the phase difference of electrodynamic fields propagating from different
regions of the nanoparticle.83,104,106 The optical properties of such particles are modelled using
Mie theory.86,104,107 According to Mie theory, the polarizability of a metal sphere is given by
Equation 2.6104,108,109

αp,mie =
1− 1

10(εs + εm)x2 +O(x4)

(1
3 + εm

εs−εm )− 1
30(εs + 10εm)x2 − i4π2ε

3/2
m

3
V
λ3

0
+O(x4)

V (2.6)
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where x = πr/λ0 is the size parameter of the metal sphere, and λ0 is the wavelength in vacuum.
As compared to αp of smaller particles (Equation 2.4), additional terms are included in the
numerator and denominator of αp,mie in order to account for retardation and damping effects.
The second terms in the numerator and denominator consider retardation effects.104,109 Both
terms are responsible for an energy shift of the LSPR towards lower energies (higher wavelengths).
This can be understood by the increasing distance between charges at opposite interfaces for
larger particles. Consequently, the restoring force is weaker and lowers the resonance frequency
of larger particles.21,32,93,110 The imaginary term in the denominator accounts for radiation
damping of the LSPR. The damping is the result of radiative losses weakening the strength of
the LSPR. This effect is more pronounced for larger particle volumes and causes a significant
broadening of the LSPR.108 The higher order terms O in the numerator and denominator of
Equation 2.6 account for higher order plasmon resonances.104,108,109 Accordingly, Mie theory
provides a rigorous solution for the optical extinction of spherical plasmonic particles of arbitrary
size.

In this work spherical gold nanoparticles of different sizes and with different surface modifications
are encountered frequently. Both modifications affect the LSPR and can be modelled thoroughly
using Mie theory. Figure 2.2 shows theoretical extinction spectra of spherical gold nanoparticles
that were calculated using an adaptation of the multilayer recursive method by Moroz.111 The
refractive index of gold was selected from Johnson and Christy112 and modified to account for
electron surface scattering at small dimensions.86
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Figure 2.2. Simulated extinction spectra of gold nanoparticles in water. A, Influence of the particle
size. The particle diameter increases from 15 nm (black) to 100 nm (red). B, Influence of a dielectric
shell. The shell diameter increases from 0nm (black) to 300 nm (pink) for gold nanoparticles of 15 nm
in diameter. Simulations were carried out using refractive indices of 1.355 for the shell and 1.332 for
water. The illustrations visualize the increase of particle diameter and shell thickness, respectively.
All spectra are normalized to the peak maximum of the LSPR.
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Figure 2.2 A demonstrates the size-dependence of the LSPR of spherical gold nanoparticles.
Increasing their size from 15 nm to 100 nm results in a pronounced red-shift and a significant
broadening of the LSPR due to retardation effects and damping. Figure 2.2 B shows the im-
pact of a dielectric polymer shell upon the LSPR of gold nanoparticles of 15 nm in diameter.
The extinction spectra is a combination of the LSPR of the nanoparticles and a superimposed
Rayleigh-Debye-Gans scattering contribution of the dielectric shells.28,113 It is assumed that the
particles are isolated, and that the dielectric shell has a constant refractive index (n) of 1.355,
close to water (n=1.332). The shell thickness is varied from 0nm (no shell) to 143 nm. A thin
shell with a thickness of 5 nm hardly affects the plasmon resonance. In contrast, the extinction
increases at lower wavelengths once the shell size reaches 40 nm. This effect gets more and more
pronounced for thicker shells. Finally, the scattering effect extends over the whole spectrum for
very thick dielectric shells. Additionally, the dielectric shell increases the refractive index close to
the nanoparticle surface and causes a small shift of the LSPR in the order of 1 nm–2 nm, which
is invisible in the representation.

In conclusion, plasmonic nanoparticles strongly interact with light. The optical properties of
plasmonic nanoparticles such as absorption and scattering cross sections depend on their size,
shape, and surface modification. Additionally, if more than one particle is considered, the in-
terparticle spacing also affects the LSPR. This strong interaction with incident lights makes
plasmonic nanoparticles suitable for the fabrication of optoelectronic devices such as organic
thin film solar cells.
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2.2 Organic Thin Film Solar Cells

Organic thin film solar cells use organic semiconductors as photoactive materials in order to
convert incident light into electricity by the photovoltaic effect. One advantage of organic semi-
conductors is that they combine the electronic properties of semiconducting materials with an
organic structure that is easy to modify by chemical synthesis. Furthermore, organic semicon-
ductors are solution processable, and thus inexpensive, flexible, and lightweight devices can be
fabricated. P3HT is the current benchmark for organic semiconductors in organic thin film so-
lar cells.50–52 The semiconducting polymer has a band gap of 1.9 eV – 2.0 eV, which means that
light with a wavelengths up to 650 nm is absorbed by P3HT. Great effort was put into synthetic
strategies in order to increase light absorption by the semiconducting polymer. For instance, the
bandgap of P3HT was lowered by introducing electron-donating or electron-withdrawing groups
to the polymer backbone, or by increasing the quinoidal character of the macromolecule.114,115

However, an inherent problem of P3HT, and all organic semiconductors, is their low electrical
conductivity because their dielectric constants are low (ε ≈ 3.5). Consequently, photogenerated
electron-hole pairs (excitons) are subjected to strong coulomb interactions and charge separation
becomes a critical issue. Moreover, excitons generated in organic semiconductors have a very low
diffusion length (around 10 nm) before they recombine.116 Both processes limit the maximum
thickness of organic solar cells to 200 nm, and thus, light absorption becomes a challenging
factor.41,54,117,118 The design of low bandgap donor-acceptor copolymers such as PTB7, with a
bandgap of 1.68 eV, is one way to enhance the light absorption of organic semiconductors. PTB7
absorbs incident light from the UV up to the NIR region.115,119–121

An alternative approach towards enhanced light absorption is modifying the solar cell device
itself. For inorganic silicon-based solar cells it is common practice to use surface structures such
as pyramidal textures as additional light scattering elements. Surface structuring increases the
path length of light in the solar cell. However, the same approach is not suitable for organic
solar cells because the surface roughness would be larger than the actual film thickness of the
organic semiconductor.45 In this case, light management by colloidal particles is a suitable alter-
native.41,122 In order to understand how such particles can contribute to the light management
of organic solar cells, it is import to be familiar with the basic electronic processes and operation
principles of the device at first.

2.2.1 The MIM Model

The basic device architecture of an organic solar cell is an organic semiconductor sandwiched
between a transparent ITO anode and a metal cathode. This setup has a very high similar-
ity to a dielectric material sandwiched between a parallel plate capacitor due to the very low
charge density and the low charge carrier mobility of organic semiconductors. Hence, the metal-
insulator-metal (MIM) model is instructive in order to understand the basic electronic processes
of an organic solar cell.47,54,123 Figure 2.3 shows the MIM model for four different scenarios.
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Figure 2.3. MIM model of organic diodes under different modes of operation. The electrodes are
represented by their Fermi levels Ef , and the organic semiconductor is represented by its LUMO and
HOMO levels. Open-circuit condition, VOC is applied and the current is zero. Short-circuit
condition, no voltage is applied. Photo-generated charge carriers drift in the build-in electric field
to the electrodes, and the device operates as a solar cell. Reverse bias, a voltage is applied and
photogenerated charge carries are extracted. The device operates as a photodetector. Forward bias,
the applied voltage is reversed, and the device operates as an organic light emitting diode. The model
is adapted from ref47 and54 .
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The organic semiconductor is represented by its highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) levels. The ITO and Al electrode, with dif-
ferent work functions (φw), are represented by their Fermi levels (Ef ). Under open-circuit
conditions, the solar cell device is not connected to an electric load and the energy levels of
LUMO and HOMO align (flat band condition). The voltage associated with this condition is the
open-circuit voltage (VOC). There is no electron transfer between the organic semiconductor and
the electrodes. Consequently, the current is zero because no driving force exists for the charge
carriers.

Solar cells operate under short-circuit conditions. Connecting the ITO and Al electrodes
by an external circuit results in an electron flow until the Fermi levels of both electrodes are
equilibrated. The difference between φw of both electrodes causes a build-in potential (Vbi), which
is indicated as displacement of the vacuum levels in Figure 2.3. Vbi causes a continuous tilt of the
LUMO and HOMO levels of the organic semiconductor between the electrodes. Photogenerated
charge carries follow the gradient in energy levels until they are extracted at the respective
electrodes. As electrons look for the lowest possible energy levels, they will move downwards in
the energy diagram and travel along the LUMO. Conversely, electron holes will move upwards
in the energy diagram and travel along the HOMO.

Under reverse bias conditions, an external voltage is applied, which lowers Ef of Al compared
to ITO. The tilt of LUMO and HOMO levels of the organic semiconductor increases, and the
device no longer delivers electric power but it works as a photodetector.

Under forward bias conditions, the applied voltage is reversed and the energy tilt of the
LUMO and HOMO levels reverses, too. The electrodes start injecting charges into the organic
semiconductor, once the applied voltage is above VOC . If the injected charges recombine radia-
tively, then the device operates as an organic light-emitting diode.

2.2.2 Fabrication and Operation of Organic Solar Cells

The sandwich-like layer stack is one of the standard geometries of organic thin film solar cell
devices. The device geometry consists of an organic semiconductor sandwiched between two
electrodes of different work functions, and the current flows perpendicular to the semiconduc-
tor layer. Commonly, ITO is used as the transparent bottom electrode of the device. The
electrode is covered with a thin layer of poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS), a water soluble, conductive polymer composite. PEDOT:PSS acts as electron
blocking layer improving the collection of holes at the ITO electrode.124,125 PEDOT:PSS and
the organic semiconductor are usually deposited onto the substrate by sequential spin-coating.
Next, the device is finished by evaporating a metal cathode with a very low workfunction such
as Al or Ag, in order to facilitate electron collection.

The dissociation of photogenerated excitons is a bottleneck in organic semiconductors because
the build-in electric field is not strong enough to directly separate the electron-hole pairs bound
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by strong coulomb interactions. This fact is a fundamental difference compared to inorganic
semiconductors such as silicon where charge dissociation happens instantly.54,126–128 Due to the
short exciton diffusion length in organic semiconducotrs, it is common to create heterojunctions
– interfaces between two different semiconducting materials – by combining electron donor and
electron acceptor materials with different HOMO and LUMO levels.50,54,129 The heterojunction
allows for an excited electron in the LUMO level of the donor material to be transferred to
the LUMO level of the acceptor material. The gain in electron energy is used to separate the
electron-hole pair.54,130 Afterwards, electrons travel within the acceptor material whereas holes
travel within the donor material towards the electrodes. Introducing heterojunctions significantly
reduces charge recombination of organic solar cells.54 Bulk heterojunctions use a similar concept.
The heterojunction is prepared by intermixing donor and acceptor materials in order to maximize
the interfacial area.131,132 Since polymers have a low mixing entropy phase separation takes
place, and a bicontinuous network of two phases is created on the lengthscale of the exciton
diffusion length. This process requires a careful adjustment of the molar donor:acceptor ratio,
temperature, and the choice of the solvent. Charge photogeneration in bulk heterojunction solar
cells proceeds as follows:

1. Exciton generation by photon absorption.

2. Exciton diffusion to the heterojunction.

3. Exciton dissociation into spatially separated charge carriers at the donor/acceptor interface.

4. Charge transport to the electrodes.
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Figure 2.4. Evaluating the solar cell performance. A, IV -curve of a P3HT:PCBM bulk hetero-
junction solar cell. Jdark and Jlight denote dark and light current densities of the device, JSC is the
short-circuit current. Jmax and Vmax correspond to current and voltage at the maximum power point
PE,max of the device. VOC is the open circuit voltage. B, EQE spectrum of the same device.

Commonly, the performance of organic solar cells is evaluated by recording current-voltage curves
(IV -curves) and by measuring the external quantum efficiency (EQE) of the device. Figure 2.4
shows the IV -curve of a ITO/P3HT:PCBM/Ag solar cell in the dark (red) and under illumination
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(black). The current density in the dark (Jdark) is close zero, until the electrodes start injecting
charges under forward bias conditions above VOC . Illuminating the device shifts the IV -curve
curve into the fourth quadrant, and the device starts generating power. The short-circuit current
density (JSC) is the maximum attainable photocurrent density of the device. JSC is measured
at short-circuit conditions where the voltage is zero. Conversely, the photocurrent is zero under
open-circuit conditions, and VOC is the maximum attainable voltage of the device. Electric
power is generated between JSC and VOC . The maximum generated electric power (PE,max) is
delivered at a certain point, where a rectangle, given by J(V ) · V , has the largest area.47,54 The
fill factor (FF ) of a solar cell is given by Equation 2.7

FF = Jmax Vmax
JSC VOC

(2.7)

which is equal to the ratio between the two rectangles indicated in Figure 2.4 A. The FF of an
ideal solar cell is one, and any values below one indicate the presence of loss channels such as
leakage currents and charge-carrier recombination.47,54,133 The power conversion efficiency of a
solar cell (ηOPV ) is given by Equation 2.854

ηOPV = PE,max
PI

= FF Jsc VOC
PI

(2.8)

where PE,max is the maximum electric power delivered by the device, and PI is the incident light
power.

In order to assess the electrical sensitivity of the device to light at a given wavelength, EQE
measurements are carried out.120,134–136 The EQE is defined as the ratio of collected charge car-
riers to the number of incident photons at a certain wavelength. The EQE is 100% in an ideal
solar cell, where all of the incident photons are absorbed, and all charge carriers are collected.
Figure 2.4 B shows the EQE spectrum of a P3HT:PCBM device, and the EQE is high in a
spectral range of 300 nm– 650 nm, where the active layer strongly absorbs incident photons. In
practice, IV -curves and EQE spectra are measured under standard conditions. These condi-
tions are: 25 ◦C, a total irradiance of 100mW/cm2, and the AM1.5 solar spectrum. This solar
spectrum is the absorption-corrected spectrum of the sun on the northern hemisphere.47,137

2.2.3 Strategies to Enhance the Photocurrent

The electrical current that a thin film organic solar cell produces corresponds to the number
of photogenerated charges which are collected at the electrodes. The charge generation itself
depends on the number of absorbed photons, the number of dissociated excitons, and the number
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of charges reaching the electrodes. The overall photocurrent efficiency ηJ is given by Equation
2.954

ηJ = ηAbs ηDiss ηOut (2.9)

where ηAbs, ηDiss, and ηOut are the efficiencies of photon absorption, exciton dissociation, and
charge collection, respectively. ηAbs depends on absorption spectrum, extinction coefficient, and
thickness of the semiconducting layer. ηDiss depends on the probability of an exciton reaching the
donor-acceptor heterojunction. ηout depends on the number of charges reaching the electrodes
without recombination.47,54,126 In order to improve the electrical current that a solar cell can
provide, Equation 2.9 must be optimized. In practice this is a complex task, as there exists a
mutual dependence between the different parameters, and improving one of them often results
in a reduction of the other one. One approach is to tackle photon harvesting by the device.

Figure 2.5. Solar spectrum and optical properties of colloidal particles. (a) Standard AM 1.5 solar
spectrum and integrated spectral irradiance. Additionally, band gaps of common solar cell materials
are included. (b) Extinction efficiency and enhancement factor of colloidal spheres made of different
materials. Each sphere is 80 nm in diameter. (c) Extinction efficiency of spherical gold colloids of
increasing size in air. The inset shows the scattering performance of different colloidal particles. (d)
Extinction cross sections of two colloids at different interparticle spacings. Plots of the electric field
intensity are included imaged at the resonance frequency (units |E|2/|E0|2). Reprinted from "Colloidal
self-assembly concepts for light management in photovoltaics", by Matthias Karg, Tobias A.F. König,
Markus Retsch, Christian Stelling, Paul M. Reichstein, Tobias Honold, Mukundan Thelakkat, and
Andreas Fery, Materials Today, 18, 185-205. Copyright 2015 by Elsevier.
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For instance, it is common to use back-reflecting metal electrodes as light-managing elements,
which increase the path length of photons in the device.47,138,139 Recently, light management by
colloidal particles sparked great interest amongst researchers, because colloidal particles strongly
interact with incident light by scattering and absorption.41,45,58,140–145 Figure 2.5 summarizes
the optical properties of different colloids. Additionally, the standard AM1.5 solar spectrum is
displayed in Figure 2.5 a) which defines the borders of the relevant spectral range. The band
gaps of selected semiconducting materials such as P3HT,146 PCPDTBT,147 and n-type Si are
also included. It is clear from Figure 2.5 a), that a significant part of the solar spectrum is
excluded for semiconducting polymers due to their rather large band gaps.

In this case colloidal particles can serve as light managing structures by confining and/or redis-
tributing additional light in the device. The extinction efficiency of colloids strongly depends on
the material of the particles, as shown for four different colloidal spheres (SiO2, Ag, Si, Au) of
equal diameter in Figure 2.5 b). The dielectric silica sphere represents classical Rayleigh scat-
tering by small particles (particle diameter � λ/20) with negligible absorption. The extinction
efficiency of such particles increases towards smaller wavelengths. In contrast, the light interac-
tion is more complex for Ag, Si, and Au colloids, because light absorption must be considered. In
particular, the LSPR of Ag and Au causes a significant absorption of incident light. The extinc-
tion efficiency of different Au colloids is calculated in Figure 2.5 c) using Mie theory. Depending
on the particle diameter (40 nm– 380 nm), single dipolar or dipolar as well as higher order plas-
monic modes are excited. The scattering cross section of the colloids increases with increasing
particle diameter as demonstrated in the inset of Figure 2.5 c). It is important to note, that the
LSPR also causes strong electric fields close to the surface of the colloids, which can improve
the dissociation of excitons.34,41,148,149 The strength of the local electric field strongly depends
on material, particle size, and interparticle distance as demonstrated in Figure 2.5 b) and d).
The inset of Figure 2.5 d) shows that very high intensities of the electric filed occur, when the
distance of two Ag colloids is reduced to a few nanometers.

In conclusion, colloidal particles have a great potential for improving the photon harvesting and
light management of organic solar cells. The interaction with electromagnetic radiation is most
pronounced for plasmonic nanoparticles due to their extraordinary high scattering cross sections.
Additionally, the LSPR causes intense electric fields near the particles. Both effects contribute to
the light harvesting of organic solar cells. It is important to know that plasmonic nanoparticles
are commonly produced using wet-chemical synthesis. Functionalization of the particles with
polymer shells strongly enhances their colloidal stability. Consequently, an appropriate depo-
sition method is required in order to transfer the polymer-encapsulated particles from solution
onto the device.
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Figure 2.6. Interaction potentials of hard and soft colloidal spheres. A, illustration of the hard
sphere interaction potential. B, calculation of a soft, Hertzian interaction potential of PNIPAM
microgels using σ = 0.714µm and εH= 496 kB T . The values are selected from ref.150 and151 .
Additionally, schematic illustrations of the two different types of colloids are included.

Polymer-encapsulated nanoparticles are considered as "soft" particles because they have a softer
pair-interaction potential as compared to classic "hard" sphere colloids. A typical colloidal par-
ticle with a hard sphere interaction potential is illustrated in Figure 2.6 A. The particle has a
sphere diameter (σ), and the pair-interaction potential (UHS) is zero for large distances but has
a sharp discontinuity at σ. UHS of hard sphere colloids is modelled using Equation 2.10

UHS(r) =
{
∞, r < σ

0, r > σ
(2.10)

where r is the distance between the centers of the particles. It follows directly from Equation
2.10 that hard spheres are impenetrable, and that σ is the minimum interparticle distance of
the system. UHS also determines the phase behaviour of the colloids. Figure 2.7 schematically
illustrates the phase diagram of a concentrated suspensions of hard spheres. Briefly, the colloids
show a disordered fluid phase at volume fractions (φ) below approx. 0.49 without long-range
correlation of the particle positions. Next, the coexistence of a fluid and an ordered crystalline
phase is observed, after φ is increased to approx. 0.49 – 0.55. Beyond volume fractions of 0.55,
homogeneous crystal, heterogeneous crystal, and glassy or jammed phases are discovered, until
a dense, close-packed arrangement is reached at φ=0.74.152–154
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Figure 2.7. Schematic illustration of the phase diagram of a concentrated suspension of hard
spheres. The following phases are observed with increasing φ: Fluid (F), fluid/crystal coexistence
(F/C), glass (G), and crystal (C).

In contrast, the phase behaviour of soft colloidal particles is more complex because such particles
can deform and interpenetrate. Thus, interparticle distances below σ are possible. PNIPAM mi-
crogels are one of the most studied examples of soft particles. Microgels are defined as colloidal
gel particles with a diameter of 0.1 – 100µm.155 PNIPAM microgels have an internal cross-linked
polymer network that can be swollen by a good solvent – water in the case of PNIPAM. The
microgels are considered as "soft" because the water-swollen polymer network is elastic and
deformable. Small angle neutron scattering experiments revealed two inherent lengthscales of
PNIPAM microgels. The particles have a homogeneously cross-linked inner core region, sur-
rounded by an outer shell region where the cross-linking density decreases exponentially.156,157

It follows that the outer region of the microgel particle is more deformable as compared to the
inner core.158

Paloli et al. investigated the interaction potential of soft PNIPAM microgels with relatively high
cross-linker densities (5mol%).150,151 They modelled the particle-particle interaction using a soft
Hertzian pair-interaction potential (UHer) with a fixed repulsion strength. The energy penalty
caused by the elastic deformation of PNIPAM microgels is given by Equation 2.11150,151

UHer(r) =
{
εH(1− r

σ )
5
2 , r ≤ σ

0, r > σ
(2.11)

where εH denotes the repulsive strength of the potential. Figure 2.6 B shows UHer of PNIPAMmi-
crogels, which was calculated using σ = 0.714µm and εH= 496 kB T according to ref.150 and151 .
In contrast to UHS , UHer has no sharp discontinuity. Instead, UHer increases continuously with
decreasing r, until it reaches its maximum energy at zero separation of the colloids.159

Particles with a soft pair-interaction potential are intriguing materials for self-assembly exper-
iments because they have a significantly different phase behaviour as compared to hard sphere
colloids. The pair-interaction potential allows for the formation of dense particle assemblies with
very high packing fractions, and the phase transition behaviour of microgel colloidal crystals is
directly linked to the compressibility of the particles.153,160 Thus, concentrations above the hard
sphere packing limit (φ=0.74) are possible. Debord et al prepared PNIPAM microgel crystals
with φ>0.74 exploiting the temperature modulated volume phase transition behaviour of PNI-
PAM.161 They observed overpacking and particle deswelling below their equilibration volume in
dilute solution. Further research by the same group revealed that PNIPAM microgels also have

26



2.3 Self-Assembly of Soft Particles

a very high defect tolerance as demonstrated by the preparation of almost defect free colloidal
crystals. This fact was explained by the ability of the microgels to dissipate defect energies
through the lattice over long distances.160,162

Besides the intriguing properties of microgel colloidal crystals, microgels were also used as stimuli
responsive coating materials in many studies.163–171 In this case, the fundamental challenge is the
transfer of the particles from the dispersed state onto an arbitrary substrate in order to fabricate
a functional superstructure. Ideally, the transfer method is not only a random deposition of
particles, but also provides control of structure, interparticle spacing, and particle density of the
superstructure. When PNIPAM microgel particles were prepared for the first time by Pelton
and Chibante in 1986,172 they discovered that the particles self-assembled into two-dimensional
hexagonally ordered superstructures. Today, a broad range of different methods is available
for the controlled self-assembly of microgel particles into two-dimensional superstructures. The
most popular methods are summarized in Figure 2.8. Each self-assembly method has its own
advantages and challenges, as it provides different handles for controlling structure, interparticle
spacing, and particle density of the superstructure.

Vertical Deposition
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Liquid Interface-Mediated Assembly

Drop-Casting

Figure 2.8. Overview of different self-assembly methods for the fabrication of two-dimensional
microgel superstructures. Solid arrows indicate directional particle flux, and dashed arrows indicate
solvent evaporation.
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2.3.1 Deposition by Controlled Evaporation

The controlled evaporation of a microgel dispersion is one of the simplest methods for the self-
assembly of a two-dimensional superstructure of soft particles. A droplet of the dispersion is
carefully placed on a solid surface and subjected to evaporation. Next, a thin liquid film forms
as the solvent evaporates, and once the height of the liquid film is below the microgel diameter,
the particles are pushed together by immersion capillary forces.173,174 Tsuji et al. prepared
ordered monolayers of weakly charged PNIPAM microgels with uniform interparticle distances.
They found that capillary interactions were mainly responsible for the monolayer formation, and
that electrostatic interactions between the particles did not play a dominant role. This was
evidenced by the formation of ordered monolayers from mixtures of oppositely charged particles,
where hexagonally ordered superstructures with random particle distributions were found.167,168

Drop-casting is a very simple self-assembly method, however it can be difficult to control the
long-range order of the superstructure, and large area surface patterning is challenging. In
addition, concentration and "coffee-stain" effects can lead to the formation of unwanted particle
multilayers.173

A close follow-up on this approach is the vertical deposition method. In this process, a substrate
is slowly retracted from a solution containing the dispersed colloids. A colloidal monolayer starts
nucleating at the drying front of the substrate, and water evaporation causes a convective flux
of the particles from the solution to the wetting film.79,175 Vertical deposition was originally
developed for hard spheres, but Zhang et al. demonstrated that the same method also works
remarkably well for soft microgels. Using vertical deposition, they prepared non-close packed
microgel monolayers. The interparticle distance of the microgels was tunable as a function of
the withdrawal speed of the substrate.169

In conclusion, deposition by controlled evaporation is the first group of self-assembly methods
providing access to two-dimensional superstructures of microgel particles. Ordered monolayers
on small lengthscales are fabricated by drop-casting, whereas the regular patterning of larger
areas is achieved by vertical deposition. A minor drawback of the vertical deposition method is
the relatively high amount of material being consumed, which is especially difficult for samples
that are only available in limited quantities.

2.3.2 Deposition by External Forces

Another approach to superstructures of soft particles is the application of external forces such
as electrostatic forces or mechanical shear. The electrostatic deposition works best for strongly
charged microgels such as poly(N -isopropylacrylamide-co-acrylic acid) (PNIPAM-co-AAc) mi-
crogels, which are synthesized by copolymerization of NIPAM and acrylic acid.164–166,176 Schmidt
et al. studied the impact of substrate, charge, pH, and preparation technique upon the electro-
static deposition of (PNIPAM-co-AAc) microgels. They found that the particle packing density of
microgel monolayers was mainly influenced by the electrostatic interactions between the charged

28



2.3 Self-Assembly of Soft Particles

microgels. Particle-substrate electrostatic interactions only played a minor role.176 Although
being weak, the particle-substrate interaction can still be exploited in order to control the or-
der of the monolayer. This was demonstrated by Lu and Drechsler using charged PS-PNIPAM
core-shell microgels. Superstructures with exceptional high hexagonal order and constant inter-
particle distance were obtained once the core-shell microgels and the surface carried opposite
surface charges.177

Electrostatic deposition is a time consuming process. In contrast, a rapid fabrication of microgel
monolayers is possible by spin-coating using mechanical shear forces.78,166 This way, Schmidt et
al. prepared close packed, hexagonally ordered monolayers of PNIPAM-co-AAc microgels. The
formation of polycrystalline superstructures and a lack of long range order are common problems
of the spin-coating process. However, Jaber et al. demonstrated that the order of microgel
monolayers is improved by functionalizing the substrate with opposite surface charges.78 The
spin-coating method was further refined by Quint et al., who exploited the cononsolvency effect
of PNIPAM microgels in water/ethanol mixtures. A substrate was covered with an aqueous
droplet of a PNIPAM microgel suspension and the solubility of the microgels in the droplet
was decreased by the addition of ethanol. The cononsolvency effect triggered the formation of
polycrystalline patches of microgel monolayers at the air/liquid interface. Next, external shear
was applied by an oscillatory gas flow directly followed by spin-coating. This three step process
(ethanol addition, oscillatory gas flow, spin-coating) increased the crystalline domain size of
the microgel monolayers considerably, and monolayers with extraordinary long-range order were
obtained.178

In conclusion, self-assembly by external forces is the second group of self-assembly methods for
soft particles. On the one hand highly ordered two-dimensional monolayers can be fabricated by
external forces. On the other hand electrostatic self-assembly is a time consuming process, and
spin-coating needs a meticulous adjustment of the high shear forces in order to prevent defects
of the superstructure.

2.3.3 Deposition by Liquid Interface-Mediated Confinement

Self-assembly of soft particles at the air/liquid interface is the third group of fabrication methods
for colloidal superstructures. In general, colloids are confined at liquid interfaces because they
lower the interfacial energy of the interface.173,179,180 Liquid interface-mediated confinement was
already investigated for hard sphere colloids using different methods and equipments such as
a Langmuir-Blodgett (L-B) trough,181–185 floating,186,187 or direct assembly at the air/water
interface.188,189 Briefly, hard spheres experience long-range attractive flotation forces at the liquid
interface causing the colloids to crystallize into monolayers. A delicate balance of attractive short-
range van der Waals forces, repulsive dipole, and repulsive electrostatic forces affects the particle
arrangement of the monolayer. Highly ordered monolayers were fabricated by this method. The
ordering of the colloids was preserved over large areas, and the monolayers were transferable
onto different solid supports.173,187
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In contrast, soft particles have a more complex behaviour at the air/water interface. PNIPAMmi-
crogels are surface active and lower the surface tension of water to approx 43 mJ/m2.190 Moreover,
microgel monolayers are compressible at the liquid interface and they show an elastic deforma-
tion because the particles interpenetrate.191,192 Additionally, microgels deform in an anisotropic
manner at the interface. The particles stretch and transform into a "core-corona" shape. The
deformation was verified by freeze-fracture shadow casting cryo scanning electron microscopy at
oil/water interfaces.193–195 Even though microgels behave more complex at liquid interfaces, the
same methods as for fabrication of hard sphere monolayers can be applied. For instance, a L-B
trough was used in order to crystallize microgels into highly ordered monolayers at the air/water
or oil/water interface by compression. By this process, the interparticle distances was control-
lable over several hundreds of nanometers.191,196–198 Liquid interface-mediated confinement also
works for PNIPAM-encapsulated core-shell microgels with cores such as silica,199–201 PS,191 or
Au.79 This points towards the fact that the PNIPAM shell governs the self-assembly of these
hybrid particles at the liquid interface. However, a L-B trough is not mandatory for the prepara-
tion of ordered superstructures by liquid interface-mediated confinement. Volk et al. fabricated
highly ordered monolayers of PNIPAM-encapsulated silver nanoparticles at the water/air inter-
face using a direct assembly method at the water surface.202 Strikingly, the monolayers showed a
time-dependent expansion behaviour at the water surface. The expansion was attributed to the
anisotropic deformation of the hydrogel shell. Hence, interface-mediated confinement is a pow-
erful method for the self-assembly of soft particles into ordered superstructures with exceptional
long-range order. The superstructures are transferable onto flat as well as structured substrates
without a loss of order.

Figure 2.9. Low magnification TEM image of an Au-PNIPAM monolayer. The monolayer was
prepared by direct assembly at the air/liquid interface and transferred onto a TEM grid. The inset
shows the FFT of the image and the scale bar is 10µm.
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Figure 2.9 shows a low magnification TEM image of a monolayer of PNIPAM-encapsulated
gold nanoparticles after transfer onto a TEM grid. Only a few local defects are observed and
grain boundaries are hardly present. The long-range order is emphasized by the fast Fourier
transformation (FFT) of the image, showing six fundamental Bragg peaks as well as higher
order peaks in the power spectrum.

In conclusion, ordered superstructures of colloids with a soft pair-interaction potential can be
produced using a broad range of different fabrication methods. Commonly the superstructures
are investigated by techniques such as electron microscopy or atomic force microscopy. These
techniques represent their data in the form of images. Hence, image analysis becomes an essential
component in order to determine additional parameters such as interparticle distance, particle
density, or symmetry of the nanostructure.
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2.4 Image Analysis

2.4.1 Fourier Analysis

Superstructures made by colloidal self-assembly are classified as "ordered" by scientists to em-
phasise a certain correlation or symmetry in the arrangement of the constituent particles. Com-
monly, the structures are probed by imaging techniques such as AFM, TEM, or scanning electron
microscopy (SEM). Using the obtained images, the particle arrangement and symmetry are eval-
uated by image processing techniques, for example Fourier analysis.

In Fourier analysis the Fourier transform of an image is computed by a fast Fourier transform
algorithm, which is a standard feature in most of the image processing softwares. The FFT
"expresses" the real space image in terms of its spatial frequencies with an amplitude and a phase
associated with each spatial frequency. The representation of amplitude vs spatial frequency is
denoted as power spectrum and conveys information about the distribution of spatial frequencies
of the real space image. The representation in terms of frequencies is known as reciprocal space,
and the FFT power spectrum can be directly linked to a diffraction pattern obtained from a
scattering experiment on the sample. In this work, image processing of plasmonic superstructures
is carried out using the freeware ImageJ and Gwyddion.

A B

Figure 2.10. Fourier analysis of a periodic plasmonic superstructure. A, real space TEM image of a
hexagonally ordered monolayer of PNIPAM-encapsulated gold nanoparticles. The scale bar is 3µm.
B, power spectrum computed by FFT of the real space image. The hexagonal order is evidenced by
the six fold arrangement of the fundamental peaks.

Figure 2.10 shows a TEM brightfield image (real space image) of a periodic superstructure
of PNIPAM-encapsulated gold nanoparticles and its power spectrum computed by the FFT
algorithm. Every pixel of the power spectrum corresponds to a certain spatial frequency of the
real space image with the relative occurrence of that frequency represented by the brightness of
the pixel. The information is arranged by radius (frequency) and angle (θ) in a polar coordinate
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system in the power spectrum. The reference point is the zero frequency spot in the center
of the power spectrum encoding the average brightness of the real space image. Low spatial
frequencies (large distances in real space) are displayed close to the image center. Moving radially
away from the center of the power spectrum are increasing spatial frequencies, corresponding to
shorter spatial periods, i.e., repetition lengths. When the image has a periodic pattern in multiple
directions such as in Figure 2.10 A, the power spectrum will have a certain number of frequencies
at different θ. In Figure 2.10 B six fundamental peaks of hexagonal symmetry are found in the
power spectrum of the superstructure, and θ of those peaks represents the orientation angle of the
pattern in the real space image. The average distance from the central spot to the fundamental
peaks is the average nearest neighbor distance of the PNIPAM-encapsulated gold nanoparticles
in Figure 2.10 A. Additionally, the presence of higher order peaks reveals long-range order of the
particle array.

2.4.2 g(r) Analysis

r
Dr

Figure 2.11. Schematic illustration of g(r). The reference particle is colored in yellow.

In certain situations real space analysis using the particle positions can be more convenient
compared to FFT analysis. For instance, the calculation of the radial distribution function
(g(r)) allows for a quantitative analysis of the degree of order of a superstructure.203,204 g(r) is
expressed by Equation 2.12205

g(r) = N(r)
2πr∆r ρ (2.12)

where N(r) represents the number of particles in a circular shell at a certain distance of r
and r + ∆ r from a reference particle. ρ is the particle density.205 Briefly, g(r) describes the
probability of finding a particle in a shell ∆ r at a certain distance r from a reference particle,
which is illustrated in Figure 2.11.

Figure 2.12 shows g(r) of an ordered monolayer of PNIPAM-encapsulated gold nanoparticles.
g(r) was calculated from the positions of the particle centroids, which are determined by the "Ana-
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Figure 2.12. Analysis of a hexagonally ordered monolayer of PNIPAM-encapsulated gold nanopar-
ticles by g(r). A, TEM image of the monolayer. The five concentric rings illustrate g(r) for five
different dc−c. The scale bar is 1.5µm. B, calculated g(r). The first five peaks are indexed corre-
sponding the nearest neighbour distance (black) and the first four higher order neighbour sequences
of the monolayer.

lyze Particles" algorithm of the ImageJ software. It requires a binary image, which can be created
by using appropriate image brightness thresholds. g(r) of the particle monolayer has a first peak
at 524 nm as determined by a Lorentzian fit to the peak maximum. At this distance there is
the highest probability of finding adjacent particles, and hence, it is the average center-to-center
distance (dc−c) between the nearest neighbor cores. This is illustrated by a black circle of radius
524 nm in Figure 2.12 A. Below 524 nm g(r) rapidly drops to zero. It follows that there are no
particles found below the diameter of the colloidal building blocks. In other words, the particles
do not overlap. If the particles interact through hard pair-interaction potentials, it is impossible
to squeeze another particle between two nearest neighbours. However, PNIPAM-encapsulated
gold nanoparticles interact through soft pair-interactions potentials. Thus, in principle, inter-
particle distances below the diameter of the colloidal building blocks are possible because the
particles can deform, and interpenetrate each other (cf. Section 1, Figure 1.2). Above 524 nm,
g(r) passes a (first) minimum at 715 nm, which means that the probability of finding particles
at this distance is extremely low. A set of additional peaks is observable at higher r indicating
long-range order of the monolayer. The peaks correspond to higher order neighbour sequences
(second, third,... n th neighbours). The distances associated with the first four peaks of higher
order are 920 nm (1.76 dc−c), 1054 nm (2.01 dc−c), 1403 nm (2.68 dc−c) and 1585 nm (3.02 dc−c),
which is in close agreement to the first four higher order neighbor sequences of an ideal hexag-
onal array with 1.73 dc−c, 2 dc−c, 2.65 dc−c and 3 dc−c.204 These four distances are illustrated in
Figure 2.12 by concentric circles, clearly showing the connection between the peaks in g(r) and
the lattice order. At very high values of r, g(r) drops and oscillates around 1 indicating random
correlation of the particle positions.
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2.4 Image Analysis

2.4.3 Analysis by Autocorrelation Functions

Occasionally "noisy" images hamper the calculation of g(r) because it is difficult to identify the
exact particle coordinates. In this case, it is still possible to transform an image into a form that
captures the regularity and geometry in the image by analysis of their autocorrelation functions
(G). In general G describes the correlation of a signal with itself shifted by a displacement vector.
In the case of an image the signal is the intensity distribution of the image, which is shifted in
all possible directions with respect to itself. Importantly, G offers a simultaneous description of
geometry at all lengthscales of the image. G of two-dimensional microscopy images is given by
Equation 2.13206

G(j, l) = 1
(N − j)(M − l)

N−j∑
i=1

M−l∑
k=1

(ai,k − ā)(ai+j,k+l − ā) (2.13)

where j, l are the displacement shifts, M , N describe the number of data points in x and y

direction, ai,k, ai+j,k+l correspond to the fixed and the shifted signals, and ā is the average of
the whole signal.206

An instructive example of G are two identical, two-dimensional opaque films with circular aper-
tures of the same diameter, illuminated by a light source. If both films are superimposed on
each other in such a way that the apertures overlap exactly, the maximum possible transmission
is achieved. Keeping one film fixed and shifting the other one in all possible x and y directions
results in an overlap of opaque and transparent regions reducing the overall transmission. The
change in transmission is an analogy to the value of G. Recording the transmission as one film
is shifted in all possible x and y directions gives the brightness analog of G. A shift of zero will
result in the highest possible transmission, hence a two-dimensional representation of G will have
one peak of highest intensity, which is conventionally centered.206,207

Another access to G is given by the Wiener-Khinchin theorem stating that the autocorrelation
function is the inverse Fourier transform of the power spectrum of the real space image.208

Thus, the autocorrelation image provides the same information as the FFT power spectrum, but
displayed in real space instead of reciprocal space. The calculation of G is readily implemented
in software packages such as Gwyddion or ImageJ, for example.

Figure 2.13 displays G of the TEM image of the superstructure of PNIPAM-encapsulated gold
nanoparticles already shown in Figure 2.10. In the central part of G, high intensity peaks are
observable. The peak of highest intensity is located at the center of G (zero displacement). The
shape of this peak represents the average shape of the particles, and the average diameter of the
particles is given by the full width at half maximum (FWHM) of the peak. Next, a ring of six
satellite peaks is visible, centered around the central peak of G. The positions of the satellite
peaks indicate shifts of high correlation. Hence, the spacing between the central peak and the
satellite peaks is equivalent to the average nearest neighbor distance of the particles.
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Figure 2.13. Two-dimensional autocorrelation function of the hexagonally ordered superstructure
presented in Figure 2.10 A. The inset shows the central part of G and the unit cell of a hexagonal
lattice is indicated in red.

In the case of an ordered array, peaks of G are found along and parallel to the principal axis of
the lattice. The spacing of the peaks is equivalent to the lattice constant as indicated in the inset
of Figure 2.13. It follows that G is well suited for the determination of the unit cell of an ordered
superstructure. Lattice vectors a, b are found as 531 nm, and 533 nm, and θ = 120◦ which is
characteristic for an ideal two-dimensional hexagonal lattice (|a| = |b|, θ = 120◦). The difference
of lattice vectors and dc−c between G and g(r) analysis is 1% and hence not significant. In the
outer region of G, low intensity peaks are visible indicative of a reduced correlation between the
image points with increasing displacement shifts, as expected for a non-ideal hexagonal lattice.

In conclusion FFT, g(r), and G are powerful tools for image analysis and provide meaningful
data. Each technique has its own strengths and weaknesses and offers different ways of data
representation. The FFT excels at pattern analysis. For instance, it is easy to capture geometry
and order of a particle arrangement, just by evaluating the fundamental peaks in the power
spectrum. However, it is not straightforward to obtain information about the shape of the
particles from the FFT. g(r) provides immediate access to the particle distribution, spacing
and the correlation of particle positions, but it is more difficult to extract information on the
symmetry of the particle arrangement. Besides, g(r) is a good way to display long-range order
in the image. Finally, autocorrelation is useful because it is a more intuitive representation of
an FFT image. In G "real" distances are measured, in contrast to the FFT analysis, where
the information is plotted versus spatial frequency (1/distance). However, image analysis by
autocorrelation is rarely encountered in the literature since it shows the same kind of information
as the power spectrum of the FFT does.
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Chapter 3

Experimental Section

3.1 Materials

L-ascorbic acid (>99%, Aldrich), 2-(dodecylthiocarbonothioylthio)-2-methylpropanoic acid (DD-
MAT, 98%, Aldrich), 3-butenylamine hydrochloride (97%, Aldrich), 4, 4’ - azobis(4-cyanovaleric
acid) (ACVA, >98%, Aldrich), acetone (>99.8%), cetyltrimethylammonium bromide (CTAB,
>98 %, Aldrich), cetyltrimethylammonium chloride (CTAC, 25 wt.% in water, Aldrich), chloro-
form (>99%, Fisher Scientific), deuterium oxide (99.90%, Deutero), dimethylformamide (DMF,
>99.8%, Aldrich), ethanol (abs., VWR), ethanolamine (>99.0%, Aldrich), glycine (>99.7%,
Merck), gold chloride hydrate (HAuCl4, 99.999%, Aldrich), H2O2 (30%, VWR), hexamethyldi-
silazane (HDMS, >99%, Aldrich), hydrochloric acid (HCl, 0.1M, Grüssing), 2-methoxyethanol
(99.8%, Aldrich), N,N’-methylenebisacrylamide (BIS, 99%, Aldrich), NH4OHaq (25%, Ap-
plichem), N -isopropylacrylamide (NIPAM, 97%, Aldrich), phenyl-C61-butyric acid methyl es-
ter (PCBM, Solenne, Mw=910.9 g/mol), poly-3,4-ethylenedioxythiophene:polystyrene sulfonate
(PEDOT:PSS, Baytron HTC solar), poly-3-hexylthiophene (P3HT, Rieke, Mw=60 -70 kg/mol,
PDI=2.0 - 2.3), potassium peroxodisulfate (KPS, 99%, Merck), silver nitrate (AgNO3, >99.5%,
Fluka), sodium citrate dihydrate (>99%, Aldrich), sodium dodecylsulfate (SDS, 99%, SERVA),
and zinc acetate dehydrate (>99%, Aldrich) were used as received. 2,2’-azoisobutyronitrile
(AIBN, 98%, Aldrich) was recrystallized twice from methanol. Ultrapure water (Milli-Q) with
a resistivity of 18.2MΩ · cm was used for all experiments unless indicated otherwise.
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3.2 Synthesis

3.2.1 Gold Nanoparticles by Citrate Reduction

Each nanoparticle synthesis was carried out in glass beakers pre-cleaned with aqua regia. Gold
nanoparticles of 15 nm in diameter (Au15) were obtained following a slightly modified version
of the Turkevich protocol.209 8.33ml of a sodium citrate solution (100mM) was prepared and
incubated at 80 ◦C. 494.7ml H2O and 5.25ml aqueous HAuCl4 solution (47.6mM) were combined
and heated to heavy boiling under strong stirring. At this point, the prewarmed citrate solution
was added in one shot to the mixture. Stirring and boiling were continued for 15min. Gold
nanoparticles of 19 nm in diameter (Au19) were obtained following the same procedure. The
small difference in size was attributed to slight differences of the HAuCl4 reduction process
during early stages of the nanoparticle growth.210

3.2.2 Gold Nanoparticles by Seed-Mediated Core Overgrowth

Gold nanoparticles of 22 nm– 53 nm in diameter were prepared by seed-mediated growth ac-
cording to Bastús et al.211 The synthesis was carried out with a metal heating mantle (EMA
Electromantle, Electrothermal) under reflux conditions. Seed particles were synthesized by heat-
ing 150ml sodium citrate solution (2.2mM) to heavy boiling under strong stirring. At this point,
1ml HAuCl4 solution (25mM) was added in one shot. After approx. 2min, the reaction was
cooled down and equilibrated at 90 ◦C. The seed particles were overgrown with gold by three-
fold addition of HAuCl4 (25mM) in 1ml steps to the mixture (3ml in total). The overgrowth
was allowed to proceed for 30min after each addition, before another 1ml of HAuCl4 was added.
Next, 55ml of the nanoparticle dispersion was collected as the first generation of particles (Au22).
Seed-mediated growth was continued as follows: 1) Addition of 55ml citrate solution (2.26mM)
to the remaining dispersion, 2) equilibration at 90 ◦C, and 3) threefold addition of HAuCl4 in 30
min steps. Afterwards, 55ml of the nanoparticle dispersion were collected as the next generation
of particles, and the core overgrowth was repeated. Seeded-mediated growth was continued until
five generations of gold nanoparticles were obtained (Au22, Au29, Au36, Au44, and Au53).

3.2.3 RAFT Synthesis of l-PNIPAM Ligands.

Non-cross-linked PNIPAM ligands with molecular weights of 9.5 kg/mol, 40 kg/mol, and 82 kg/mol
were synthesized by reversible addition-fragmentation chain transfer polymerization (RAFT)
following the protocol published by Ebeling et al.23 The ligands are denoted as l-PNIPAMMn

according to their molecular weight. Briefly, NIPAM (monomer), DDMAT (RAFT agent) and
AIBN (initiator) were dissolved in DMF in a glass vial and degassed for 20min with nitrogen gas
(grade 5.0). The polymerization was initiated by placing the glass vial in a prewarmed oil bath
at 70 ◦C. During the polymerization, small aliquots of the reaction mixture were withdrawn with
a syringe, quenched, and analyzed by 1H-NMR spectroscopy. 1H-NMR spectra of all ligands are
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shown in the Appendix Figure 10.1 – 10.3. After a set polymerization time (tp), the reaction was
quenched by cooling in an ice bath and exposure of the reaction mixture to air. The polymer
was purified by precipitation of the reaction mixture in diethyl ether, and the suspension was
centrifuged for 30min – 60min at 10397 rcf (relative centrifugal force). The precipitate was re-
dissolved in pure acetone, and the purification process was repeated twice. The solid polymer
residue was dried under vacuum. Table 3.1 provides a detailed summary of the polymeriza-
tion conditions and reagents employed for the synthesis of l-PNIPAM9.5k, l-PNIPAM40k, and
l-PNIPAM82k.

Table 3.1. Reagents and polymerization conditions for the synthesis of l-
PNIPAMMn ligands.

Sample NIPAM Initiator DDMAT DMF T tp

[mmol] [mmol] [mmol] [ml] [◦C] [h]

l-PNIPAM9.5k 47.8 ACVA 0.017 0.239 11.4 70 1
l-PNIPAM40k 47.8 AIBN 0.029 0.128 11.4 70 3
l-PNIPAM82k 47.8 AIBN 0.029 0.066 11.4 70 3

Table 3.2. Volume of l-PNIPAMMn for the function-
alization of Aux nanoparticles.

Sample cpart. x 1011 a V(l-PNIPAMMn) [µl]b

[particles/ml] 9.5k 40k 82k

Au15 3.3 37 155 318
Au19 0.97 18 75 154
Au22 5.8 139 587 1204
Au29 3.5 145 612 1255
Au36 2.6 165 695 1425
Au44 1.4 134 563 1153
Au53 0.93 130 547 1121

a cpart., Gold nanoparticle concentration calculated from
the nanoparticle absorbance at 400 nm.

b Vy, Volume of PNIPAMy solution (1 wt. %) for the
functionalization of 1 ml Aux nanoparticles.
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3.2.4 Ligand Exchange using l-PNIPAM

1ml of citrate-stabilized gold nanoparticle dispersions (Au15 –Au53) was diluted by the same
volume of water. Next, a 1wt.% l-PNIPAMMn solution was added dropwise to the nanoparticle
dispersion under heavy stirring. Stirring was continued for additional 30min. The volume of
ligand solution (V(l-PNIPAMMn)) was calculated considering an excess of polymer chains of 100
per nanoparticle and a surface grafting density of approx. 1 chain/nm2.212 The exact volumes
of ligand solution for each gold nanoparticle dispersion are summarized in Table 3.2. Three
centrifugation steps were carried out to remove excess polymer. Each time, the nanoparticle
dispersion was centrifuged at 5400 rcf until the supernatant was completely colorless. The super-
natant was discarded, and the precipitate was redispersed in water. The same method was also
applied for the functionalization of gold nanorods. Rods with an aspect ratio of approx. 7 were
synthesized according to Vigderman et al.213 Ligand exchange of gold nanorods was carried out
using l-PNIPAM9.5k.

3.2.5 Colloidal Stability of Au22-l-PNIPAMy Particles

Three dispersions of PNIPAM-encapsulated Au22 nanoparticles were prepared at pH7. Previ-
ously, either l-PNIPAM9.5k, l-PNIPAM40k, or l-PNIPAM82k were selected as shelling materials
for the nanoparticles. Next, ζ-potential and dh were measured. Subsequently, HCl was used to
decrease the pH of each dispersion stepwise in units of approx. 0.5. After each addition of HCl,
ζ-potential and dh were recorded.

3.2.6 Phase Transfer Experiments

Aux-l-PNIPAMy dispersions were diluted by the same volume of a 1wt.% l-PNIPAMMn solution,
and the mixture was left undisturbed for 30min. Each dispersion was prepared in a pH range
of 1 – 7 in pH steps of 1. A two-phase system was prepared for each sample containing 500µl
Aux-l-PNIPAMy and 500µl chloroform in a 2ml snap cap vial. The vials were placed in a
metal heating block (ThermoMix, MKR 13, HCL BioTech) and equilibrated at 60◦C for 20min.
Afterwards, UV-Vis spectra of both phases were recorded. Next, the temperature was lowered
to 4◦C and the samples were equilibrated for 3 h. At this point UV-Vis spectroscopy of both
phases was carried out anew.

3.2.7 Hydrogel Encapsulation by Precipitation Polymerization

Gold nanoparticles of 19 nm in diameter were prepared by citrate reduction following the same
procedure as described in section 3.2.1. 500ml Au19 were functionalized with butenylamine by
dropwise addition of 1.63ml of an aqueous butenylamine hydrochloride solution (1.44mM) un-
der stirring. After 30 min, the particles were centrifuged at 2599 rcf for 12 h and the precipitate
was redispersed in approx. 5ml of water (c[Au19] = 13.46mM). Three batches of cross-linked
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PNIPAM-encapsulated gold nanoparticles (Au19-x-PNIPAM208, Au19-x-PNIPAM326, and Au19-
x-PNIPAM508) were prepared by precipitation polymerization and variation of the monomer
feed. For example, Au19-x-PNIPAM208 was synthesized by dissolving 226mg NIPAM (0.02M)
and 46.2mg BIS (15mol% relative to NIPAM) in 100ml water, and the solution was degassed
for 20min with nitrogen gas (grade 5.0). The solution was heated to 80 ◦C followed by addi-
tion of 541µl of Au19 dispersion. Next, 2mg KPS dissolved in 1ml water was added, and the
polymerization was carried out for 2 h. Afterwards, the particles were purified by threefold cen-
trifugation at 10397 rpm until the supernatant was completely colourless (approx. 2 h). Finally,
the particles were freeze-dried and stored in the dark upon further use. Au19-x-PNIPAM326 and
Au19-x-PNIPAM508 were synthesized under similar conditions by increasing the monomer feed
to 0.06M and 0.1M, respectively.

3.2.8 Post-Modification of the Plasmonic Core

Gold Overgrowth. Au19-x-PNIPAM326 particles were overgrown with gold following a modi-
fied protocol by Rodriguez-Fernández et al.32 The core overgrowth was performed sequentially
keeping a constant molar ratio of ascorbic acid/gold(III) chloride hydrate of 1.3 for each growing
step. 1wt.% of freeze-dried Au19-x-PNIPAM326 particles was dispersed in 50mM CTAC solution
and used as a precursor stock solution. A HAuCl4 stock solution (feed solution) was prepared
containing 0.5mM HAuCl4 and 4.75mM CTAC. The solution was allowed to rest for 10min
to promote the formation of Au(III)-CTAC complexes. Next, 200µl precursor stock solution,
8ml CTAC (2.4mM) and 80µl of a freshly prepared ascorbic acid solution (10mM) were mixed.
Final core diameters of 30 nm were obtained by dropwise addition of 1.280ml feed solution to
the mixture under heavy stirring. The stirring was continued for additional 20min. Purification
was carried out by centrifugation of the particles at 3740 rcf, until the supernatant was com-
pletely colorless. The supernatant was discarded, and the precipitate redissolved in water. This
purification procedure was performed three times in total. Larger core sizes of 41 nm, 60 nm,
and 92 nm were obtained by increasing the amount of feed solution to 3.0ml, 6.7ml, and 29.3ml,
respectively. Each time, the amount of ascorbic acid was adjusted accordingly.

Silver Overgrowth. Au19-x-PNIPAM326 particles were overgrown with silver using a modified
surfactant assisted protocol by Contreras-Cáceres et al.30 A precursor stock solution was prepared
containing 1wt.% Au19-x-PNIPAM326, 50mM CTAB and 400mM glycine. 800µl NaOH (0.1M)
and 450µl freshly prepared ascorbic acid solution (100mM) were mixed with 10ml precursor
stock solution. 1.31ml AgNO3 (15mM) was added dropwise to the mixture under heavy stirring,
and the reaction was finished after 20min. The final diameter of the silver-overgrown gold cores
was 28 nm. The particles were purified by three-fold centrifugation at 2400 rcf. Each time, the
clear supernatant was discarded and the precipitate was redissolved in water. Larger silver cores
of 46 nm, 73 nm, and 100 nm were achieved by reducing the amount of precursor stock solution
to 800µl, 146µl, and 50µl, respectively.
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3.3 Self-Assembly of Au-PNIPAM Particles

3.3.1 Cleaning of Glass Substrates

Glass substrates of approx. 1 cm2 in size were cut from microscopy slides (Thermo Scientific) and
cleaned by sequential sonication in acetone, 2-propanol, and water for 20min, each time. Next,
cleaning of the substrates was carried out in a 5:1:1 mixture (by volume) of H2O, NH4OHaq

(25%), and H2O2 (30%) at 80 ◦C for 20min. The slides were rinsed with water thoroughly and
dried using pressured air.

3.3.2 Surface Functionalization of Glass Substrates

HDMS functionalization. Precleaned glass substrates were transferred into a desiccator, and
a small crystallizing dish containing 200µl of HDMS was placed below the glass substrates. The
desiccator was sealed and evacuated until a final pressure of approx. 5× 10−1 mbar was reached.
The substrates were kept in the desiccator for 2 h. Afterwards, the glass substrates were cleaned
carefully by pressured air.

Carbon Coating. A thin carbon film was deposited from a 0.4 g/m carbon thread on one side
of precleaned glass substrates by a planar-magnetron sputtering device (Bal-Tec MED 010). The
final film thickness of the carbon coating was approx. 40 nm.

3.3.3 Preparation of Monolayers by Spin-Coating

Aqueous dispersions of Au15-l-PNIPAMy (1wt.%) were prepared and homogenized thoroughly
using a Vortex Mixer (VWR). Monolayers of Au15-l-PNIPAMy on glass were fabricated by spin-
coating at 4000 rpm for 30 s. The substrate was removed and cleaned carefully using pressured
air.

3.3.4 Preparation of Monolayers by Interface-Mediated Self-Assembly

Au19-x-PNIPAMy particles were self-assembled into monolayers at the air/water interface. The
experiment was performed in a crystallizing dish filled with approx. 150ml of water, which was
illuminated sideways by a commercial halogen lamp (35W). 10µl of an ethanolic particle disper-
sion (approx. 1wt.%) was spread slowly at the water surface using a 10µl pipette (Eppendorf).
After 10min, a glass substrate was immersed carefully underneath the monolayer, and a part of
the monolayer was collected by retracting the substrate out of the water – through the monolayer
– at an angle of approx. 30 ◦. Immediately after leaving the water phase, the substrate was dried
with a stream of hot air (heat gun, approx. 80 ◦C) pointing at the backside of the sample.
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3.3.5 Preparation of Honeycomb Structures

Honeycomb structures of Aux@Au- and Agx@Au-x-PNIPAMy particles were prepared by sequen-
tial deposition of two monolayers on the same substrate. Previously, the individual monolayers
were prepared in separate crystallizing dishes as described in Section 3.3.4. Each monolayer was
collected on glass substrates using a dip-coater (DC/D/LM, KSV Instruments) at a withdrawal
rate of 5mm/min. After collection of the first monolayer, the substrate was heated for 15min at
200 ◦C on a hot plate to strengthen the adhesion between the monolayer and the glass substrate.
Next, the deposition process was repeated and a second monolayer of Aux@Au- or Agx@Au-x-
PNIPAMy was collected on the same substrate. The dip-coater was stopped immediately once
the substrate left the water phase, and it was waited until the substrate was completely dry
(approx. 10 – 15min), before it was fetched from the device. Honeycomb structures on car-
bon coated glass slides as well as on carbon coated TEM grids (200 mesh, Electron Microscopy
Sciences) were prepared in a similar way.

3.3.6 Preparation of Superstructures Beyond Hexagonal Monolayers

Monolayers of square- or centered rectangular-like symmetry were fabricated using a dip-coater
and HDMS functionalized glass substrates with a contact angle (θc) of approx. 60◦. At first,
a monolayer of Au95@Au-x-PNIPAM330 was prepared at the water surface according to Section
3.3.4. A glass substrate was mounted onto the dip-coater and a part of the monolayer was col-
lected by immersing the substrate through the monolayer at an immersion speed of 15mm/min.
Any remains of the Au95@Au-x-PNIPAM330 monolayer which were not collected were removed
by addition of 10µl of l-PNIPAM40k to the water surface. Next, the substrate was collected from
the water subphase and dried under ambient conditions.
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3.4 Fabrication of Plasmonic Solar Cells

Transparent ITO patterned glass slides (Bte Bedampfungstechnik) with a thickness of the ITO
layer of approx. 213 nm and a sheet resistivity of approx. 10Ω/square were used as solar cell
substrates. Each solar cell substrate consisted of four independent solar cell devices. The solar
cell substrates were cleaned thoroughly by sequential sonication in acetone, isopropyl alcohol and
water, for 15 min each time. Afterwards, the substrates were carefully dried with pressured air
and stored in a dust-free storage chamber.

3.4.1 Solar Cells with Normal Cell Geometry

Organic thin film solar cells were fabricated by sequential spin-coating from PEDOT:PSS and
P3HT:PCBM solutions on top of ITO patterned solar cell substrates. Solutions of PEDOT:PSS
and P3HT:PC61BM were filtered using 0.45µm filters prior to use. The active layer solution
was prepared with a constant ratio of P3HT/PC61BM of 1/0.8. At first, a PEDOT:PSS layer
of approx. 40 nm was deposited by spin-coating at 4000 rpm for 50 s, and the substrates were
annealed for 15min at 150 ◦C. Afterwards, the substrates were transferred into a glove box, and
the active layer was applied by spin-coating from P3HT/PCBM solution. A spin-coating program
was selected consisting of a first step of spinning at 550 rpm for 50 s, immediately followed by a
second step of spinning at 2000 rpm for 2 s. The final film thickness was approx. 90 nm. The
device was completed by vacuum deposition of an Al top electrode (215 nm in thickness) at
1.35 x 10−5 mbar. Post-annealing of the device was carried out at 170 ◦C for 5min.

Plasmonic solar cell devices were fabricated by deposition of an Aux@Au-x-PNIPAMy mono-
layer on top of ITO patterned glass slides, prior to the device assembly. Therefore, the ITO
substrates were hydrophilized under oxygen plasma (100W, 30 sec, MiniFlecto, Plasma Tech-
nology GmbH) to facilitate the deposition of the monolayer (θc (substrate) ≈ 0◦). Next, a
monolayer of Aux@Au-x-PNIPAMy particles was prepared via interface-mediated self-assembly
as described in Section 3.3.4. 10 µl of a 1wt.% ethanolic Aux@Au-x-PNIPAMy dispersion were
used for the preparation of a freely floating monolayer having a surface area of approx. 28 cm2.
A part of the monolayer was collected by immersion of an ITO substrate (total surface area
6.45 cm2) into the water subphase, immediately followed by retraction of the substrate – through
the monolayer – at a shallow angle. Subsequently, the substrate was dried carefully using pres-
sured air. Afterwards, assembly of solar cell devices was continued similar to the non-plasmonic
solar cell devices.

44



3.4 Fabrication of Plasmonic Solar Cells

3.4.2 Solar Cells with Inverted Cell Geometry

At first, a zinc acetate solution was prepared containing 109.75mg zinc acetate dehydrate, 30.5µl
ethanol and 1ml methoxyethanol. The solution was spin-coated at 4000 rpm for 50 s onto clean
ITO patterned solar cell substrates. Zinc acetate was converted into zinc oxide by baking at
150 ◦C for 15min in air. The final film thickness was approx. 40 nm. Next, a P3HT:PCBM layer
was deposited in a glove box by spin-coating at 600 rpm or 850 rpm. This way, film thicknesses
of 194 nm or 118 nm were obtained. Subsequently, the active layers were annealed for 15min at
135 ◦C. The device was completed by vacuum deposition of MoO3 (10 nm in thickness) and the
Ag top electrode (150 nm in thickness) at approx. 1 x 10−6 mbar.

Plasmonic solar cell devices were fabricated by deposition of Au89@Au-x-PNIPAM330 monolayers
at different interfaces of the solar cell substrates. Deposition of the monolayers onto the ITO
or ZnO layer (Type 1 – 3 devices) was carried out similar as in Section 3.4.1. In the case of
Type 3 devices, a second layer of ZnO was deposited on top of the particles. Monolayers on
the active layer of inverted solar cell substrates (Type 4 devices, θc ≈ 60◦) were prepared by
directly immersing the substrate through the monolayer at an angle of approx. 30 ◦. This way,
a part of the particle monolayer stuck directly to the active layer and was pulled underwater.
Any remaining parts of the floating monolayer on the water surface were removed by dropwise
addition of 10µl of a 1wt.% aqueous l-PNIPAM40k solution onto the water surface. Afterwards,
the solar cell substrate was retracted from the water subphase and dried with pressured air. A
fresh monolayer was prepared for every device. Finally, the solar cell was finished by evaporation
of the capping electrode as described above.
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3.5 Experimental Methods

3.5.1 UV-Vis Spectroscopy

UV-Vis spectroscopy was carried out on two different devices – either on an Analytik Jena
spectrophotometer (Specord 250) or on an Agilent 8453 UV-Vis spectrophotometer. Each time,
UV-Vis absorbance spectra were recorded in a wavelength range of 190 nm– 1100 nm. Temper-
ature controlled experiments were performed on the Agilent 8453 UV-Vis spectrophotometer
equipped with a circulating water bath (Julabo F30-C). Dilute sample dispersions were mea-
sured in quartz cells with 1 cm light path. Quartz cells with 1mm light path were used for the
phase transfer experiments of Aux-l-PNIPAMy.

3.5.2 Theoretical Modelling of Extinction Spectra

Theoretical calculations were performed using the Mathematica 10 software. Mie theory and
the multilayer recursive method were used for the calculation of plasmonic extinction spectra.111

The dimension of the plasmonic core of Aux- and Agx@Au-x-PNIPAMy particles was obtained
from TEM measurements, and a hydrogel size of 326 nm was chosen from the results of DLS
measurements of the particles. Refractive indices of silver and gold were selected from Johnson
and Christiy112 and modified to account for electron surface scattering at small sizes.86 The
refractive index of the water-swollen hydrogel shell was calculated from nH2O+ dn. nH2O is the
refractive index of water214 and dn=0.05 was obtained from the best fit value to the absorption
spectra of Au19-x-PNIPAM326 particles. The host medium was water. Multiple expansions up
to 5 – 8 terms were included to reduce the relative error of the calculated wavelengths to less
than 0.1%.

3.5.3 TEM

TEM samples were prepared on carbon coated copper grids (200 mesh, Electron Microscopy
Sciences) either by drop casting from dilute dispersion or by floating at the air/water interface
(see also Section 3.3.4). TEM investigation was conducted with a ZEISS CEM 902 TEM under
bright field illumination at an acceleration voltage of 80 kV. Particle size distributions were
obtained from grayscale TEM images using the software ImageJ.

3.5.4 AFM

Plasmonic superstructures on solid substrates were investigated by AFM in tapping mode. A
Nanoscope Multimode AFM (Veeco) was used operating under ambient conditions in air. AFM
probes (OTESPA-R3) were provided by Bruker having spring constants of approx. 26N/m. Bow
and tilt artifacts of the AFM images were corrected by 1rst order flattening using the instrument’s
software (Bruker). Only the AFM height images were selected for further image analysis.
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3.5.5 Light Scattering

DLS of Aux-l-PNIPAMy particles

Dynamic light scattering experiments (DLS) of Aux-l-PNIPAMy were carried out on a NanoZS
Zetasizer (Malvern Instruments). The device was equipped with a HeNe laser (λ=632.8 nm)
and the detector was located at a fixed detection angle of 173 ◦. Filtered, (5µm PTFE mem-
brane, Rotilabo c©, Carl ROTH) strongly dilute aqueous dispersion of Aux-l-PNIPAMy were mea-
sured in disposable PS plastic cuvettes (1.5ml – 3.0ml, VWR). Each sample was equilibrated for
2min prior to the measurement. Three intensity-time autocorrelation functions (g(2)(q, τ)) were
recorded for 60 s, each and analyzed by the instruments software. g(2)(q, τ) is given by Equation
3.1

g(2)(q, τ) = 〈I(q, t) I(q, t+ τ)〉
〈I(q, t)〉2 (3.1)

where I is the scattering intensity, q the scattering vector, t the initial time, and τ the delay
time. The average decay rate Γ̄ of g(2)(q, τ) is obtained by moment analysis of the linear form
of g(2)(q, τ) (method of cumulants)215 given by Equation 3.2 and 3.3

g(2)(q, τ) = A[1 +B exp(−2Γτ + µ2τ
2)] (3.2)

1
2 ln[g(2)(q, τ)−A] = 1

2 ln[AB exp(−2Γτ + µ2τ
2)]

= 1
2 ln[AB]− Γ̄τ + µ2

2 τ
2 (3.3)

where A is the intercept and B the baseline of g(2)(q, τ). The polydispersity index of the sample
(PDI) is calculated by Equation 3.4

PDI = µ2

Γ̄2 (3.4)

where µ2 represents the width of the decay rate distribution.

SLS and DLS of Au19-x-PNIPAMy particles

Static light scattering (SLS) and DLS experiments of Au19-x-PNIPAMy were carried out on a
goniometer setup (ALV, Langen, Germany) using a HeNe laser (Pmax = 35mW, λ=632.8 nm,
JDSU, USA). Filtered (5µm PTFE membrane, Rotilabo c©, Carl ROTH), strongly dilute sample
dispersions were prepared in cylindrical quartz cuvettes. The measurements were performed
at a constant temperature of 25◦C controlled by a toluene bath equipped with a PT100 ther-
mocouple. Toluene also served as a refractive index matching fluid for the quartz cuvettes.
Angular-dependent SLS measurements were performed in steps of 2◦ in a range of 30◦ – 150◦.
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Each measurement was carried out for 15 s. SLS profiles of Au19-x-PNIPAMy were analyzed
using the "SASfit" software (v. 0.94.7).216

Angular-dependent DLS measurements were carried out in steps of 5◦ in a range of 30◦ – 90◦, and
three intensity-time autocorrelation functions were recorded at each angle. Each measurement
was performed for 60 s. Γ was obtained from intensity-time autocorrelation functions, which were
analyzed by the CONTIN regularization method. Therefore, g(2)(q, τ) is expressed in terms of
the field-time correlation function g(1)(q, τ) using the Siegert relation in Equation 3.5217,218

g(2)(q, τ) = 1 +A|g(1)(q, τ)|2 (3.5)

For polydisperse samples, g(1)(q, τ) is given by Equation 3.6

g(1)(q, τ) =
∫ ∞

0
G(Γ) exp(−Γτ)dΓ (3.6)

where G(Γ) is the distribution of decay rates, and g(1)(q, τ) is the Laplace transformation of
G(Γ). A solution to Equation 3.6 is provided by the CONTIN algorithm. DLS measurements
were evaluated by the CONTIN method using the software "AfterALV1.0d" by Dullware.

3.5.6 ζ-Potential

ζ-potential measurements were carried out on a NanoZS Zetasizer (Malvern Instruments). The
electrophoretic mobility of dilute, aqueous particle dispersions was determined by electrophoresis,
and the velocity of the particles was measured using Laser Doppler velocimetry. The Henry
equation219 and the Smoluchowski limit (f(κα)=1.5) were chosen to calculate the ζ-potential
of the particles from the electrophoretic mobility (µE) by Equation 3.7

µE = 2 ε0 εr ζ
3 η f(κα) (3.7)

where ε0 and εr are the dielectric constants of free space and the dispersion medium, respec-
tively.

3.5.7 SEM and EDX mapping

SEM measurements were carried out on a ZEISS Ultra plus field emission scanning electron
microscope (FE-SEM). A thin carbon coating of approx. 30 nm was applied to all samples using
a Balzers Union MED 010 sputtering device. Images of plasmonic nanostructures were recorded
by an in-lens and a SE2 detector in a range of acceleration voltages between 2 kV and 10 kV.

Plasmonic honeycomb structures were investigated by SEM coupled with energy-dispersive X-
ray spectroscopy (EDX). SEM images were acquired by an AsB (angle selective backscattered
electron) detector. EDX spectra were recorded on a silicon drift detector (ThermoFisher). The
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spectra were analysed using the NSS 3 X-Ray Microanalysis software (ThermoFisher). Elemental
mapping of high resolution SEM images was carried out using only silver and gold X-ray emission
lines.

3.5.8 SEC

Size exclusion chromatography (SEC) experiments were conducted on a liquid chromatograph
(Waters Associates) with THF and 0.25 wt.% tetrabutylammonium bromide as eluent. Mea-
surements were performed at 23 ◦C at a flow rate of 0.5ml/min. The column setup comprised
a guard column (PSS, 4 cmx 0.9 cm, SDV gel, particle size 5µm, pore size 100Å) and two sep-
aration columns (Varian, 30 cmx 0.8 cm, mixed C gel, particle size 5µm). Two concentration
sensitive detectors (UV and refractive index) recorded chromatograms of l-PNIPAMMn poly-
mers. The retention volume was converted into a molecular weight distribution using a PS
calibration curve.

3.5.9 Solar Cell Performance

IV -curves of organic solar cells were measured under inert atmosphere employing a Keithley 2400
source measure unit with a power density of 100 mW/cm2 from a class A solar simulator. The
measurements were carried out under standard AM 1.5 illumination. Test cell masks with an
aperture of 9mm2 were used to define the illuminated area. Reflectance and EQE spectra were
recorded on a Bentham PVE 300 device. Reflectance spectra were measured by an integrating
sphere under illumination from the glass side of the solar cell substrate. EQE measurements
of Type 4 inverted plasmonic solar cells were carried out at -4V as well as under short circuit
conditions.
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Chapter 4

Colloidal Building Blocks

The colloidal stability of plasmonic nanoparticles is a crucial parameter for self-assembled super-
structures.220,221 A convenient way to enhance the colloidal stability of plasmonic nanoparticles is
their encapsulation with polymer shells. In this work, PNIPAM is selected as a shelling material
for gold nanoparticles. The particles are functionalized with either non-cross-linked PNIPAM or
cross-linked PNIPAM shells. This way, the thickness of the PNIPAM shell is tunable form a few
tens up to several hundreds of nanometers. Consequently a library of plasmonic building blocks
is fabricated and subsequently used for the fabrication of superstructures via self-assembly.

4.1 Gold Nanoparticles with Non-Cross-Linked PNIPAM Shells

Citrate-stabilized gold nanoparticles aggregate easily because of their high Hamaker constant in
water. In order to increase the colloidal stability of the particles, surface functionalization by
ligand exchange is a convenient solution. The citrate ligand is replaced by a ligand which has
a very high binding affinity towards the surface of the nanoparticles. Depending on the ligand
architecture, the colloidal stability of the nanoparticles is enhanced by additional electrostatic
and/or steric stabilization.18,212,222 Even compatibility with different environments such as a
polymer matrices223 or solvents is possible.6,221,224

Non-cross-linked α-trithiocarbonate-ω-carboxyl terminated PNIPAM ligands are used for ligand
exchange with citrate-stabilized gold nanoparticles of 15 nm– 53 nm in diameter. The trithio-
carbonate function binds strongly to the gold surface,225 and thus, the citrate molecules on the
surface of the nanoparticles are replaced by the polymer. The ligand exchange reaction is followed
by UV-Vis spectroscopy due to the LSPR of the gold nanoparticles. The reaction is carried out
in a single phase (water) using mass exchange.223 The polymer ligand is added in excess relative
to the concentration of nanoparticles. Therefore, each nanoparticle dispersion was investigated
by UV-Vis spectroscopy at first in order to calculate the concentration of gold nanoparticles.

51



Chapter 4 Colloidal Building Blocks

4.1.1 Characterization of Gold Nanoparticles

Citrate-stabilized gold nanoparticles were synthesized following two different protocols. Gold
nanoparticles of 15 nm and 19 nm in diameter (Au15 and Au19) were prepared based on the well-
known citrate reduction protocol by Turkevich.209 Gold nanoparticles of 22 nm, 29 nm 36 nm,
44 nm, and 53 nm in diameter (Au22 –Au53) were prepared following the seeded growth protocol
by Bastús et al.226 Further details are provided in Section 3.2.2. UV-Vis absorbance spectra of
the particles are shown in Figure 4.1. The LSPR peak positions of all particles are summarized
in Table 4.3.
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Figure 4.1. Investigation of Au15 –Au53 by UV-Vis spectroscopy. The intensity of the LSPR
increases for larger particles. All spectra are normalized at 400 nm.

The UV-Vis spectra show narrow LSPRs for all nanoparticles, without any signs of agglomeration
at larger wavelengths. It is evident that the LSPR of larger gold nanoparticles is shifted towards
longer wavelengths as a result of their weaker restoring force.32,227 The concentration of gold
(cAu0) of the gold nanoparticle dispersions was determined by UV-Vis spectroscopy using the
Lambert-Beer law in Equation 4.1

cAu0 = Abs400
ε400 dcuv.

(4.1)

where ε400 is the extinction coefficient at a wavelength of 400 nm and dcuv. is the path length of the
UV-Vis cuvette (1 cm). The size-dependent ε400 was selected for each batch of gold nanoparticles
from reference 228 . Using cAu0 , the concentration of gold nanoparticles is given by Equation

cpart. = 6MAu cAu0

d3
c π ρAu0

(4.2)
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where ρAu0 is the bulk density (19.32 g/cm3), and MAu0 (196.96 g/mol) is the molecular weight
of gold.

The diameter of the gold nanoparticles was determined by TEM. Figure 4.2 shows representative
TEM images of all Au15 –Au53 nanoparticles. The electron beam is strongly scattered by the
gold nanoparticles, hence they appear as dark two-dimensional projections in the TEM images.
Figure 4.2 reveals that all particles are of spherical shape. Size characterization of the particles
was carried out using the ImageJ software. Particle size distributions are shown in Figure 4.2 for
all gold nanoparticles. The average diameters were obtained from Gaussian fits to the particle
size distributions, and all values of dc are summarized in Table 4.1. Narrow size distributions were
found for almost all seven batches of gold nanoparticles. A slight increase of the size distribution
was only observed for Au53 nanoparticles.

Table 4.1. Characterization of citrate-stabilized gold nanoparti-
cles.

Sample dc Abs400 ε400 x 103 cpart. x 1011

[nm] [l mol−1 cm−1] [particles/ml]

Au15 15±2 0.13 2.33 3.3
Au19 19±2 0.08 2.36 0.9
Au22 22±3 0.76 2.38 5.8
Au29 29±3 1.06 2.43 3.5
Au36 36±4 1.56 2.53 2.7
Au44 44±5 1.60 2.63 1.4
Au53 53±7 1.91 2.68 0.93
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Figure 4.2. TEM investigation of citrate-stabilized gold nanoparticles. A –G, bright-field TEM
images of Au15 –Au53. The scale bar is 100 nm. H–N, show the respective particle size distribution
histograms. A Gaussian size distribution was used to fit the data (green lines).
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4.1.2 Ligand Exchange
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Figure 4.3. Schematic illustration of the ligand exchange of citrate-stabilized gold nanoparticles
with l-PNIPAMMn . Upper part: citrate molecules on the surface of a gold nanoparticle are replaced
by l-PNIPAMMn

due to the higher binding affinity of the trithiocarbonate group to the nanoparticle
surface. Lower part: the PNIPAM shell is dual responsive and responds to temperature as well as
pH. Lowering the pH below the pKa of the carboxyl function reduces the surface charge density of the
PNIPAM shell. Increasing the temperature above the LCST of l-PNIPAMMn

collapses the PNIPAM
shell.

Ligand exchange of citrate-stabilized Au15 –Au53 nanoparticles with α-trithiocarbonate-ω-car-
boxyl terminated PNIPAM was carried out in water. Each time, the ligand was added in excess to
the nanoparticles. The strong binding affinity of the trithiocarbonate function of l-PNIPAMMn

and the mass excess drive the ligand exchange reaction.223 After ligand exchange, the gold
nanoparticles are surrounded by a PNIPAM shell that responds to changes of ph and tempera-
ture. Thus, the particles are dual responsive as illustrated in Figure 4.3. A change of pH below the
pKa of the carboxyl function of PNIPAM lowers the charge density of the PNIPAM-encapsulated
gold nanoparticle. Conversely, the charge density of the core-shell particle increases, if the pH is
increased above the pKa of the carboxyl function. In addition to pH responsiveness, the LCST
behaviour of PNIPAM allows to change the thickness of the PNIPAM shell as a function of the
temperature. The polymer shell is collapsed above the LCST of PNIPAM reducing the overall
diameter of the particle. Conversely, the shell thickness is increased by lowering the temperature
below the LCST of PNIPAM.

α-trithiocarbonate-ω-carboxyl terminated PNIPAM ligands were prepared by RAFT polymer-
ization following the synthetic protocol of Ebeling et al.23 Three ligands of 9.5 kg/mol, 40 kg/mol,
and 82 kg/mol were synthesized to represent a broad range of molecular weights. Mn was calcu-
lated from the monomer conversion (X) according to Equation 4.3.229

Mn = MNIPAM [NIPAM ]0
[CTA]0 + 2f [I]0(1− e−kdt)X +MCTA (4.3)
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where M and MCTA represent the molecular weights of NIPAM (monomer) and DDMAT (chain
transfer agent). [NIPAM ] and [CTA]0 are the initial concentrations of the reactants. [I]0 and
kd denote concentration and decomposition rate of the initiator at the time t. f is the efficiency
of the initiator. The right hand side of the denominator was neglected assuming that the amount
of polymer chains derived only from the initiator is minimal.229 The monomer conversion was
obtained from 1H-NMR spectra of the reaction mixtures which are provided in the Appendix
Figures 10.1 – 10.3. X was calculated by comparing the signal intensity of the ethylene proton of
residual NIPAM at 4.82 ppm and the mixed signal intensity of the isopropyl protons of NIPAM
and PNIPAM at 3.25 ppm.

Additionally, SEC experiments were performed in order to determine the molecular weight distri-
bution of the ligands. Narrow molecular weight distributions were found for each ligand which are
presented in Figure 4.4. The SEC device was calibrated against polystyrene standards. Hence,
only apparent molecular weights were calculated from SEC data. The results of the molecular
weight characterization by 1H-NMR and SEC are summarized in Table 4.2.
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Figure 4.4. Molar mass distribution and apparent molecular weight of l-PNIPAM9.5k (orange),
l-PNIPAM40k (blue) and l-PNIPAM82k (green) obtained by THF SEC measurements with PS cali-
bration.

Table 4.2. Molecular weight characterization of l-PNIPAM9.5k, l-PNIPAM40k,
and l-PNIPAM82k by 1H-NMR and SEC.

Sample X Mn (1H-NMR) Mn (SEC) Mw (SEC) PDI
[%] [kg/mol] [kg/mol] [kg/mol]

l-PNIPAM9.5k 44 9.5 29.6 37.4 1.26
l-PNIPAM40k 94 38.2 46.0 68.0 1.48
l-PNIPAM82k 95 81.6 91.0 112.0 1.23

56



4.1 Gold Nanoparticles with Non-Cross-Linked PNIPAM Shells

The ligand exchange reaction was carried out for all gold nanoparticles (Au15 –Au53) result-
ing in 21 different samples of PNIPAM-encapsulated gold nanoparticles. TEM images of the
core-shell nanoparticles are shown in Figure 4.5. Additionally, TEM images of citrate-stabilized
gold nanoparticles are included for comparison. All samples were prepared by drop-casting from
strongly dilute aqueous dispersions onto TEM grids. It is observed that the citrate-stabilized
gold nanoparticles form dense agglomerates on the TEM grid which is attributed to a weak
stabilization of the gold nanoparticles by the citrate ligands. The citrate ligand itself is invisible
in the TEM images. In contrast, particle agglomeration is absent for gold nanoparticles stabi-
lized by l-PNIPAMMn . This fact points towards a significantly higher colloidal stability of the
PNIPAM-encapsulated nanoparticles. The PNIPAM shell is slightly visible as a low contrast
shell surrounding every single nanoparticle in Figure 4.5.

Table 4.3. DLS and UV-Vis investigation of gold nanoparticles stabilized by
citrate or l-PNIPAMMn

.

Citrate l-PNIPAM9.5k l-PNIPAM40k l-PNIPAM82k

Sample dh
a λLSPR dh λLSPR dh λLSPR dh λLSPR

[nm] [nm] [nm] [nm] [nm] [nm] [nm] [nm]

Au15 18.4 519 44.2 525 60 525 82.5 525
Au19 23.6 521 48.1 526 72.6 526 96.1 526
Au22 32.3 523 54.5 527 76.4 527 99.5 528
Au29 34.4 526 58.7 531 75.3 531 91.5 531
Au36 39.9 533 62.6 537 81.9 537 107.1 538
Au44 41.8 534 68.6 539 89.2 539 122.9 539
Au53 54.7 537 75.5 542 99.4 542 135.8 542

a dh, measured by DLS at 25◦C. The standard deviation of each measurement is below
5 %
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PNIPAM9.5k PNIPAM40k PNIPAM82k

Au15
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Au53

Citrate

25

Figure 4.5. TEM investigation of citrate- or l-PNIPAMMn
-stabilized gold nanoparticles. Each

column represents a different ligand type. Each row represents a different size of Aux particles. The
scale bar corresponds to 100 nm.
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It is important to note that the TEM investigation was carried out under high vacuum. The
vacuum causes a complete collapse of the PNIPAM shell. Hence, it is difficult to analyse shell
morphology and shell thickness in full detail. Therefore, all dispersions were studied directly
in solution by DLS. The hydrodynamic diameter (dh) was obtained by cumulant analysis of
intensity-time autocorrelation functions of all samples, and the results are presented in Table 4.3.
Intensity-weighted size distributions of all citrate-stabilized and PNIPAM-encapsulated particles
are provided in the Appendix Figure 10.4. For the sake of clarity PNIPAM-encapsulated gold
nanoparticles are denoted as Aux-l-PNIPAMy, where x corresponds to dc of the nanoparticles
and y represents dh the PNIPAM-encapsulated gold nanoparticles. DLS revealed monomodal
size distributions for each system under investigation. dh of citrate-stabilized gold nanoparticles
was slightly larger compared to dc (cf. Table 4.1) as a result of the solvation shell around each
nanoparticle. All PNIPAM-encapsulated gold nanoparticles showed a significant increase of dh
after the ligand exchange. dh of l-PNIPAM9.5k-encapsulated Aux particles was larger by approx.
20 nm compared to citrate-stabilized ones. Moreover, dh increased with increasing size of the
particles. These findings support the presence of a PNIPAM shell around the particles. dh

increased even further for gold nanoparticles encapsulated by l-PNIPAM40k or l-PNIPAM82k.
These ligands formed larger PNIPAM shells as compared to l-PNIPAM9.5k due to their higher
molecular weight.
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Figure 4.6. Investigation of gold nanoparticles before and after the ligand exchange reaction by
UV-Vis spectroscopy. A, absorbance spectra of citrate-stabilized Au22 (reference, black) and Au22-l-
PNIPAM54.5 particles (orange). B, shift of the LSPR position of Aux particles after ligand exchange
with l-PNIPAM9.5k (orange), l-PNIPAM40k (blue), and l-PNIPAM82k (green).

Next, the strong absorbance of gold nanoparticles in the visible range allows to evaluate the
ligand exchange reaction by UV-Vis spectroscopy. Figure 4.6 A shows that the LSPR of Au22-
l-PNIPAM54.5 particles is shifted by approx. 4 nm as compared to the citrate-stabilized Au22

particles. Since the refractive index of solvated PNIPAM (n = 1.36) is larger as compared to
water (n = 1.33), the shift of the LSPR (∆λLSPR) indicates the presence of a PNIPAM shell
around the nanoparticles. The impact of PNIPAM shell thickness upon ∆λLSPR is presented
in Figure 4.6 B. It is found that ∆λLSPR is always around 4 nm– 5 nm and independent of the
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shell thickness of the Aux-l-PNIPAMy particles. In other words, the molecular weight of the
l-PNIPAMMn ligands does not affect ∆λLSPR. It is important to note, that all Aux-l-PNIPAMy

particles have narrow dipolar plasmon resonances. Hence, no substantial particle agglomeration
occurred during the ligand exchange reaction, which would result in a significant broadening
of the plasmon resonance and the appearance of additional modes at longer wavelengths. All
together, the results of TEM, DLS, and UV-Vis prove the presence of homogeneous PNIPAM
shells around each Aux nanoparticle.

Furthermore, the versatility of the ligand exchange reaction was demonstrated by the encapsula-
tion of CTAB-stabilized gold nanorods with l-PNIPAM9.5k which is demonstrated in Figure 4.7.
Figure 4.7 A shows a shift of the longitudinal LSPR of 20 nm after the ligand exchange reaction.
Additionally, comparing TEM images of gold nanorods stabilized by either CTAB (Figure 4.7 B)
or l-PNIPAM9.5k (Figure 4.7 C), reveals that the PNIPAM shell clearly separates the nanorods.
This example highlights the strong affinity of the trithiocarbonate group towards gold surfaces.
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Figure 4.7. Ligand exchange of gold nanorods with l-PNIPAM9.5k. A, UV-Vis spectra before
(black) and after (orange) the ligand exchange reaction. B, TEM image of CTAB-stabilized gold
nanorods with an aspect ratio of approx. 7. C, TEM image of l-PNIPAM9.5k-encapsulated nanorods.
The scale bar corresponds to 100 nm.
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4.1.3 Colloidal Stability of Aux-l-PNIPAMy particles

Aux-l-PNIPAMy particles are stable at room temperature and neutral pH. The PNIPAM chains
are in a random coil formation providing steric stabilization, and the carboxyl functions are
deprotonated providing electrostatic stabilization. The colloidal stability was investigated as
a function of pH by preparing aqueous dispersions of Au22-l-PNIPAM54.5, -PNIPAM76.4, and
-PNIPAM99.5 particles at pH7 and 25 ◦C. Next, the pH was lowered stepwise by addition of
HCl, and the stability of the particles was monitored by recording ζ-potentials as well as dh.
Figure 4.8 ,A shows the evolution of the ζ-potential of the particles as a function of pH. The
ζ-potential of Au22-l-PNIPAM54.5 is -31.2mV under neutral conditions (pH7). Decreasing the
pH causes a neutralization of the PNIPAM shell, and hence, the ζ-potential drops continuously
until a value close to 0mV is reached at pH2. It follows, that the electrostatic stabilization
of the particles is getting weaker. At the same time, Figure 4.8 B shows that dh of Au22-l-
PNIPAM54.5 does not change significantly until pH 2.7 is reached. Therefore, the particles are
still stable although their ζ-potential is very weak. Hence, the PNIPAM chains provide enough
steric stabilization in order to suspend the gold particles in solution. A strong increase of dh is
observed below pH2.7 indicating that the polymer chains can not prevent particle aggregation
anymore at this pH. A similar trend is found for Au22-l-PNIPAM76.4 and -PNIPAM99.5 – gold
nanoparticles which are encapsulated by thicker PNIPAM shells. The colloidal stability of the
particles was also investigated above the LCST of PNIPAM where water is a bad solvent for
PNIPAM. The poor solvent conditions strongly reduce the steric stabilization of the PNIPAM
chains. Thus, Au22-l-PNIPAMy particles are only stable at pH 6 – 7, where the surface charge of
the particles is high enough in order to prevent particle aggregation. Rapid aggregation and a
strong increase of turbidity is observed for a range of pH were the particles were originally stable
for temperatures below the LCST of PNIPAM. It follows that the particle-particle interactions
can be switched between attractive and repulsive states by modulation of temperature and pH.
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Figure 4.8. Investigation of the colloidal stability of Au22-l-PNIPAM54.5 (orange), Au22-l-
PNIPAM76.4 (blue), and Au22-l-PNIPAM99.5 (green) as a function of pH. A, evolution of the ζ-
potential. B, evolution of dh.
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Figure 4.9. Fully reversible phase transfer of l-PNIPAM40k-encapsulated Aux nanoparticles between
water (upper phase) and chloroform (lower phase). Each subfigure shows a set of digital photographs
of l-PNIPAM40k-encapsulated Au22, Au29, Au36, Au44, and Au53 particle dispersions. [1], at 4◦C the
particles are dispersed in the water phase. [2], upon heating to 60◦C, the particles accumulate at the
liquid/liquid interface. [3], quantitative phase transfer to the organic phase. [4], the phase transfer
is completely reversible once the temperature is lowered to 4◦C. The experiment can be repeated for
eight times at least.

4.1.4 Reversible Phase Transfer of Aux-l-PNIPAMy particles

A sudden change of colloidal stability can trigger phase transfer of colloids between two immisci-
ble liquids. Phase transfer to organic solvents is useful because such solvents are frequently used
as medium for the self-assembly of colloidal particles into superstructures.221,230,231 In general,
phase transfer between two immiscible liquids A and B is triggered once the affinity of a colloid
to liquid B is greater as compared to liquid A.232,233 In the case of Au22-l-PNIPAMy particles,
two different handles are available for controlling the colloidal stability and therefore the solvent
affinity: pH and temperature. Phase transfer of Aux-l-PNIPAMy was investigated between two
immiscible liquids: water and chloroform. A screening of the optimal conditions for phase trans-
fer was carried out using Au22-l-PNIPAM54.5 particles in a pH range of 2 – 7 and at 60◦C (above
the LCST of PNIPAM). It was observed that the particles only transferred to the chloroform
phase at pH<4. Surprisingly, the transfer was fully reversible at pH2.7 once the temperature
was lowered to 4 ◦C. Thus, three different scenarios were identified:

1. pH>pKa, T>TLCST: phase transfer was impossible. The particles aggregated in the
water phase at pH 4 – 7. The turbidity of the water phase increased strongly and a gradual
color change to purple was observed indicating aggregation of PNIPAM-encapsulated gold
nanoparticles.

2. pH<pKa, T>TLCST: phase transfer to chloroform occurred. This was attributed to a
weak electrostatic repulsion of the particles under these conditions (see also Figure 4.8 A)
and the strong affinity of PNIPAM to the organic phase at 60 ◦C. At ph 2.7 a quantitative
and reversible transfer of the particles was observed.
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3. pH<2.7, T>TLCST: the particles aggregated rapidly in the water phase and transferred
to chloroform. However, a reversible transfer was no longer possible.

In order to investigate the phase transfer process in more detail, experiments were carried out for
all 21 samples of PNIPAM-encapsulated gold nanoparticles at pH2.7. Each time, the tempera-
ture was modulated between 4◦C and 60◦C. Surprisingly, the transfer was reversible in almost
every case. Only Au15-l-PNIPAM44.2 and Au19-l-PNIPAM48.1 particles did not transfer back to
water once they crossed the liquid/liquid interface. However, the transfer was still reversible
once the same gold nanoparticles were encapsulated by one of the other two ligands – either
l-PNIPAM40k or l-PNIPAM82. Figure 4.9 shows a representative example for the phase transfer
of l-PNIPAM40k-encapsulated Au22, Au29, Au36, Au44, and Au53 particles:

1. At 4 ◦C all particles are stable in water as evidenced by the homogeneous colouration of
the upper phase.

2. Heating the particle dispersions to 60◦C results in an accumulation of the particles at the
liquid/liquid interface. Under these conditions, the electrostatic and steric stabilization of
the particles is very weak in water. Hence, van der Waals attractive forces cause a quick
agglomeration of the particles. These agglomerates sediment rapidly to the liquid/liquid
interface within 5min – 10min. It was observed that the particles remained trapped at
the interface over the course of several hours. Thus, the interfaces is a bottleneck for the
phase transfer process. This fact finds support considering three things: i) the particle
concentration in the water phase is high enough for a rapid agglomeration of the particles
(0.46 – 1.65 x 1011 particles/ml), ii) the surface area of the liquid/liquid interface is limited
and below the collective surface area of all Aux-l-PNIPAMy particles in solution, and iii),
the thermal destabilization of the particles happens almost instantly. Hence, the particles
are "jammed" at the interface. However, the particles still transferred to chloroform spon-
taneously after approx. 12 hours. Therefore, it is concluded that the particle jamming is
a kinetic effect.

3. After crossing the interface, the particles are stable in chloroform as indicated by the
homogeneous coloration of the lower phase of each sample in Figure 4.9. At this point it
is possible to transfer the particles back to water by lowering the temperature to 4 ◦C.

4. Cooling the particle dispersion results in an accumulation of the particles at the inter-
face again. In contrast to the transfer to chloroform (2), this accumulation took 2 h – 3 h
which was significantly longer as compared to the transfer from water to chloroform. Ag-
gregation of the particles in the chloroform phase was not observed. Therefore, another
mechanism has to be responsible for this kind of accumulation. The longer time periods
can be explained by statistical collision of the particles with the liquid/liquid interface due
to Brownian motion. The affinity of the ligands towards the water phase is energetically
favoured below the LCST of PNIPAM, because the Gibbs energy of the system is reduced
by solvating the polymer chains with water. This process is slow and spontaneous transfer
to water only occurred over the course of 2 weeks. However, the phase transfer can be
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accelerated significantly by shaking the sample tubes which results in an instant transfer
of all Aux-l-PNIPAMy particles to the water phase.

1 2 3 4 5 6 7 8

Figure 4.10. Successive phase transfer of Au15-l-PNIPAM82.5 particles between water and chloro-
form. The temperature is switched between 60 ◦C (1, 3, 5, 7) and 4 ◦C (2, 4, 6, 8). Quantitative
phase transfer occurs up to eight times in a row.

It is important to note that the particles can cross the liquid/liquid interface for many times in
a row which is demonstrated for Au15-l-PNIPAM82.5 particles in Figure 4.10. The particles are
transferred between chloroform and water back and forth over eight times at least without any
signs of aggregation. Consequently, UV-Vis spectroscopy was used in order to determine the
efficiency of the phase transfer process of l-PNIPAM40k-encapsulated Au22, Au29, Au36, Au44,
and Au53 particles. Figure 4.11 A shows absorbance spectra of the chloroform (dotted lines) and
water phases (solid lines) for all particles recorded at 60 ◦C. The particles absorb strongly in the
chloroform phase whereas the absorbance of the water phase is very weak (inset of Figure 4.11 A).
In contrast, the situation is completely reversed at 4 ◦C as demonstrated in Figure 4.11 B. Now,
the absorbance of the water phase is strong, and conversely, the absorbance of the chloroform
phase is almost negligible. Moreover the LSPRs of the strong absorbing phases are always narrow
indicating that the all particles are stable.
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Figure 4.11. Spectroscopic investigation of the phase transfer of l-PNIPAM40k-encapsulated Au22
(black), Au29 (green), Au36 (red), Au44 (blue), and Au53 (purple) particles. A, absorbance spectra of
the chloroform (dashed lines) and water (solid lines) phase at 60 ◦C. B, absorbance spectra of both
phases at 4 ◦C. The insets are magnifications of the weakly absorbing water (A) and chloroform phase
(B).

64



4.1 Gold Nanoparticles with Non-Cross-Linked PNIPAM Shells

The absorbance spectra also allow for the calculation of an efficiency parameter ηtrans to evalu-
ate the phase transfer of all PNIPAM-encapsulated gold nanoparticles. ηtrans is given by Equa-
tion 4.4

ηtrans = ∆Abs400
Abs400(H2O) (4.4)

where ∆Abs400 is the absorbance difference of the two phases at 400 nm, and Abs400(H2O) is the
initial absorbance of the particles in the water phase before the phase transfer experiment was
commenced. ηtrans is summarized in Table 4.4 for all particles. At 60 ◦C, ηtrans, 60 ◦C is close to
100% for the phase transfer to chloroform. Once the temperature is switched to 4 ◦C, ηtrans, 4 ◦C

is close to 100% again. Hence, the phase transfer is quantitative each time. The slight difference
between ηtrans,60 ◦C and ηtrans,4 ◦C results from a small fraction of particles that are still dispersed
in the respective other phase or trapped at the liquid/liquid interface.

Table 4.4. Efficiency of the phase transfer calculated from UV-Vis absorbance spectra of
the chloroform and water phase at 60 ◦C and 4 ◦C.

Sample ∆Abs400, 60 ◦C ηtrans, 60 ◦C ∆Abs400, 4 ◦C ηtrans, 4 ◦C
(CHCl3 –H2O)a [%] (H2O–CHCl3) [%]

Au22-l-PNIPAM76.4 0.077 99 0.075 98
Au29-l-PNIPAM75.3 0.119 99 0.101 97
Au36-l-PNIPAM81.9 0.158 99 0.129 98
Au44-l-PNIPAM89.2 0.155 98 0.134 99
Au53-l-PNIPAM99.4 0.161 95 0.142 99

In conclusion, α-trithiocarbonate-ω-carboxyl terminated PNIPAM ligands render gold nanopar-
ticles with bifunctional non-cross-linked polymer shells. The ligand exchange reactions works for
nanoparticles of a broad range of sizes, and the colloidal stability of the particles is a function of
pH and temperature. This is evidenced by the reversible phase transfer of the particles between
water and chloroform, which is nearly quantitative each time.
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4.2 Gold Nanoparticles with Cross-Linked PNIPAM Shells

Using non-cross-linked l-PNIPAMMn ligands, Aux-l-PNIPAMy particles were prepared with shell
thicknesses as large as 37 nm± 4 nm. Theoretically, even larger shell thicknesses could be ob-
tained simply by constantly increasing the molecular weight of the l-PNIPAMMn ligand. How-
ever, the synthesis of such ligands by RAFT polymerization gets more and more difficult due
to the increasing risk of chain termination and side reactions.24 Consequently, cross-linking is
introduced and gold nanoparticles are encapsulated by cross-linked PNIPAM hydrogel shells
in order to prepare larger polymer shells. Robust synthetic protocols are already available for
the encapsulation of gold nanoparticles with PNIPAM hydrogel shells. These particles are pre-
pared by free radical precipitation polymerization of NIPAM and BIS in the presence of gold
nanoparticles.28,29

A B C

Figure 4.12. TEM investigation of Au-x-PNIPAMy. A –C, TEM images of Au19-x-PNIPAM208,
Au19-x-PNIPAM326, and Au19-x-PNIPAM508. The size of the cross-linked PNIPAM hydrogel shell
increases from left to right. The scale bar corresponds to 200 nm.

Gold nanoparticles of 19 nm in diameter were synthesized by citrate reduction following the
Turkevich protocol.209 The nanoparticles were surface-functionalized with butenylamine to in-
crease their hydrophobicity, which is mandatory for the hydrogel encapsulation.29 Hydrogel en-
capsulation was carried out by precipitation polymerization according to Karg et al.28 The size
of the PNIPAM hydrogel shell was tuned by performing the reaction three times using nominal
NIPAM concentrations of 0.02M, 0.06M, and 0.1M. 15mol% BIS cross-linker with respect to
NIPAM were used for every synthesis, and the concentration of gold nanoparticles was kept con-
stant every time. The cross-linked PNIPAM-encapsulated particles were investigated by TEM,
UV-Vis spectroscopy, SLS and DLS. The particles are referred to as Au19-x-PNIPAMy according
to their overall hydrodynamic diameter.

Figure 4.12 shows representative TEM images of the three different particles. The cross-linked
PNIPAM shell, surrounding every single gold nanoparticle, is clearly visible due to the strong
difference in electron contrast between the polymer and the gold nanoparticle. It is important to
note that gold nanoparticles without PNIPAM shell are not observed. Moreover, increasing the
monomer feed for the reaction clearly increases the size of the polymer shell which is evident from
Figure 4.12 A–C. UV-Vis absorbance spectra of Au19-x-PNIPAMy are displayed in Figure 4.13.
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The spectra are normalized to an equal concentration of particles. The absorbance of Au19-x-
PNIPAM208, Au19-x-PNIPAM326, and Au19-x-PNIPAM508 increases towards shorter wavelengths
and a small shoulder in the wavelength region of 500 nm– 540 nm is observable. The increasing
absorbance at shorter wavelengths results from Rayleigh-Debye-Gans scattering by the cross-
linked PNIPAM shell. The scattering is most pronounced for Au19-x-PNIPAM508 – the particles
with the largest PNIPAM shell. The small shoulder visible in each spectrum matches well to the
LSPR of 19 nm gold nanoparticles (without polymer shell), which is included in Figure 4.13 as a
reference. Hence, the absorbance spectra of Au19-x-PNIPAMy are the superposition of scattered
light by the cross-linked PNIPAM hydrogel shell and scattered/absorbed light by the LSPR of
the gold nanoparticles.
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Figure 4.13. Absorbance spectra of Au19-x-PNIPAM208(green), Au19-x-PNIPAM326 (red) and
Au19-x-PNIPAM508 (blue). A spectrum of Au19 particles without polymer shell is included as a
reference (black). All spectra were recorded at 25◦C and are normalized to the same particle concen-
tration. The inset shows a magnification of the LSPR region of Au19 particles.

Light scattering was used in order to determine shape and diameter of the cross-linked PNIPAM-
encapsulated gold nanoparticles in aqueous dispersion. SLS of Au19-x-PNIPAMy particles was
carried out in order to obtain form factor (P (q)) and radius of gyration (rg). The hydrodynamic
diameter was determined by DLS. Figure 4.14 A shows the small angle scattering profiles of
the three different core-shell particles. The intensity of the scattered light (Isc) depends on the
scattering angle and decreases for increasing scattering vectors (q). The decrease of Isc is most
pronounced for Au19-x-PNIPAM508 particles, and the first minimum of P (q) is clearly resolved.
Thus, the sphere radius (rs) is obtained by Equation 4.5

qmin = 4.49
rs

(4.5)

where qmin is the scattering vector of the first minimum of P (q). rs is 212 nm for Au19-x-
PNIPAM508. The same approach does not work for Au19-x-PNIPAM208 and Au19-x-PNIPAM326

because their minima of P (q) are located outside of the accessible q range of the light scattering
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setup. Therefore, a fit to the experimental scattering profiles was performed using a polydisperse
hard sphere form factor model. In this case, P (q) is given by Equation 4.6 and 4.7216

Isphere(q, rs) = P 2(q, rs,∆ηSLS) (4.6)

P (q, rs,∆ηSLS) = 4πr3
s∆ηSLS

sin(qrs)− qR cos(qrs)
(qrs)3 (4.7)

where ηSLS is the scattering length density difference between the sphere and the solvent. Poly-
dispersity was modelled using a Gaussian size distribution given by Equation 4.8216

Gauss(rs, σS , r0) = N

cGauss
e
− (rs−r0)2

2σ2
S (4.8)

cGauss =
√
π

2σS(1 + erf( r0√
2σS

))

with
∫ ∞

0
Gauss(rs, σS , r0)drs = N (4.9)

where σS is the standard deviation. The corresponding fits are shown as solid lines in Fig-
ure 4.14 A, and a very good agreement is found for all three samples. Figure 4.14 B shows the
Guinier representation of the light scattering profiles of the core-shell particles given by Equation
4.10113

ln(I(q)) = ln(I0)−
r2
g q

2

3 (4.10)

where rg is the radius of gyration. Linear fits were used to describe the linear part of the SLS
profiles, and rg was calculated as 73 nm, 124 nm, and 187 nm for Au19-x-PNIPAM208, Au19-x-
PNIPAM326 and Au19-x-PNIPAM508, respectively.
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Figure 4.14. Investigation of Au19-x-PNIPAMy by SLS and DLS. A, P (q) analysis of SLS data of
Au19-x-PNIPAM208 (green), Au19-x-PNIPAM326 (red), and Au19-x-PNIPAM508 (blue) using a hard
sphere form factor model with Gaussian size distribution (solid lines). B, Guinier representation of
A. The solid lines represent linear fits to the linear regime of the data. C, Γ̄ as a function of q2

obtained from CONTIN analysis of field-time autocorrelation functions. The solid lines are linear fits
to the data with an intercept of zero. D, Dt,app as a function of q2. The solid lines are linear fits to
the data with a slope of zero.

The hydrodynamic radius (rh) of the particles was probed by angular dependent DLS mea-
surements. Γ̄ was obtained by CONTIN analysis of g(1)(τ) and the results are presented in
Figure 4.14 C. All three samples show a linear relationship of Γ̄ as a function of q2 with inter-
cepts close to zero. It follows that purely translational diffusion of the particles is probed. In
order to calculate rh with high accuracy, the translational diffusion coefficient (Dt) was extracted
from linear fits to the angular dependent DLS data in Figure 4.14 C. Dt is given by Equation
4.11

Dt = Γ̄
q2 (4.11)

where q = 4πn
λ sin θ

2 is the scattering vector. rh is given by the Stokes-Einstein Equation 4.12

rh = kBT

6πηDT
(4.12)

where kB is the Boltzmann constant and η is the dynamic viscosity of the solvent. rh is 104 nm,
164 nm, and 254 nm for Au19-x-PNIPAM208, Au19-x-PNIPAM326, and Au19-x-PNIPAM508, re-
spectively. Calculating the apparent diffusion coefficient (Dt,app) for each value of q2 in Fig-
ure 4.14 D also reveals a linear relationship. A linear fit with a constant slope of zero matches
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very well to the data points. Therefore, any particle concentration effects on the particle diffu-
sion can be neglected. Using rh, the relation rg/rh was calculated. rg/rh equals 0.775 in case of
monodisperse hard spheres. Values in the range of 0.70 – 0.74 were found for the three different
particles, which is slightly below the hard sphere limit. This observation is explained by an inho-
mogeneous cross-linking density of the PNIPAM shell. Varga et al. already demonstrated that
the cross-linking density of colloidal PNIPAM hydrogels decreases with increasing distance from
the particle center.234 Hence, a similar effect is expected for the outer region of the PNIPAM
shell of the Au19-x-PNIPAMy particles. This affects the hydrodynamic diameter of the particles
more strongly as compared to rg.

All results of the SLS and DLS investigation are summarized in Table 4.5. rs of Au19-x-
PNIPAM508 determined by Equation 4.5 is almost identical to rs from the polydisperse hard
sphere model (Equation 4.7) indicating that the model is well-suited to describe the SLS pro-
files. rh is larger as compared to rg for all particles, as expected. Moreover, rh increases with
increasing size of the cross-linked polymer shell, which is in good agreement to the TEM images
of the particles.

Table 4.5. Results of the light scattering experiments of Au19-x-PNIPAMy.

Sample rs(qmin)a rs
b σS

b rg
c rh

d rg/rh
[nm] [nm] [nm] [nm] [nm]

Au19-x-PNIPAM208 – 91 0.7 73 104 0.70
Au19-x-PNIPAM326 – 140 15 124 163 0.76
Au19-x-PNIPAM508 212 211 21 187 254 0.74
a rs, calculated by Equation 4.5.
b rs, σS , calculated by Equations 4.7 and 4.8.
c rg, calculated by Equation 4.10
d rh, calculated by Equation 4.12

In conclusion, the free radical seeded precipitation polymerization of NIPAM and BIS in the pres-
ence of gold nanoparticles produces core-shell particles with very large PNIPAM shells. Every
single gold nanoparticle is encapsulated by a homogeneous cross-linked PNIPAM hydrogel shell,
and the shell thickness is a function of the monomer feed of the reaction. Investigating Au19-
x-PNIPAMy particles by SLS and DLS allows for a thorough characterization of the core-shell
particles in solution. Together with the non-cross-linked PNIPAM-encapsulated gold nanoparti-
cles, a library of colloidal building blocks for plasmonic superstructures is now accessible, which
is shown in Table 4.6. The shell thickness (ds) of the non-cross-linked PNIPAM-encapsulated
gold nanoparticles is tunable between approx. 28 nm– 74 nm for particles with the same gold
core. Encapsulating gold nanoparticles with cross-linked PNIPAM hydrogel increases the shell
thickness up to 189 nm– 489 nm.
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Table 4.6. Library of PNIPAM-encapsulated gold nanoparti-
cles – colloidal building blocks for plasmonic superstructures.

λLSPR dc dh ds
Building blocks [nm] [nm] [nm] [nm]

Au15-l-PNIPAM44.2 525 15± 2 44.2 14.6
Au15-l-PNIPAM60 525 15± 2 60 22.5
Au15-l-PNIPAM82.5 525 15± 2 82.5 33.8
Au19-l-PNIPAM48.1 526 19± 2 48.1 14.6
Au19-l-PNIPAM72.6 526 19± 2 72.6 26.8
Au19-l-PNIPAM96.1 526 19± 2 96.1 38.6
Au22-l-PNIPAM54.5 527 22± 3 54.5 16.3
Au22-l-PNIPAM76.4 527 22± 3 76.4 27.2
Au22-l-PNIPAM99.5 528 22± 3 99.5 38.8
Au29-l-PNIPAM58.7 531 29± 3 58.7 14.9
Au29-l-PNIPAM75.3 531 29± 3 75.3 23.2
Au29-l-PNIPAM91.5 531 29± 3 91.5 31.3
Au36-l-PNIPAM62.6 537 36± 4 62.6 13.3
Au36-l-PNIPAM81.9 537 36± 4 81.9 23.0
Au36-l-PNIPAM107.1 538 36± 4 107.1 35.6
Au44-l-PNIPAM68.6 539 44± 5 68.6 12.3
Au44-l-PNIPAM89.2 539 44± 5 89.2 22.6
Au44-l-PNIPAM122.9 539 44± 5 122.9 39.5
Au53-l-PNIPAM75.5 542 53± 7 75.5 11.3
Au53-l-PNIPAM99.4 542 53± 7 99.4 23.2
Au53-l-PNIPAM135.8 542 53± 7 135.8 41.4

Au19-x-PNIPAM208 524 19± 2 208 94.5
Au19-x-PNIPAM326 528 19± 2 326 153.5
Au19-x-PNIPAM508 - 19± 2 508 244.5
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Chapter 5

Self-Assembly of Colloidal Building Blocks

The library of PNIPAM-encapsulated gold nanoparticles offers a large pool of colloidal building
blocks for the fabrication of plasmonic superstructures via self-assembly. It is important to
keep in mind that the superstructures will be integrated in organic thin film solar cells. In
the laboratory, standard solar cell substrates have a surface area of 5.06 cm2.47 Therefore, any
plasmonic superstructure must provide optical homogeneity on the same scale, which means
that the interparticle distance between gold nanoparticles has to nearly identical everywhere on
the substrate. Consequently, this chapter focuses on the preparation of optically homogeneous
two-dimensional superstructures which will be referred to as plasmonic monolayers. In order to
create plasmonic monolayers by self-assembly of Aux-l-PNIPAMy and Aux-x-PNIPAMy building
blocks, two different fabrication methods are investigated: spin-coating and interface-mediated
self-assembly.

5.1 Monolayers of Au-l-PNIPAMy

Au15-l-PNIPAM60 and Au15-l-PNIPAM82.5 are selected from the particle library for the prepa-
ration of plasmonic monolayers. The size of the gold nanoparticles is identical in both samples,
however the thickness of the l-PNIPAMy shell is different by a factor of 1.5. Plasmonic monolay-
ers were fabricated by spin-coating from ethanolic particle dispersions on glass substrates, and
the superstructures were investigated by AFM. Figure 5.1 A shows a regular, ordered monolayer
of Au15-l-PNIPAM60 on the glass surface after spin-coating. The particles are homogeneously
distributed on the substrate, and all particles are separated from each other. The particle spac-
ing results from the l-PNIPAM40k ligand acting as a sterical spacer during the self-assembly
process. The power spectrum of the AFM image in Figure 5.1 A has an anisotropic pattern with
slight hexagonal features revealing that the particles are moderately ordered on the substrate.
In contrast, the Au15-l-PNIPAM82.5 monolayer is more irregular which is shown in Figure 5.1 B.
This is attributed to a sample concentration being slightly too low for and ideal surface coverage.
The power spectrum has an ellipsoidal shape, which is an image artifact caused by damage to
the AFM tip. Center-to-center distances and surface densities of particles (ρs) were determined
by g(r) analysis of the particle positions, and the results are presented in Table 5.1. dc−c is
102 nm or 168 nm, and ρs is 84.8 particles/µm2 or 25.6 particles/µm2 for Au15-PNIPAM60 and
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Au15-PNIPAM82.5, respectively. It follows that the thickness of the l-PNIPAMy shell influences
dc-c and ρs of the monolayers. However, it was hard to control both parameters on larger scales
(cm2) by spin-coating. Consequently, it is challenging to use these particles for the fabrication
of plasmonic monolayers for solar cells.

A B

Figure 5.1. Monolayers of Aux-l-PNIPAMy prepared by spin-coating. A, B, AFM height images of
Au15-l-PNIPAM60 and Au15-l-PNIPAM82.5. The scale bar corresponds to 500 nm. The upper insets
show the power spectra of the AFM images. The lower insets schematically indicates the different
dimensions of the core-shell particles.

Table 5.1. Interparticle center-to-center distances and surface densities of Au15-
l-PNIPAMy and Au19-x-PNIPAMy monolayers fabricated by spin-coating and
interface-mediated self-assembly.

Sample Self-Assembly method dc-c ρs
[nm] particles/µm2

Au15-l-PNIPAM60 spin-coating 102± 11 84.8
Au15-l-PNIPAM82.5 spin-coating 168± 26 25.6
Au19-x-PNIPAM208 spin-coating 250± 27 15.8

Au19-x-PNIPAM208 interface-mediated 251± 19 14.6
Au19-x-PNIPAM326 interface-mediated 386± 37 6.5
Au19-x-PNIPAM508 interface-mediated 617± 102 2.4
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5.2 Monolayers of Au-x-PNIPAMy

Figure 5.2. AFM height image of a Au19-x-PNIPAM208 monolayer fabricated by spin-coating. The
scale bar corresponds to 1.5µm. The inset shows the power spectrum of the monolayer.

In order to prepare plasmonic monolayers with large interparticle distances, self-assembly of
cross-linked PNIPAM-encapsulated gold nanoparticles was investigated. Figure 5.2 shows a
representative AFM image of an Au19-x-PNIPAM208 monolayer prepared by spin-coating. The
monolayer is composed of regularly arranged Au19-x-PNIPAM208 particles, and the structure of
the monolayer is comparable to the monolayer of Au15-l-PNIPAM60 particles in Figure 5.1 A.
g(r) analysis of the Au19-x-PNIPAM208 monolayer reveals an interparticle distance of 250 nm,
which is higher by a factor of approx. 2.5 as compared to the interparticle distance of the Au15-l-
PNIPAM60 monolayer. However, the long-range order of the monolayer is still low, and the rings
in the FFT pattern indicate that the monolayer is polycrystalline. It follows that the particles
are arranged in many small crystalline patches with different orientations relative to each other.
This defect is attributed to the fast solvent evaporation rate and the presence of high shear forces
during spin-coating. Consequently, even though larger interparticle spacings are accessible by
using cross-linked PNIPAM-encapsulated gold nanoparticles, the preparation of highly ordered
plasmonic monolayers is still challenging.

An alternative approach for the fabrication of Au19-x-PNIPAM208 monolayers is interface-me-
diated self-assembly. The cross-linked PNIPAM hydrogel shell is surface active and adsorbs at
interfaces such as the oil/water or air/water interface.193–195 This fabrication method was in-
vestigated for the preparation of Au19-x-PNIPAM208 monolayers. Therefore, a 1wt.% ethanolic
dispersion of Au19-x-PNIPAM208 particles was prepared and carefully deposited at the air/water
interface of a water-filled crystallizing dish. The particle dispersion spread upon contact with
the water surface, and a colloidal monolayer was formed covering the whole water surface. After-
wards, a part of the monolayer was transferred onto a glass substrate and investigated by AFM.
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Interface-mediated self-assembly was repeated in the same manner for Au19-x-PNIPAM326 and
Au19-x-PNIPAM508 particles.

A B C

Figure 5.3. Self-assembly of Au19-x-PNIPAMy particles. A –C, AFM height images of Au19-x-
PNIPAM208, -PNIPAM326, and -PNIPAM508 monolayers. The inter-particle distances increase from
250 nm to 620 nm. The scale bar corresponds to 2.5µm. The upper insets show the power spectra of
the AFM images. The lower insets illustrate the different dimensions of the particles.

Figure 5.3 shows highly ordered monolayers of Au19-x-PNIPAMy particles on the glass surface.
All monolayers have a hexagonal symmetry as evidenced by the corresponding power spectra
showing six characteristic Bragg peaks as well as higher order Bragg modes. g(r) analysis of
the Au19-x-PNIPAM208 monolayer reveals interparticle distances of 251 nm. This value is almost
identical to dc-c of a monolayer of the same particles prepared by spin-coating (cf. Table 5.1).
However, comparing Figure 5.2 and 5.3 reveals that interface-mediated self-assembly improves
the long-range order of the monolayer tremendously. Using particles with larger PNIPAM shells,
dc-c increases to 386 nm and 617 nm for Au19-x-PNIPAM326 and Au19-x-PNIPAM508 particles,
respectively. Interestingly, dc-c of all three Au19-x-PNIPAMy monolayers is larger by a factor of
approx. 1.2 compared to dh of the particles in solution (compare Table 4.5 and 5.1). The larger
values of dc-c are explained by an anisotropic deformation of the hydrogel shell at the water
surface. This result finds support from theoretical simulations based on a molecular dynamics
approach as well as experimental studies carried out by other groups.193,196,235

Although the order of the plasmonic monolayers is improved significantly by interface-mediated
self-assembly, the optical properties of all monolayers suffer from the small size of the gold
cores of the PNIPAM-encapsulated particles. Figure 5.4 shows UV-Vis absorbance spectra of
Au19-x-PNIPAMy monolayers. Additionally, absorbance spectra of Au15-l-PNIPAM60 and Au15-
l-PNIPAM82.5 monolayers are also included for comparison. The absorbance of all monolayers
is very weak over the entire spectrum. A weak LSPR is only found for the Au15-l-PNIPAM60

monolayer because this monolayer has the highest surface density of plasmonic particles. The
LSPR is at 535 nm and red-shifted by 10 nm as compared to the LSPR of the same particles in
solution. The light absorbance of the Au15-l-PNIPAM82.5 monolayer is already outside the detec-
tion limit of the UV-Vis spectrometer. The overall absorbance of Au19-x-PNIPAMy monolayers
is slightly higher as compared to Au15-l-PNIPAMy monolayers although the surface density of
core-shell particles is considerably lower (cf. Table 5.1). However, no distinct plasmonic features
are detected. It follows that the higher absorbance is caused by light scattering of the cross-linked
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PNIPAM shell surrounding the particles.

400 450 500 550 600 650

0.0

0.1

0.2

0.3

400 600

0.00

0.01

0.02

A
b
s
o
rb

a
n
c
e

Wavelength [nm]
A

b
so

rb
a
n
ce

Wavelength [nm]

Figure 5.4. Absorbance spectra of Au15-l-PNIPAM60 (black), -l-PNIPAM82.5 (red), Au19-x-
PNIPAM208 (blue), -x-PNIPAM326 (pink), and -x-PNIPAM508 (green) monolayers on glass sub-
strates. The inset shows a magnified region of the absorbance spectra.

In conclusion, the particle library provides colloidal building blocks for the fabrication of plas-
monic superstructures with tunable interparticle distances from 102 nm up to 617 nm. The
increasing interparticle distance is caused by the larger sterical demand of the PNIPAM shell of
the gold nanoparticles. Monolayers with homogeneous interparticle distances and extraordinary
long-range order are fabricated by interface-mediated self-assembly. However, light absorbance
of the monolayers is an issue that must me solved in order to create plasmonic superstructures
for thin film organic solar cells.
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5.2.1 Post-Modification of Colloidal Building Blocks

Au GrowthAg Growth

Precursor Particles

Figure 5.5. Overgrowing the gold core of Au19-x-PNIPAM326 particles with Ag (left) or Au (right).
The top row shows a schematic illustration of the core overgrowth. The bottom row shows a set of
digital photographs of Agx@Au-, and Aux@Au-x-PNIPAMy particles in aqueous dispersion after the
overgrowth process. The increasing dimensions of the plasmonic cores are represented by two color
gradients. The light scattering by the particle dispersions increases strongly for samples with larger
plasmonic cores due to their higher scattering cross-sections.

In order to overcome the limited light absorbance of Aux-x-PNIPAMy monolayers, the optical
properties of the colloidal building blocks are enhanced. Therefore, the gold core of PNIPAM-
encapsulated nanoparticles is overgrown with gold because the scattering/absorbance cross-
sections of light increase tremendously for larger gold nanoparticles.93,236,237 Using silver as an
overgrowth material is an alternative approach to enhance the optical properties of the particles
because silver has a higher quality factor as compared to gold.122,227,238

Surfactant-assisted core overgrowth of Au19-x-PNIPAM326 particles was carried out using silver
or gold as overgrowth materials. The core overgrowth was investigated by TEM and UV-Vis
spectroscopy, and the stability of the particles was probed using ζ-potential as well as DLS
measurements. The particles are denoted as Aux@Au-, or Agx@Au-x-PNIPAMy which is a com-
bination of the overgrowth material (Au or Ag), the final size of the metal core, and the seed
particles used for the core overgrowth reaction (Au19-x-PNIPAM326). For, example Au30@Au-
x-PNIPAM326 refers to particles overgrown with gold where the final size of the gold core is
30 nm, and the hydrodynamic diameter of the particles is 326 nm. In total eight different types
of particles were prepared by core overgrowth. The thickness of the gold and silver shell was
tuned between 5 nm and 40 nm by variation of the metal salt feed for each overgrowth reaction.
Figure 5.5 shows digital photographs of the different Aux@Au-, and Agx@Au-x-PNIPAMy par-
ticle dispersions after surfactant-assisted core overgrowth. It is already visible by the naked eye
that the color of the initial Au19-x-PNIPAM326 dispersion (Figure 5.5, middle) intensifies and
the light scattering increases strongly for samples with larger plasmonic cores. This trend is
observable for both overgrowth materials.
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Figure 5.6. Core overgrowth in solution investigated by UV-Vis spectroscopy. A, absorbance
spectrum of Au19-x-PNIPAM326 seed particles. B, C, overgrowth of Au19-x-PNIPAM326 particles
with Au (B) or Ag (C). The spectra were taken at different times during the overgrowth reaction.
The LSPR of the particles increases strongly as the reaction proceeds. Each spectrum was recorded
at room temperature and is normalized to the absorbance at 400 nm.

The time-depended particle growth is followed by UV-Vis spectroscopy, as demonstrated in
Figure 5.6. At first the absorbance spectrum of the Au19-x-PNIPAM326 seed particles is mostly
dominated by Rayleigh-Debye-Gans scattering of the PNIPAM shell in Figure 5.6 A.28 The
intensity of the LSPR increases strongly once the gold core is overgrown with gold. This trend
is clearly visible in Figure 5.6 B. Additionally, the LSPR of Aux@Au-x-PNIPAM326 particles
shifts from 523 nm to 544 nm with increasing size of the gold core. The same trend is present
in Figure 5.6 C once the overgrowth is carried out with silver. Here, a final shift of the LSPR
to 420 nm is observed. The bimetallic Agx@Au-x-PNIPAMy particles behave almost like pure
silver nanospheres due the low skin depth of the surface plasmon and the large size of the silver
shell. The shift of the LSPR towards smaller wavelengths is explained by the higher restoring
force of silver as compared to gold. After the overgrowth reaction, both types of particles
have pronounced single plasmonic peaks that are attributed to the dipolar plasmonic mode of
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spherical particles. It is important to note that the narrow shape of the LSPR is maintained
for each overgrowth reaction. Moreover, the absence of additional plasmonic modes at higher
wavelength positions points towards a spherical overgrowth of the particles.

In order to determine the exact size of the plasmonic core after the overgrowth reaction, and
to exclude secondary nucleation, all particles were investigated by TEM. Figure 5.7 A shows
the Au19-x-PNIPAM326 seed particles before the overgrowth reaction. The gold core of the
core-shell particles is clearly visible, and each seed particle only contains one single gold core.
The results of the core overgrowth with silver and gold are displayed in the TEM images B –E
and J –M of Figure 5.7. It is evident that the diameter of the plasmonic cores increases from
B–E (silver overgrowth) and J –M (gold overgrowth), respectively. Secondary nucleation or
anisotropic particle shapes are not observed in all TEM images. Hence, the overgrowth was
successful for all particles. The initial diameter of the gold core of Au19-x-PNIPAM326 particles
was 19 nm. Overgrowing the particles with silver increases the final diameter of the plasmonic
core up to 100 nm as demonstrated in Figure 5.7 E. Similar core dimensions are achievable when
gold is used as an overgrowth material (Figure 5.7 M). The average core dimensions of all particles
are summarized in Table 5.2.

Table 5.2. Summary of core-shell particles prepared by seed mediated core-overgrowth of
Au19-x-PNIPAM336 seed particles.

Sample dc λLSPR λLSPR ζ-potentiald dh
e

[nm] (Mie)a[nm] (Exp.)b[nm] [mV] [nm]

Au19-x-PNIPAM326 19± 2 530 523 -17.3 326

Ag28@Au-x-PNIPAM336 28± 3 380 – -11.5 336
Ag46@Au-x-PNIPAM318 46± 3 437 433 -6.8 318
Ag73@Au-x-PNIPAM330 73± 5 464 458 -9.3 330
Ag100@Au-x-PNIPAM336 100± 10 503 496 -9.6 336

Au30@Au-x-PNIPAM326 30± 4 532 532 -17.3 326
Au41@Au-x-PNIPAM316 41± 5 531 532 -2.9 316
Au60@Au-x-PNIPAM316 60± 7 541 540 -4.2 316
Au95@Au-x-PNIPAM316 95± 12 568 561 -1.1 316
a λLSPR (Mie), theoretical position of the LSPR calculated by Mie theory.
b λLSPR (Exp.), position of the LSPR measured by UV-Vis spectroscopy.
d ζ-potential, calculated from the electrophoretic mobility measured at 25 ◦C.
e dh, determined by Cumulant analysis of g(2)(τ) measured at 25 ◦C. The error of the DLS data is

below 5 %.
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Figure 5.7. Post-modification of the gold core of Au19-x-PNIPAM326 particles. A, TEM image of
Au19-x-PNIPAM326 seed particles before core overgrowth. B –E and J –M, TEM images after core
overgrowth with silver (B –E) or gold ( J–M). The average diameters of the silver cores are 28 nm (B),
46 nm (C), 73 nm (D), and 100 nm (E). The average diameters of the gold cores are 30 nm (J), 41 nm
(K), 60 nm (L), and 95 nm (M). All scale bars are 100 nm. F – I, absorbance spectra of Agx@Au-
(yellow) and Aux@Au-x-PNIPAMy (red) particles of comparable sizes. Spectra of the precursor
particles are also included (black). Simulated extinction spectra (dashed lines) are displayed in each
graph for comparison.
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Additionally, absorbance spectra of aqueous Aux@Au-, and Agx@Au-x-PNIPAMy dispersions
were recorded and compared to theoretical simulations which is demonstrated in Figure 5.7 F – I.
Each time, spectra of Aux@Au-x-PNIPAMy and Agx@Au-x-PNIPAMy particles with similar sizes
of the plasmonic cores are combined in one graph. All spectra are normalized to the absorbance
at 400 nm for better comparison. An absorbance spectrum of the precursor particles is included
in each graph as a reference. Theoretical simulations of plasmonic extinction spectra were carried
out using Mie theory and the multilayer recursive method.111 The positions of experimental and
theoretical plasmon resonances are provided in Table 5.2.

In general, a good agreement between the theoretical and the experimental data is found for the
overgrowth with gold. Minor deviations between the LSPR positions are explained by particles
having a non-ideal spherical symmetry, for example in Figure 5.7 M. A direct comparison between
theoretical and experimental data of Agx@Au-x-PNIPAMy reveals more pronounced deviations.
This divergence is attributed to synergistic effects of gold and silver and/or an anisotropic growth
of the silver shell. The thickness of the silver shell of Ag28@Au-x-PNIPAM336 and Ag46@Au-
x-PNIPAM318 particles is only 4.5 nm and 13.5 nm, respectively. Here, only a rough agreement
between experimental and theoretical data is found. A distinct LSPR is missing for Ag28@Au-x-
PNIPAM336 particles which is explained by significant damping of the LSPR due to a mismatch of
the dielectric functions of the bimetallic cores.239 The quadrupolar mode visible in the theoretical
extinction spectra of Ag73@Au-x-PNIPAM330 and Ag100@Au-x-PNIPAM336 particles was not
verified experimentally. This fact is attributed to surface roughness and an irregular morphology
of the overgrown silver shells in both cases.

Investigation of the particle stability was carried out by ζ-potential and DLS experiments after
the core overgrowth, and the results are provided in Table 5.2. The ζ-potential of Au19-x-
PNIPAM326 particles is -17.3mV and dh is 326 nm indicating a good colloidal stability of the
seed particles. A slight decrease of the ζ-potential is observable for Agx@Au- and Aux@Au-x-
PNIPAMy particles which is attributed to small amounts of residual cationic surfactant that
were not removed during the purification process after the overgrowth reaction. However, even
particles with very low ζ-potentials such as Au95@Au-x-PNIPAM316 are still stable in water as
evidenced by dh. It follows that the steric stabilization provided by the hydrogel shell is suffi-
cient in order to suspend the particles in solution. Interestingly, dh is almost unaffected after the
core overgrowth even for Ag100@Au-x-PNIPAM336 and Au95@Au-x-PNIPAM316 particles – the
particles with the largest plasmonic core. Although the volume of the plasmonic cores increased
by a factor of 125 or 97 relative to the volume of the gold core of Au19-x-PNIPAM326 parti-
cles, the volume fraction of the plasmonic core is tiny (φcore(Ag100@Au-x-PNIPAM336)=2.63%)
as compared to the volume fraction of the PNIPAM hydrogel shell of the core-shell particle
(φshell(Ag100@Au-x-PNIPAM336)=97.36%). Thus, overgrowing the gold nanoparticle core has
only negligible influence on the overall dimensions of the core-shell particles.
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Modification of the plasmonic core by core overgrowth completes the library of PNIPAM-
encapsulated gold nanoparticles that are used as colloidal building blocks for plasmonic su-
perstructures. A summary of all building blocks is provided in Table 5.3. Looking at Table 5.3
the most significant change is that the LSPR is now tunable in a spectral region as large as
128 nm for Au-x-PNIPAM336 particles. Modification of shell thickness and core size allows for
another classification of the particles using the shell-to-core ratio λb = dh

dc
. Knowing λb is par-

ticularly important for self-assembly experiments because the formation of different phases such
as hexagonal, stripe, sigma, honeycomb or quasicrystalline phases only occur at specific values
of λb.159,240,241
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Table 5.3. Full library of colloidal core-shell building blocks for plasmonic
superstructures.

λLSPR dc dh ds λb
Building blocks [nm] [nm] [nm] [nm] [nm]

Au15-l-PNIPAM44.2 525 15± 2 44.2 14.6 2.9
Au15-l-PNIPAM60 525 15± 2 60 22.5 4.0
Au15-l-PNIPAM82.5 525 15± 2 82.5 33.8 5.5
Au19-l-PNIPAM48.1 526 19± 2 48.1 14.6 2.5
Au19-l-PNIPAM72.6 526 19± 2 72.6 26.8 3.8
Au19-l-PNIPAM96.1 526 19± 2 96.1 38.6 5.1
Au22-l-PNIPAM54.5 527 22± 3 54.5 16.4 2.5
Au22-l-PNIPAM76.4 527 22± 3 76.4 27.2 3.5
Au22-l-PNIPAM99.5 528 22± 3 99.5 38.8 4.5
Au29-l-PNIPAM58.7 531 29± 3 58.7 14.9 2.0
Au29-l-PNIPAM75.3 531 29± 3 75.3 23.2 2.6
Au29-l-PNIPAM91.5 531 29± 3 91.5 31.3 3.2
Au36-l-PNIPAM62.6 537 36± 4 62.6 13.3 1.7
Au36-l-PNIPAM81.9 537 36± 4 81.9 23.0 2.3
Au36-l-PNIPAM107.1 538 36± 4 107.1 35.6 3.0
Au44-l-PNIPAM68.6 539 44± 5 68.6 12.3 1.6
Au44-l-PNIPAM89.2 539 44± 5 89.2 22.6 2.0
Au44-l-PNIPAM122.9 539 44± 5 122.9 39.5 2.8
Au53-l-PNIPAM75.5 542 53± 7 75.5 11.3 1.4
Au53-l-PNIPAM99.4 542 53± 7 99.4 23.2 1.9
Au53-l-PNIPAM135.8 542 53± 7 135.8 41.4 2.6

Au19-x-PNIPAM208 524 19± 2 208 94.5 10.9
Au19-x-PNIPAM326 528 19± 2 326 153.5 17.2
Au19-x-PNIPAM508 - 19± 2 508 244.5 26.7

Ag28@Au-x-PNIPAM336 - 28± 3 336 154.0 12.0
Ag46@Au-x-PNIPAM318 433 46± 3 318 136.0 6.9
Ag73@Au-x-PNIPAM330 458 73± 5 330 128.5 4.5
Ag100@Au-x-PNIPAM336 496 100± 10 336 118.0 3.4

Au21@Au-x-PNIPAM330 524 21± 2 330 154.5 15.7
Au30@Au-x-PNIPAM326 532 30± 4 326 148.0 10.9
Au41@Au-x-PNIPAM315 532 41± 5 315 137.0 7.7
Au58@Au-x-PNIPAM330 553 58± 4 330 136.0 5.7
Au60@Au-x-PNIPAM316 540 60± 7 316 128.0 5.3
Au68@Au-x-PNIPAM330 547 68± 6 330 131.0 4.9
Au75@Au-x-PNIPAM326 547 75± 2 340 132.5 4.5
Au89@Au-x-PNIPAM330 547 89± 5 330 120.5 3.7
Au95@Au-x-PNIPAM316 561 95± 4 316 112.0 3.4
Au100@Au-x-PNIPAM330 571 100± 3 330 115.0 3.3
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5.2.2 Optically Homogeneous Plasmonic Superstructures

Core overgrowth of Au-x-PNIPAM326 particles was the missing piece for the fabrication of op-
tically homogeneous plasmonic superstructures. Knowing that interface-mediated self-assembly
fabricates plasmonic monolayers of extraordinary long-range order, the same fabrication process
was investigated for the preparation of Agx@Au- and Aux@Au-x-PNIPAMy monolayers. In the
following, plasmonic monolayers on solid substrates are denoted as M-Agx or M-Aux depending
on material and size of the plasmonic core of the PNIPAM-encapsulated core-shell particles.

A CB

4.5 cm

Figure 5.8. Well-defined plasmonic monolayer fabricated by interface-mediated self-assembly of
Ag100@Au-x-PNIPAM336 particles. A, digital photograph of the monolayer floating at the air/water
interface. B, photograph of the same monolayer after transfer onto a glass substrate. The total surface
area of the monolayer is 11.4 cm2. C, illumination of the substrate by a laser pointer (λ=530 nm)
showing six fundamental Bragg peaks as well as several higher order modes.

Figure 5.8 shows digital photographs of a M-Ag100 monolayer highlighting the homogeneity of
plasmonic superstructures fabricated by interface-mediated self-assembly. The diameter of the
M-Ag100 monolayer is approx. 6 cm, and the monolayer covers the entire size of the crystallizing
dish as demonstrated in Figure 5.8 A. The Ag100@Au-x-PNIPAM336 particles form a strongly
iridescent film on the water surface after they are deposited at the air/water interface. The
iridescent color is caused by light diffraction at the Ag100@Au-x-PNIPAM336 monolayer on the
water surface. The same phenomenon is observed once the monolayer is transferred onto a solid
glass substrate as demonstrated in Figure 5.8 B. Is is important to note that the monolayer
covers a total surface area of 11.4 cm2 on the glass substrate. This surface area is sufficient for
common organic thin film solar cell substrates as they are used in the laboratory.

Illuminating the monolayer by a laser pointer reveals a distinct diffraction pattern on the surface
of the glass substrate as shown in Figure 5.8 C. Hence, the M-Ag100 monolayer acts as a diffraction
grating. Strikingly, the presence of individual diffraction spots proves the existence of large
single-crystalline domains in the superstructure. The sixfold symmetry of the diffraction pattern
indicates that the particles are arranged in a hexagonal lattice, and the presence of multiple
diffractions spots results from diffraction at different lattice planes of the monolayer. Similar
diffraction patterns were observed for every monolayer of Agx@Au- and Aux@Au-x-PNIPAM336

particles on glass. The reflexes were most pronounced for monolayers of Agx@Au-x-PNIPAM336

particles with large silver cores due to the high scattering cross-section of silver. Microscopic
investigation of Agx@Au- and Aux@Au-x-PNIPAMy monolayers was carried out by SEM and
AFM. The optical homogeneity was probed by UV-Vis spectroscopy.
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Figure 5.9. Investigation of plasmonic monolayers by SEM. A–D, M-Agx monolayers on glass
substrates. E –H, M-Aux monolayers on glass substrates. The insets illustrate the different sizes of
the plasmonic cores of the cross-linked PNIPAM-encapsulated particles for each superstructure.
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Figure 5.9 shows representative SEM images of each monolayer on glass. The SEM investigation
was carried out at multiple positions of the substrate in order to probe its structural homogeneity.
Each time, large single-crystalline domains are visible consisting of hexagonally ordered Agx@Au-
or Aux@Au-x-PNIPAMy particles. Only the PNIPAM hydrogel shell is visible in the SEM
images because the images were taken at rather low magnifications in order to get a better
overview of the samples. Importantly, only particle monolayers are found and unwanted particle
multilayers are absent on all substrates. Moreover, all monolayers are almost identical and no
significant differences regarding surface density of plasmonic particles or interparticle spacing are
observed.
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Figure 5.10. AFM investigation of M-Agx (top row) and M-Aux monolayers (bottom row) on glass
substrates. A –D and I – L, height images of the monolayers. The insets of the AFM images show
digital photographs of the samples on 1 cm2 glass slides. Color gradients indicate the increasing size
of the plasmonic cores of the monolayer. The scan size of the AFM images is 10 x 10µm2. E –H,
absorbance spectra of M-Agx (yellow) and M-Aux (red) monolayers. Spectra of plasmonic monolayers
with comparable core sizes (A& I, B&J, C&K, and D&L,) are included in one graph for comparison.

In order to investigate the particle spacing more closely, AFM investigation of the superstructures
was performed. AFM images of M-Agx and M-Aux monolayers on glass are presented in Fig-
ure 5.10. Large domains of single-crystalline hexagonally ordered superstructures are observed.
The particles are non-close packed on the substrate. This observation is explained by shrinkage
of the water-swollen PNIPAM shell once the samples are dried after the monolayer deposition
process. dc−c and ρ are determined by g(r) analysis for each monolayer, and the results are
summarized in Table 5.4.
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Table 5.4. Surface coverages and optical properties of plasmonic mono-
layers.

Sample dc−c ρs λLSPR Abs.
[nm] particles/µm2 (glass) [nm] (λLSPR)

M-Ag28 461± 23 4.71 – –
M-Ag46 455± 22 4.77 484 0.022
M-Ag73 453± 23 4.48 499 0.06
M-Ag100 459± 20 4.67 527 0.166

M-Au30 473± 15 4.49 – –
M-Au41 465± 14 4.76 536 0.02
M-Au60 445± 15 4.94 547 0.053
M-Au95 463± 19 4.45 573 0.133

M-Ag100-Au95
b 455± 17 4.67 564 0.146

b M-Ag100-Au95, binary plasmonic monolayer

Looking at dc−c and ρ, it is clear that the interparticle distances and surface densities of plasmonic
particles are almost identical for all monolayers. This was further confirmed by performing AFM
measurements at multiple, random locations of each sample. dc−c and ρ vary slightly in a narrow
range of 455 nm– 473 nm and 4.49 particles/µm2 – 4.94 particles/µm2 for all monolayers. Hence,
it is deduced that the cross-linked PNIPAM hydrogel shell drives the particle self-assembly at
the air/water interface, and that the plasmonic core does not influence the structure of the
monolayer significantly at the water surface. dc−c is approx. 44% higher as compared to the
hydrodynamic diameter of the overgrown particles in aqueous dispersion (cf. Table 5.2). An
anisotropic deformation of the hydrogel shell at the air/water interface explains this effect, as
already discussed in Section 5.2.

Digital photographs of the plasmonic monolayers on glass highlight the homogeneous surface
coverage of the substrates in Figure 5.10. At a first glance, the optical homogeneity of the
surfaces is already evidenced by the iridescent colors of the substrates due to light diffraction by
the plasmonic monolayers. The optical properties of the monolayers were investigated in more
detail by UV-Vis spectroscopy. Figure 5.10 E –H shows absorbance spectra of M-Agx and M-Aux
monolayers. Absorbance spectra of monolayers with similar dimensions of the plasmonic cores
are plotted in one graph for better comparison. It is important to note that the sample area
illuminated by the light beam is identical and that the displayed spectra are not normalized. It is
evident that the light absorbance of the samples increases from E to H. Since UV-Vis spectroscopy
always probes a constant circular area on each sample, and ρs is almost identical for each sample,
it follows that approx. the same number of particles is probed in each measurement. Hence, the
strong increase of absorbance is solely attributed to the increasing volume of the plasmonic core.
The wavelength position and absorbance of the LSPR are extracted from the UV-Vis spectra
and summarized in Table 5.4 for all monolayers. M-Ag28 and M-Au30 – the monolayers with
the smallest plasmonic cores – show only a very weak absorbance due to the low absorption
and scattering cross-sections of the plasmonic cores. However, the optical properties of the
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monolayers are getting more pronounced with increasing size of the plasmonic cores.

n1

n2

n3

Figure 5.11. Schematic illustration of the refractive index environment of a plasmonic core shell
particle at an interface. n1, n2 are the refractive indices of the two different materials, and n3 is the
refractive index of the collapsed dielectric shell.

Comparing Table 5.3 and 5.4 reveals that λLSPR of plasmonic monolayers on glass is constantly
higher as compared to λLSPR of the respective building blocks in dilute dispersion. This is ex-
plained considering that the transfer of the particles from aqueous dispersion onto a solid surface
changes their refractive index environment completely. Figure 5.11 shows a schematic illustration
of a plasmonic core-shell particle located at an interface of two materials with different refrac-
tive indices. This is similar to PNIPAM-encapsulated gold nanoparticles on a glass substrate.
The particles are in a complex inhomogeneous refractive index environment. Thus, the LSPR is
influenced by the refractive indices of air (n1 = 1.00), glass (n2 = 1.52), and the collapsed PNI-
PAM shell (n3 = 1.45). In air, the overall refractive index environment of the particles is rather
low.202 However, the local refractive index close to the plasmonic nanoparticles is high because
the PNIPAM shell is strongly collapsed forming a dense polymer shell around the nanoparticles.
Thus, the polymer density is higher as compared to dispersed PNIPAM-encapsulated nanopar-
ticles in solution where the PNIPAM shell is highly swollen by water (below the VPTT of the
particles). The increase of polymer density causes a higher refractive index environment close to
the nanoparticle surface shifting λLSPR of the monolayers to higher wavelengths.
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5.2.3 Binary Plasmonic Monolayers
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Figure 5.12. Investigation of a M-Ag100-Au95 monolayer by SEM (A), AFM (B) and UV-Vis
spectroscopy (C). Absorbance spectra (solid lines) were recorded at five random random positions of
the monolayer. Absorbance spectra of M-Ag100 (yellow dashed lines) and M-Au95 (red dashed lines)
monolayers are included as a reference.

Using Agx@Au- and Aux@Au-x-PNIPAMy particles for plasmonic monolayers, light absorbance
and position of the LSPR are already tunable in a range as large as 100 nm. The width of the
LSPRs of M-Agx and M-Aux monolayers is small due to the narrow size distribution and spherical
shape of the silver and gold cores. For certain applications such as SERS substrates or plasmonic
solar cells,242,243 however, it is useful to increase the spectral window of light extinction by the
plasmonic monolayer. One way to do so is to start from scratch and develop alternative core
overgrowth protocols in order to modify shape and/or composition of the plasmonic particles.
However, this requires elaborate synthetic effort. Given the Agx@Au- and Aux@Au-x-PNIPAMy

particles that are already at hand, mixing of the particle dispersions is a clever way in order to
tune the optical properties of plasmonic monolayers. This way, binary plasmonic monolayers can
be prepared.

A binary M-Ag100-Au95 monolayer is presented in Figure 5.12. The superstructure was fabri-
cated by mixing Ag100@Au-x-PNIPAM336 and Au95@Au-x-PNIPAM316 particles at a 1:1 ratio
by volume. The binary monolayer was prepared by interface-mediated self-assembly as discussed
in Section 5.2.2 and investigated by SEM, AFM, and UV-Vis. The SEM image in Figure 5.12 A
reveals hexagonally ordered domains of core-shell particles, and the particles are homogeneously
distributed on the glass surface. A center-to-center distance of 452 nm was determined from
AFM measurements of the M-Ag100-Au95 monolayer (Figure 5.12 B) by g(r) analysis. dc−c is
almost identical to dc−c of the non-binary M-Ag100 and M-Au95 monolayers in Table 5.4.
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Absorbance spectra of the binary monolayer are displayed in Figure 5.12 C. Additionally, ab-
sorbance spectra of the non-binary Ag100@Au-x-PNIPAM336 and Au95@Au-x-PNIPAM316 mono-
layers are included for comparison. The peak position of the LSPR of the M-Ag100-Au95 mono-
layer is located at 564 nm, and the binary monolayer absorbs incident light in a broad wavelength
range of 345 nm– 662 nm. The width of the LSPR is significantly higher as compared to M-Ag100

or M-Au95 monolayers, as excepted. Absorbance spectra were measured at five random positions
of the substrate and all spectra look almost identical. This fact demonstrates a homogeneous
(random) distribution of Ag100@Au-x-PNIPAM336 and Au95@Au-x-PNIPAM316 particles within
the monolayer. It follows that the fabrication of binary monolayers is a promising way in order
to tune the light extinction of plasmonic superstructures.

In summary, interface-mediated self-assembly is a powerful method for the fabrication of optically
homogeneous plasmonic superstructures with defined optical properties. The particle library al-
lows for the fabrication of plasmonic superstructures with tailored absorbance and plasmon res-
onance position. The superstructures have almost identical interparticle distances and surface
densities of plasmonic particles which is especially important for plasmonic solar cells. Using
mixed dispersions of colloidal building blocks allows to manipulate absorbance, shape, and posi-
tion of the LSPR of the superstructures even more which is interesting for broadband-absorbing
plasmonic superstructures.
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Chapter 6

Plasmonic Solar Cells
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Figure 6.1. Illustration of two different thin film solar cell geometries used in this work. A, normal
device geometry B, inverted device geometry. C, digital photograph of thin film solar cells on a
standard solar cell substrate (2.54 x 2.54 cm2). The substrate contains four individual solar cells,
indicated by Arabic numbers.

Figure 6.1 shows two popular geometries of thin film organic solar cells that are frequently
encountered in the literature.57,59,244–247 The devices are classified based on the direction of
charge flow. In the normal device geometry (Figure 6.1 A) holes are collected at the ITO electrode
and electrons at the Al counter electrode. Hole collection is facilitated by the introduction of hole
transport materials such as PEDOT:PSS or MoO3. Conversely, this process is switched around in
solar cells with an inverted device geometry (Figure 6.1 B). Electrons are now collected at the ITO
site and ZnO is used as an electron transport material. In this work, organic thin film solar cells
are prepared on structured ITO substrates with a surface area of 2.54 x 2.54 cm2. Figure 6.1 C
shows a digital photograph of a fully operational solar cell substrate. Each substrate consists of
four independent solar cell devices indicated by Arabic numbers. It follows immediately that a
light harvesting plasmonic superstructure must provide optical homogeneity on the same scale.
Hence, the optically homogeneous plasmonic monolayers presented in Section 5.2.2 are perfectly
suited for plasmonic solar cells.

Plasmonic monolayers of Aux@Au-x-PNIPAMy particles were prepared by interface-mediated
self-assembly and integrated in the layer stack of organic thin film solar cells with normal
and inverted device geometry. Cross-linked PNIPAM-encapsulated particles based on Au19-
x-PNIPAM326 were used for the monolayer fabrication. These particles form monolayers with
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typical interparticle distances in the order of 445 nm– 461 nm (cf. Section 5.2.2). This rather
large particle spacing was chosen in order to avoid plasmon-plasmon coupling between neigh-
bouring particles. After deposition of the plasmonic monolayer, the solar cell device was finished
by depositing the remaining solar cell layers onto the monolayer. P3HT:PCBM was selected as
active layer material as it is the current benchmark of organic thin film solar cell devices.50–52

Each time an organic thin film solar cell without plasmonic particles was prepared as a reference
device.

6.1 Solar Cells with Normal Cell Geometry

Glass

ZnO

ITO

P3HT:PCBM

Ag

P3HT

PEDOT:PSS

Figure 6.2. Schematic illustration of a plasmonic solar cell with normal cell geometry. PNIPAM-
encapsulated gold nanoparticles are deposited on top of the ITO electrode and covered with a layer
of PEDOT:PSS.

Plasmonic Monolayers on Top of ITO – Size Effect of Gold Nanoparticles. Aux@Au-x-
PNIPAMy particles with gold cores of 21 nm, 58 nm, 68 nm, and 100 nm in diameter were chosen
from the particle library for the monolayer fabrication. The monolayers are denoted as M-
Au21, M-Au58, M-Au68, and M-Au100, according to the average diameter of the gold cores. All
monolayers were deposited on top of the ITO electrode of organic solar cells with normal cell
geometry as illustrated in Figure 6.2. It is important to note that annealing steps, carried out
during the device fabrication, cause a complete collapse of the cross-linked PNIPAM hydrogel
shell. Thus, the PNIPAM shell is only a thin polymer layer surrounding the particles as illustrated
in Figure 6.2.

Figure 6.3 A shows a representative AFM height image of a M-Au21 monolayer on the ITO
electrode of a plasmonic solar cell. It is evident that the monolayer is highly ordered and that
the particles are arranged in a hexagonal lattice. Similar particle arrangements are found for M-
Au58, M-Au68, and M-Au100 monolayers. The respective AFM height images are provided in the
Appendix, Figure 10.5. Interparticle center-to-center distances and the surface density of plas-
monic particles were determined by g(r) analysis of the monolayers. All results are summarized
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Figure 6.3. AFM and UV-Vis investigation of M-Au21 on the ITO electrode of a plasmonic solar
cell (normal cell geometry). A, representative AFM height image. The scale bar is 2µm. B, UV-Vis
absorbance spectra of M-Au21 (green), M-Au58 (red), M-Au68 (blue), and M-Au100 (pink) on ITO.
Note that the absorbance increases strongly with increasing dc.

in Table 6.1. dc−c and ρs are almost identical for M-Au21, M-Au68, and M-Au100 monolayers.
Only dc−c of the M-Au58 monolayer is slightly higher by approx. 6% as compared to the other
three monolayers. An average surface density of 4.6 particles/µm2 is found for each monolayer.
ρs was used in order to calculate φ – the volume fraction of gold nanoparticles in a hypothetical
layer of gold. φ is given by Equation 6.1.

φ =
4
3 π (dc2 )3 ρs

106 h nm2 (6.1)

where h defines the thickness of the hypothetical layer. h was selected based on AFM height
images of the cross-linked PNIPAM-encapsulated gold nanoparticles. Comparing M-Au21 and
M-Au100 monolayers reveals that φ increases by a factor of 21 due to the increasing size of the gold
nanoparticles. However, φ is still rather low for all monolayers and it is assumed that the hole
collection at the ITO electrode is not strongly affected by the presence of PNIPAM-encapsulated
gold nanoparticles.

Figure 6.4 B shows absorbance spectra of all M-Aux monolayers on the ITO electrode. The
absorbance increases strongly as a function of the gold core size of the plasmonic monolayers,
as expected. Looking back at Equations 2.1 and 2.2, it is clear that light scattering is more
pronounced for monolayers of larger plasmonic particles because the scattering cross-section in-
creases much stronger than the absorbance cross-section as a function of the particle radius.
Hence, monolayers of larger PNIPAM-encapsulated nanoparticles are supposed to act predomi-
nately as light scattering elements increasing the mean free path of photons in the device.58,246 In
contrast, near-field enhancement is assumed to play the dominant role for monolayers of smaller
plasmonic particles because such particles mainly absorb incident light.
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Table 6.1. Interparticle distance, surface density
of plasmonic particles, and volume fraction of gold
in organic thin film solar cells with normal cell ge-
ometry.

Sample dc−c ρs φ
[nm] [particles/µm2] [%]

M-Au21 446± 50 4.9 0.11
M-Au58 470± 43 4.2 0.74
M-Au68 445± 52 4.6 1.11
M-Au100 439± 44 4.6 2.41
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Figure 6.4. Characterization of plasmonic solar cells with normal cell geometry. A, IV -curve of
solar cells with M-Au21 (green), M-Au58 (red), M-Au68 (blue), or M-Au100 (pink) monolayers. The
dashed lines represent the reference device without plasmonic particles. B, IV -curves recorded in the
dark. C, EQE spectra of the solar cell devices. D, total reflectance spectra recorded by an integrating
sphere.
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Evaluating the Solar Cell Performance. The performance of solar cell devices was evaluated by
current-voltage, EQE, and reflectance measurements. Figure 6.4 A shows IV -curves of plasmonic
solar cells measured under illumination using the standard AM1.5 solar spectrum. The IV -
curve is recorded by scanning an applied voltage across the solar cell device and measuring the
corresponding current. This characterization method is carried out under illumination and in
the dark in order to extract the following parameters of the device: short-circuit current (JSC),
open-circuit voltage (VOV ), fill factor (FF ), power conversion efficiency (ηOPV ), series resistance
(RS), and shunt resistance (RSH). Table 6.2 summarizes all parameters of the solar cells.

Table 6.2. Performance of plasmonic solar cells with normal cell geometry.

Sample JSC VOC FF ηOPV RS RSH
[mA/cm2] [V] [%] [%] [Ω cm2] [Ω cm2]

reference 7.6 0.6 61.5 2.7 2.1 842
M-Au21 7.5 0.6 62.41 2.7 1.9 767
M-Au58 7.3 0.6 60.27 2.5 1.9 661
M-Au68 6.4 0.6 58.71 2.1 1.8 680
M-Au100 1.2 4.6 · 10−5 — — 1.5 1.6

The IV -curves in Figure 6.4 A have the characteristic shape of a solar cell diode. The current
increases exponentially in forward bias as a function of the applied voltage. Illuminating the
solar cell shifts the IV -curve to the fourth quadrant of the coordinate system. It is clear from
Figure 6.4 A that almost all plasmonic solar cells are fully operational. Only M-Au100 solar cells
do not show diode-like characteristics. Measuring IV -curves in the dark allows to assess the
electrical parameters more clearly that limit the performance of solar cells such as the parasitic
RSH , for example.248 Looking at Figure 6.4 B, it is clear that the dark current density of M-
Au100 devices is orders of magnitudes higher as compared to the other devices. Consequently,
strong leakage currents are present causing a severe drop of RSH and VOC . The other plas-
monic monolayers mainly affect JSC and RSH of the solar cells, whereas VOV remains constant.
Interestingly, the plasmonic monolayers could not improve ηOPV of the devices. Instead, JSC
decreases with increasing size of the gold nanoparticles and the following trend is observed: JSC
(M-Au21) > JSC (M-Au58) > JSC (M-Au68). Moreover, all solar cell devices exhibit rather high
leakage currents which is deduced from the decreasing values of RSH in Table 6.2. It is supposed
that RSH is the most important source of parasitic losses, i.e. the plasmonic particles are short
circuiting the device which causes JSC to drop. Besides, RS also decreases slightly for plasmonic
solar cells. However this drop is far too weak in order to affect the performance of the devices
significantly.

EQE measurements of the devices are presented in Figure 6.4 C. It is observed that the EQE
spectra of the plasmonic devices closely match to the EQE spectrum of the reference device.
It follows that the plasmonic monolayers do not contribute significantly to the photoelectron
conversion process. More specifically, even a slight decrease of the EQE spectra can be seen
for monolayers with larger gold nanoparticle cores. Reflectance measurements in Figure 6.4 D
reveal that the reflectance of plasmonic solar cells decreases significantly in a wavelength region of
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640 nm– 750 nm. This trend is most pronounced for solar cell devices with a M-Au100 monolayer.
On the one hand, plasmonic monolayers increase the light absorbance of the solar cell devices.
On the other hand, the photons do not contribute to the charge generation as their wavelengths
are outside of the active region of the P3HT:PCBM layer (cf. Figure 6.4 C). Moreover, a slight
increase of reflectance is observed in a wavelength range of 550 nm– 600 nm. This points towards
parasitic backscattering of light by the plasmonic particles.

It follows that the location of plasmonic monolayers on top of the ITO electrode is not suitable
in order to enhance the performance of organic thin film solar cell devices with normal cell
geometry.

6.2 Solar Cells with Inverted Cell Geometry
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Figure 6.5. Schematic illustration of M-Au89 monolayers at different positions in the layer stack of
plasmonic solar cell devices with inverted geometry. Type 1 device: the monolayer is deposited onto
the ITO electrode. Type 2 device: the monolayer is deposited onto the ZnO layer. Type 3 device:
the monolayer is encapsulated within the ZnO layer. Type 4 device: the monolayer is deposited
onto the P3HT:PCBM layer.

Previously, leakage currents and backscattering of incident light was observed for plasmonic
monolayers located at the ITO/PEDOT:PSS interface of solar cell devices. Consequently, a
systematic investigation of the monolayers at different interfaces of the device is necessary in
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order to assess the impact of the monolayer upon the charge photogeneration of the device more
clearly. However, it was impossible to change the location of the monolayer in the layer stack
of plasmonic solar cells with normal cell geometry because the monolayer deposition process
was carried out in water and the PEDOT:PSS layer was water soluble. Therefore, the device
geometry was changed to solar cell devices with inverted cell geometry. The most important
change of the inverted device geometry is the replacement of PEDOT:PSS by ZnO. Hence, the
inverted devices contain no water soluble materials anymore. Additionally, ZnO has a refractive
index of 1.93 which is comparable to ITO (n = 1.96) and higher as compared to PEDOT:PSS
(n = 1.51). Thus, backscattering of light by the gold nanoparticles is reduced.

Plasmonic monolayers were systematically introduced at different interfaces of inverted devices
and four different types of solar cells were prepared as illustrated in Figure 6.5. The monolay-
ers were deposited at the following locations: on top of the ITO electrode (Type 1 device),
on top of the ZnO layer (Type 2 device), encapsulated within the ZnO layer (Type 3 de-
vice), and deposited onto the active layer (Type 4 device). All monolayers were fabricated
by interface-mediated self-assembly of Au89@Au-x-PNIPAM330 particles and are referred to as
M-Au89 monolayers. Each monolayer was investigated by UV-Vis spectroscopy and AFM. The
performance of the plasmonic solar cell devices was evaluated by IV -curve, EQE, and reflectance
measurements.

6.2.1 Plasmonic Monolayers at Different Positions in the Layer Stack
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Figure 6.6. Absorbance spectra of a P3HT:PCBM film (black) and a M-Au89 monolayer (colored
lines) on glass. Spectra of the M-Au89 monolayer were recorded at four random positions of the glass
slide. All spectra are normalized to the peak maximum.

Before M-Au89 monolayers were integrated into organic solar cells, they were deposited onto
plain glass substrates in order to probe the optical homogeneity of the monolayers. Figure 6.6
reveals a strong absorbance of the monolayers in the wavelength region of 500 nm– 650 nm and
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the LSPR is at 571 nm. The plasmon resonance is within the active region of the P3HT:PCBM
layer, and thus, the monolayer can contribute to the light management of the solar cell. Spectra
of the M-Au89 monolayer were recorded at four random positions of the substrate. All spectra
are fully overlapping highlighting the optical homogeneity of the monolayer.

After the Type 1 – 4 devices were prepared, each device was investigated by AFM in order to
determine interparticle spacing, surface density of plasmonic particles, and volume fraction of
each device layout. The AFM measurements were always carried out on top of the Ag electrode
of the finished solar cell devices. The AFM height images in Figure 6.7 reveal that all devices are
covered by homogeneous particle monolayers. Hence, leakage currents from big particle agglom-
erates can be neglected. The AFM height images of Type 1 – 3 devices are slightly textured
which is attributed to the M-Au89 monolayer in the layer stack of the devices. The topographical
contrast is rather low because the space between the core-shell particles is completely filled by
the upper solar cell layers (ZnO, P3HT:PCBM, MoO3, and Ag). A better topographical contrast
is observed for Type 4 devices. Individual Au89@Au-x-PNIPAM330 particles of the monolayer
are resolved because the M-Au89 monolayer is only covered by the Ag counter-electrode.

Table 6.3. Interparticle distance, surface density
of plasmonic particles, and volume fraction of gold
in solar cell devices with inverted cell geometry.

Layout dc−c ρs φ
[nm] [particles/µm2] [%]

Type 1 486± 45 4.7 1.7
Type 2 461± 32 5.2 1.9
Type 3 464± 34 5.1 1.9
Type 4 488± 153 4.8 1.8

Next, dc−c and ρs were determined by g(r) analysis and φ was calculated for all devices. The
results are provided in Table 6.3. dc−c and ρs are similar for all devices and only minor deviations
below 10% are found. Consequently, the surface coverage of plasmonic particles is almost iden-
tical independent of their location in the layer stack of the devices. Thus, particle concentration
effects can be excluded which would affect scattering and absorption of light by the monolayer.
Calculating φ reveals low volume fractions of gold similar to plasmonic monolayers in solar cell
devices with normal device geometry (cf. Section 6.1).

100



6.2 Solar Cells with Inverted Cell Geometry

Type 4

ITO

ZnO

Type 3

Type 2Type 1

Reference

Figure 6.7. AFM investigation of Type 1 – 4 inverted solar cell devices. The scale bar is 2µm.
The insets represent schematic illustrations of the different device layouts.
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Type 3 Type 4

Figure 6.8. SEM investigation of Type 3 and Type 4 device of cross-sections. Both images are
recorded using the same magnification. The scale bar is 250 nm.

In addition to AFM, cross-section analysis of the devices was carried out using SEM. Figure 6.8
shows cross-sections of Type 3 and Type 4 devices. The Type 3 device was selected as a
representative example for a M-Au89 monolayer embedded below the active layer of an inverted
solar cell device. Starting from the top site, the layer stack of the Type 3 device is identified
as follows: Ag electrode, P3HT:PCBM, ZnO, ITO and glass. The monolayer is hardly visible
because the Au89@Au-x-PNIPAM326 particles are completely embedded within the ZnO matrix.
The Type 4 device uses the same layer stack. However, the M-Au89 monolayer is clearly visible
and individual particles of the monolayer are observable as large hemispheres sitting on top of
the device covered by the Ag counter-electrode.

6.2.2 Evaluating the Solar Cell Performance

The Type 1 – 4 solar cell devices had an optimized film thickness of the P3HT:PCBM layer of
118 nm. This thickness was chosen to ensure a high internal quantum efficiency of the active
layer.249 Figure 6.9 shows the results of the solar cell characterization. It is evident from the
shape of the IV -curves in Figure 6.9 A that all devices display the characteristic diode behaviour
of a solar cell as discussed in Section 6.1. Additionally, it is important to note that the solar cell
performance is reproducible which was confirmed by measuring the devices on different days.
The average device parameters extracted from the IV -curves are presented in Table 6.4.

Looking at JSC and FF , it is clear that each plasmonic device performs less efficiently as com-
pared to the reference device. Unusual high leakage currents are observed for the Type 2 device
as evidenced by the high dark current density under reverse bias in Figure 6.9 B. The leakage
currents decreasing JSC and FF are attributed to a direct contact of the plasmonic particles
with the P3HT:PCBM layer of the solar cell. This parasitic effect is prevented in Type 3 devices
where an additional layer of ZnO covers the M-Au89 monolayer. Interestingly, leakage currents
are also absent in Type 4 devices. Although the particles are sitting directly on top of the active
layer, the spherical cap of the gold nanoparticles which is in direct contact with the P3HT:PCBM
layer is significantly lower as compared to Type 1 or Type 2 devices. However, no enhancement
of the photocurrent is found for either Type 3 or Type 4 devices.
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Figure 6.9. Characterization of plasmonic solar cells with inverted cell geometry and a layer thick-
ness of 118 nm. A, IV -curves of Type 1 (cyan), Type 2 (green), Type 3 (purple) and Type 4
devices (orange). The performance of a reference device is shown as a black dashed line. B, IV -curves
measured in the dark. C, EQE spectra of the different solar cell devices. D, total reflectance spectra
recorded by an integrating sphere.

Table 6.4. Performance of plasmonic solar cells with in-
verted cell geometry.

Layout JSC VOC FF ηOPV
[mA/cm2] [V] [%] [%]

118 nm active layer

reference 7.5 0.58 58 2.5
Type 1 6.7 0.58 57 2.2
Type 2 7.0 0.58 54 2.2
Type 3 7.3 0.58 54 2.4
Type 4 7.5 0.57 56 2.4

194 nm active layer

reference 5.4 0.58 46 1.4
Type 3 4.9 0.58 46 1.3
Type 4 7 0.58 46 1.9
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EQE spectra of Type 1 – 4 devices were recorded with white bias light and a power density
of 100mW/cm2. Figure 6.9 C shows that the shape of all spectra looks very similar. No signif-
icant effect of the plasmonic monolayer is visible. In contrast, total reflectance measurements
in Figure 6.9 D reveal that the reflectance of all plasmonic solar cells is lower in a range of
400 nm– 630 nm as compared to the reference device. This spectral region agrees well with the
LSPR region of the M-Au89 monolayer (cf. Figure 6.6). The decrease of reflectance is most
pronounced for Type 4 devices in a wavelength range above 630 nm. It is follows that the plas-
monic monolayers in Type 1 – 4 devices act mostly as parasitic light absorption sites lowering
the efficiencies of the solar cell devices.

6.2.3 Space Charge Limited Solar Cells
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Figure 6.10. Characterization of SCL-devices with an active layer thickness of 194 nm. A, IV -curve
of Type 3 (purple) and Type 4 devices (orange). The IV -curve of a reference device is shown as
black dashed lines. B, dark IV -measurements. C, EQE spectra of Type 3 and Type 4 devices
recorded at 0V (solid lines) and -4V(dashed lines) under white bias light with a power density of
80mW/cm2. D, normalized relation EQE(-4V)/EQE(0V).

In order to elucidate the light management of M-Au89 monolayers more clearly, space charge
limited solar cell devices (SCL-devices) were prepared. Briefly, space charge limit occurs in solar
cell devices with a charge carrier mobility imbalance. Space charge limit is observed for solar cells
with very thick active layers. Here, a space charge region is formed because the hole mobility of
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6.2 Solar Cells with Inverted Cell Geometry

the organic semiconductor is low and positive charges accumulate in the device. Consequently,
space charge formation and bulk recombination of free charge carriers strongly decrease JSC and
FF .250–254

SCL-devices were prepared by increasing the layer thickness of the P3HT:PCBM layer to 194 nm.
Either Type 3 or Type 4 devices were fabricated because these solar cells were least affected
by leakage currents. IV -curves were recorded for both device layouts and are presented in Fig-
ure 6.10 A. JSC , VOC , FF , and ηOPV were determined and the results are included in Table 6.4.
The SCL effect is clearly visible for the reference device reducing JSC and ηOPV to 5.4mA/cm2

and 1.4%, respectively. The same behaviour is observed for the Type 3 device exhibiting a
strong decrease of both parameters. Moreover, unusual high leakage currents are observed in the
dark IV -measurements of the Type 3 device in Figure 6.10 B. In contrast, the Type 4 device
performs significantly better as compared to the other two devices. JSC is increased by 30%,
and ηOPV is increased by 36% relative to JSC and ηOPV of the reference cell.

EQE measurements were performed under short circuit conditions or at -4V. Both measure-
ments were carried out under white light bias with a power density of 80mW/cm2. A strong
decrease of the carrier collection of the reference device is evident from the EQE spectrum in
Figure 6.10 C. Moreover, the shape of the EQE spectrum reveals that the exciton dissociation
is most efficient at 425 nm and 600 nm. The overall absorbance of the P3HT:PCBM film is low
in this spectral region (cf. Figure 6.6), and hence, the SCL-effect is less pronounced. A similar
effect is observed for Type 3 devices. The EQE is even lower in a range of 500 nm– 620 nm
as compared to the reference cell, which is attributed to parasitic plasmonic absorption by the
M-Au89 monolayer. In contrast, the EQE is significantly higher for Type 4 devices. This points
towards a more efficient extraction of holes at the Ag electrode. Measuring EQE under reverse
bias conditions (-4V) results in an increase of all EQE spectra as demonstrated in Figure 6.10 C.
Under reverse bias conditions, photogenerated charges are extracted forcefully, and hence, op-
tical losses are separated from electronic losses. Again, the Type 3 device shows a clear drop
of carrier generation in the spectral region of 500 nm– 620 nm further supporting the role of the
M-Au89 monolayer as a parasitic light absorption element in these devices. Surprisingly, no ad-
ditional light absorption is detected for Type 4 devices. Instead, the EQE spectrum is almost
identical to the spectrum of the reference device.

Next, the ratio EQE(-4V)/EQE(0V) was also calculated. This allows a better representa-
tion of the charge carrier collection because parasitic absorption of any other layers than the
P3HT:PCBM layer is eliminated.255 Figure 6.10 D shows that the charge carrier collection of
the reference and the Type 3 devices is most efficient for photons with wavelengths of 400 nm–
580 nm which is in close agreement to the absorbance region of the P3HT:PCBM film (cf. Fig-
ure 6.6). Remarkably, the Type 4 device does not follow this trend. Instead, an almost homo-
geneous exciton dissociation and charge collection, even for lower energy photons, is found. In
conclusion, the horizontal trend of the EQE ratio reveals that the M-Au89 monolayer acts as
a light redistributing structure in Type 4 devices, and thus, charge generation close to the Ag
electrode enhances the performance of the device.
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Chapter 6 Plasmonic Solar Cells

In summary, M-Au89 monolayers are successfully introduced into organic solar cell devices with
inverted solar cell geometry. The plasmonic superstructures have similar surface coverages of
plasmonic particles independent of the position in the layer stack of the devices. Plasmonic solar
cells suffer from leakage currents and parasitic light absorption once the monolayer is integrated
at any position below the P3HT:PCBM layer. Consequently, solar cells with an optimized active
layer thickness are not enhanced by M-Au89 monolayers. However, plasmonic monolayers break
the space charge limit of SCL-devices devices because they act as light-redistributing elements.
This way, exciton dissociation close to the metal electrode results in a remarkable increase of
the photocurrent by 30%. In conclusion, plasmonic particles play an ambivalent role in organic
thin film solar cells and they are not a panacea. In the future, mutually influencing factors such
as dark leakage currents, parasitic absorption, near field enhancement, and light redistribution
must be considered carefully for the design of thin film solar cell devices.
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Chapter 7

Beyond Hexagonal Monolayers

Commonly, plasmonic superstructures beyond hexagonal monolayers such as honeycomb struc-
tures256,257 or square lattices258–260 are fabricated by top-down lithographic techniques. How-
ever, lithography is not suitable for large area surface patterning as it is often an expensive and
time consuming process. Previously, self-assembled hexagonally ordered monolayers of PNIPAM-
encapsulated gold nanoparticles were already prepared on the cm2-scale. Here, it is shown that
such monolayers can be used as a template for the fabrication of plasmonic superstructures
beyond hexagonal monolayers. Therefore, two different strategies are investigated:

1. Sequential deposition of two monolayers on the same substrate.

2. Anisotropic deformation of a single hexagonal monolayer by transfer onto hydrophobic
substrates.

7.1 Plasmonic Honeycomb Structures

The interparticle distance of Au-x-PNIPAMy monolayers on solid substrates is larger as compared
to their hydrodynamic diameter (cf. Section 5.2.2). Motivated by this fact, such a monolayer
was used as a template for the subsequent deposition of a second Au-x-PNIPAMy monolayer to
create plasmonic honeycomb structures. In order to distinguish between particles of the first and
the second monolayer in the final structure, it is clever to use different colloidal building blocks
for each monolayer.

7.1.1 Building Blocks for Plasmonic Honeycomb Structures

Three different colloidal building blocks (Au75@Au-PNIPAM340, Au95@Au-PNIPAM316, and
Ag100@Au-PNIPAM336) were chosen from the particle library for the fabrication of plasmonic
honeycomb structures. The colloidal building blocks have almost identical hydrodynamic diam-
eters, but they are different in terms of size and composition of their plasmonic cores.
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Figure 7.1. Characterization of colloidal building blocks for honeycomb structures. A, core size
histograms of Au75@Au- (red), Au95@Au- (purple), and Ag100@Au-x-PNIPAMy (green) obtained by
TEM analysis. B, UV-Vis absorbance spectra of the particles in aqueous solution recorded at 25 ◦C.
The spectra are normalized to the peak maximum for better comparison.

Figure 7.1 A shows size distribution histograms of the plasmonic cores of the core-shell particles
obtained by TEM investigation. Average core diameters and standard deviations were obtained
by fitting the data with Gaussian functions. dc is 75± 2 nm, 95± 4 nm, and 100± 10 nm for
Au75@Au-, Au95@Au-, and Ag100@Au-x-PNIPAMy, respectively. Narrow polydispersities of 3%
(Au75@Au-x-PNIPAM340) and 4% (Au95@Au-x-PNIPAM330) were calculated for core-shell par-
ticles with overgrown gold cores using Equation 7.1. The PDI of Ag100@Au-x-PNIPAM336 is
10% indicating a slight increase of heterogeneity of the particles.

PDI = σS
dc

(7.1)

The optical properties of the particles were investigated by UV-Vis spectroscopy in dilute aqueous
dispersion in Figure 7.1 B. Particles with overgrown gold cores show narrow dipolar plasmon
resonances and λLSPR is at 547 nm and 568 nm, respectively. The LSPR peak maximum shifts
towards longer wavelengths with increasing size of the gold cores, as expected. The LSPR of
Ag100@Au-x-PNIPAM336 is at 497 nm and a small shoulder at approx. 420 nm reveals a weak
quadrupolar contribution. The quadrupolar mode and the slightly increased PDI cause a higher
full width half maximum (FWHM) of the LSPR as compared to the FWHM of the Aux@Au-
x-PNIPAMy particles.
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7.1 Plasmonic Honeycomb Structures

7.1.2 Fabrication of Plasmonic Honeycomb Structures

Plasmonic honeycomb structures were prepared by sequential deposition of two Ag100@Au- or
Au95@Au-x-PNIPAMy monolayers on the same solid substrate (glass). Each monolayer was pre-
pared by interface-mediated self-assembly as described in Section 5.2. For the sake of clarity,
particle monolayers are denoted as M-Ag100 or M-Au95 and honeycomb structures are referred
to as H-Ag100 or H-Au95. After each deposition step, the plasmonic superstructures were inves-
tigated by AFM and UV-Vis spectroscopy.

Figure 7.2 A shows a representative AFM height image of a M-Ag100 template monolayer on
glass. Large, single crystalline domains of hexagonally ordered particles are clearly visible. It is
important to note that long-range order of the monolayer is a critical factor for the fabrication of
honeycomb structures. The long-range order is improved if a dip-coater is used in order to collect
the monolayer from the water surface. Details are provided in the Experimental Section 3.3.5.
After collecting the first monolayer, the substrate is heated to 200 ◦C in order to strengthen the
adhesion between the monolayer and the glass surface. By this process, particle detachment
from the glass substrate is prevented if the substrate is immersed in water again. Next, a second
freshly prepared monolayer is deposited onto the same substrate by dip-coating. After collecting
the second monolayer, the substrate is carefully dried under ambient conditions. It is important
to note that external heat treatment must not be applied after collecting the second monolayer
as it would cause the formation of Moiré structures which will be discussed in Section 7.2.

Depositing a second monolayer on top of the M-Ag100 monolayer produces a plasmonic honey-
comb structure which is demonstrated in Figure 7.2 B. Sequential deposition was also carried
out using two M-Au95 monolayers. A similar honeycomb structure was obtained as evidenced in
Figure 7.2 C. The formation of honeycomb structures is explained by assuming that the second
particle monolayer is deposited into the "hollow" sites of the first monolayer on the substrate.
The "hollow" sites are big enough in order to accommodate other core-shell particles because
the PNIPAM shell of the particles of the first monolayer is fully collapsed after drying the sub-
strate.

Next, binary plasmonic honeycomb structures (B-Ag100-Au95) were fabricated by depositing a
M-Au95 monolayer on top of a M-Ag100 monolayer on the same solid substrate. Figure 7.2 D
shows that the particle arrangement of the binary honeycomb structure is similar as compared to
the non-binary counterparts. The formation of binary honeycomb structures points towards sim-
ilar particle-particle interactions of Au95@Au-PNIPAM316 and Ag100@Au-PNIPAM336 particles.
This is explained by the same shelling material (cross-linked PNIPAM) and the similar hydrody-
namic diameters of the particles. Consequently, both core-shell particles form monolayers with
almost identical interparticle distances on the water surface.
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A B

C D

Figure 7.2. Fabrication of plasmonic honeycomb structures on glass. A, AFM height image of a
M-Ag100 template monolayer. B, H-Ag100 honeycomb structure obtained by sequential deposition
of two M-Ag100 monolayers on the same substrate. C, H-Au95 honeycomb structure fabricated in a
similar way. D, binary honeycomb structure obtained by deposition of a M-Au95 monolayer on top
of a M-Au100 monolayer. The scale bar is 2µm.

Interparticle center-to-center distances were obtained by g(r) analysis of the template monolayers
and the finished honeycomb structures. The results are provided in Table 7.1. Almost identical
interparticle distances and surface densities of plasmonic particles are found for M-Ag100, M-
Au95, and the first monolayer of the binary structure (B-Ag100). After deposition of the second
particle monolayer, ρ almost doubles and smaller interparticle distances are determined for each
honeycomb strucutre. A good match is found between the experimental (dc−c (exp.)) and the
theoretical interparticle distances of the honeycomb structures (dc−c (calc.)). dc−c (calc.) is
obtained by multiplication of dc−c of the template monolayers by a factor of 1√

3 .
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7.1 Plasmonic Honeycomb Structures

Table 7.1. Interparticle distance, surface density of plasmonic particles,
and position of the LSPR of monolayers and honeycomb structures.

Sample dc−c (exp.) dc−c(calc.) ρ λLSPR
[nm] [nm] particles/µm2 [nm]

M-Ag100 483± 58 4.9 520
H-Ag100 294± 59 279 8.4 497
M-Au95 482± 45 4.9 595
H-Au95 305± 69 278 8.4 563
B-Ag100

a 488± 47 4.7 529
B-Ag100-Au95 282± 40 281 9.7 548
a First monolayer of the binary honeycomb structure.

The optical properties of the plasmonic honeycomb structures are investigated in Figure 7.3.
M-Ag100 and M-Au95 monolayers show single plasmon resonance peaks at 520 nm and 595 nm,
respectively. The resonance positions are red-shifted compared to λLSPR in solution due to
the different refractive index environment around the particles. No signs of plasmon resonance
coupling was observed between particles of the monolayers due to the rather large interparticle
distances of approx. 483 nm. In contrast, the LSPRs of honeycomb structures are narrower and
a strong shift of the LSPR towards smaller wavelengths is observable. It is assumed that both
effects result from plasmon-plasmon coupling between neighbouring plasmonic cores due to the
smaller interparticle distances of the honeycomb structures (approx. 300 nm) as compared to the
monolayers (approx. 483 nm). This fact finds support from an earlier work by Volk et al. where
plasmonic coupling was observed for a hexagonal lattice of Ag100@Au-x-PNIPAM336 particles
with interparticle distances of approx. 360 nm.202

The absorbance spectrum of the binary honeycomb structure in Figure 7.3 C shows a broad
plasmon resonance with a LSPR maximum at 548 nm and a small shoulder at approx. 472 nm.
The absorbance of the honeycomb structure is stronger as compared to the individual M-Ag100

and M-Au95 monolayers which is in agreement with the results of the non-binary honeycomb
structures in Figure 7.3 A and B. The shape of the LSPR is attributed to local plasmon resonance
coupling between silver and gold cores influencing the LSPR intensity and position.261
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Figure 7.3. Investigation of plasmonic honeycomb structures by UV-Vis spectroscopy. A, B ab-
sorbance spectra of H-Ag100 (green solid line) and H-Au95 (purple solid line). Spectra of the template
monolayers (M-Ag100 and M-Au95) are included as dashed lines. C, absorbance spectrum of a binary
honeycomb structure (brown solid line).
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7.1.3 Structural Investigation of Binary Honeycomb Structures

Figure 7.4. Binary honeycomb structure of Au75@Au-x-PNIPAM340 and Ag100@Au-x-PNIPAM336
particles on a TEM grid. The scale bar is 2µm.

In order to elucidate the structural composition of binary honeycomb structures on the mi-
croscale, TEM, SEM, and high-resolution EDX mapping was carried out. This way, the exact
location and composition of each metal core of the honeycomb structure can be identified. A
binary honeycomb structure was fabricated by sequential deposition of a M-Au75 monolayer
(dc=75nm) on top of a M-Ag100 monolayer (dc=100 nm) on glass. Thus, particles of the honey-
comb structure can be discriminated by their size and material. At first, EDX investigation of
the binary structure failed due to the strong electron scattering by the glass substrate. Conse-
quently, the binary honeycomb structure was prepared on a carbon coated TEM grid in order
to reduce the electron excitation volume. Thus, the spacial resolution of the EDX mapping was
increased.

Figure 7.4 shows a TEM image of the binary honeycomb strucutre. It is already possible to
distinguish the particles by their size. The Ag100@Au-x-PNIPAM320 particles are the larger
particles. Smaller particles correspond to the Au75@Au-x-PNIPAM340 particles. A closer look
reveals that both particles are arranged in hexagonal sub-lattices, and it follows that every
Au75@Au-x-PNIPAM340 particle is surrounded by three Ag100@Au-x-PNIPAM320 particles and
vice-versa. Next, high-resolution SEM and EDX elemental mapping was carried out and the
results are demonstrated in Figure 7.5. Figure 7.5 A shows a high-resolution SEM image of the
binary honeycomb structure. The SEM image was acquired by an angle selective backscattered
electron detector which allows for compositional imaging due to the energy difference of the
backscattered electrons. Thus, the particles can be discriminated by their brightness. Brighter
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particles are attributed to Au75@Au-x-PNIPAM340 particles and darker ones to Ag100@Au-x-
PNIPAM336 particles due to the higher electron density of gold as compared to silver. The
PNIPAM shell is invisible in the SEM images due to the weak electron contrast of the polymer.
Elemental mapping by EDX confirms the binary composition of the honeycomb structure. Fig-
ure 7.5 B shows an overlay of the SEM image and the elemental map using only the Au Mα1

emission lines (2.1 keV, red). It is clear that only one type of metal cores is highlighted by the
EDX mapping. Conversely, if the mapping is performed using only the Ag Lα1 emission lines
(2.9 keV, green), the other group of metal cores is highlighted exclusively as demonstrated in
Figure 7.5 C. Both metal cores form hexagonally ordered sub-lattices which is evidenced by the
sixfold arrangement of the fundamental frequencies in the power spectra. It is important to
note that the power spectra were obtained by FFT of the images using only the positions of the
highlighted metal cores. Finally, EDX mapping using both emission lines recreates a honeycomb
structure that is fully consistent with the original SEM image as demonstrated in Figure 7.5 D.
Almost identical interparticle distances of 468± 63 nm and 467± 54 nm are obtained by g(r)
analysis of the particle positions of the hexagonal sub-lattices. These values match very close to
the interparticle distances determined for honeycomb structures on glass (cf. Table 7.1).

A B

C D

Figure 7.5. Investigation of a binary honeycomb structure on a TEM grid by high-resolution SEM
and EDX mapping. A, SEM image of the superstructure composed of Au75@Au-x-PNIPAM340 and
Ag100@Au-x-PNIPAM320 particles. The scale bar is 1µm. B, C, EDX mapping using only the Au
Mα1 emission lines (B) or Ag Lα1 emission lines (C). D, overlay of both elemental maps. The insets
in B and C show power spectra of the images computed from the highlighted particle positions.
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7.1 Plasmonic Honeycomb Structures

In conclusion, the sequential deposition of two Au-x-PNIPAMy monolayers on the same substrate
produces plasmonic honeycomb superstructures. This deposition process also allows for the
fabrication of binary honeycomb structures. Investigation of binary honeycomb structure by EDX
mapping reveals hexagonally ordered sub-lattices of the two different PNIPAM-encapsulated
plasmonic particles, and the exact location and composition of each metal core in the honeycomb
structure is resolved.

A B

C D

Figure 7.6. Different Moiré structures obtained by sequential deposition and rotation of two M-Au75
monolayers against each other. A, TEM image of the template monolayer. B –D, Moiré structures
formed by rotation angles of 8◦ (B), 14◦ (C), and 31◦(D) of the second monolayer. The scale bar is
2µm. The insets show power spectra calculated for each image.

115



Chapter 7 Beyond Hexagonal Monolayers

7.2 Fabrication of Moiré Structures

Honeycomb structures are the result of a hexagonal monolayer of cross-linked PNIPAM-encapsu-
lated particles settling into the hollow sites of another hexagonal monolayer of the same particles.
However, if the second monolayer is rotated against the first one during the deposition process,
Moiré structures are formed instead of honeycomb structures. Originally, rotation of monolayers
was discovered as a side effect during the preparation of honeycomb structures. It frequently
occurred once the substrate was dried quickly after sequential deposition of the second monolayer.
For honeycomb structures, rotation was avoided by immersing the substrate normal to the water
surface and letting the substrate dry under ambient conditions.

However, if the drying process is accelerated by using a stream of hot air, for example, Moiré
structures are formed. Moiré structures were fabricated on carbon coated TEM grids (Figure 7.6,
θc ≈ 79◦) as well as on hydrophilic glass substrates (cf. Appendix, Figure 10.6, θc,glass ≈ 0◦),
although both substrates have completely different contact angles. It follows, that the surface
chemistry of the substrate does not play a major role for the formation of the Moiré structures.

Changing the drying process does not affect the particle arrangement of the M-Au75 template
monolayer significantly which is evidenced by the presence of single-crystalline hexagonally or-
dered domains of Au75@Au-x-PNIPAM340 particles in Figure 7.6 A. However, the second mono-
layer is no longer deposited exactly into the threefold hollow sites of the first monolayer if the
substrate is dried quickly after the deposition process. Instead, different Moiré structures form
as the two monolayers are rotated against each other by an arbitrary rotation angle (α) which
is shown in Figure 7.6 B –D.

The Moiré structure in Figure 7.6 B is an instructive demonstration of the soft pair-interaction
potential of the cross-linked PNIPAM-encapsulated nanoparticles. Particles are found that are
either arranged in a shell-to-shell configuration separated by the hydrogel shell, or densely packed
in a core-to-core configuration. The core-to-core configuration is possible because the PNIPAM
hydrogel shells can deform and interpenetrate each other partially. Particles in a core-to-core
configuration appear darker in the TEM image due to their higher mass contrast. FFTs of the
Moiré structures in Figure 7.6 B –D reveal 12 fundamental peaks centered around the zero fre-
quency spot of the power spectrum. It is important to note that the twelve peaks in Figure 7.6 B
can only be distinguished upon close magnification of the FFT pattern. Similar structures were
found by Luchnikov et al. for superimposed films of block-copolymers, and the FFT pattern was
explained by the convolution of two Fourier transforms of single polymer films which are rotated
against each other by a certain rotation angle.262

Hence, the angle between the fundamental peaks of the FFT pattern corresponds directly to the
rotation angle α of the two M-Au75 monolayers forming each Moiré structure in Figure 7.6. α
was measured from the angular splitting of the FFT peaks. α is 8◦, 14◦, and 31◦ for the Moiré
structures in Figure 7.6 B –D. In the following, Moiré structures are denoted as P8, P14, or P31

according to their rotation angles. Since it is known that each Moiré structure was prepared
from the overlay of two monolayers and that the particles of each monolayer are arranged in
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hexagonal lattices, the theoretical periodicity (Dtheo) of a Moiré structure is given by Equation
7.2263

Dtheo = dl
2 sin(α2 ) (7.2)

where dl is the lattice constant of one hexagonally ordered monolayer forming the Moiré structure.
Since both monolayers are fabricated by interface-mediated self-assembly using the same particles
and the same preparation conditions, dl is supposed to be identical for both monolayers. Unique
Moiré structures are only observed for 0◦<α≤ 30◦. The structures repeat for higher rotation
angles because of the hexagonal symmetry of the two monolayers. This leads to the following
boundary conditions given by Equation 7.3 and 7.4

α− 60◦ n if 60◦ n < α ≤ 60◦ (n+ 0.5) (7.3)

60◦ (n+ 1)− α if 60◦ (n+ 0.5) ≤ α < 60◦ (n+ 1) (7.4)

for n=0, 1, 2...264 For instance, rotation angles of 8◦, 52◦, 68◦, and 112◦ will produce the same
Moiré structure. In addition, rotation angles which are multiples of 60◦ will produce two identical
overlapping lattices. The periodicity of the P8 and P14 Moiré structures (DP ) is obtained by
analysis of their autocorrelation functions as demonstrated in the Appendix in Figure 10.7. DP

is 3.595 ± 0.350µm and 2.024 ± 0.226µm for P8 and P14, respectively. Dtheo is 3.622 ± 80nm
and 1.972 ± 53µm for P8 and P14, respectively. Consequently, a close match is found between
DP and Dtheo for both Moiré structures. It also follows from Equation 7.2 that the periodicity
of the Moiré structures decreases for increasing rotation angles. This fact can be nicely seen in
Figure 7.6 B and C, where the motif size of the Moiré structures decreases from P8 (α=8◦) to
P14 (α=14◦).

117



Chapter 7 Beyond Hexagonal Monolayers

A B

C D

Figure 7.7. Analysis of the P31 Moiré structure by FFT-filtering. A, original TEM image. The inset
shows the FFT of the image and the scale bar is 1µm. B, C Reconstructed hexagonal sub-lattices
obtained by FFT filtering of every other peak of the 12-fold FFT pattern in A. Both lattices are
rotated against each other by 31◦. D, overlay of the positions of the hexagonal lattices B and C with
the original TEM image.

The interpretation of the P31 Moiré structure in Figure 7.6 D is more complex. The particles
are ordered but a clear periodicity is hard to find. Fourier analysis reveals a 12-fold symmetry
of the fundamental peaks in the power spectrum which is incommensurable with the classic
crystallographic restriction theorem.265 In order to identify the two monolayers that form the
Moiré structure, Fourier filtering was carried out. Fourier filtering was performed for a magnified
region of Figure 7.6 D using the freeware ImageJ, and the results are demonstrated in Figure 7.7.
At first, the power spectrum of the TEM image is computed (inset of Figure 7.7 A). Next,
every other peak of the fundamental frequencies is selected by white circles (pixel value = 255)
followed by inverse FFT of the power spectrum. By this process, a hexagonal lattice is created as
demonstrated in Figure 7.7 B. Another hexagonal lattice is created by selecting the other set of
fundamental frequencies from the FFT pattern of Figure 7.7 A which is shown in Figure 7.7 C.
Both lattices are rotated against each other by 31◦ which is equal to the angle between two
peaks of the fundamental frequencies of the power spectrum in Figure 7.7 A. Figure 7.7 D shows
an overlay of the two recreated hexagonal lattices and the original image. A perfect match is
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found. It follows that each particle position can be assigned to a hexagonal lattice, and that the
Moiré structure of Figure 7.7 is formed by two hexagonally ordered M-Au75 monolayers, rotated
against each other by 31◦. This Moiré structure is highly interesting, because the combination of
two hexagonal periodic lattices can be used for the construction of a quasiperiodic dodecagonal
tiling as demonstrated by Stampfli.266 He used the grid-projection method in order to create a
quasiperiodic tiling. Therefore, two hexagonal grids are drawn, rotated against each other by 90◦

(which is equal to a 30◦ rotation for hexagonal layers), and combined in one grid. The dual of
this grid is a quasiperiodic tiling that contains three different tiles: equilateral triangles, squares
and rhombs with an acute angle of 30◦.

Figure 7.8 A and C demonstrate how such a quasiperiodic tiling is constructed by the overlay of
two hexagonal grids rotated against each other by 30◦. The overlay creates a pattern consisting
of overlapping points as well as isolated single points. A quasiperiodic tiling of the pattern is
possible using strongly overlapping points as the vertices for the three different tiles as illustrated
in Figure 7.8 C. The pattern of Figure 7.8 A closely resembles the P31 Moiré structure in Fig-
ure 7.8 B. The Au75@Au-x-PNIPAM340 particles are arranged in core-to-core and shell-to-shell
configurations. The core-to-core configuration creates strongly overlapping particle pairs. They
are used as lattice points for the vertices of the Stampfli tiling. Consequently, tessellation of
the Moiré structure of Figure 7.8 B is partially possible as demonstrated in Figure 7.8 D. The
resemblance to a quasiperiodic tessellation is striking, although the pattern is not completely
quasiperiodic yet. This stems from the fact that different motifs are found for the same tiles in
Figure 7.8 D which is incommensurable with a quasicrystalline tiling.

In summary, Moiré structures are produced by the rotation of two hexagonally ordered mono-
layers against each other. The rotation angle determines the motif size of the Moiré structures,
and the motif size decreases for increasing rotation angles. The Moiré structure formation is
driven by the soft interaction potential of cross-linked PNIPAM-encapsulated gold nanoparticles
allowing for particle-particle arrangements on different lengthscales.
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A B

C D

Figure 7.8. Tessellation of Moiré structures. A, C, formation (A) and quasiperiodic tiling (C) of
a Moiré structure. The structure is formed by the overlay of two periodic hexagonal lattices rotated
against each other by 30◦. The insets show the three different tiles and motifs associated with each
tile. B, D, P31 Moiré structure (B) and tiling of the pattern using triangles, squares and rhombs.
The insets show the different tiles and the motifs associated with each of the tiles.
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7.3 Anisotropic Deformation of Hexagonal Monolayers

Colloidal spheres crystallize into two-dimensional hexagonally ordered lattices at the air/water
interface because it is the favoured minimum free energy position of the particles.79,173 Yet,
such a monolayer can be used for the preparation of other two-dimensional Bravais lattices by
anisotropic deformation. The deformation requires two minor modifications to the monolayer
deposition process:

1. A slightly hydrophobic substrate with a contact angle of approx. 60◦.

2. An immersion angle normal to the water surface.

At first a M-Au95 monolayer was prepared using interface-mediated self-assembly. Next, the
monolayer was transferred onto hydrophobic glass by immersing the substrate through the mono-
layer into the water subphase. Once the monolayer came in contact with the substrate it stuck
to the glass surface and was pulled underwater. After the substrate was in the water sub-
phase, any remains of the monolayer on the water surface were removed by a spreading agent
such as l-PNIPAM40k. Thus, a double deposition of M-Au95 monolayers was avoided once the
glass substrate was retracted from the water subphase. Figure 7.9 shows AFM height images
of M-Au95 monolayers after transfer onto hydrophobic HDMS-functionalized glass substrates
(θc,glass ≈ 60◦). The samples are denoted as S90◦−n according to the immersion angle of the
substrate. For reference, samples with an immersion angle of 0◦ were also prepared (S0◦).

If the immersion angle is 0◦ and contact angle, immersion direction, and immersion speed are
kept constant, a hexagonally ordered M-Au95 monolayer is obtained as evidenced by the S0◦

monolayer in Figure 7.9 A. No deformation of the monolayer is observed, and the structure is
identical to monolayers deposited onto hydrophilic substrates (cf. Section 5.2). However, once
the substrate is immersed normal to the water surface centered rectangular-like (S90◦−1) as well
as square-like particle arrangements (S90◦−2) are discovered as evidenced by AFM measurements
in Figure 7.9 B and C. Analysis of the monolayers by their autocorrelation functions reveals
that all structures are highly ordered which can be seen from the symmetric arrangement of the
fundamental peaks in Figure 7.9 D –F. The central peak of G corresponds to the average particle
diameter which is identical in all three images since the same particles (Au95@Au-x-PNIPAM316)
were used for the fabrication of the monolayers.

In Figure 7.9 D, G of S0 reveals a ring of six first order satellite peaks around the central peak,
indicating that the monolayer has a hexagonal symmetry. Higher order satellite peaks are also
observed reflecting the long-range order of the monolayer. The intensity of the higher order peaks
decays with increasing distance from the central peak due to imperfections of the lattice structure
such as local point defects, lattice distortions or directional anisotropies. The distance between
the central peak and the first order satellite peaks is equal to the nearest neighbour distances,
and hence, it can be used to determine the lattice parameters a, b, and θ of the monolayer. It is
found that |a| ≈ |b| and θ ≈ 60◦ which is characteristic for a two-dimensional hexagonal lattice.
Table 7.2 summarizes the lattice parameters extracted from G for all monolayers.
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Figure 7.9. Influence of the deposition process on the structure of a M-Au95 monolayer. A,
hexagonally ordered monolayer fabricated by an immersion angle of 0◦. B, C, square-like (B), and
rectangular-like (C) lattices obtained by an immersion angle of 90◦. The scale bar is 2µm. D–F,
central region of G calculated from the AFM images A –C. The unit cells of each monolayer are
indicated in each image.

Table 7.2. Lattice parameters derived from autocorrelation func-
tions of S0◦ and S90◦ .

Sample a [nm] b [nm] θ [◦] proposed unit cell

S0 451± 9 453± 10 58± 2 hexagonal
S90◦−1 408± 6 390± 8 90± 5 square
S90◦−2 393± 7 1101± 8 89± 3 centered rectangular
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7.3 Anisotropic Deformation of Hexagonal Monolayers

G of S90◦−1 reveals a square-like arrangement of the fundamental peaks in Figure 7.9 E. The
fundamental peaks are well pronounced whereas higher order peaks, further away from the central
peak, are increasingly smeared out. This points towards a high correlation of the local particle
positions which decreases for larger distances. A square-like unit cell is found with |a| = 1.05 |b|
and θ ≈ 90◦ which is close to an ideal square lattice. Another non-hexagonal arrangement of the
first order peaks is clearly visible for the S90−2 monolayer in Figure 7.9 F. A unit cell is found
with |a| < |b| and θ ≈ 90◦ characteristic of a two-dimensional centered rectangular-like lattice.
An anisotropic smearing of the higher order peaks of G indicates directional anisotropy of the
lattice which is also observed in the corresponding AFM image. In this case, the degree of order
in the vertical direction is slightly higher as compared to the degree of order in the horizontal
direction of the lattice.

b
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a

b
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b‘

Figure 7.10. Deformation of a hexagonal monolayer of cross-linked PNIPAM-encapsulated particles
by uniaxial stretching. The hexagonal unit cell of the monolayer is defined by the two vectors ~a and
~b. β is the stretching angle and ~s the stretching vector of the unit cell. Stretching along ~a produces
a square lattice.

The formation of a non-hexagonal particle monolayer by anisotropic deformation of a hexagonal
monolayer is illustrated in Figure 7.10. The unit cell of the hexagonal monolayer is defined
by the two vectors ~a and ~b. In the sketch, the core-shell particles are closely packed which
corresponds to a monolayer of PNIPAM-encapsulated particles floating at the water interface
where the PNIPAM shell is highly swollen by water. Transfer onto a hydrophobic glass substrate
induces an uniaxial stretching of the monolayer with a stretching vector (~s) and a stretching
angle (β). By this process, a deformed non-close packed particle monolayer is produced. This
hypothesis finds support from recent work by Mauer et al.267 They reported an almost identical
fabrication method for the preparation all two-dimensional Bravais lattices using poly(n-butyl
acrylate-co-methyl methacrylate) colloids. It was proposed that the lattice type of the monolayer
is fully defined by the transfer direction and the stretching factor s = |~s| of the original hexagonal
monolayer.
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The monolayer transformation process is described mathematically by a sequence of rotation,
stretching, and back rotation. Each transformation is defined by its own matrix. The rotation
matrix (Rβ) and the stretching matrix (Ts) are given by Equation 7.5 and 7.6267

Rβ =
[
cosβ − sin β
sin β cosβ

]
(7.5)

Ts =
[
1 0
0 S

]
(7.6)

and the final transformation matrix T = Rβ ◦ Ts ◦R−β is given by Equation 7.7

T =
[

cos2 β + sin2 β · S sin β · cosβ · (1− S)
sin β · cosβ · (1− S) cos2 β · S + sin2 β

]
(7.7)

Thus, the vectors of deformed lattice ~a′ and ~b′ can be calculated using Equation 7.8 and 7.9

~a′ = T ◦ ~a (7.8)
~b′ = T ◦~b (7.9)

Consequently, the square-like lattice in Figure 7.9 B (|a| ≈ |b| , θ ≈ 90◦) is obtained by stretching
the hexagonal M-Au95 monolayer along one of the vectors of the hexagonal unit cell (~a or ~b) with
s = |~s| = 1.73 and β = 30◦. Similar structures are observed for |β ± 60◦ n| because of the sixfold
rotation symmetry of the hexagonal monolayer. n is an integer. The centered rectangular-like
lattice (|a| 6= |b|, θ ≈ 90◦) in Figure 7.9 C results from a stretching angle of 0◦ and an arbitrary
stretching factor.

In summary, centered-rectangular and square-like monolayers complete the potpourri of plas-
monic superstructures fabricated in this work by self-assembly of cross-linked PNIPAM-encapsu-
lated nanoparticles. Representative examples of all superstructures are provided in Figure 7.11.
The structure formation is driven by the soft pair-interaction potential of the core-shell particles
allowing for particle arrangements on different lengthscales. Hexagonally ordered monolayers
are fabricated by interface-mediated self-assembly. The monolayers are transferable onto many
different substrates such as plain glass or carbon-coated TEM grids (Figure 7.11 A). However,
slight modifications to the monolayer deposition process have tremendous influence on the par-
ticle arrangement. Sequential deposition of two hexagonally ordered monolayers on the same
substrate leads to honeycomb structures (Figure 7.11 B). Moiré structures are obtained by the
same process if both monolayers are rotated against each other. In this case, even quasiperiodic
particle arrangements might be possible for rotation angles close to 30◦ (Figure 7.11 C). Finally,
manipulating contact angle and immersions direction of the substrate induces an anisotropic
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7.3 Anisotropic Deformation of Hexagonal Monolayers

deformation of the hexagonal monolayer during the transfer process onto the substrate. Thus
even square-like lattices can be fabricated as shown in Figure 7.11 D.

A B

C D

Figure 7.11. Potpourri of plasmonic superstructures prepared by interface-mediated self-assembly
of cross-linked PNIPAM-encapsulated nanoparticles. A, hexagonally ordered monolayer obtained by
single deposition onto a TEM grid. B, honeycomb structure fabricated by sequential deposition of two
monolayers onto the same substrate. C, Moiré structure formed by a rotation angle of 30◦ between
two hexagonal monolayers. D, square-like lattice fabricated by anisotropic stretching of a hexagonally
ordered particle lattice. The insets show FFT of each image. The scale bar is 1 µm.
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Chapter 8

Conclusion

This work describes the preparation of plasmonic superstructures via self-assembly of colloidal
building blocks. The four key achievements are:

1. Synthesis of a library of colloidal building blocks with tunable plasmon resonance position.

2. Fabrication of hexagonally ordered monolayers with exceptional long-range order and con-
trollable interparticle spacing on the cm2-scale.

3. Integration of plasmonic superstructures into organic thin film solar cell devices. The
photocurrent of space-charge limited devices increases by 30%.

4. Fabrication of a potpourri of plasmonic superstructures: plasmonic honeycomb structures,
Moiré patterns, square, and centered rectangular lattices.

1. A library of colloidal building blocks was prepared using plasmonic nanoparticles encap-
sulated by polymer shells. Size and composition of the plasmonic nanoparticles and the poly-
mer shell were investigated as design parameters for colloidal building blocks. Gold nanopar-
ticles encapsulated by non-cross-linked PNIPAM shells were produced by ligand exchange with
α-trithiocarbonate-ω-carboxyl terminated PNIPAM chains. The PNIPAM ligands successfully
stabilised a large variety of gold nanoparticles. Three different ligands of 9.5 kg/mol, 40 kg/mol,
and 82 kg/mol were synthesized by RAFT polymerization and used for ligand exchange reactions
with citrate-stabilized gold nanoparticles of 15 nm– 53 nm in diameter. After the ligand exchange
reaction, homogeneous PNIPAM shells were observed around each gold nanoparticle by TEM.
DLS measurements revealed a consistent increase of the PNIPAM shell with increasing molecular
weight of the PNIPAM ligands. The ligand shell also enhanced the colloidal stability of the gold
nanoparticles. Below the LCST of PNIPAM, the core-shell particles were stabilized through
steric interactions provided by the PNIPAM chains. Additionally, negative surface charges orig-
inating from the ω-carboxyl function of the PNIPAM chains provided electrostatic repulsion at
neutral pH. Decreasing the pH to 2.7 – 3.0 led to protonation of the carboxyl functions, and thus,
surface charges close to zero were measured. At this point, temperature-mediated phase transfer
of the particles was possible due to the LCST behaviour of PNIPAM. Increasing the temperature
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to 60 ◦C led to a quantitative transfer of the particles from water to chloroform. Phase trans-
fer to chloroform occurred because it was a much better solvent for the PNIPAM-encapsulated
particles at this temperature. The particles did not aggregate after transfer to chloroform as evi-
denced by spectroscopic investigations. The phase transfer was fully reversible upon lowering the
temperature to 4◦C. Absorbance measurements revealed that the phase transfer was quantitative
with efficiencies close to 100% each time.

Ligand exchange with α-trithiocarbonate-ω-carboxyl terminated PNIPAM provided non-cross-
linked polymer shells with thicknesses as large as 37 nm. In order to further increase the shell
thickness, cross-linking was introduced to ensure a stable and homogeneous encapsulation of
the gold nanoparticles. Cross-linked PNIPAM hydrogel-encapsulated gold nanoparticles were
prepared by free radical seeded precipitation polymerization of NIPAM and BIS in the presence
of gold nanoparticles. After the reaction, each nanoparticle was encapsulated by a homogeneous
PNIPAM shell as evidenced by TEM. The thickness of the PNIPAM hydrogel shell was adjusted
by the monomer feed of each reaction. Three types core-shell particles with increasing hydrogel
shells were synthesized, and DLS revealed overall hydrodynamic dimensions of 208 nm, 326 nm,
and 508 nm, respectively. Next, the gold core of the core-shell particles was overgrown with
spherical silver or gold shells in order to tune scattering/absorbance cross-sections of the particles.
A surfactant-assisted seeded growth protocol was developed. The protocol allowed for a spherical
overgrowth of the gold nanoparticles without non-spherical side products or secondary nucleation.
The core sizes could be adjusted in a range of 20 nm– 100 nm with a high precision of a few
nanometers. Consequently, the LSPR of the colloidal building blocks was tunable in a range of
433 nm– 571 nm.

2. Hexagonally ordered monolayers were prepared by self-assembly of the colloidal building
blocks using spin-coating or interface-mediated self-assembly. The interparticle center-to-center
distance of non-cross-linked PNIPAM-encapsulated gold nanoparticles was a function of the
PNIPAM shell thickness and tunable between 102 nm and 168 nm for gold nanoparticles of the
same size. Larger interparticle distances of 250 nm were achieved by spin-coating of cross-linked
PNIPAM-encapsulated gold nanoparticles. However, the fast solvent evaporation rate and the
strong shear forces during the spin-coating process had adverse effects on the particle arrangement
of the monolayer. The order of the monolayers was low and they were polycrystalline. In
contrast, monolayers prepared by interface-mediated self-assembly were highly ordered. AFM
measurements were carried out at multiple random positions of the samples and each time
similar interparticle distances with narrow deviations were found. Using cross-linked PNIPAM-
encapsulated gold nanoparticles for the monolayer fabrication, the interparticle distance was
tunable in a range as large as 250 nm– 620 nm as a function of the PNIPAM shell thickness.
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Monolayers of colloidal building blocks with overgrown gold cores had almost identical interpar-
ticle distances and surface densities of plasmonic particles – independent of size and composition
of the plasmonic core. This showed that the self-assembly was mainly governed by the PNIPAM
hydrogel shell. The LSPR of the monolayers was a function of size and composition of the plas-
monic core of the PNIPAM-encapsulated particles. Thus, monolayers with LSPRs in a range as
large as 484 nm– 573 nm were prepared. The LSPR was further tailored by the fabrication of
binary plasmonic monolayers using a mixture of cross-linked PNIPAM-encapsulated core-shell
particles with two different plasmonic cores.

3. Organic thin film solar cell devices. Plasmonic monolayer with tailored LSPR position were
integrated in the layer stack of organic thin film solar cell devices. AFM experiments revealed
almost identical interparticle distances and surface densities of plasmonic particles – independent
of the location of the monolayer in the layer stack of the device. This was highly important for
a systematic study of the optical effects of plasmonic superstructures in solar cell devices. The
solar cell performance was investigated as a function of the diameter of the gold nanoparticles.
Therefore, monolayers with gold core sizes of 21 nm, 58 nm, 68 nm, or 100 nm were prepared by
interface-mediated self-assembly and deposited onto the ITO electrode of the devices. Almost all
plasmonic devices showed the characteristic current-voltage curves of a solar cell diode indicating
that the devices were fully functional. Current-voltage measurements revealed that the short-
circuit current density and the open-circuit voltage of plasmonic solar cells decreased as compared
to the reference devices. The reduced performance was attributed to parasitic absorption and
backscattering of incident light by the plasmonic monolayers. This effect was most pronounced
for larger gold nanoparticles.

Consequently, the location of the monolayers in the device stack was systematically changed.
Parasitic light absorption was observed for plasmonic monolayers located at any interface below
the photoactive layer of the solar cells. Additionally, strong leakage currents occurred for gold
nanoparticles in direct contact with the photoactive layer of the solar cells even though all gold
nanoparticles were encapsulated by a PNIPAM hydrogel shell. In contrast, a clear improvement
of the solar cell efficiency was discovered in space-charge limited solar cells with a thick photoac-
tive layer. Depositing a plasmonic monolayer on top of the photoactive layer led to a spatial
redistribution of light. Thus, charge generation near the metal electrode increased the photocur-
rent of the plasmonic device by 30% as compared to a reference device. These findings reveal
that plasmonic particles are no panacea for organic solar cell devices and mutually influencing
factors such as dark leakage currents, parasitic absorption, near field enhancement, and light
redistribution must be considered carefully for the design of future plasmonic solar cells.
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4. Potpourri of plasmonic superstructures. Plasmonic superstructures for organic thin film
solar cells were prepared by interface-mediated self-assembly of PNIPAM-encapsulated gold
nanoparticles. When such a monolayer was deposited onto a hydrophilic substrate, the particles
were arranged in a non-close packed hexagonal lattice. However, what happens if another mono-
layer is deposited onto the same solid support? In this case, plasmonic honeycomb structures
or Moiré patterns are obtained. The double deposition process even allows for the fabrication
of binary plasmonic superstructures. Binary honeycomb structures were fabricated by sequen-
tial deposition of a monolayer of PNIPAM-encapsulated gold particles on top of a monolayer of
PNIPAM-encapsulated silver particles. UV-Vis spectroscopy revealed a significant broadening of
the LSPR, which was attributed to plasmon coupling between gold and silver cores. The struc-
tural composition of the binary honeycomb lattice was investigated by SEM and EDX elemental
mapping. Using EDX, it was possible to distinguish between gold and silver cores in the binary
structure exactly. Two underlying hexagonal sub-lattices – one for the gold core-shell particles
and one for the silver core-shell particles – were identified. The interparticle distances between
gold-gold and silver-silver cores of each sub-lattice was 470 nm in close agreement to monolayers
of the same particles. Regarding the (complete) binary structure, smaller interparticle distances
of 271 nm were measured, as expected for a honeycomb lattice.

Moiré patterns were formed once the second monolayer was rotated against the first one by a
certain rotation angle. Three different patterns were discovered corresponding to rotation angles
of 8◦, 14◦, and 31◦. The periodicity of the Moiré pattern was a function of the rotation angle and
decreased for higher rotation angles. Investigation of the Moiré patterns by TEM revealed that
the PNIPAM-encapsulated nanoparticles were arranged on two different lengthscales: one due to
a shell-to-shell arrangement and one due to a core-to-core arrangement of the particles. Shell-to-
Shell arrangements were formed if the particles were completely separated by the PNIPAM shell.
Core-to-core arrangement were formed from partially overlapping particles where the PNIPAM
shells interpenetrated each other. An intriguing Moiré pattern was found for a rotation angle
of 31◦. Quasiperiodic tiling of the pattern was partially possible using the Stampfli tiling –
combinations of equilateral triangles, squares, and rhombs with an acute angle of 30◦. The
lattice points of the tiling were created from particle pairs in a core-to-core arrangement.

A completely different approach towards plasmonic superstructures was the anisotropic defor-
mation of a hexagonal lattice. This process required a monolayer of cross-linked PNIPAM-
encapsulated nanoparticles floating at the air/water interface, a substrate with a water contact
angle of 60◦, and an immersion angle of the substrate of 90◦. Transfer of the monolayer onto
the substrate induced an anisotropic stretching of the monolayer. The structure of the stretched
monolayer was given by the stretching angle and the stretching factor. A stretching factor of 1.73
and a stretching angle of 30◦ produced a square lattice of plasmonic particles. If the stretching
factor changed for the same stretching angle, then a centered-rectangular lattice was obtained.
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Figure 8.1. Potpourri of plasmonic superstructures fabricated via self-assembly of colloidal build-
ing blocks. The optical properties of the building blocks are precisely tunable by sequential core-
overgrowth. The particles are self-assembled into superstructures by interface-mediated self-assembly
at the air/water interface. Single deposition of the superstructures onto solid substrates reveals
hexagonally ordered monolayers. Honeycomb structures are fabricated by double deposition with
translation of two monolayers onto the same substrate. Moiré patterns are fabricated by double
deposition with rotation of two monolayers against each other. Binary structures are obtained by
sequential deposition of two monolayers with different metal cores. Anisotropic deformation of a
hexagonally ordered monolayer can lead to plasmonic square lattices.
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In conclusion, Figure 8.1 provides a brief overview of all plasmonic superstructures fabricated in
this work. The superstructures are prepared via self-assembly of colloidal building blocks – gold
nanoparticles encapsulated by soft, deformable PNIPAM shells. Shape and position of the plas-
mon resonance of the building blocks are tunable by post-modification of their plasmonic cores.
This way, the optical properties of plasmonic superstructures are tailored precisely. Interface-
mediated self-assembly of PNIPAM-encapsulated gold nanoparticles produces hexagonally or-
dered monolayers with exceptional long-range order. Beyond hexagonal monolayers, access to
honeycomb structures or Moiré patterns is provided by sequential deposition of two monolayers
on top of each other. This way, even binary lattices are created by choosing appropriate core-shell
particles from the preformed particle library. Finally, anisotropic deformation of a single hexag-
onal monolayer leads to centered or square-like plasmonic superstructures. These monolayers
conclude the structural diversity of plasmonic superstructures described in this work.
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Future Perspectives

As demonstrated in this work, overgrowing the gold core of PNIPAM-encapsulated gold nanopar-
ticles with spherical silver or gold shells enhances the plasmonic properties of the particles sig-
nificantly. However, this post-modification procedure represents only a fraction of the current
possibilities available for the overgrowth of gold nanoparticles.99,268–270 An alternative approach
is the anisotropic overgrowth of the particles. Particularly interesting are gold nanorods due
to their ability to support two plasmon resonance modes213,271 or gold nanostars which have a
strong absorbance in the entire visible range.81,272

Self-assembly of PNIPAM-encapsulated gold nanoparticles revealed that the PNIPAM shell acts
as a sterical spacer and determines the interparticle distance of plasmonic superstructures. How-
ever, this is not the only parameter affecting the particle separation. Recently, Volk et. al
discovered that the interparticle distance of similar plasmonic monolayers is not constant but
changes as a function of the dwell time on the water surface.202 Hence, two handles are available
for controlling the interparticle distance of plasmonic monolayers: the thickness of the PNIPAM
shell and the dwell time of the monolayer on the air/water interface. This way, precise inves-
tigations of distance depended plasmonic effects such as plasmon-plasmon or plasmon-lattice
coupling can be conducted.

Particle design by post-modification and interface-mediated self-assembly are two sequential steps
on the road to well-defined plasmonic superstructures for photovoltaic devices. Even though
plasmonic monolayers were integrated successfully in solar cell devices, parasitic light absorption
was an issue. A potential work-around strategy are colloidal non-absorbing superstructures that
act purely as light scattering elements. They can be fabricated by using PNIPAM-encapsulated
particles without plasmonic cores. Promising core-shell particles are PNIPAM-encapsulated silica
or PS colloids. Synthetic protocols for such particles are already available.25,177,273–275

Interface-mediated self-assembly even allows for the fabrication of plasmonic superstructures
beyond hexagonal monolayers. Sequential deposition is a versatile strategy in order to fabricate
plasmonic honeycomb structures and Moiré patterns. Fully understanding plasmonic coupling in
such structures is the next challenge. Plasmonic coupling is enhanced by creating a homogeneous
refractive index environment between the particles of the superstructure. Recently, the impact of
refractive index variation upon plasmonic coupling in hexagonally ordered superstructures was
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investigated thoroughly in our group.276 Consequently, the same concept can be adapted in order
to elucidate the optical properties of plasmonic honeycomb structures and Moiré patterns.

Moiré patterns are intriguing superstructures, especially once the rotation angle of the two
monolayers approaches 30◦. In this case a quasiperiodic tiling of the structure was partially
possible. Although this finding was striking, further investigations were difficult due to the small
domain sizes and the large variety of different Moiré patterns on the same substrate. One way
to increase the domain size of Moiré patterns is to fabricate colloidal monolayers with single
crystalline domains as large as possible. Shinotsuka et al. demonstrated that the crystalline
domains of colloidal silica monolayers increased at the air/water interface by a factor of 20 –
60 through ultrasonic annealing or a barrier-sway treatment of the monolayer.277 The same
approach is also promising for hexagonally ordered monolayers of PNIPAM-encapsulated gold
nanoparticles floating at the air/water interface.

A hexagonally ordered monolayer represents only one of five possible two-dimensional Bravais
lattices in the Euclidean plane. It was demonstrated that square as well as centered rectan-
gular lattices are obtained by anisotropic stretching of a hexagonal monolayer. This was done
by transfer of the monolayer from the air/water interface onto a hydrophobic substrate. The
future challenge is the arrangement of plasmonic particles in all possible two-dimensional Bravais
lattices. Therefore, variation of the contact angle of the substrate is a promising approach in
order to control the stretching factor and hence the structure of the monolayer.

In summary, this work describes strategies in order to create a large variety of plasmonic super-
structures using well-defined core-shell blocks and simple, yet efficient, self-assembly methods.
In the future, plasmonic superstructures might stimulate the development of emerging optoelec-
tronic applications such as sensors, waveguide materials, or nanolasers.
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Appendix

10.1 1H-NMR spectra of l-PNIPAM reaction mixtures
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10.1 1H-NMR spectra of l-PNIPAM reaction mixtures
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10.2 Investigation of Aux-l-PNIPAMy by DLS
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Figure 10.4. Intensity-weighted size distributions of Aux-l-PNIPAMy obtained by cumulant anal-
ysis of g(2)(τ). A –G: Au15 –Au53 nanoparticles stabilized by citrate (black) or encapsulated by
l-PNIPAM9.5k (orange), l-PNIPAM40k (blue), or l-PNIPAM82k (green).
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10.3 AFM Height Images of Solar Cells with Normal Cell Geometry

10.3 AFM Height Images of Solar Cells with Normal Cell Geometry

A B

C

Figure 10.5. AFM investigation of M-Au58, M-Au68, and M-Au100 monolayers on the ITO electrode
of plasmonic solar cells with normal cell geometry. The scale bar is 2µm.
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10.4 AFM Height Images of Moiré Structures

A B

C D

Figure 10.6. Different Moiré patterns of Au75@Au-x-PNIPAM340 particles on a glass substrate.
The rotation angles are 15◦ and 35◦ for images B and C, respectively. The rotation angle of A could
not be determined due to the close overlap of the peaks in the power spectrum. The scale bar is
2µm. D, power spectra obtained by computing FFT of the AFM images A –C.
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10.5 Analysis of Moiré Structures by Their Autocorrelation Functions

10.5 Analysis of Moiré Structures by Their Autocorrelation
Functions

A B

Figure 10.7. Autocorrelation functions of Moiré patterns with rotation angles of 8◦ (A) and 14◦

(B). The periodicity of the Moiré patterns is indicated by a red line in each image. The scale bar is
2µm.
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