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Summary

Summary

This thesis is dedicated to progress in the field of colloidal self-assembly and colloidal crystals
as well as their potential application for the preparation of transparent, conducting electrodes.
Colloidal crystals are periodic structures formed by particles with dimensions between 1 nm
and 1 um and are widely used for the preparation of functional surfaces with tailored physical
properties. Their application requires the fast production of large-area, homogeneous structures
with nanometer-sized features and minimal defect-densities. Colloidal self-assembly meets
these expectations and offers a rapid and cost-effective fabrication of periodic patterns by
employing the intrinsic properties of the single particles.

This thesis is divided into three parts, which present contributions to (I) the defined self-
assembly of polymer particles and the properties of particle monolayers (chapters 3 - 5), (1)
the directed self-assembly of polymer colloids into gold nanohole arrays (chapter 6), and (I11)
the fabrication of optical devices based on gold nanohole arrays (chapters 7 - 9). For this
purpose, the self-assembly of spherical polystyrene particles with diameters between 0.1 pm
and 2.5 um was induced at the water/air interface, which yields purely two-dimensional
colloidal crystals with large single-crystalline domains.

In chapter 3, I analyzed the optical properties of colloidal monolayers with subwavelength-scale
particle diameters (< 0.2 um). These monolayers can be regarded as an effective medium and
can act as single-layer antireflective coatings. Thereby, the effective refractive index of the
coating and the wavelength of maximum transmittance can be adjusted independently. This
supplements the optical characterization of colloidal particle arrays with the properties of
monolayers with subwavelength-sized particles.

Based on the exceptionally high long-range order of the colloidal crystal, collective vibrational
modes were detected for the first time across the entire Brillouin zone in a monolayer of large
polystyrene spheres (1.5 um) (chapter 4). An analytical model was developed, which well
describes the experimental results, taking into account the particle-particle and particle-
substrate contacts.

Usually, colloidal assembly methods yield hexagonal, close-packed particle monolayers
limiting the variety of structures attainable with colloidal self-assembly. In chapter 5, |
demonstrated the fabrication of non-close-packed particle arrays with symmetries of all
possible two-dimensional Bravais lattices starting from hexagonal, close-packed monolayers
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floating at the water/air interface. As the monolayers are purely one-dimensionally stretched
upon transfer onto hydrophobic substrates, this presents a scalable method for the preparation

of colloidal crystals with arbitrary lattice symmetry.

Via colloidal lithography, the structures generated by colloidal particles can be replicated into
various materials. In chapter 6, | used gold nanohole arrays, prepared by colloidal lithography,
as templates for the directed self-assembly of polymer colloids. Exploiting a tailored surface
charge contrast with feature sizes in the range of the single particles, negatively charged
polymer particles were site-selectively trapped from the bulk dispersion, forming non-close-
packed particle monolayers. Thus, hierarchical structures are accessible with high structural

control over large areas.

Nanohole arrays in thin metal films, prepared by colloidal lithography, offer a versatile platform
for optically active surfaces that support surface plasmon polaritons (SPP). These SPP
resonances, collective oscillations of the conduction band electrons, efficiently couple to
incident light due to the periodic perforation of the metal film and are easily tunable by adjusting
the nanoscale geometry. Therefore, nanohole arrays are highly attractive as an electrode
material for solar cells.

A drawback of employing colloidal lithography for the fabrication of metal nanohole arrays is
that it is limited to few substrate materials due to the inherent plasma etching step. By
introducing a plasma-stable sacrificial layer, the transfer of nanohole arrays onto arbitrary
substrates via the water/air interface was shown (chapter 7). This broadens the fabrication
flexibility considerably and enables the preparation of plasmonic metal-insulator-metal
multilayers and free-standing nanohole arrays.

The optical properties of these multilayers were drastically altered compared to the single layer
nanohole array, which was in good agreement with numerical and analytical models (chapter 8).
This detailed analysis of the optical effects occurring in nanoscale materials is essential for the
specific manipulation of light in potential applications.

Finally, I integrated gold nanohole arrays into polymer solar cells as transparent, conducting
electrodes (chapter 9). A cavity SPP, confined between the nanohole array electrode and the
silver back-electrode, was observed and increased the power conversion efficiency at the
absorption edge of the photoactive polymer. However, the nanohole arrays exhibited high losses
due to reflection and absorption in the gold layer leading to an overall lower efficiency

compared to indium tin oxide reference electrodes.
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Altogether, the interface-assisted self-assembly of colloidal polystyrene particles was used to
prepare functional surface patterns on a macroscopic scale. This thesis revealed fundamental
optical and acoustic properties of self-assembled colloidal crystals and considerably extended
the range of structures attainable with colloidal self-assembly. Furthermore, the complex optical
properties of gold nanohole arrays, integrated into metal-insulator-metal absorbers as well as

organic solar cells, were investigated.






Zusammenfassung

Zusammenfassung

Diese Arbeit behandelt Fortschritte auf den Gebieten der kolloidalen Selbstanordnung und
kolloidalen Kristalle sowie deren mogliche Anwendung zur Herstellung von transparenten
Elektroden. Kolloidale Kristalle sind periodische Strukturen aus Partikeln mit einer Grolze
zwischen 1 nm und 1 pum und werden zur Herstellung funktionaler Oberflachen mit definierten
physikalischen Eigenschaften verwendet. Voraussetzung fiur die praktische Anwendung
kolloidaler Kiristalle ist die Mdoglichkeit Strukturen im Nanometer-Bereich grofRflachig,
homogen und mit minimaler Defektdichte herstellen zu kdnnen. Das Verfahren der kolloidalen
Selbstanordnung erflllt diese Voraussetzung indem es die intrinsischen Eigenschaften der
einzelnen Kolloidpartikel ausnutzt.

Diese Dissertation ist in drei Teile gegliedert und enthélt Beitrdge zu (1) der definierten
Selbstanordnung von Polymerpartikeln und den Eigenschaften von Partikelmonolagen
(Kapitel 3-5), (Il) der hierarchischen Anordnung von Polymerpartikeln in Lochgittern
(Kapitel 6) und (I11) der Herstellung optischer Bauelemente basierend auf Goldlochmasken
(Kapitel 7 - 9). Fur diese Arbeit wurden rein zweidimensionale kolloidale Kristalle mit grof3en,
einkristallinen Domanen verwendet. Diese wurden durch die Selbstanordnung von spharischen
Polystyrolpartikeln mit Durchmessern zwischen 0.1 um und 2.5 um an der Wasser/Luft-

Grenzflache gebildet.

In Kapitel 3 untersuchte ich die optischen Eigenschaften kolloidaler Monolagen mit
Partikeldurchmessern unterhalb der Wellenldange des sichtbaren Lichts (< 0.2 um). Diese
Monolagen konnen als effektives Medium betrachtet werden und fungieren als
Antireflexbeschichtung. Der effektive Brechungsindex der Beschichtung und die Wellenlange
mit den optimalen Antireflexeigenschaften kdnnen dabei unabhangig voneinander eingestellt
werden. Dies erganzt die bekannten, optischen Eigenschaften kolloidaler Kristalle mit den
Eigenschaften von Partikelmonolagen mit Partikeldurchmessern, die unterhalb der betrachteten
Wellenlénge liegen.

Aufgrund der auBergewdhnlich langreichweitigen Ordnung der kolloidalen Kristalle wurden in
Monolagen aus grofRen Polystyrolpartikeln (1.5um) zum ersten Mal kollektive
Vibrationsmoden in der gesamten Brillouin-Zone detektiert (Kapitel 4). Die experimentellen
Daten konnten durch ein analytisches Modell, welches die Partikel-Partikel- sowie die Partikel-
Substrat-Kontakte beriicksichtigt, gut beschrieben werden.
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Kolloidale Selbstanordnungsverfahren ergeben normalerweise hexagonal dicht gepackte
Partikelmonolagen. Dadurch ist die Zahl der Strukturen, die iber kolloidaler Selbstanordnung
erreicht werden konnen, stark einschrankt. In Kapitel 5 zeigte ich die Herstellung nicht dicht
gepackter Partikelmonolagen mit Symmetrien aller maoglichen zweidimensionalen
Bravaisgitter, ausgehend von hexagonal dicht gepackten Monolagen an der Wasser/Luft-
Grenzfliche. Da diese beim Ubertrag auf hydrophobe Substrate ausschlieBlich eindimensional
verstreckt werden, stellt dies eine einfache und skalierbare Methode zur Herstellung von

Kolloidkristallen mit beliebiger Gittersymmetrie dar.

Mit Hilfe der Kolloidlithographie konnen durch Kolloidpartikel erstellte Strukturen in
zahlreiche Materialien Uberfiihrt werden. In  Kapitel 6 verwendete ich durch
Kolloidlithographie hergestellte Goldlochmasken als Uberstruktur zur gerichteten Anordnung
kolloidaler Polymerpartikel. Dazu wurde auf dem Substrat gezielt ein Kontrast in der
Oberflachenladung in der GrolRenordnung der Partikel erzeugt. AnschlieBend konnten negativ
geladene Partikel einer Polymerdispersion selektiv in der Templatstruktur adsorbiert werden
und bildeten nicht dicht gepackte Partikelmonolagen. Dies ermdglicht die Herstellung

groRflachiger, hierarchischer Strukturen.

Geordnete Lochstrukturen in diinnen Metallfilmen sind aufRerdem ein vielseitiger Baustein flr
optisch aktive Oberflachen, die Oberflachenplasmonen nutzen. Oberflachenplasmonen sind
kollektive Oszillationen der Leitungsbandelektronen, welche aufgrund der periodischen
Struktur des Metallfilms durch eingestrahltes Licht angeregt werden kdnnen. Die Eigenschaften
der Oberflachenplasmonen sind dabei durch die geometrischen Parameter der Nanostruktur
bestimmt. Deshalb sind per Kolloidlithographie hergestellte Lochmasken attraktive Kandidaten
als Elektrodenmaterial fiir Solarzellen.

Ein Nachteil der Kolloidlithographie besteht in der geringen Auswahl an verfligbaren
Substraten aufgrund der inhé&renten Plasmabehandlung wahrend der Strukturbildung. Indem
eine plasmastabile Opferschicht eingefiigt wurde, konnte der Ubertrag von Lochmasken auf
beliebige Substrate Uber die Wasser/Luft-Grenzflache gezeigt werden (Kapitel 7). Dies erhéht
die Zahl der moglichen Strukturen betrachtlich und ermdglicht die Herstellung plasmonisch
aktiver Metall-Isolator-Metall Multilagen sowie freistehender Lochmasken.

Die optischen Eigenschaften dieser Multilagen unterschieden sich stark von denen der

einlagigen Lochmasken, was durch numerische und analytische Modelle bestéatigt wurde
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(Kapitel 8). Solch detaillierte Untersuchungen der optischen Effekte in derartigen nanoskaligen
Materialien sind fir potentielle Anwendungen unabl&ssig.

SchlieBlich integrierte ich Goldlochmasken als transparente Elektrode in Polymer-Solarzellen
(Kapitel 9). Ein Oberflachenplasmon, lokalisiert zwischen der Lochmaske und der riickseitigen
Silberelektrode, erhohte die Effizienz der Solarzelle an der Absorptionskante des fotoaktiven
Polymers. Allerdings fiihrten die gleichzeitig auftretenden, hohen Verluste aufgrund der
Reflexion der Goldschicht und der Absorption in der Goldschicht zu einer insgesamt

niedrigeren Effizienz verglichen mit den Referenzelektroden aus Indiumzinnoxid.

Zusammenfassend wurde die Selbstanordnung von kolloidalen Polystyrolpartikeln an der
Wasser/Luft-Grenzflache zur Herstellung makroskopischer, funktionaler
Oberflachenstrukturen verwendet. Diese Arbeit enthillte dabei fundamentale optische und
akustische Eigenschaften selbstangeordneter kolloidaler Kristalle und vergroRerte die
Bandbreite der Strukturen, welche durch die Selbstanordnung von Kolloiden verwirklicht
werden konnen. AuBerdem wurden die komplexen optischen Eigenschaften von

Goldlochmasken in Metall-Isolator-Metall Absorbern und organischen Solarzellen untersucht.
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Introduction

1 Introduction

The term nanotechnology has attracted tremendous attention during the last decade, not only in
the respective scientific areas but also in public life. Regularly present in mass media,
nanotechnology is often praised for revolutionizing the world as we know it today. Futuristic
images are drawn showing incredible possibilities such as miniaturized machines traveling
through our blood vessels to fight diseases.! Others visualize a lift leaving the earth atmosphere
ascending along cables consisting of carbon nanotubes.?

Although these scenarios remain science-fiction, many applications indeed already entered our
daily life. They range from transistors with features only a few nanometers in size,® quantum
dot emitters enhancing the brightness in liquid crystal displays,* self-cleaning surfaces,®
antibacterial clothing® to light-absorbing particles in sunscreens.’

Nanotechnology is highly interdisciplinary, covering several fields of science including
physics, chemistry, and biology as well as material science and engineering. The criterion
combining these fields under the term nanotechnology is merely the dimension of the structures
that are used. According to the definition of the International Organization for Standardization
(ISO), nanotechnology explores materials with at least one dimension typically, but not
necessarily, being below 100 nm.®

In this size range, the properties of materials can be significantly different from those of the
bulk materials.® The surface to volume ratio drastically increases when decreasing the structure
dimensions, changing, for example, the catalytic properties of a material. Additionally, the
small size leads to an electronic confinement giving rise to strongly size-dependent quantum
effects, which influence properties such as color or conductivity.

A fast progressing subfield within nanotechnology is nanophotonics and more specific
plasmonics. Nanophotonics studies the manipulation of light by objects on the nanometer scale.
With its help, new applications are developed in the fields of microscopy, lighting or lasers.
Plasmonics more specifically studies the interaction of light with nanometer-sized metal
structures. When metal structures of deep-subwavelength dimensions are excited at resonance,
collective oscillations of electrons arise.!® These oscillations result in a substantial absorption
and scattering of the incident light. Consequently, plasmonic structures are already used in
several applications such as plasmonic sensors'**2 or surface enhanced Raman spectroscopy.*3
Furthermore, plasmonic structures are discussed as waveguiding materials for optical circuits

with nanometer-sized features,'* color filtering,*>*° drug-delivery?® or nanometer-sized lasing
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devices.?!2® In optoelectronic devices like photodetectors, light emitting diodes or solar cells
plasmonic structures might increase the conversion efficiency.?*%’

The recent progress in the field of nanotechnology, and plasmonics in particular, is benefitted
by advances in fabrication and characterization techniques with nanometer resolution, which
were mainly driven by the miniaturization in the semiconductor industry. Extraordinary high
control over size, shape, orientation, and arrangement of the nanostructures is vital to achieve
the desired properties.?2?° Applying top-down lithographic approaches like electron beam
lithography, interference lithography or focused-ion-beam milling arbitrary nanostructures can
be deliberately designed with high precision.®>3! At the same time, characterization methods
like transmission electron microscopy or atomic force microscopy have further advanced, now
being able to study matter in the sub-nanometer regime.3?-34

Top-down lithographic methods start from the bulk material, “writing” the desired structure
into the material. However, these techniques suffer from several severe limitations.
Sophisticated equipment is needed for the processes, which often need a high vacuum (electron
beam lithography, focused-ion-beam milling). Moreover, the processes are very time-
consuming and thus hardly scalable, leading to high production costs. Finally, lithographic
processes are still limited in resolution. Thus, alternative techniques for the large-scale, high-
resolution fabrication of nanostructures is still subject to intensive research.

In contrast, solution processed bottom-up approaches could offer a fast, cost-effective and
large-scale production of nanomaterials.®® Bottom-up approaches rely on the fabrication of
structures starting from smaller building blocks such as atoms, molecules or particles. For this,
the building blocks are combined into larger structures using self-assembly or self-organization
strategies exploiting the intrinsic properties of the individual building blocks. Further control
can be achieved using directed self-assembly methods providing a templating structure, which
defines the dimensions of the self-assembled structure.®® Nevertheless, self-assembly methods
still suffer from a lack of reproducibility and precision regarding the structural control and
defect density.

In this work, the fabrication and characterization of photonic and plasmonic surfaces by
colloidal means is described. In the beginning, the theoretical background is summarized,
starting with the principal self-assembly concepts for colloidal particles (chapter 1.1).
Following this, the technique of nanosphere lithography is introduced in chapter 1.2 as a simple
bottom-up approach towards nanostructured surfaces. In chapter 1.3 the fundamentals of

surface plasmon polaritons are briefly covered followed by a brief description of the optics of
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gold nanohole arrays. Chapter 1.4 gives insight into the application of colloids for light
management purposes in optoelectronic devices including dielectric and plasmonic particles as
well as structures prepared by colloidal lithography. On this basis, the main results of this thesis
and its integration into the field of research are reviewed in chapter 2. In this context, the
contribution of all authors is outlined. In the second part of the thesis, the publications are
presented in detail (chapter 3 - 9). Finally, the future perspectives of colloidal self-assembly
strategies for optical devices are discussed.

15
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1.1 Self-Assembly of Colloidal Particles in Two Dimensions

According to the IUPAC definition, colloids are objects dispersed in a medium with at least one
dimension in between 1 nm and 1 um.*" In this size range the interaction forces and dynamics
are ranged in between those of single molecules and macroscopic objects. While still being
subject to Brownian motion, the particles are already affected by gravitational forces, which are
strongly dependent on the size and density of the particles.®® Thus colloidal systems are usually
metastable, and phase separation only takes place on a relatively large time scale. Due to the
complex interaction of forces in this so-called “mesoscale”, colloidal particles can self-
assemble into ordered structures. These have been named “colloidal crystals” because of their
resemblance to atomic crystal structures.

The interactions present in colloidal systems and thus the ability to self-assemble thereby are
highly sensitive towards the size, shape, and uniformity of the dispersed particles. Especially,
an extremely high uniformity is a prerequisite for the preparation of highly ordered colloidal
assemblies. Consequently, a vast variety of synthesis methods has been developed to obtain
highly monodisperse colloids. Polymerization methods including emulsion polymerization,®-
41 dispersion polymerization,*? precipitation polymerization®® or suspension polymerization*
readily yield spherical polymer particles. Analogously, sol-gel synthesis* or particle formation
via the reduction of ionic precursors*® are used to obtain inorganic colloids.

Colloidal crystals are widely used for the preparation of functional surfaces featuring an
immense range of applications. Particle arrays on solid substrates have been used to generate
self-cleaning®*’ or antireflective properties,***° as well as to tune wettability.>* Using
nanosphere lithography, complex nanostructures can be prepared in various materials starting
from self-assembled colloids.>? The possibility to create structures with periodic changes in
refractive index in the wavelength range of visible light fosters unique optical properties like
waveguiding® or photonic band gaps.>** The emergence of photonic band gaps readily results
in structural colors®®*8 and is regularly exploited for sensing applications.>®%° Similarly, regular
arrangements can be used to control the propagation of mechanical waves inside the colloidal
crystal.5%2 Moreover, two-dimensional colloidal crystals can be used to study defect formation

in crystalline structures.5364

The wide range of applications leads to the development of myriads of assembly methods for
two-dimensional colloidal crystals, which are discussed in plenty of reviews.®>%8 As a

straightforward technique for the preparation of large-area monolayers, the dry assembly of
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spherical polymer colloids by rubbing was described.®® However, most assembly methods start
from particles dispersed in a liquid medium. Here, multiple forces are acting simultaneously.
Achieving control over the complex forces interacting thereby is essential for high quality,
defect-free assemblies.

In the bulk phase, colloidal particles are mainly stabilized by Coulomb interactions and steric
stabilization. Coulomb interactions act between charged particles. Owing to their high surface
area, colloidal particles usually are highly charged in polar, liquid media due to ion adsorption
or the dissociation of functional groups. Thus, Coulomb interactions are one of the most
important forces for colloidal systems. For like-charged particles, the electrostatic potential is
repulsive preventing particle agglomeration. Quantitatively, the potential is given by the
Poisson-Boltzmann equation. Analogously to capacitors, the Poisson-Boltzmann equation
describes the electrical potentials of ions accumulated in a double-layer near the surface of the
charged particles.®” Directly derived from the Poisson-Boltzmann equation, the Debye length
provides the length scale of electrostatic repulsion. At a distance from the charged interface
equal to the Debye length, the potential decays to 1/e of the potential at the interface. The Debye
length is inversely proportional to the square root of the ionic strength in the medium.
Therefore, increasing the ionic strength decreases the Debye length and thus the electrostatic
stabilization of the colloid.

Attractive van-der-Waals forces counteract the repulsive forces and favor particle
agglomeration once the particles are in contact. The interplay of electrostatic interactions and
van-der-Waals forces is described by the DLVO theory, a fundamental theory of colloidal
stability (Figure 1.1a).63% In DLVO theory, the net attractive or repulsive potential depending
on the distance between two particles is derived from the sum of electrostatic and van-der-
Waals forces. This results in a global minimum at small interparticle distances and a second
minimum at larger distances resulting from attractive van-der-Waals forces. At intermediate
distances, the electrostatic repulsion dominates. To attain a high degree of order, controlling
the balance of repulsive and attractive interactions is vital. The repulsive interactions at
intermediate distances act as an energy barrier impeding the random aggregation of particles,
stabilizing only the minimum free-energy position with a maximum of adjacent particles, which
is within the (hexagonal) lattice. A more detailed insight into the interaction forces in liquid

systems is given in several articles.36:67:7°

17



Introduction

Upip-bip

1) Immersion force  2) Flotation force

40

Figure 1.1. Forces acting in the colloidal regime. (a) Potential U vs. interparticle distance d plot
of the forces relevant for the DLVO theory: The interaction of repulsive electrostatic forces (V)
and attractive van-der-Waals forces (Uvaw) results in a net force (UpLvo) comprising a global
minimum at small interparticle distances (1), a net repulsion at intermediate distances (I1) and a
minimum at larger distances (111). The Born potential (Ugorn) prevents particle overlapping. (b)
The symmetric dissociation of ionic groups on the surface of particles trapped at the interface
induces a repulsive dipole force. (c) Immersion capillary forces and flotation capillary forces
of particles sitting at the interface. Reproduced from Ref. 35 with permission from The Royal
Society of Chemistry.

The colloidal stability can be further influenced by additional forces. Apart from electrostatic
interactions, colloids can be stabilized sterically by large polymer ligands.”>’?> Moreover, the
addition of dissolved polymers or smaller particles can yield attractive flocculation and
depletion forces.”®™

Especially for larger particles, gravitational forces cause particle sedimentation, which can
result in the formation of colloidal crystals depending on the distinct height of the energy barrier
caused by the repulsive interactions. However, sedimentation generally yields three-
dimensional colloidal crystals.” Electrostatic attraction to an oppositely charged substrate leads
to random sequential adsorption of the particles giving particle monolayers with low surface
coverage and high degree of disorder.”®-"®

External forces such as electrophoretic direct current’® and alternating current® can be applied
to electrical conductive substrates immersed into the particle dispersion to generate ordered
particle monolayers.

Other forces dominate for particles near interfaces. As discovered by Pieranski et al., colloidal
particles are trapped at liquid/gas or liquid/liquid interfaces.8! When trapped at an interface
between media with different polarity, the asymmetric dissociation of ionic groups on the
particle surface provides dipole like charge distributions (Figure 1.1b). As these dipoles are

oriented parallel for all particles at the interface, a repulsive force emerges.
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Moreover, flotation and immersion capillary forces have to be considered (Figure 1.1c).8283
Particles at an interface deform the interface depending on the wettability of the particles. For
large particles, gravitational and buoyancy forces further influence the deformation of the
interface. When the curvature of the meniscus extends into the same direction, the urge to
minimize the free-energy by minimizing the interfacial area of the system results in an attractive
flotation force between two particles. Attractive immersion capillary forces act when particles
are trapped at a solid interface in a liquid film distinctly thinner than the particle diameter.
Immersion capillary can influence even very small colloidal particles. Flotation and immersion
capillary forces thereby are susceptible towards the particle wettability, size, shape, the density
of the particles compared to the density of the liquid media as well as surface modifications of

solid substrates.

Convective assembly is a commonly used method for the production of two-dimensional and
three-dimensional colloidal crystals capitalizing on immersion capillary forces on solid
substrates. On hydrophilic substrates, a thin liquid film is formed at the three-phase-contact
line, and immersion capillary forces drag the particles into the colloidal crystal. Driven by
solvent evaporation in the meniscus region, the particles are convectively transported from the
bulk dispersion to the three-phase-contact line.?

Convective assembly can be observed in drying colloid dispersions drop cast onto hydrophilic
substrates.®* By slowly moving the meniscus across the substrate the colloidal crystal film is
continuously deposited, and the coffee-ring effect is avoided. Experimentally, this can be
realized by vertical® or horizontal® deposition techniques or by confining the dispersion in
wedge-shaped evaporation cells (Figure 1.2).87# Similarly, immersion capillary forces are
exploited in spin-coating based assembly methods.8%% However, spin-coating often results in

small domain sizes and the realization of high quality, defect-free monolayers is challenging.
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A ¥

Figure 1.2. Convective assembly methods. The meniscus is formed by (a) vertically lifting the
substrate out of a particle dispersion or (b) horizontally withdrawing the particle dispersion. (c)
Optical microscopy image of a close-packed particle monolayer growing at the three-phase-
contact line. The meniscus is moving from left to right. The particles are driven to the contact
line by convection. (d) Convective assembly in a wedge-shaped cell. The photograph depicts a
monocrystalline colloidal crystal assembled in a wedge-shaped cell. (c) Reprinted with
permission from Ref. 86. ©2007 American Chemical Society. (d) Reprinted with permission
from Ref. 88. ©2013 American Chemical Society.

In general, high degrees of order can be achieved with interface assisted methods. Here, the
colloidal crystal is generated at a liquid interface and transferred to a solid substrate in a
subsequent step. During the assembly stage, the particles are trapped at the interface and are
subject to a purely lateral motion. The Langmuir-Blodgett method is highly reproducible but
needs sophisticated equipment.®® The particles at the liquid interface are compressed
mechanically by barriers to form a close-packed monolayer. This technique can be supported
by a simultaneous measurement of pressure-area isotherms.

In a more convenient method, the particles are applied directly to the liquid/air interface through
a thin cannula.?®® The cannula tip is positioned in contact with the interface forming a
meniscus. Based on the Marangoni effect, the particles are radially pushed away from the
cannula tip, and a close-packed particle monolayer is growing from the boundaries of the
interface inwards. By carefully controlling the flow rate and spreading of the particle dispersion,
large-area monolayers can be generated very fast.

Likewise, particles can be applied to water/oil interfaces. Thus, attractive capillary forces can
be reduced, and non-close-packed monolayers are obtained.***® By additionally introducing a

curvature to the water/oil interface, Ershov et al. were able to create non-close-packed square
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arrays of colloidal particles.®” However, the transfer of non-close-packed particle arrays from
the water/oil interface to solid substrates is not trivial due to the onset of capillary forces.

Vogel et al. introduced a method for the wafer-scale production of particle monolayers (Figure
1.3a,b).% The aqueous colloidal dispersion, diluted with the same amount of ethanol, is applied
to the water interface via a hydrophilic glass slide immersed in a sodium dodecyl sulfate
solution with a tilt angle of approximately 45 °. Thus, the particle flow into the subphase is
considerably reduced, minimizing defect formation when transferring the monolayer onto solid

substrates. A close-packed particle monolayer is formed directly at the three-phase contact line.

%m \...... g

1

Figure 1.3. Colloidal crystal formation at the water/air interface. (a) Colloidal crystal assembly
by addition of the colloid dispersion via a tilted glass slide. (b) Silicon wafer covered with a
monolayer of 1 um polymer colloids. (c) A substrate with sparsely distributed particles is
prepared by spin-coating of the particle dispersion onto a positively charged substrate. The
colloidal crystal is formed by immersion of the particle coated substrate. (b) Reprinted with
permission from Ref. 98. ©2011 Wiley-VCH.

An alternative method to trap colloidal particles at the water/air interface was developed by
Retsch et al.*® The particles are spin-coated on a cationically functionalized glass slide to form
a layer of sparsely distributed particles (Figure 1.3c). Subsequently, the coated glass slide is
immersed into the subphase. Upon immersion, the particles detach from the glass slide at the
three-phase-contact line and immediately form a close-packed particle monolayer. A small
amount of sodium dodecyl sulfate is added to the subphase to provide an additional force, which

pushes the particles together when detaching from the glass slide. Thus, the assembly via
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flotation or immersion capillary forces is confined to a single particle monolayer, and the
evolution of particle multilayers is avoided. The particle monolayer can then be transferred to
an arbitrary substrate either by draining the subphase or pushing or lifting the substrate through
the floating monolayer. Simultaneously, the dissociation of functional groups on the particle
surface and thus the interparticle repulsion by electrostatic forces can be tuned by adjusting the
pH of the subphase. This drastically influences the quality of the particle monolayer.

Post processing at the water/air interface can further enhance the order of the floating
monolayer. While floating at the interface, defects in the monolayer can be eliminated by
annealing with expansion-compression cycles or ultrasound.*® Similarly, recrystallization was
induced by shear forces generated with a stream of compressed nitrogen. !

Binary colloidal crystals consisting of two different sizes have been prepared with several of
the methods discussed above.®>3 Depending on the size ratio and stoichiometry of the particles,
complex superstructures can be formed.

Substrate-supported, non-hexagonally ordered arrays are not directly accessible with colloidal
self-assembly. Instead, non-hexagonal assemblies can be obtained starting from hexagonal
monolayers on elastomeric substrates. By swelling or stretching the substrate, the particle arrays
can be distorted, and different geometries can be generated.'%?

Finally, topographical or chemical patterning of the substrate allows for the creation of
hierarchical structures with colloidal particles. Topographically patterned substrates are usually
coated via convective assembly methods. When moving across the structure, the meniscus is
pinned to the topographical features, which results in a directed deposition of the colloids.%61%%
105 With feature sizes in the range of single particles, individually separated particles can be
deposited,®1%6-108 (Figure 1.4a) and close-packed or non-close-packed arrays with various
lattice geometries can be prepared.®®1% Feature sizes much larger than the single particle are
usually used to generate superstructures with patches of hexagonal, close-packed
monolayers.% By confining multiple particles in patterns tuned to the lattice period, the lattice

symmetry and orientation can be controlled.1%6:1%7
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Figure 1.4. Particle deposition on patterned substrates. (a) Single particles deposited in
topographical features via capillary assembly. (b) Deposition of single particles and particle
clusters using a contrast in the surface charge by patterning with polyelectrolytes. (c) Patterned,
close-packed colloidal crystal deposited on a substrate with wettability contrast. (a) Reprinted
with permission from Ref. 86. ©2007 American Chemical Society. (b) Reprinted with
permission from Ref. 110. ©2002 Wiley-VCH. (c) Reprinted with permission from Ref. 111.
©2005 American Chemical Society.

Chemical patterning of the substrate can generate surface areas with a contrast in surface charge
or wettability. This contrast is often achieved using polyelectrolytes, silane or thiol
chemistry.!1-113 By structuring the surface charge, the placement of single particles or small
particle clusters is possible via electrostatic attraction (Figure 1.4b).11° Larger domains of
ordered close-packed arrays, however, are not directly accessible due to the strong binding of
the particles to the surface. Thus the particle assembly driven by capillary forces is impeded.**?
On the contrary, introducing a contrast in wettability may result in larger, ordered assemblies
directed to the areas preferably wetted by the particle dispersion (Figure 1.4c).111114

More complex geometries are possible using the directed self-assembly of non-isotropic

particles with engineered binding sites.'!>!16
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1.2 Nanosphere Lithography

Starting from self-assembled colloidal structures, nanosphere lithography or colloidal
lithography presents a simple and cheap alternative to top-down lithographic techniques.
Therefore, since its introduction by van Duyne et al.}1” in 1995, the method evolved rapidly and
has been used to prepare a plethora of different nanostructures,3:°2.65118-122

Van Duyne et al. used hexagonal, close-packed monolayers and double-layers of polystyrene
spheres as a template for metal evaporation.!'” After lift-off of the particle array by dissolving
in dichloromethane, ordered arrays of triangularly shaped nanoparticles as well as round
nanodots remained for the monolayer and double-layer masks, respectively (Figure 1.5a,b).
Soon after, the plasmonic properties of these nanoparticle arrays were investigated with regard
to the dielectric environment?® as well as the size,'?* shape,'? and material*? of the particles.

Kosiorek et al. thermally annealed a polystyrene particle monolayer with microwave pulses

partially closing the interstices of the monolayer. Like this, Co nanodots were fabricated with
127

diameters as small as 30 nm but large interparticle spacings at the same time.

a
Colloidal Crystal Mask A8 "a'

Figure 1.5. Plasmonic particle arrays prepared templated by close-packed colloidal crystals. (a)
Triangularly shaped Ag nanoparticles were prepared by Ag deposition through a monolayer of
polystyrene particles. (b) The Ag deposition through the interstices of a bilayer of polystyrene
spheres results in Ag nanodot arrays. (¢) Split-ring resonators formed by incomplete sample
rotation during gold evaporation. (a,b) Reprinted with permission from Ref. 125. ©2001
American Chemical Society. (c) Reprinted with permission from Ref. 128. ©2009 Wiley-VCH.
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The small apertures prepared by monolayer annealing were also used for the fabrication of
nanorings. For this, a further level of complexity was added by varying the sample angle for
metal evaporation. During evaporation at an angle of 25 °, the sample stage was rotated yielding
Fe nanoring arrays'?°. Similarly, an incomplete sample rotation during evaporation results in

split-ring resonators (Figure 1.5c).1%

An additional parameter is introduced when using non-close-packed monolayers as shadow
masks. Most often, non-close-packed arrays are produced by plasma etching.3%% Starting from
a close-packed monolayer, the particle diameter is reduced depending on the etching time
without changing the interparticle distance.’3%3! Analogously, the particle diameter can be
reduced by shrinking close-packed hydrogel particles®®*? or degrading®*>!3* the polymer shell
of core/shell particles without affecting the order of the colloidal crystal. Alternatively, non-
close-packed particle monolayers are accessible by swelling elastomeric substrates bearing a
close-packed monolayer'® or directly via spin-coating.'*® Metal evaporation onto non-close-
packed particle monolayers readily yields nanohole arrays after lift-off of the particle template
(Figure 1.6a).%’

Line structures and grid structures can be fabricated by multiple, angled deposition and rotating
the sample in between the deposition steps (Figure 1.6b).%8

By combining angled metal evaporation with reactive ion beam etching nanocrescent
arrays'3®1%% and binary nanocrescent arrays'*1% were fabricated (Figure 1.6c). For this, the
metal is deposited through a non-close-packed particle layer at an oblique angle. Then, the
structure is exposed to reactive ion beam etching perpendicular to the substrate removing all
excess metal not shaded by the particle template. Finally, the particle template is removed
revealing the nanocrescents.

A more sophisticated two-step method for the preparation of split-ring resonators'#® or metal
nanodiscs'** is based on hole-mask colloidal lithography (Figure 1.6d). For hole-mask colloidal
lithography, a metal nanohole array is prepared by colloidal lithography on top of a sacrificial
polymer layer. After the polymer layer is selectively etched beneath the holes of the metal film,
the apertures in the metal film are finally used as evaporation mask.4*

Etching colloidal particle multilayers results in anisotropically etched particles as the upper
particle layers act as shadow masks for the underlying layers.}* Thus, various more complex
geometries such as binary particle arrays can be realized. Using a double layer of hexagonal,
close-packed polystyrene spheres as evaporation mask, in which the particles of the second

layer sit in the interstices of the bottom layer, resulted in shuttlecock-shaped particles. *® If the
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second particle layer is rotated with respect to the bottom layer, Moiré patterns emerge, which
were used as evaporation mask in a method coined Moiré nanosphere lithography. 147148

Further, metal evaporation presents a simple method for the fabrication of Janus particles'*® or

150

hollow metal hemispheres.

\* 4 ’ d \ =
Figure 1.6. Metal nanostructures prepared using non-close-packed particle monolayers as a
template. (a) Ag nanohole array prepared by evaporation normal to the surface. (b) Grid
structures are accessible via angled metal evaporation. (c) Nanocrescent arrays can be prepared
by angled metal evaporation and subsequent reactive ion beam etching normal to the surface.
(d) Split-ring resonators produced by hole-mask colloidal lithography. The inset shows a
schematic of the fabrication. The sample is rotated during evaporation of metal through a
nanohole template. (a) Reprinted with permission from Ref. 137. ©2009 American Chemical
Society. (b) Reprinted with permission from Ref. 138. ©2007 American Chemical Society. (c)
Reprinted with permission from Ref. 139. ©2009 Wiley-VCH. (d) Reprinted with permission
from Ref. 143. ©2012 American Chemical Society.

As an alternative to metal evaporation, which requires high vacuum, metal can be deposited by
electroless plating. Here, the metal film is formed in a wet chemical process by reduction of
ionic metal precursors in solution. Controlling the nucleation is vital to achieve smooth films
and impede secondary nucleation yielding metal particles. Gold nanohole arrays*®**>?, as well
as nanoring arrays'®® made of platinum, gold, and copper, have been prepared using electroless

plating and colloidal crystals as templates.
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Electrochemical deposition can be used to fabricate gold hole arrays®™ as well as hollow
particles made of ZnO**® or Ag.*® For this, however, a conductive substrate is needed.

Silver honeycomb meshes were prepared by coating a close-packed monolayer of polystyrene
particles using ink bar coating and a commercial silver ink followed by thermal annealing and
lift-off of the particle template.™’

Nanobowl arrays were fabricated wusing atomic layer deposition of TiO,,®
electropolymerization,'®® or the infiltration of a colloidal monolayer with WO3 precursors.*®
The infiltration of three-dimensional colloidal crystals results in a material class called inverse
opals. However, inverse opals are a research field on its own and will not be covered here. 1%
163 Nevertheless, a two-dimensional inverse opal can be prepared by infiltration of a colloidal

monolayer.'64

Furthermore, colloidal monolayers can be used as a shadow mask to etch the structure into the
substrate itself. Nanowires were etched into a silicon substrate through non-close-packed
particle monolayers by SFs'® or chlorine® reactive ion etching (Figure 1.7a). Analogously,
“candle stands” were etched into a gallium antimonide substrate with chlorine reactive ion
etching.®® Nanotriangles prepared by colloidal lithography were used as an etching mask to
obtain Si nanopillars.'®” Moreover, colloidal monolayers can be employed for the preparation
of etching masks to pattern thin polymer films.*%® Nanodiscs composed of Co/Pt alloy were
created using perpendicular reactive ion beam etching of a thin Co/Pt film shaded by non-close-

packed particle monolayers.6°

Figure 1.7. Patterned substrates via colloidal lithography. (a) Silicon nanowires were fabricated
via SFe reactive ion etching through a non-closed-packed particle monolayer. (b) Nanovolcanos
were prepared by metal evaporation onto photoresist nanocones and subsequent removal of the
resist. The nanocones were prepared via reactive ion etching through a close-packed colloidal
crystal. (c) Anisotropic silicon etching through a chromium nanohole array yields inverted
nanopyramid arrays, which can be replicated into metal films by template-stripping. (a)
Reprinted with permission from Ref. 165. ©2010 American Chemical Society. (b) Reprinted
with permission from Ref. 170. ©2013 Wiley-VCH. (c) Reprinted with permission from Ref.
171. ©2007 American Chemical Society.
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Ai et al. etched nanocones into a photoresist layer using a close-packed monolayer of
polystyrene spheres as a template (Figure 1.7b). Subsequent metal deposition and particle lift-

off resulted in an array of nanovolcanos.!”®

Anisotropic silicon etching was used by Sun et al. to fabricate periodic arrays of metal
nanopyramids (Figure 1.7c). During the wet etching of the silicon substrate, the KOH
preferentially etches the <100> plane of silicon. To obtain the array of nanopyramids, a non-
close-packed monolayer of silica particles was prepared by spin-coating and used as a template
for the deposition of a chromium mask. The resulting chromium nanohole array then acted as
an etching mask defining the size and spacing of the inverted nanopyramids. After removing
the chromium, a metal film was deposited and finally template-stripped yielding the metal
nanopyramids.t’*

When depositing the metal layer without previously removing the chromium mask, free-

standing metal nanopyramids can be produced.!"

Nanopillars can also be prepared by directed growth techniques. Hexagonally shaped, single
crystalline ZnO pillars were grown from solution on zinc foils using a colloidal monolayer
template.1”® Thereby, the pillars grew in the interstices of a monolayer of polystyrene spheres
itself or in the unmasked area of the inverted hole structure.

Amorphous TiO, was deposited by pulsed laser deposition by Li et al.1”* Upon annealing, the
amorphous TiO> crystallized into polycrystalline anatase TiO2 nanopillars.

Au nanoparticle arrays prepared by colloidal lithography were used to grow vertically aligned
silicon'™ and ZnO"¢-178 nanopillars by vapor-liquid-solid mechanisms with several techniques.

Similarly, Ni catalyst arrays can be used to grow periodic carbon nanotube arrays.179-18

Recently, colloidal monolayers were used as templates not only on solid substrates but directly
at the liquid/gas interface. By chemical polymerization of aniline or pyrrole in the presence of
a floating particle monolayer, nanobowls of conducting polymers were fabricated.’®? Ag
nanobowls'® and Ag.S nanonets!* were prepared via interface reactions with reactive gas and
metal precursors dissolved in the liquid phase. Ye et al. obtained ZnS nanobowl arrays by
floating a colloidal monolayer on a precursor solution. The decomposition of the precursors
was then triggered by temperature.'®® Similarly, Sun et al. trapped a monolayer of polystyrene
spheres at the liquid/air interface above a solution of HAuCls and Na>SOs. The irradiation with

UV light then induced the formation of Au hollow sphere arrays.&
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A three-dimensional gold nanohole array was created by Ai et al. using a close-packed
monolayer of polystyrene spheres.'®” After gold deposition, the gold hemispheres were partially
embedded in P4VP to selectively etch the exposed top layer using a commercial gold etching
solution. After removing the P4VP layer and the particle template by dissolution in ethanol and
toluene, respectively, the three-dimensional gold nanohole array remained.

Colloidal monolayers have also been used for evaporation induced self-assembly. CdSe

188 189 \were driven into the interstices between the substrate

quantumdots*® or carbon nanotubes
and the colloidal particles by capillary forces, thus creating nanoring arrays.

Finally, self-assembled polymer spheres containing metal particles were converted into ordered
arrays of metallic nanoparticles by plasma combustion of the organic content followed by

thermal annealing.*®°

Altogether, colloidal lithography offers the possibility to prepare a tremendous variety of
nanostructures relying on colloidal building blocks. Most prominently, nanosphere lithography
is used to transfer the structures obtained by colloidal self-assembly into metallic surfaces. Due
to the possibility to create structures with a feature size smaller than the wavelength of visible
light, these structures feature exceptional plasmonic properties in this wavelength range.1!8:1
Thus, nanosphere lithography has been exploited to produce nanostructures for sensing,1&19
surface enhanced fluorescence,'®® and Raman spectroscopy.'®

Moreover, plasmonic nanostructures are discussed to enhance the power conversion efficiency
in light emitting diodes'®*1% and solar cells?*2"1% pecause of their ability to confine light in
deep subwavelength volumes.t®’ Colloidal lithography also features a simple approach towards
metamaterials.}?813%1% The fascinating plasmonic properties of nanostructured metallic

surfaces are described in the following chapter.

29



Introduction

1.3 Surface Plasmon Polaritons
1.3.1 The Drude Theory of Metals

As already mentioned, plasmons are collective oscillations of electrons in a solid. Three types
of plasmons can be distinguished: Bulk plasmons are longitudinal electron density oscillations
in the bulk material. Surface plasmon polaritons (SPP) are two-dimensional, transverse
oscillations of electrons bound to a metal/dielectric interface. Localized surface plasmon (LSP)
resonances are in-phase oscillations of electrons in deep-subwavelength-scale particles.

In general, a high density of free electrons is needed in a material to excite these oscillations.

Thus, although also found in metal oxides'®® and organic materials®®

plasmons are mainly
observed in metals. This chapter focuses on the fundamental properties of metals and their
connected ability to support surface plasmon polaritons.

The most apparent macroscopic properties of metals are their conductivity and their high
reflectivity. Both can be well described, though simplified, on a microscopic level by the Drude
theory, which was proposed by Paul Drude around 1900.%°! In the Drude theory, metals are
described as compounds consisting of positively charged ions and much smaller, negatively
charged electrons. In contrast to the heavy ions, which are assumed immobile, the electrons are

considered to be delocalized, forming a freely floating “electron gas” within the matter. When
an electric field E is applied, these electrons follow the field. Otherwise, based on the kinetic
gas theory, the electrons are regarded to be moving in a constant, random motion and electron-
electron interactions are neglected. However, collisions of electrons with the positively charged
ions lead to changes in the direction and velocity of the electrons, which is described by a

damping factor

y = 1.1

; )
with 7 being the average time between two collisions.?% Following these assumptions, the time-

dependent motion equation of an electron in an electric field E equals to

—eE(t) = m¥ + myx, 1.2

with e and m being the charge and mass of an electron, t being the time and x being the

displacement. Applying an oscillating electric field

E(t) = Eje™*t, 1.3
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with an amplitude EO and the angular frequency w the displacement of the electron can be

expressed as

E@®. 1.4

For a linear, isotropic medium i, the relation between the macroscopic polarization P and the

electric field is given by

B(t) = —Ne&(t) = (g, — DeoE (0), 15

with the number density of charge carriers N, the vacuum permittivity &, and the relative
permittivity of the medium ¢;. This directly yields the dielectric function of metals with the

plasma frequency wp:

Ne? wp?
g=1— —— P — 1.6
gom(w? + iyw) (w? + iyw)
N 2
wp? = —— 17
Em
The dielectric function can be separated into its real part and its imaginary part:
Si((l)) = ei'(a)) + igi,,((i)) 1.8
wp?t?
ei, = 1 —_— —P 1.9
(14 w?t?)
2
o __ort 1.10

q= w(1+ w?t?)

In Figure 1.8 the wavelength dependent real and imaginary part of the dielectric function of
gold is depicted. The real part changes its sign at the plasma frequency. The plasma frequency
is the eigenfrequency of the bulk plasmon, which is a longitudinal, collective oscillation of the
electron gas within its volume. Below the plasma frequency, the real part becomes negative,
connected to a very high imaginary part. This is reflected in a high reflectivity of the metal as
the electrons respond to an external electric field. Above the plasma frequency, however, the
real permittivity of the metal is positive, and the oscillations of an electromagnetic wave are too

fast for the electrons to follow. Thus, the metal becomes transparent above its plasma frequency.
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For real metals, the plasma frequency is usually located in the ultraviolet region. In this region,
interband transitions occur, which are not considered in the Drude theory.
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Figure 1.8. Real and imaginary part of the dielectric function of gold calculated by the Drude
model. The values of T = 7 * 107 15s and wp = 1.22 * 106 %were adapted from Ref. 203.

1.3.2 Bound Electromagnetic Waves

In modern physics, the interaction of light and matter is described by Maxwell’s equations,
which form the fundament of classical electromagnetism. Maxwell’s equations explain how
charges and currents evoke electric and magnetic fields, respectively. Furthermore, the
interaction between electric and magnetic fields can be explained as well as their spatial- and
time-dependent evolution.

The interaction of an electromagnetic wave with a metal/dielectric interface can be derived from
the macroscopic Maxwell’s equations, which involve matter given by macroscopic parameters:
the relative permittivity &; and the relative permeability u;.2°? Additionally, free and bound
charges and currents are taken into account by using the electric displacement field D and the
magnetizing field H. In a linear, isotropic medium, these values are connected to the electric

field E and the magnetic field B by the following expressions:

B = 60F 111
§ = Mi#oH 1.12
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Implying only harmonic oscillations, a time-independent form of Maxwell’s equations can be

used:
V-D = ps 1.13
V-B=0 1.14
VXE = —iwB = —iwuuoH 1.15
VxH =]} +iwD = oF + iwsieoﬁ 1.16

py equals the density of free charges, o is the conductivity, and ]} is the free current density.

For electromagnetic waves, free charge carriers can be neglected (p = 0, ff =0,0=0).

Thus, Maxwell’s equations simplify to

V-D=0 1.17
V-B=0 1.18
VxE= —iw,uiyoﬁ 1.19
VxH= iweieoﬁ. 1.20

Figure 1.9. Scheme of an interface between two half-spaces of materials i with relative
permittivities &; and relative permeabilities y;.

For the description of surface waves, Maxwell’s equations are solved for an interface between
two half-spaces with relative permittivities &; and relative permeabilities u; (Figure 1.9). By

implying that neither the geometry nor the fields changes in y direction, it follows that:
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— =0 1.21

Thus, the curl equations (equations 1.19 and 1.20) can be split into an equation system:

e ) 1.23
—% = lwegokE, 1.24
aafix 3 aailcz = —iwpoE, 1.95
- % = iwe;eH, 1.26
_66% = lwegggH, 1.27

In the following, only the TM-mode (equations 1.22 - 1.24) is considered with the electric field
aligned perpendicular to the interface. Moreover, the propagation constant £ is introduced, with

0E, J0H

=i 1.28 and Y 1.29

oz~ PEx oz~ Pl

which leads to
0E
IPE, — (’)_xz = —lwpugH, 1.30
—ifH, = iwe;gE, 1.31
0H

__axy = iwe;yE,. 1.32

A surface wave, which is bound to the interface, has to decay exponentially in x-direction with
the decay constant k;, while being periodic in z-direction. Therefore, the following solution can

be assumed:

. E.; .
Ei(z) = [E"'f] e KilxlgiBz 1.33
Z,l
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Hi(2) = Hy,ie"‘”x'eiﬁz 1.34

Introducing this possible solution results in the following equation systems for the two

respective media:

iBEx1 + K1Ez 1 = —lwupoH,y 4 1.35
—ipH, 1 = iwe €gEyy 1.36
—K1H, 1 = lwg &E, 1.37

IBEy, + KB, = —lwpiyligH,, , 1.38
—ifH,; = iwe&0Ey ; 1.39
—KoHy 5 = lweyeoE, 1.40

Solving these equation systems directly yields the dispersion relation of a surface wave, with

k, being the free space wavevector in vacuum:

kozl,ligi = ﬁz - Kl'z 141

Moreover, at the interface, the tangential components of the electric and magnetic fields have
to be continuous across the interface:

EZ,l = EZ,Z 1.42 and Hy,l = Hy,Z 1.43

This gives the existence condition for surface plasmon polaritons:

K,

£, = —¢ 1.44

1 Ky
For surface waves, the decay constants have to be positive values. Thus, the dielectric constants
have to have opposite signs, which is only possible when using a metal below its plasma
frequency for one of the materials.

Combining equations 1.41 and 1.44, and assuming non-magnetic media (y; = 1) the dispersion

relation of surface plasmon polaritons can be expressed as:

B =k, |12 1.45
& t+&
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As one of the materials has to be a metal, the permittivity &, can be approximated using the

Drude theory. For a very small damping term y the dielectric function can be reduced to

= . 1.46

The surface plasma frequency wgp is obtained when inserting the dielectric function into the

dispersion relation (equation 1.45) and assuming w = wsp, kg = wgp/c, and f — oo:

Wep =
SP \/Tgl 1.47

The received dispersion relation for surface plasmon polaritons is depicted in Figure 1.10. At

low frequencies, the SPP nearly behaves like free-space electromagnetic waves. For high
frequencies, it approaches wgp. Above the plasma frequency, the dispersion of the bulk plasmon
is visible. Over the whole frequency range, however, the SPP dispersion is below the dispersion

of the free photons.

k,=w/c:n,,
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Figure 1.10. Dispersion relation of a surface plasmon at the gold/air interface. The dashed lines
denote the plasma frequency wp and the surface plasma frequency wgp of gold, the solid black
line the momentum of the free photon in air. The arrow indicates the momentum mismatch
between the surface plasmon polariton and the free photon.

As shown in Figure 1.10, the dispersion of the surface plasmon polariton does not cross the
light line of a free-space photon. Therefore, independent of the incident frequency, the SPP
cannot be excited due to a momentum mismatch. To still be able to excite SPPs, this momentum

mismatch, which is denoted by the arrow in Figure 1.10, has to be overcome. The missing
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momentum can be provided by using high index dielectric materials. In the Kretschmann and
Otto configuration, the total internal reflection in high index prisms is used. When the prism is
close enough to the metal surface, the evanescent wave caused by the total internal reflection
can excite a surface plasmon polariton. For a given frequency, the momentum is then matched
by tuning the angle of incidence.

Alternatively, the momentum mismatch can be compensated by introducing a periodic
corrugation of the metal/dielectric interface. According to the grating equation, the grating

provides an additional momentum, equal to a multiple integer m of the reciprocal lattice vector

K, which adds to the in-plane component k,. of the incident light (Figure 1.11).2% This directly

yields the excitation condition for surface plasmon polaritons using a grating coupler:

B =k, +mK =ky*n, *sin6® +mk 1.48

ny =& refractive index of the dielectric

Figure 1.11. Coupling of a surface plasmon polariton with incident light via a metal grating
with period P.

The period of the grating thereby has to be in the order of the wavelength of the incident light.
Therefore, a metal surface has to be patterned with sub-micron resolution to allow for the

excitation of surface plasmon polaritons in the visible spectrum.
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1.3.3 Nanohole Arrays

Metal nanohole arrays or nanomeshes present a prevalent example for nanostructured materials
that support surface plasmon polaritons. These structures have attracted much interest since the
discovery of their extraordinary optical transmission.?%® For infinitely thin metal films, Bethe
theoretically derived a simple correlation between the transmission efficiency and the radius r
of the holes, in which the transmission efficiency scales with (r/A)*.2% Thus, the transmittance
is expected to decay exponentially as soon as the radius of the hole is smaller than the
wavelength of interest. However, this assumption did not hold for optical thick metal layers
perforated with subwavelength holes. For both, single apertures and subwavelength hole arrays,
a transmittance maximum was observed that was much higher than predicted by Bethe’s law.2%’
This phenomenon was assigned to the excitation of surface plasmons.?%-?1% The incident light
excites the surface plasmon, which then tunnels the energy through the holes to the surface
plasmon confined to the other metal/dielectric interface.?!! There, the energy is re-emitted again
by coupling back to the free wave.

Metal nanohole arrays have been prepared by various methods. Electron beam lithography or
focused ion beam milling (FIB) are often used as they give nanohole arrays with arbitrary
symmetries and without lattice defects, nevertheless with the aforementioned drawbacks of low
throughput and small sample sizes.?®?!2 |nstead, nanoimprint lithography can be applied to
fabricate large areas.?!3214

An elegant method to produce large-scale nanohole arrays without sophisticated equipment is
based on nanosphere lithography (Figure 1.12). The preparation of nanohole arrays via
nanosphere lithography starts from close-packed polymer particle monolayers, which are
obtained from arbitrary self-assembly strategies (Figure 1.12a). For hard spheres, such as
polystyrene particles, the particles are then etched using reactive ion etching, which allows for
a precise tuning of the particle diameter (Figure 1.12b). Subsequently, the desired metal can be
deposited by thermal evaporation (Figure 1.12c). The optical properties of these metal coated
particle arrays already resemble those of nanohole arrays as their spectral properties are
governed by the underlying lattice.?*> Finally, the particle template is removed using adhesive
tape and ultrasonication, leaving behind the nanohole array (Figure 1.12d). Whereas the hole
diameter d is given by the etching time, the period P of the received nanohole array is solely

defined by the initial diameter do of the polymer spheres.
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Figure 1.12. Fabrication of nanohole arrays by nanosphere lithography. (a) Side-view scanning
electron microscopy image of a hexagonal, close-packed monolayer of polystyrene particles.
(b) Non-close-packed monolayer after plasma etching. (¢) 100 nm gold deposited onto non-
close-packed particle monolayer by thermal evaporation. (d) Gold nanohole array.

However, in contrast to top-down lithographic methods, nanosphere lithography typically
yields multi-crystalline monolayers, with domains of different crystal orientation, and includes
lattice defects. Furthermore, the tunability of the hole size is bound to the array period. Hole
diameters much smaller than 60 % of the initial particle diameter are hardly accessible, as the
particles lose their shape after prolonged plasma treatment.’*°2!® Moreover, nanosphere
lithography is usually confined to a hexagonal symmetry.

Nevertheless, nanosphere lithography is a widespread technique for the lab-scale production of
nanohole arrays due to its simplicity. The tunability of the spectral properties of nanohole arrays
alongside with their dimensions makes metal nanohole arrays an ideal system for fundamental
research in the fields of sensing applications,?*2%!7 color filters,'>1"18218 metamaterials,?!’ and
transparent electrodes.?*°

As metal nanohole arrays are also two-dimensional gratings, they can provide the momentum

that is necessary to excite SPP modes. Figure 1.13 shows the denotation of the direct lattice

vectors i and j for a hexagonal array. The reciprocal lattice vector K for this lattice can be written

as
. 2
K=|K|= AN EET ST 1.49
\/§/2p '

(-1.0)

Figure 1.13. Definition of the direct lattice vectors.
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Combined with the excitation condition for SPPs in grating couplers (equation 1.48) and the
dispersion relation of SPPs (equation 1.45), this yields an expression for the SPP resonance

wavelengths A, at normal incidence:

1 P £1&;

- *

o, &1 & 1.50
3@+ +j%)

For non-normal illumination, an additional term for the angle of incidence ® is added:?%°

A F ’ a2 in ®
0= * nq * Sin 1.51
& te
\/% (i2+ij+j%) e

These equations, however, do not consider the metal thickness or the influence of the holes on

the permittivity and thus have to be regarded as a rough approximation.??* It can be seen, that
multiple diffraction orders (i,j) exist, which propagate in distinct directions, defined by the
symmetry of the lattice. Some of these diffraction orders are degenerated at normal incidence
and can be separated by increasing the angle of incidence, which results in a rich plasmonic
behavior (Figure 1.14).

In experiments, usually two sets of resonances appear because the metal nanohole arrays are
typically prepared on solid substrates and the dielectric constant &; of the medium in contact
with the metal film is different on either side.?!® Therefore, one can allocate the resonances to
the respective metal/dielectric interfaces as denoted in Figure 1.14a. Higher diffraction orders
(i,)) are expected at shorter wavelengths but are not visible in the present spectra. At
wavelengths shorter than the onset of interband transitions at approximately 516 nm for gold,
no SPP is observed due to strong damping.???

In Figure 1.14b, the transmittance, reflectance, and absorption of the gold nanohole array are
given for an angle of incidence of 6 °. The SPP resonance of gold nanohole arrays prepared by
nanosphere lithography is characterized by a rather weak and broad absorption, which in
transmittance measurements expresses itself as a minimum in transmittance followed by a
transmittance maximum. Concomitantly, the reflectance spectrum shows a nearly mirrored
trace with a reflectance maximum followed by a minimum. Due to this asymmetry, the line
shape can be described as a Fano resonance, in which constructive and destructive interference
between a continuum state and a discrete state lead to an asymmetric resonance.??® For metal
nanohole arrays, the coupling of directly transmitted light or hole LSP resonances with the SPP

resonances is proposed to cause this interference.??4?% Alternatively, Sannomiya et al. assigned
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the transmittance maxima to LSP resonances of the holes and the transmittance minima to the
SPP resonances.??® This is substantiated experimentally by large spectral shifts of the
transmittance maximum when the shape of the holes is altered without changing the lattice
period.??’
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Figure 1.14. Optical properties of a gold nanohole array with P =570 nm. (a) Angle-resolved
UV-vis spectroscopy. The solid and dashed lines indicate the theoretical values for the SPP
resonances confined to the Au/glass and Au/air interface according to equation 1.51. The colors
denote the transmittance in percent. (b) Transmittance, reflectance and absorption spectra at an
angle of incidence of 6 °.

In Figure 1.15 the influence of the geometrical parameters on the transmittance spectra of gold
nanohole arrays is illustrated. Increasing the lattice period P leads to a strong shift of the
resonances towards longer wavelengths (Figure 1.15a). Thus, by adjusting the lattice period,
the resonances can be easily tuned across the whole visible and near-infrared (NIR) spectral
range.

The effect of the hole size is depicted in Figure 1.15b. For large d/do ratios (equivalent to
short etching times during fabrication) isolated, triangularly shaped nanoparticles are
obtained, which show one reflectance dip in the NIR region associated with the LSP resonances
of the particles. Increasing the etching time first results in larger nanoparticles and a shift of
the resonance wavelength to longer wavelengths.'?* When further decreasing the d/do ratio, the
interstices between the nanoparticles vanish, and the particles fuse to larger structures.
Once a continuous gold film is formed, the optical properties change drastically. This sharp
transition upon closing the interparticle gaps was thoroughly addressed by several
groups.t98228.22% Eor continuous nanohole arrays, the hole diameter has only little influence on
the resonance wavelength. Instead, the thickness of the gold layer has a much higher influence
on the spectral properties. Equation 1.51 is only valid for thick metal films (> 50 nm), in which

the SPP resonances of the two interfaces are not coupled. In thin metal films, the SPP modes
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on the different interfaces of the film are strongly coupled. This coupling results in the evolution
of two new modes, a symmetric mode at lower energy and an anti-symmetric mode at higher
energy than the SPP mode in the uncoupled case.?*1220231 While the low-energy mode broadens,
the high-energy mode is very sharp and shows an unusually long propagation length. Thus, the
low-energy and high-energy modes are also denoted as short-range and long-range SPP modes,
respectively.?®2 Indeed, for thinner gold layers the resonances increasingly broaden and shift to
longer wavelengths (Figure 1.15c). These resonances thus correspond to the low-energy mode.

The high-energy modes are not visible in the spectra.?®
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Figure 1.15. Correlation of geometrical parameters and optical response of gold nanohole
arrays. (a) Transmittance spectra of nanohole arrays with a thickness of ta, = 100 nm and
varying periods. The hole diameters are adjusted to a d/dp ratio of 0.7. (b) Transmittance spectra
of nanohole arrays with ta, = 100 nm, P =570 nm, and varying hole diameters. The numbers
represent different d/do ratios. (c) Transmittance spectra of nanohole arrays with P =570 nm,
d/do = 0.7 and varying film thicknesses.

As the SPP resonances are highly sensitive towards the surrounding refractive index, metal
nanohole arrays have been employed for molecular sensing devices.??® According to
equation 1.51, the resonances shift to longer wavelengths with increasing refractive index of
the adjacent medium. For thick metal films (> 50 nm), the resonances bound to the interfaces

on either side of the film can be tuned independently as shown in Figure 1.16.2'?
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Figure 1.16. Influence of the surrounding medium. (a) Comparison of the transmittance spectra
of gold nanohole arrays (tau =100 nm, P =570 nm, d/do ratio of 0.7) on substrates with
different refractive index (ngiass = 1.54; nzno = 1.9). (b) Comparison of the transmittance

spectra of gold nanohole arrays (tau = 100 nm, P =570 nm, d/do ratio of 0.7) on glass covered
with air (nair ® 1.00) or 30 nm PMMA (npmma = 1.48).
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1.4 Colloidal Light Management in Thin-Film Photovoltaics

The term “thin-film photovoltaics” summarizes several new types of solar cells and is primarily
based on the production process of the solar cells rather than the materials used, as the absorbing
layer can be organic or inorganic. Typical inorganic materials, which are commercially used in
thin-film solar cells, are cadmium telluride (CdTe), copper indium gallium diselenide (CIGS)
or amorphous silicon (a-Si).?** Apart from that, organic and hybrid materials are still part of
ongoing research such as polymer solar cells, perovskite solar cells or dye-sensitized solar
cells.?%>23" Thin-film solar cells are prepared by coating processes like printing or vacuum
deposition and rely on extremely thin layers of the photoactive material, with a thickness of
usually below one micrometer. This allows for a cheaper production and a shorter energy
payback time compared conventional solar cells made of crystalline silicon, which are very
costly, especially regarding the high energy needs in production. Moreover, thin-film solar cells
can be prepared on flexible substrates or curved surfaces, making them attractive for mobile
and integrated applications.?*® Furthermore, the cells are very efficient at weak (diffuse) light
conditions.

However, the thickness of the absorbing layer is limited not only because of the coating
processes but also due to the limited exciton diffusion length and low charge carrier mobility
in these materials. Commercial, crystalline silicon solar cells use light harvesting layers with a
thickness of up 200 um to ensure a complete absorption of the incident light above the bandgap.
In thin-film solar cells, the absorber thickness is often not sufficient for an efficient absorption
of the incident light. Thus, semiconductor materials with high absorption coefficients are
needed. One promising candidate is perovskite, which exhibits high charge carrier mobilities
and an absorption near unity within its bandgap for only 400 nm thick films.252%

Apart from new absorber materials, light management is used in state-of-the-art solar cells to
optimize the absorption within the light-harvesting layer. For this, the cell structures are
modified by introducing antireflective coatings, waveguiding structures, structured back-
electrodes, microlens arrays or microcavity structures.'%6240-245 \\et-chemically prepared
colloidal structures can be a very cheap and simple way to realize light management concepts
and thus to overcome the inefficient light absorption in thin-film solar cells.?*% Here, the
colloids are not implemented to allow for the solution-processability of the photoactive layers
or electrodes but to enhance the efficiency of the devices.?46-25!

Colloidal particles have been introduced at various positions in thin-film solar cells. Dielectric

particles can act as antireflective coatings when placed at the glass/air interface on top of the
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transparent electrode (Figure 1.17a).2522% Analogously, metal nanoparticles can scatter light
into a higher-index substrate and have been used as antireflective coating on top of a thin-film

silicon solar cell,254-2%6
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Figure 1.17. Light management in thin-film solar cells with colloidal particles. (a)
Antireflective coating based on mesoporous silica nanoparticles. (b) SiO2/Ag/SiO:
core/shell/shell particles as back-scatterers on top of the absorber layer of a dye-sensitized solar
cell. (c) Ag/SiO:z core/shell particles placed in the hole-transport layer and the active layer of
polymer solar cells as light-scattering centers. (d) Monolayer of SiO2 spheres assembled on the
transparent electrode of an amorphous silicon thin-film solar cell for light incoupling into the
photoactive layer. (a) Reprinted with permission from Ref. 253. ©2012 American Chemical
Society. (b) Reprinted with permission from Ref. 257. ©2016 American Chemical Society. (c)
Reprinted with permission from Ref. 258. ©2013 American Chemical Society. (d) Reprinted
with permission from Ref. 259. ©2013 Wiley-VCH.

Moreover, metal nanoparticles have been incorporated into the active layer or the charge
transport layer. The impact of metal particles and the exact mechanisms leading to enhanced
efficiencies are complex and hard to distinguish. Metal nanoparticles show strong absorption
peaks at the LSP resonance and concomitantly exhibit very high scattering cross-sections.
Usually, the noble metals gold or silver are used due to the overlap of their LSP resonances
with the solar spectrum and their relatively low absorption losses. In many cases, the enhanced

efficiency is assigned to scattering of the incident light at the particles and thus a longer path
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length of the photons in the absorber resulting in a higher absorption probability. This typically
results in an increased short-circuit current density of the devices.?6%26

The balance between absorption and scattering can be adjusted by tuning the size and shape of
the particles.?* Baek et al. introduced silver nanoparticles of distinct sizes into the hole
conducting layer near the ITO electrode.?®® The optimum efficiency was found for particles
with a diameter of 67 nm, which showed the highest ratio of forward scattered power. Particles
with more corners were found to exhibit stronger scattering and thus a higher efficiency
enhancement when mixed into the hole transport layer or the active layer.262263

When placed near the back-electrode, metal nanoparticles can efficiently scatter light that is
transmitted through the active layer back into the absorber (Figure 1.17b).2642% Dabirian et al.
placed wavelength-scale SiO2/Ag/SiO> core/shell/shell particles on top of the mesoporous layer
in a dye-sensitized solar cell. The particles efficiently scattered the transmitted light and
significantly improved the short-circuit current density of the devices.?®’

Scattering was also identified as the primary mechanism for enhanced efficiencies in solar cells
with particles introduced into or near the active layer.?®* Choi et al. additionally ascribed the
increase in efficiency to a contribution of the enhanced electric near-field. Therefore, silver
nanoparticles placed in the active layer outperformed particles in the hole conducting layer due
to the shorter distance between the particles and the active layer (Figure 1.17¢).2°® The increased
absorption spectrally coincides with the LSP resonances of the particles. Thus, by incorporating
both, silver and gold nanoparticles, the absorption can be enhanced in a broader absorption
region.?® A broader absorption enhancement can also be reached by using metal nanoparticle
clusters.?672%8 Moreover, the impact of metal nanoparticles on the electrical device properties
has been studied. A passivation with a dielectric shell is often used to prevent exciton quenching
and charge recombination at the metal surface.?58269270 However, the shell has to be thin enough
for the electric field induced by the metal core to protrude into the active layer.?’* Furthermore,
metal nanoparticles mixed into the active layer or the charge transport layers have been
discussed to enhance the exciton dissociation as well as the hole transport properties.266.272273
While the open circuit voltage is usually not affected by the integration of metal nanoparticles,
this results in a slightly increased fill factor.

In order to obtain reproducible and controllable devices, self-assembled structures can be used
for a higher control over the particle density and distribution.?’* Besides, particle arrays can
evoke collective coupling effects, which can prove beneficial in thin-film solar cells.?*% For
example, a monolayer of dielectric spheres on top of a thin-film amorphous silicon solar cell

can enhance the efficiency of the device by coupling light into the absorber by Fabry-Pérot
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resonances and resonant photonic crystal modes (Figure 1.17d).2°® Moreover, this coupling

mechanism is mostly insensitive towards the angle of incidence.

Instead of directly introducing particles into the solar cells, colloids can also act as a template
structure. By evaporating metal though a close-packed monolayer of polymer spheres, highly
uniform metal nanoparticle arrays were fabricated on the ITO electrode of bulk-heterojunction
polymer solar cells (Figure 1.18a).2°2'% In both examples from literature, the device absorption
and thus the short-circuit current density was increased around the LSP resonance of the

particles.
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Figure 1.18. Light management structures in thin-film solar cells fabricated by colloidal
lithography. (a) Nanopyramid array on the transparent ITO electrode for near-field
enhancement in the active layer. (b) Colloidal quantum dot solar cell prepared on a nanohole
patterned glass substrate. (c) Silicon nanoshell absorber fabricated by chemical vapor
deposition of silicon onto colloidal silica spheres. (d) Gold nanohole array integrated as
transparent electrode in a polymer solar cell. (a) Reprinted with permission from Ref. 276.
©2012 American Chemical Society. (b) Reprinted with permission from Ref. 277. ©2013
Nature Publishing Group. (c) Reprinted with permission from Ref. 278. ©2012 Nature
Publishing Group. (d) Reprinted with permission from Ref. 279. ©2012 AIP Publishing LLC.

Furthermore, colloidal lithography can be applied to pattern specific elements of the device
such as the front- or back-electrode or the substrate. Colloidal monolayers of silica or polymer
particles have been applied to etch the glass substrate?®®?8! or the active material 8228 The
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resulting nanocone or nanopillar arrays exhibit highly efficient antireflective properties over a
broad range of incident angles.

Alternatively, Li et al. used a close-packed monolayer of polystyrene spheres to create an array
of TiO2 nanopyramids on top of a thin-film quantum-well solar cell.?® The array acted as a
gradient refractive index antireflective coating and scattered light into guided modes within the
semiconductor.

Thin-film silicon solar cells have also been prepared on nanohole structured glass substrates
(Figure 1.18b).2”" The nanohole arrays were prepared by depositing metal onto non-close-
packed particle monolayers and using the resulting metal nanohole array as an etching mask.
Due to the conformal coating of the device layers, the colloidal quantum dot solar cells
benefited from both, an antireflective effect at the glass/ITO interface and an enhanced electric
field at the back-electrode.

Similarly, patterned back-electrodes have been fabricated by metal deposition on metal

288 and nonocone?® structured glass substrates, which

nanohole arrays®®’ as well as on nanohole
were made by colloidal lithography. Alternatively, electrodeposition of silver through close-
packed particle monolayers readily yields nanobowl arrays, which were used as back-electrode
for thin-film silicon solar cells by Lal et al.?*® In all studies, the absorption of the devices was
effectively increased. This was explained with an efficient back-scattering of the light
impinging on the electrode and enhanced field intensities within the absorber layer due to the
excitation of SPP and LSP resonances as well as guided modes. Nishimura et al. prepared TiO>
inverse opals on dye-sensitized photoelectrodes. The inverse opals acted as a dielectric mirror
and the device exhibited an increased short-circuit photocurrent efficiency.?%*

Alternatively, the semiconductor itself can be structured using colloids as a sacrificial template.
Wavelength-scale silicon nanoshells show an enhanced absorption compared to flat silicon due
to the absorption of resonant whispering gallery modes (Figure 1.18¢).2’® The nanoshells were
prepared via chemical vapor deposition of silicon onto silica particles as a template. In another
study, Wei et al. formed PEDOT nanobowl arrays on ITO by electrodeposition through close-
packed colloidal monolayers.?®? This lead to an increased light path in the active layer in the
assembled device as well as an increased interface between the PEDOT and the absorber CuPc
and thus a higher charge collection efficiency.

Finally, the metal nanohole arrays described in chapter 1.3.3 have been studied as transparent

conducting electrodes for thin-film solar cells (Figure 1.18d).1°72%32% |n addition to the possible
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light trapping properties of the nanohole pattern, nanohole arrays could be used as a
replacement for ITO.

Indeed, metal nanohole array electrodes prepared by colloidal lithography have been shown to
enhance the efficiency of small-molecule thin-film solar cells. The enhanced efficiency was
ascribed to the increased interfacial area between hole and electron conductor and high electric
fields in close vicinity to the perforated electrode due to the excitation of surface plasmons.?%®
Moreover, guided modes localized in the active layer were discussed to contribute to the light
trapping capability of metal nanohole arrays.?%6:2%

However, in polymer solar cells, the incorporation of metal nanohole arrays resulted in high
losses in the short-circuit current density due to the limited transmittance of the
electrodes.?’°2%:2%° Unfortunately, this loss in transmittance compared to 1TO cannot be
avoided by increasing the hole size without sacrificing the high conductivity of metal nanohole
arrays due to the percolation threshold.?!°3% Obviously, it is not a trivial task to replace ITO by
nanohole electrodes while retaining or even enhancing the power conversion efficiency of the
device. Nevertheless, metal nanohole arrays remain an attractive tool to reveal the distinct
interactions of plasmonic resonances and diffracted modes with absorber layers in general and

thin-film solar cell devices in specific.
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