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Titel image:

The upper image shows an electron microscopy image of gold nanoparticles generated
and arranged in the form of the word "NANQO” on a gold film covered glass substrate.
The second image from the top is a dark-field image recorded with an optical microscope,
showing the far-field scattering of the particles.

The third image from the top shows the same particles as above, acting as local scatter-
ing centers for surface plasmon-polaritons. The image is recorded by leakage radiation
microscopy

The bottom image is a numerical simulation of the surface plasmon excitation and prop-
agation on the nanoparticles using a Green’s function approach.
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Kurzzusammenfassung (German)

Die Entwicklung der Nanooptik und Nanophotonik als Wissenschaften der Wechsel-
wirkung von Licht mit nanostrukturierter Materie ist eng an die Fortschritte der Mikro-
und Nanotechnologie zur Herstellung metallischer oder dielektrischer Strukturen gebun-
den. Sie erfordert anspruchsvolle Detektions- und Visualisierungstechniken sowie neue
theoretische Methoden, um Einblicke und Versténdnis in das Verhalten von elektromag-
netischen Feldern auf der Subwellenlingen-Ebene zu erhalten. Ziele der Arbeiten zu
dieser Habilitationsschrift sind die Erforschung laserbasierter Herstellungsverfahren fiir
nanooptische Systeme in den Bereichen Plasmonik und Metamaterialien, deren Charak-
terisierung mit modernen und teilweise neuentwickelten optischen Methoden und die
Verbesserung numerischer Simulationen zur Beschreibung der experimentellen Resultate.

Im Rahmen dieser Arbeit wurde ein Zweiphotonen-Laserfertigungsverfahren zur schnel-
len und flexiblen Herstellung von mikromechanischen und mikrooptischen Systemen mit
Auflésungen unter 100 nm entwickelt. Gleichzeitig wurden neuartige biodegradierbare
Polymere, Hybridpolymere mit hohem Brechungsindex und selektiv metallisierbare Kunst-
stoffe fiir die Zweiphotonenstrukturierung synthetisiert und erprobt. Aus den anfianglich
experimentellen Versuchsaufbauten wurde ein heutzutage kommerziell erhéltliches Gerét
entwickelt.

Weiterhin wurde die Anwendbarkeit dieser Technologie zum Prototyping von plas-
monischen Komponenten und Wellenleitern untersucht, wobei erste polymerbasierte di-
elektrische Wellenleiter fiir Oberflichenplasmonen demonstriert werden konnten. Anre-
gung, Ausbreitung und Wechselwirkung propagierender Oberflichenplasmonen wurden
mit modernen Methoden der Leckstrahlungsmikroskopie und Photoelektronen-Emissions-
Mikroskopie studiert. Mit den hergestellten Strukturen konnten effiziente Licht-Plasmon-
Kopplung, verschiedene Fokussierungsschemata und Steuerung der Oberflichenplasmo-
nenausbreitung gezeigt werden. Zur Abbildung lokalisierter plasmonischer Anregungen
und optischer Nahfeldverteilungen innerhalb und auflerhalb von stabférmigen und chi-
ralen metallischen Nanopartikeln, die als optische Antennen dienen, wurden neuartige
Methoden auf Basis resonanter Vierphotonenabsorption und ultraschneller Schmelzdy-
namik untersucht.

Insbesondere sind sphérische Nanopartikel von groflem Interesse fiir die Nanooptik, da
sich ihre optischen Eigenschaften in einer homogenen Umgebung analytisch beschreiben
lassen. Zur schnellen Herstellung von Goldnanopartikeln mit kontrollierbarem Durchmes-
ser und kontrollierbarer Position auf einem Substrat wurde der laserinduzierte Materi-
altransfer durch ultrakurze Laserpulse entwickelt. Die optischen Eigenschaften und die
Anregung hoherer elektrischer Multipolmomente dieser Partikel wurden mittels spek-
troskopischer Methoden und Leckstrahlungsmikroskopie von Plasmonenstreuung unter-
sucht. Als Demonstratoren fiir ihren Einsatz als Grundelemente von Metamaterialien
wurden hochsensible, einfach zu handhabende Sensorflichen realisiert, mit denen bei
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einem Detektionslimit von 107 RIU nahezu Empfindlichkeiten von kommerziellen Ober-
flichenplasmonresonanz-Sensoren erreicht werden konnte.

Zusétzlich konnte erstmals eine kontrollierte Herstellung von sphérischen Silizium-
nanopartikeln in Bezug auf Groéfle und Position auf einer Substratoberfliche demon-
striert werden. Mit den produzierten sphérischen Nanopartikeln konnte magnetische
Dipolstreuung bei optischen Frequenzen mit Einzelpartikelspektroskopie nachgewiesen
werden. Es wurde weiterhin gezeigt, dass die Anregung des magnetischen Dipols direkt
auf die Wirkung des magnetischen Feldes des Lichts zuriickzufiihren ist, was sie besonders
als Bausteine fiir rein dielektrische Metamaterialien interessant macht.

Die Streueigenschaften von Nanopartikeln wurden neben Finite-Differenzen-Simulatio-
nen in der Zeitdoméne mit der Methode der Greenschen Funktion in der diskreten Dipol-
néherung berechnet. Fiir diese wurde eine Umformulierung eingefiihrt, womit es erst-
mals moglich wurde Zugang zu den einzelnen Streumultipolmomenten auch fiir beliebig
geformte Partikel zu erhalten.



Abstract (English)

The development of nanooptics and nanophotonics as the sciences of light interactions
with nanostructured matter is closely linked to progress in micro- and nanostructuring
technologies for the fabrication of suitable metallic and dielectric structures. Sophis-
ticated detection and visualization techniques as well as novel theoretical methods are
further required, in order to obtain insights into and knowledge about the behaviour of
electromagnetic fields at subwavelength scales. The goals of the work for this professorial
dissertation are investigations of laser-based fabrication technologies for nanooptical sys-
tems in the fields of plasmonics and metamaterials, the characterization of these systems
with modern and newly developed optical methods, and the improvement of numerical
techniques for the description of experimental results.

In the frame of this work, two-photon laser fabrication has been developed for fast and
flexible fabrication of micromechanical and microoptical systems with spatial resolutions
in the sub-100 nm region. At the same time, novel biodegradable, high refractive index,
and selectively metallizable polymer materials have been synthesized and tested for two-
photon structuring. The initial experimental setups have been improved into nowadays
commercially available systems.

Furthermore, the application of this technology for prototyping of plasmonic compo-
nents and waveguides has been investigated and first dielectric polymer waveguides for
surface plasmons have been demonstrated. Excitation, propagation, and interactions of
propagating surface plasmons have been studied using novel methods of leakage radiation
microscopy and photoelectron emission microscopy. With the fabricated structures effi-
cient light-plasmon-coupling and different schemes for their focussing and routing have
been presented. Novel methods for imaging plasmonic excitations and near-field distri-
butions inside and outside of rod-like and chiral metallic nanoparticle, acting as optical
antennas, based on resonant four-photon absorption and ultrafast melt dynamics have
been investigated.

Of special interest for nanooptics are spherical nanoparticles, since their optical proper-
ties in homogeneous environments can be described analytically. Laser-induced material
transfer using ultrashort laser pulses has been developed for fast production of spherical
gold nanoparticles with controlled sizes and positions on receiver substrates. The optical
properties and the occurrence of higher electric multipole excitations of the generated par-
ticles have been investigated by optical spectroscopy and leakage radiation microscopy of
surface plasmon scattering. As demonstrators for their use as basic elements of metama-
terials novel highly sensitive and easy to use sensor planes have been realized, achieving
with their detection limit of 10~ RIU nearly the responsivity of commercially available
surface plasmon resonance sensors.

Additionally, a controlled production of spherical silicon nanoparticles, with respect to
sizes and positions, has firstly been demonstrated. With the realized particles it has been
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possible to show magnetic dipole scattering at optical frequencies using single particle
spectroscopy. It has further been verified that the excitation of the magnetic dipole of a
silicon particle is a direct reaction on the magnetic field of light, opening new ways for
the realization of all-dielectric metamaterials.

The scattering properties of nanoparticles have been calculated using finite-difference
time-domain simulations and the Green’s function method in the discrete dipole approx-
imation. For the latter, a reformulation has been introduced, with which it became
possible for the first time to obtain contributions of individual multipole moments to the
total scattering for arbitrary shaped particles.



1 Introduction

Nanooptics with surface plasmons (SPs), i.e. propagating surface plasmons-polaritons
(SPPs) on plane and structured metal films and localized surface plasmons (LSPs) in
resonant metallic nanoparticles, has attracted a lot of attention during the last years
due to the unique properties of metals at optical frequencies. These properties arise
from the negative permittivity of metals in certain regions of the electromagnetic spec-
trum. Examples of important plasmonic applications are metal film surface plasmon
resonance (SPR) sensors, the gold nanoparticle based home pregnancy test, surface en-
hanced Raman scattering, and scanning near-field optical microscopes. All these devices
are already commercially available and draw their functionality from the excitation of
SPPs and LSPs by optical fields.

The linear scattering properties of metallic nanoparticles due to LSP excitations pro-
vide persistent and non-bleaching colorants. Large area metallic nanoparticle arrays may
open new ways to the design of novel sensor concepts and plasmonic-enhanced photo-
voltaic cells. The field enhancement connected with plasmonics and the localization of
electromagnetic fields to metallic surfaces is the basis for advanced sensing applications
and strong nonlinear effects. Propagating SPPs in plasmonic waveguiding structures
provide further potential for chip-scale optical data transport as an alternative to or in
combination with silicon photonics, due to the high field confinement, which is achievable
with metallic structures. In addition, they resemble a model system for a two dimensional
optics, allowing investigating propagation effects, phase shifts, and electromagnetic fields
in spaces with varying refractive indices.

Plasmonic excitations in complex metallic nanostructures with non-spherical building
blocks can further lead to resonant response to magnetic fields at optical frequencies. The
metal’s permittivity in such artificial 3D metamaterials or 2D metasurfaces together with
the magnetic permeability, which can substantially deviate from unity at resonance, can
result in unusual optical properties, e.g. designable and even negative refractive indices.

However, the drawback of metallic nanostructures is their inherent Ohmic loss. To
overcome this limitation, initially amplification schemes have been suggested for SPPs,
SP waveguides, nanoparticles, and metamaterials. During the last years, the focus has
been set more on avoiding losses by use of all-dielectric metamaterials composed of sub-
micron and nanoscale particles of high refractive index. Materials such as silicon and
silicon carbide have been investigated within the last years. They provide a valuable
alternative to metal structures, as they exhibit high quality electric and magnetic dipole
Mie resonances in the visible and near-infrared spectral ranges.

Development of advanced plasmonic and metamaterial structures and future progress
in nanooptics requires advanced fabrication technologies, innovative optical near- and
far-field characterization methods, and theoretical and numerical simulations of electro-
magnetic fields inside the realized functional metallic or dielectric nanostructures.

Connected to these requirements, the work presented in this thesis has been focussed



6 1 Introduction

on the application of advanced laser technology for the realization of plasmonic excitation
and waveguiding structures as well as metallic and dielectric nanoparticles, potentially
serving as building blocks for metamaterials. For characterization of the fabricated plas-
monic components and particles, novel near- and far-field methods have been applied
and newly developed. To understand the behaviour of light in these nanostructures, ex-
isting numerical methods have been applied and novel theoretical approaches have been
developed.
This thesis covers the following topics:

e Development of fabrication technologies for rapid prototyping of pho-
tonic and plasmonic components and nanoparticle structures

e Optical near- and far-field characterization of nanophotonic structures
and plasmonic waveguides

e Theoretical and numerical simulation of light in nanostructures

Novel ultrashort pulse laser fabrication technologies for photonic and plasmonic micro-
and nanostructures as well as for metallic and dielectric nanoparticles have been investi-
gated. A prototyping technology for microoptic, micromechanic, and microfluidic com-
ponents based on two-photon polymerization (2PP) has been set up and developed into a
commercially available product. This fabrication method has been applied to prototyp-
ing of plasmonic structures for excitation and manipulation of SPPs, and first dielectric
polymer SPP waveguides have been realized.

Laser-induced transfer (LIT) technology has been developed for the generation of
metallic meso- and nanoparticles, with diameters >200 nm and <200 nm, respectively. It
has further been improved for the first controlled production of spherical silicon nanopar-
ticles. These particles can serve as building blocks for metal-dielectric and all-dielectric
metamaterials and metasurfaces. They further can be combined with polymer micro-
and nanostructures realized by 2PP, providing potential for novel nanooptical systems,
plasmonic components, and highly efficient plasmonic metamaterial sensors. Optical
properties of the produced nanoparticles have been investigated by surface enhanced
Raman scattering (SERS) and single particle spectroscopy (SPS).

The properties of plasmonic excitation and waveguiding components as well as of metal-
lic and dielectric nanoparticles and nanoparticle systems have been investigated using
near- and far-field methods. Scanning near-field optical microscopy (SNOM) and leakage
radiation microscopy (LRM) have been applied to a first demonstration of SPP waveg-
uiding in polymer ridges and time-resolved SPP excitation, propagation, and focussing
have been investigated by two-photon photoelectron emission microscopy (2PPEEM).
Novel nonlinear absorption processes in polymers and ultrafast hydrodynamics in metals
have been used for high-resolution imaging of optical near-fields in and around metallic
nanostructures. Magnetic response of silicon nanoparticles in the visible spectral range
has been demonstrated by SPS.

Significant progress has been achieved in the development of theoretical and numerical
methods. The Green’s function method in the discrete dipole approximation (DDA) has
been reformulated for describing scattering properties of arbitrary shaped nanoparticles.
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It has firstly been shown that scattering and absorption cross sections can be decomposed
into individual multipole contributions.

A combination of 2PP and LIT fabrication, LRM characterization, and DDA simula-
tions has been used for a first demonstration of multipole SPP scattering from spherical
gold particles. Time-resolved interaction of SPPs with a nanoparticle has been investi-
gated by 2PPEEM. The SPP-LSP interaction has been analyzed with DDA and finite-
difference time-domain (FDTD) simulations, showing an instantaneous response of the
particle’s electric dipole and the coherent control of the generated field hotspots.

1.1 Context and Outline of this work

In 2009, photonics has been identified as one of the key enabling technologies for European
industry over the next 5 to 10 years [1]. In the same year, the Nanophotonics Europe
Association has been established [2], in order to promote the European science and
technology in the emerging area of nanophotonics [3] and to provide input to roadmap
activities for photonics research within the Horizon2020 framework programme of the
European Commission in partnership with the Photonics21 platform [2,4,5].

In 2011, the Nanophotonics FEurope Association has identified 10 nanophotonics re-
search areas, being expected to have impact on photonic industries [3]. Along with these
independent identifications, several contributions to the highlighted research areas have
been made within the work related to this thesis. The nanophotonic research highlights,
published in the report of the Nanophotonics Foresight Workshop 2010 are listed below
together with the relevant author’s contributions, which are arranged in this habilitation
treatise:

e Nanoscale Quantum Optics:
Imaging of coherent SPP-LSP interactions [6] and SPP pulse propagation [7]
Phase singularities in plasmonic metamaterials [8]
Nonlinear plasmonic enhanced EUV generation |9, 10]

e All Optical Routing:
Direct laser writing of plasmonic components and waveguides [11-20]
SPP focussing and routing in plasmonic devices [6,17,21-23]

e Plasmonics for Enhanced Magnetic Storage - Near-Field Antennas:
Nonlinear near-field characterization of nanoantennas [24]
Localized heating of plasmonic nanostructures [25, 26]

e Diagnosis, Therapy, and Drug Delivery using Light:
Laser fabrication of microvalves for biomedical applications [27] and microcapsules
for drug release [28] using two-photon polymerization
Biodegradable material synthesis and laser structuring [29]
Laser fabrication of metallic nanoparticles [30-32]

e Nanoscale Imaging:
Near-field microscopy of SPP waveguides [11]
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Aluminium-based plasmonic superlens for deep UV radiation [33]
Imaging of plasmonic near-fields [24-26]

e Chemical and Biological Sensors at the Molecular Scale:
Fabrication of highly ordered nanoparticle arrays for advanced sensing applications
[8,31] (Sensitivity 5 x 10* deg./RIU, detection limit 10~ RIU)

e NanoTagging:
Fabrication of nanoparticles and nanoparticle Arrays by laser-induced transfer |8,
30-32]

o Manipulation of Light Distribution at the Nanoscale:
SPP directing and focussing [6,22, 34]
Study of optical response of silicon nanoparticles and silicon nanoparticle arrays
[35-39],

e New Processing Technologies for Prototyping:
Realization and prototyping of photonic components by 3D direct laser writing
using two-photon fabrication [40-47]
Nanoimprint technology for plasmonic waveguides [48-50)]

e Nanophotonic Materials with Tailored Optical Properties:
Demonstration of magnetic resonances of silicon nanoparticles [35-37]
Demonstration of response of silicon nanoparticles to the magnetic field of light [38]
Control and manipulation of light scattering from silicon nanocylinders [39]

In addition to these application oriented research topics a novel theoretical approach
for the description of light scattering from arbitrary shaped nanoparticles has been es-

tablished [51-53].
The habilitation treatise is structured in the following way:

The development of the fields of photonics and nanooptics and the emergence of the
research areas of plasmonics and optical metamaterials as they are relevant to the present
thesis are reviewed in chapter 2. The efforts which have been made for compensating
Ohmic losses are briefly pointed out and the development towards all-dielectric metama-
terials is outlined

In chapter 3, the laser direct write two-photon fabrication method with emphasis on the
developed materials is introduced. Realization of two- and three-dimensional polymeric
structures using nonlinear laser direct writing is reviewed.

In chapter 4, the characteristics of SPPs and SPP waveguides on a semi-infinite metal-
dielectric interface and on thin metal films are given. SPP waveguiding is focussed on
polymeric dielectrically-loaded surface plasmon-polariton waveguides (DLSPPWs) and
polymer-based large mode surface plasmon anti-resonant reflecting optical waveguides
(SPARROWS) for sensing applications. Fabrication methods based on nonlinear laser
direct writing and nanoimprint are presented.
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In chapter 5, the optical properties of nanoparticles are summarized within maps for
the corresponding scattering efficiencies in dependence on particle size and incident wave-
lengths using Mie theory. The main focus is put on spherical gold and silicon particles,
serving as building blocks for metamaterials and metasurfaces. The novel fabrication
methods for metallic and silicon nanoparticles by laser-induced transfer are presented
and applications of gold particle metasurfaces for advanced sensing purposes are pointed
out.

Chapter 6 summarizes the characterization methods applied in this work, covering
scanning near-field optical microscopy (SNOM), leakage radiation microscopy (LRM),
two-photon photoelectron emission microscopy (2PPEEM), surface enhanced Raman
scattering (SERS), and single particle spectroscopy (SPS). The last section within this
chapter deals with field enhancement effects, which have been used for imaging of optical
near-fields in plasmonic structures and for the nonlinear generation of extreme ultraviolet
radiation.

The theoretical methods used in this thesis are presented in chapter 7, including finite-
difference time-domain (FDTD) simulations, the finite element method (FEM), Mie the-
ory, and the Green’s function method in the discrete dipole approximation (DDA). Sub-
stantial progress has been obtained to improve the DDA for the calculation of scattering
properties of arbitrary shaped nanoparticles. Using the newly developed decomposition
approach for the scattering moments, it has firstly been possible to obtain quantitative
results for the individual contributions of the electric dipole, magnetic dipole, and the
electric quadrupole moments of arbitrary shaped particles.

The relevant publications are listed within the chapters 3 to 7.

The work is concluded in chapter 8 and an outlook together with recent developments
is given in chapter 9.
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2 Nanooptics: Plasmonics and Metamaterials

Optics is perhaps the oldest discipline in natural sciences, beginning with the develop-
ment of first lenses about 4600 years ago [54]. An early treatise on geometrical optics and
reflection of light rays from mirrors has already been given by Euclid 300 BC [55,56]. A
pioneering discovery has been the law of refraction by Ibn Sahl in the year 984, mathe-
matically formulated by Snellius in the 17th century [57,58], leading to the construction
of the microscope around 1590 and 1595, credited to Janssen [55,59,60]. This ingenious
invention firstly opened the view into the world at micrometer scales and is an important
pillar of modern photonics and nanooptics.

Light as an electromagnetic wave has been described mathematically in 1861 to 1865
by Maxwell [61,62]. The equations, as they are nowadays widely used in optics and
photonics, have been given by Heaviside, Gibbs, and Hertz 1884 until 1901 [63-66].
Together with two vectorial constitutive relations, connecting electric and magnetic fields
with the material’s permittivity and permeability, respectively, Maxwell’s equations [67]
are the basis for modern electromagnetic engineering and the development of optical
imaging systems, operating at the resolution limit.

Photonics has emerged in the 1960th in order to emphasize the aspects of optical
engineering, optical data transport, and optical data storage and processing. In analogy
to electronics, the term photonics has been introduced by Agrain in 1967 for the science
of generation, detection, and management of light through guidance, manipulation, and
amplification [68]. The development of photonics has been linked to the invention and
development of lasers [69], transistors [70], and optical fibers [71,72], merging concepts
of optics and electronics. The achievements of modern photonics are already present
in data transport through optical fiber networks, semiconductor lasers in entertainment
media, and optical data storage and readout. This development is based on the control of
optical fields in microscale dimensions and efforts have been made to further miniaturize
and integrate optical components and systems down to the nanometer scale [73-76].
An artistic vision of a fiber-coupled photonic integrated circuit with waveguides, filters,
switches, and amplifier components is depicted in Fig.2.1.

Fast progress in photonics is strongly connected to rapid advances in micro- and nanos-
tructuring technologies [77,78]. To confine light to dimensions below half its wavelength
is at first glance not trivial as Bethe [79] and Bouwkamp [80] have shown by calculat-
ing the transmission of light through subwavelength holes. Diffraction sets a lower limit
to the confinement of free propagating light and is the reason for the limited resolu-
tion of optical systems such as the microscope, as has been analyzed by Abbe [81] and
Rayleigh [82] in 1873 and 1879, respectively.

Overcoming the diffraction limit inevitably leads to optics in the non-propagating
near-field regime. The appearance of optical near-fields with imaginary wave vector
components and the limited resolution of optical devices turns out as a direct consequence
of Heisenberg’s uncertainty principle [83]. However, exploiting the near-field interactions
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Figure 2.1:
Vision of photonic circuitry with passive filters, amplification sections, optically con-
trolled switches, and fiber coupling ports to the exterior world.

has led to a new concept for improving optical microscopy. The idea of a near-field optical
microscope operating in a scanning mode has been suggested in 1928 by Synge [84] and
experimentally realized in 1984 by Pohl et al. [85].

Downscaling the concepts of photonics, e.g. waveguiding components, sensors, and
light sources, to the nanometer scale has resulted in the development of nanophotonics
[1,3,86-88]. Similar like photonics is related to optics, nanophotonics can be regarded as
the special discipline in nanooptics, dealing with engineering of light-matter interactions
at wavelength or subwavelength scales with naturally or artificially nanostructured matter
and the coherent controle of fields inside the nanostructures [89,90]. Metal optics plays
an important role for the confinement of light to these dimensions by supporting LSPs
or propagating SPPs, which can circumvent the diffraction limit [91-93].

The science of SPs and SPPs can be dated back to the observation of anomalous
diffraction properties of gratings by Wood in 1902 [94] and to the theoretical explanation
of optical properties of colloidal gold nanoparticles of spherical shape by Mie in 1908 [95].
The breakthrough of surface plasmon physics came in 1998 by the discovery of unusual
high light transmission through arrays of subwavelength holes in an optically thick gold
foil, sparking a world wide interest in this field of science [96]. It has been found that even
more light has been transmitted through the perforated area than light impinging onto
the area occupied by the holes themselves, which has been attributed to the excitation
and coupling of SPs and SPPs on both sides of the foil. This important observation is
shown in Fig.2.2.

Nanophotonics, being viewed initially as a mainly academic field, has nowadays de-
veloped into an application driven research area, with potential new products, such as
improved solar cells [1,97], high-efficient sensors [8,98], and SP enhanced light sources
[99,100].
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Figure 2.2:
Extraordinary light transmission through subwavelength holes. Nearly three times
more light is transmitted than hitting the holes. (From [96])

Two main research fields, related to this thesis, shall be introduced in the following:
Surface-Plasmon Nanophotonics or Plasmonics [101] and Optical Metamaterials [102].
However, the separation between these fields is not strict.

Surface Plasmon Nanophotonics:

The field of surface plasmon nanophotonics deals with the manipulation and guiding of
light with nanoscale metallic structures, exploiting the action of the optical near-fields.
The research topics, as they have been summarized in [101], cover the investigation
of optical properties of nanoparticles and nanoparticle arrays as well as nanoapertures
and periodic nanoaperture structures, optical superlensing, field enhancement effects in
metal nanostructures, near-field imaging, SPP excitation and detection, and advanced
sensing applications. To emphasize the aspect of optical engineering using SPs or SPPs,
the term plasmonics has been introduced in 1999 in analogy to photonics [103]. In
this context, waveguiding of SPPs and SPP integrated optics have been extensively
investigated [104-106]. Within the work presented in this thesis, prototyping of plas-
monic components and waveguides by nonlinear laser lithography [11,13-20] and nanoim-
print [48-50] has been introduced. The use of metal nanostructures for SPP waveguiding
further allows transporting simultaneously both, optical and electric signals, providing
the possibility to merge photonics and electronics on similar length scales [107-109]. Here
it should be mentioned that high refractive index materials can also have advantages for
confining and guiding light. A well known concept is that of silicon waveguides based
on silicon-on-insulator (SOI) technology [110,111]. Investigations have been made to
merge these two concepts to benefit from the individual advantages [105,112]. A re-
view on plasmonic research in the last few years until 2007 is provided in the textbook
from Maier [113]. Coupling of light into nanoscale plasmonic systems and the efficient
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conversion of propagating light into strongly enhanced near-fields has further led to the
conception of optical antennas [114-117]. Field enhancement inside the gap of rod-type
dipole antennas in the optical range has been investigated and strong nonlinear white-
light emission from the gap region has been observed [118]. Downscaling the concept of
antennas from the radio frequency to the optical region has been systematically stud-
ied in [119], taking into account the excitation of localized SPs and SPPs in a nanorod
structure. Field enhancements in the order of 103 have been achieved with bow-tie anten-
nas [120]. These structures have recently been discussed for the generation of high-order
harmonic and extreme ultraviolet radiation from ultrashort pulse laser oscillators, making
use of the plasmonic field enhancement [121-126]. The recent advances in optical antenna
theory are reviewed in [127]. Present and possible future applications of nanoplasmonics
have been discussed in [128].

Optical Metamaterials:

The excitation of plasmonic modes in metallic nanostructures has additionally created
new interest in the field of artificially structured materials with novel optical proper-
ties, exploiting also, but not exclusively, the interaction with the optical magnetic field.
The aim of metamaterial research is the development of material composites with not
naturally occurring refractive indices, chirality, absorption, and scattering properties by
designing their electric permittivity and magnetic permeability [102]. The term meta-
materials for these kinds of composites has been coined in 2000 by Smith et al. [129].
Historically, the research on electrodynamic properties of artificially structured materi-
als dates back to 1898, when Bose investigated the microwave transmission properties
of twisted jute as an artificial chiral medium [130]. A further artificial chiral medium
consisting of wire helices has been discussed by Lindemann in 1914 [131]. Tailoring of the
effective index has been demonstrated in 1948 by Kock [132] and an artificial dielectric
with a refractive index of less than unity has been presented in 1953 by Brown [133].
These initial investigations have mainly been restricted to material actions on the electri-
cal field, leading to media with specially designed permittivity. At microwave and optical
frequencies only a negligible response of natural matter to the magnetic field exists, and
the refractive index is only determined by the electric permittivity n = /¢, [102,134].
In contrast, magnetic response of split-ring resonators (SRRs) around 1 GHz has firstly
been demonstrate in 1980 by Hardy [135], giving the possibility to also achieve effective
permeabilities which substantially can deviate from unity or assume even negative values.
The consequences of simultaneously negative permittivity and permeability, resulting in
a negative refractive index, have systematically been studied theoretically by Veselago
in 1968 [136]. An experimental study on negative index materials has been presented
by Smith et al. in 2000, using SRRs driven in resonance by the magnetic field in the
microwave region [129]. Further efforts have been made to realize negative index ma-
terials in the visible spectral range. The development of nanostructuring technologies
has recently allowed achieving magnetic responses in the visible spectral range around
530 nm using aluminium SRRs [137] and 604 nm using silver SRRs [138]. While large
SRRs can still be realized by optical lithography, the fabrication of SRRs for the visible
spectral range requires high resolution and expensive electron beam lithography. Fig.2.3
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Figure 2.3:
Magnetic resonant structures for different spectral ranges: (a) Double-SRRs for the
THz region, (b) 700 nm x 700 nm SRRs with a response at 7 pm wavelength, (c)
particle-like SRR with magnetic resonance at 530 nm. (d) Comparison to silicon
particles with low-loss magnetic resonance at 700 nm. (Images (b) and (c) from [137]).

shows a comparison of magnetic resonant structures arranged in a 2D metasurface for
different wavelengths from the THz to the visible region.

A further approach to obtain response to the magnetic field of light is the use of pairs of
gold nanoparticles in the visible spectral ranges [139-141]. However, the main drawback
of metallic building blocks or meta-atoms used to obtain magnetic response are their
inherent resistive losses [102]. Therefore, two different alternatives have emerged: First,
the application of gain media to compensate the losses, and second, the avoidance of
losses by all-dielectric meta-atoms. The efforts made to compensate plasmonic losses by
gain media and the developments of dielectric metamaterial building blocks are discussed
in subsequent sections. In contrast, spherical dielectric particles of high refractive index
materials, exhibiting low-loss magnetic dipole Mie resonances, would allow novel and
cost effective fabrication approaches to be used, without the need for gain media. This
possibility is discussed in this thesis in chapters 5 and 7. As a comparison to the metallic
magnetic resonant SRRs and particles, an array of silicon nanoparticles with magnetic
Mie resonances around 700 nm, fabricated by comparatively low priced laser transfer, is
shown in Fig.2.3(d).

Loss Compensation in Plasmonic Systems:

The losses of metallic nanosystems are the reason for strong damping of metallic parti-
cle resonances [142,143] and the finite propagation length of plasmonic surface and waveg-
uide modes [17,144]. The application of gain media for loss compensation has widely
been discussed and demonstrated for metamaterials with metallic building blocks [145],
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nanoparticle systems [146], SPPs [147], and SPP waveguides [148, 149]. The acronym
spaser in analogy to laser for an SP or SPP amplifying system has been introduced in
2003 by Bergman and Stockman [150]. A first proof of stimulated emission of SPPs has
been given in 2005 by Seidel et al. [151], using Rhodamin 101 and Cresyl Violet dye
solutions. The concept has been refined by Noginov et al., demonstrating a spaser-based
nanolaser [152]. An overview on the current research is provided in [153]. Although the
Ohmic losses have been shown to be efficiently compensated, the gain media have addi-
tionally to be incorporated into the plasmonic systems or metamaterials, making their
fabrication more difficult. A further requirement is the need for suitable pump sources,
resulting in an enhanced complexity of the experimental work.

All-Dielectric Metamaterials:

Recently, there has been a growing interest in metamaterials with all-dielectric building
blocks to avoid the Ohmic losses connected with metallic structures. [35,154,155]. The
basis for this development is the occurrence of Mie or Mie-type resonances in nanoparti-
cles of high refractive index materials. The use of spherical dielectric particles as building
blocks for such metamaterials has been theoretically investigated in 2005 by Wheeler et
al., showing the existence of a negative effective permeability [156]. In 2007, experimental
investigations on chemically grown silicon carbide nanorods have shown that for these
structures magnetic modes exist [157]. A further theoretical study of metamaterials using
dielectric spheres and disks has been presented by Ahmadi in 2008, where the possibility
for double negative materials with simultaneously negative effective permittivity and ef-
fective permeability has been pointed out [158]. The comparison of scattering properties
of the classic SRR structure with a rectangular dielectric particles has has been studied
in 2008 by Popa et al. [159]. It has been shown that the dielectric particle has an identical
behaviour but without Ohmic losses, resulting in a 3-fold increase of the quality factor.
However, these results have been obtained in the GHz range.

In this work, an important contribution to this field has been made and fabrication
approaches for high quality spherical silicon nanoparticles as meta-atoms with strong
electric and magnetic dipole resonances have been presented [36-38]. These results have
sparked a world wide interest in the use of semiconductor nanostructures as building
blocks for low loss metamaterials [160-163] and might contribute to the further develop-
ment of silicon nanophotonics [164-166].
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Growing interest in downscaling electronic, optical, and mechanical components and de-
vices as well as the demand of their integration has pushed the development of micro- and
nanofabrication methods in the last years [77,78]. UV and X-ray lithography [167,168],
electron beam lithography [169], focused ion beam (FIB) etching [170], and nanoimprint
lithography (NIL) [171] are widely used in industrial applications. These methods, how-
ever, are suffering a lack of flexibility and/or cost efficiency and are mainly limited to 2D
fabrication. A method for the generation of 3D structures in rapid prototyping is the UV
stereolithography, developed in 1986 by Hull [172]. This technology, although flexible
and cost efficient, is limited in resolution down to several micrometers and in fabrication
speed [173].

To overcome these limitations, nonlinear light-matter interactions can be used in true
3D structuring. The method of nonlinear laser structuring has been demonstrated to
be a promising candidate regarding flexibility, cost efficiency, and the ability to generate
arbitrary complex 3D structures.

The process of nonlinear laser-writing is based on two-photon absorption. This non-
linear effect has theoretically been investigated by Goppert-Mayer in 1930 and 1931
[174,175]. Tt has been demonstrated experimentally by Kaiser and Garret in 1961 after
the invention of the laser by two-photon excitation of CaFy : Eu?t [176]. Two-photon
excitation in dyes has been shown in laser scanning fluorescence microscopy in 1991 [177].
The potential of this mechanism for 3D laser structuring has been suggested one year
later in 1992 by Wu et al. with the idea for applications in microelectronics [178]. 3D
microstructures with a resolution down to 500 nm have already been demonstrated. Fur-
ther investigations of two-photon induced polymerization processes in carbon disulfide
clusters and by use of azobenzene dyes have been reported subsequently in 1995 and 1997,
respectively [179,180]. These developments are linked to the availability of commercial
titanium:sapphire short pulse laser systems [181,182].

Three dimensional microfabrication has later been introduced by Maruo et al. in 1997,
using a standard polymer SCR-500 [183]. The potential for subwavelength resolution has
been pointed out. Since the laser radiation can be focussed directly into the material
volume and is only absorbed in the focal region of the beam, the process speed can be
much faster compared to conventional 3D stereolithography and the fabricated structures
can have a much higher complexity.

The term two-photon polymerization (2PP), which has been given to this technology,
has been introduced in 2003, when this technique has been applied to a new class of
organic-inorganic hybrid materials [184]. This method has one year later in 2004 in-
dependently been used for the realization of 3D photonic crystals by Deubel [185] and
Serbin [186]. Three-dimensional micro structuring of photosensitive materials by 2PP
can achieve repeatable resolutions down to 100 nm. A detailed overview about this tech-
nology up to 2004 is given in [187]. The developments of two-photon polymerization
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Figure 3.1:
(a) Photo of the 2PP structuring system developed within this work. (b) Principle
optical setup.

within the last 10 years are reviewed in [188].

3.1 Laser-Writing of 3D Structures

Within the work for this thesis, the initial experimental setups for generating 3D struc-
tures by 2PP have been developed into commercially available systems [40], using tita-
nium:sapphire or frequency-doubled ytterbium laser oscillators with emission wavelength
around 780 nm and 520 nm, respectively. An early version of the 2PP structuring system
together with the principle optical setup is shown in Fig.3.1.

3D microstructure fabrication has been demonstrated in different photosensitive ma-
terials for applications in micromechanics and microfluidics [27,28], biology [29], chem-
istry [42,43], and microoptics [47]. Woodpile structures have been used as test structures
for 3D microfabrication by 2PP for determining the achievable resolutions in different
materials, e.g. SUS, ORMOCER®, TiO, resist [41], polyethylene glycol biodegradable
polymer [29], titanium sol-gel materials with adjustable refractive index [44], and zirco-
nium sol-gel material with selective metal binding affinity [45]. Structure resolution has
been improved down to 82.5 nm [46].

This section provides an overview about the materials used in laser-based photofabri-
cation of photonic and plasmonic structures. The materials can be divided into photore-
sist and photopolymers. As photoresist shall be denoted materials, which change their
solubility in basic aqueous solutions or organic solvents after illumination due to bond
cleavage or crosslinking, but they remain generally soluble after illumination in certain
solvents. The mixture of crosslinkable polymers, polymerizable monomers, or oligomers,
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Figure 3.2:
(a) Laser-writing scheme in positive resist materials. (b) Inverted woodpile structure
in positive tone resist S1813. (c¢) Casting with a photocurable arcylate and removing
the resist in acetone yield the internal structure.
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which become insoluble in organic solvents are denoted as photopolymers.

3.1.1 Positive Tone Photoresist
3.1.1.1 Novolac Photoresist

One well known class of materials are photoresists, as they are used in lithographic pro-
cessing of microelectronics components. The most widely used materials nowadays are
Novolacs. Solid Novolac polymers are synthesized without crosslinking to remain sol-
uble in basic aqueous solutions. The rate of dissolution can be enhanced by suitable
additives. For the use as photoresists, these additives are generated by a photochemical
reaction. One of the most common additives is diazonaphthaquinone, resulting in a pos-
itive tone photoresist [189]. Examples of commercially available spin-coatable materials
used in this work are the S1800 class from Shipley and maP-1200 class from microresist
technology GmbH, both having absorption maxima at 350 nm and 405 nm [190, 191].
Typical developers are aqueous solutions of sodium hydroxide or tetramethylammonium
hydroxide. The two-photon structurability has been demonstrated in [28]. An example
of a woodpile structure in S1813 photoresist together with its inverted replication in
photopolymerizable acrylate monomer is shown in Fig.3.2.

3.1.1.2 PMMA Photoresist

Poly (methyl methacrylat) (PMMA) is commonly used as e-beam and deep UV resist for
wavelength below 250 nm. Upon illumination with high energetic electrons or photons the
polymer chains break and the material can be dissolved in a mixture of methyl isobutyl
ketone (4-methyl 2-pentanone, MIBK) and isopropanol. The mixing ratio can be varied
depending on the desired resolution from 1:1 to 1:3 [33]. PMMA has turned out to be not
directly structurable with ultrashort pulse irradiation at 520 nm and 780 nm using a two-
photon absorption. In the present work, PMMA has been used as imaging material for an
aluminium superlens at a wavelength of 157 nm, and a four-photon illumination process
in the optical near-field of rod type gold nanoantennas has been demonstrated [24].
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3.1.2 Negative Tone Photoresist

Negative tone photoresins are realized from Novolac together with phenyl azides [192].
Hydrogen cleavage upon irradiation forms reactive nitrene which results in an immediate
crosslinking of the Novolac [193]. This modification increases the solubility in basic
aqueous solutions. Typical developers are aqueous solutions of sodium hydroxide or
tetramethylammonium hydroxide. In this work, the negative tone photoresist maN-1400
from microresist technology GmbH dissolved in organic solvent [194] has been used for
the fabrication of plasmonic waveguides. In the dilution maN-1405 this material can be
spin coated to a layer thickness of 500 nm at 3000 rpm and has been applied for the
prototyping of plasmonic waveguides, see chapter 4.2.3.

3.2 Negative Tone Epoxy Photopolymers

3.2.1 Epoxy Based SU8

The amplified epoxy Novolac SU8, available from microchem [195], has been developed
for the fabrication of high aspect ratio structures with submicrometer resolution [196]. It
has found many applications in fabrication of micro-electro-mechanical systems (MEMS)
and microfluidics [197,198]. The unilluminated regions of the materials can be dissolved
by 1-methoxy-2-propyl acetate. The structuring process is based on a cationic polymer-
ization reaction, leading to crosslinking of the polymer. As photosensitive starter usually
triarylium-sulfonium salts with spectral sensitivity around 365 nm are added, generating
a strong acid upon illumination [198]. Triarylium-sulfonium salts can efficiently be used
with titanium:sapphire lasers. The polymerization reaction requires heating of the sample
after the laser writing process is necessary. The material has been used to demonstrate
the complex 3D structurability [28].

3.2.2 Epoxy Based mr-NIL 6000

A similar material as SUS is the chemically amplified photocurable phenol epoxy nanoim-
print polymer mr-NIL 6000 from microresist technology GmbH [199]. The solid photosen-
sitive polymer is dissolved in «-butyrolactone and can be spin coated to heights between
100 nm and 500 nm. Although designed for nanoimprint lithography, this material can
be structured directly by laser direct-writing using ultrashort laser pulses at a central
wavelength of 520 nm. The unilluminated regions of the materials can be dissolved by
1-methoxy-2-propyl acetate. The photostarter is not known. Structuring is efficient with
frequency-doubled ytterbium lasers. The material has been applied for the prototyping
of plasmonic waveguides, see chapter 4.2.3.

3.3 Negative Tone Organic-Inorganic Photopolymers

3.3.1 Organically Modified Ceramics

Organically modified ceramics (ORMOCER®s) from microresist technologies GmbH
[200] under the brand names ORMOCER® b59, ORMOCER® USS4, OrmoCore, and
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Figure 3.3:
(a) Structuring scheme for photopolymers. (b) Woodpile structure as photonic crystal
with 90°-bend waveguide defects. (¢) Demonstration of 100 nm line width in titanium
sol-gel.

OrmoClad have been used within this work. ORMOCER®s are synthesized from sili-
con alcoxides together with organic groups in a sol-gel process. The material is liquid
and does not contain any solvent. It can directly be structured and is polymerized in
a radicalic chain reaction. A convenient solvent for development is MIBK, which can
be diluted with isopropanol. Details of this material and its structuring properties are

described in [201].

3.3.2 Own Developments: Titanium and Zirconium Photopolymers

The sol-gel process has been used in the synthesis of two novel hybrid photopolymers,
providing high refractive indices and giving the possibility for selective electroless plating.
The first material features a co-polymerization of titanium isopropoxide (TIP) with 3-
methacryloxypropyltrimethoxisilane (MAPTMS). The organic group is methacrylic acid
(MAA). Depending on the relative content of MAPTMS and TIP the refractive index
of this material has experimentally been determined to be adjustable between 1.5 and
1.65 [44].

The second material uses zirconium propoxide (ZPO) instead of ITP together with
MAPTMS to form the inorganic network. The polymerizable organic group is again
MAA. In the basic form, the material has been used for the fabrication of microaxicons
with high surface quality [47].

Although the material is quite rigid, structures with characteristic dimensions below
100 nm are getting washed away during the development. To circumvent this problem an
additional crosslinker, 2 dipentaerythritol penta-methacrylate (DPMA), has been added.
With this amplified polymer structures with 82.5 nm diameter have been demonstrated
[46].

The addition of 2-(diethylamino)ethyl methacrylate (DEMAEMA) provides metal bind-
ing moieties. The material can be selectively covered with a metal layer by electroless
plating. Materials and procedures are described in [45].

A different kind of material which is not prepared by a sol-gel process is based on
titanium n-butoxide. The material has been prepared by forming a chelate complex with
the enol form of benzoylacetone. It has been designed as a hybrid polymer for electron
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Figure 3.4:
(a) Model of movable microvalve after one-step fabrication. (b) Microlens from zirkon-
polymer. (c,d) Microaxicon. The height in (d) is color coded to show the high surface
quality.

beam lithography. However, it has been demonstrated that the material can directly be
structured by femtosecond laser radiation. The structuring properties for 2PP have been
investigated in [41].

Radicalic photostarters that have mostly been used are Irgacure369 and Michler’s
Ketone. Irgacure369 is 2-benzyl-2-diethylamino-(4-morpholinophenyl)-butanone-1 [202].
The UV absorption of Irgacure 369 is in the range of 320 nm to 340 nm [203] and can be
used with titanium:sapphire lasers and frequency-doubled ytterbium lasers.

Michler’s Ketone [204] is 4,4-bis(dimethylamino)benzophenone. It has been introduced
as a photostarter for chemical reactions in 1966 [205]. The molecule absorbs strongly
from below 300 nm to above 400 nm with a maximum sensitivity around 360 nm to 370
nm [206]. Tt is a very efficient photostarter for use with titanium:sapphire lasers.

The absorption bands given above refer to single-photon absorption. Two-photon ab-
sorption cross sections for different Irgacure and Darocure initiators have been measured
by Schafer et al. [207]. For Irgacure369 it has been shown that both, single- and two-
photon absorption cross sections show the same spectral absorption. The results from
2PP experiments indicate a similar behaviour for Michler’s Ketone.

3.4 Functional 3D Microstructures

The principle structuring scheme for photopolymers and some examples of woodpile
photonic structures of SU8 with 90°-bend waveguide defects and titanium sol-gel with
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Figure 3.5:
(a) (a-c) Metallized 3D SRRs standing on a substrate surface fabricated by 2PP and
possibilities for 2D arrangement. FDTD simulation of the electric (d) and magnetic
(e) fields around the structure at an incident wavelength of 8 pm.

rod diameters of 100 nm are schown in Fig.3.3.

The huge potential of this technology is demonstrated by readily assembled microme-
chanical and microfluidic structures, acting as microvalves for biomedical applications
inside blood vessels [27]. No other technology can fulfill this performance today.

The achievable good optical quality and the high transparency in the visible spectral
range further open new possibilities for realizing microoptical elements. In [47], the
structure of an axicon has been chosen, since no other approach for their realization on
the microscale exists. The examples are given in Fig.3.4.

To further emphasize the possibilities of this technology, structuring of zirconium poly-
mer with metal binding affinity has been applied to the fabrication of 3D standing split-
ring resonators (SRRs). The ring diameter is 5 pm and the gap width and wire diameter
are 800 nm, respectively, in order to provide a magnetic resonance at 12 pm incident
wavelength. The initial polymer structures can be arranged in 2D and 3D arrays for 2D
or 3D isotropic magnetic response. Measurements of the conductivity of the metal cover-
age are presented in [45]. First examples, outlining the potential for future investigations,
are shown in Fig.3.5, together with FDTD simulations.
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Important main contributions:

e Development of a two-photon structuring system for industrial applica-
tion, commercially available at
http://lzh.de/en/departments/nanotechnology/nanolithography

e Improvement of structure resolution down to 82.5 nm

e Development and structuring of high-refractive index titanium-based
sol-gel with adjustable index between 1.50 and 1.65

e Development and structuring of sol-gel polymer for electroless plating

e Fabrication of high-quality microvalves and microoptical conical lenses
The relevant literature is:

e Recent progress in direct write 2D and 3D photofabrication technique with femtosec-
ond laser pulses
J. Koch, T. Bauer, C. Reinhardt, B. N. Chichkov
in Recent Advances in Laser Material Processing, chapter 8, Elsevier, pp. 472 -
495 (2006)

e Direct 3D Patterning of TiOy Using Femtosecond Laser Pulses
S. Passinger, M. S. Saifullah, C. Reinhardt, K. R. V. Subramanian, B. N. Chichkov,
M. E. Welland
Advanced Materials 19, pp. 1218 - 1221 (2007)

e Three-Dimensional Biodegradable Structures Fabricated by Two-Photon Polymer-
1zation
F. Claeyssens, E. A. Hasan, A. Gaidukeviciute, D. S. Achilleos, A. Ranella, C.
Reinhardt, A. Ovsianikov, X. Shizhou, C. Fotakis, M. Vamvakaki, B. N. Chichkov,
M. Farsari
Langmuire 25, pp. 3219 - 3223 (2009)

o Microstructured templates produced using femtosecond laser pulses as templates for
the deposition of mesoporous silicas
F. Heinroth, I. Bremer, S. Miinzer, P. Behrens, C. Reinhardt, S. Passinger, C. Ohrt,
B. Chichkov
Microporous and Mesoporous Materials 119, pp. 104 - 108 (2009)

o Three-dimensional titania pore structures produced by using a femtosecond laser
pulse technique and a dip coating procedure
F. Heinroth, S. Miinzer, A. Feldhoff, S. Passinger, W. Cheng, C. Reinhardt, B.
Chichkov, P. Behrens
Journal of Materials Science 44, pp. 6490 - 6497 (2009)
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e On the design and fabrication by two-photon polymerization of a readily assembled
micro- valve
C. Schizas, V. Melissinaki, A. Gaidukeviciute, C. Reinhardt, C. Ohrt, V. Dedoussis,
B. N. Chichkov, C. Fotakis, M. Farsari, D. Karalekas
International Journal of Advanced Manufacturing Technology 48, pp. 435 - 441
(2010)

e Two-photon polymerization of titanium-containing sol-gel composites for three-dimen-
sitonal structure fabrication
[. Sakellari, A. Gaidukeviciute, A. Giakoumaki, D. Gray, C. Fotakis, M. Farsari,
M. Vamvakaki, C. Reinhardt, A. Ovsianikov, B. N. Chichkov
Applied Physics A 100, pp. 359 - 364 (2010)

e 3D conducting nanostructures fabricated using direct laser writing
K. Terzaki, N. Vasilantonakis, A. Gaidukeviciute, C. Reinhardt, C. Fotakis, M.
Vamvakaki, M. Farsari
Optical Materials Express 1, pp. 586 - 597 (2011)

e Development of functional sub-100 nm structures with 3D two-photon polymeriza-
tion technique and optical methods for characterization
V. Ferreras-Paz, M. Emons, K. Obata, A. Ovsianikov, S. Peterhénsel, K. Frenner,
C. Reinhardt, B. Chichkov, U. Morgner, W. Osten
Journal of Laser Application 24, pp. 042004-1 - 042004-7 (2012)

e (Closely packed hexagonal conical microlens array fabricated by direct laser pho-

topolymerization
A. Zukauskas, M. Malinauskas, C. Reinhardt, B. N. Chichkov, R. Gadonas
Applied Optics 51, pp. 4995 - 5003 (2012)
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4 Plasmonics - Surface Plasmon-Polaritons

The occurrence of surface plasmon wave excitations in planar geometries has been ob-
served by Wood in the diffraction features from ruled metallic gratings in reflection mode
in 1902 [94]. In the same publication, the influence of different dielectric media on top
of the grating have been discussed, causing a shift of the anomalous reflection features.
This observation could be termed the first sensing application for surface plasmons.

A mathematical description has been given in 1941 by Fano [208], providing the first
expression for the dispersion relation of surface plasmon-polaritons by relating the damp-
ing of the superficial waves to the finite conductivity of the metal. He concluded that the
propagation length of the waves could be significantly enhanced by reducing the resistive
losses in the metal. Superficial waves have also been introduced by Sommerfeld [209].
Together with Zenneck, he investigated the propagation of electromagnetic waves over
sea water [209,210]. The theoretical description is analogue to that of Fano, except for
the difference that the medium is characterized by a positive real part of the complex
dielectric function.

The optical properties of metals are linked to the possibility to excite plasma oscillation
in the free electron gas. Excitation of plasma oscillations in the volume of metals by
inelastic electron scattering has been suggested by Bohm and Pines in 1952 and 1953
[211,212]. The plasma frequency of these oscillations is given by w, = \/ne?/mepex,
where n is the electron density, e is the electron charge, m is the effective electron mass, €
is the vacuum permittivity, and e, represents a real valued background permittivity [213].
First evidence for their excitation has been observed by Watanabe in 1955 [214]. The
term plasmon for the quanta of electron oscillations has been introduced by Pines in
1956 [215]. One year later 1957, Ritchie has predicted in a theoretical article the existence
of longitudinal plasma oscillations at the surface of a thin metal film [216], which has
been experimentally confirmed in 1959 by Powell and Swan for aluminium films [217].
The term surface plasmon has been introduced one year later in a paper by Stern and
Ferrell about surface plasma oscillations in a degenerate electron gas [218].

The surface plasmon oscillations predicted by Ritchie have been obtained in the elec-
trostatic approximation, which is valid only for the surface plasmon resonance at wgp =
wp/V'1+ €, where € is the dielectric function for the material above the metal surface.
Retardation effects have been neglected so far. At optical frequencies these surface plas-
mons have spatially fast varying charge density oscillations and are necessarily coupled
to an electromagnetic field, which is exactly the superficial wave on a metallic surface as
introduced by Fano.

When electromagnetic fields propagate through a medium, metal or dielectric, they
couple to internal degrees of freedom of the material. These are the induced polarization,
the magnetization, the optical phonons in ionic crystals, or charge density oscillations in
the valence electrons or the free electron gas in metals. These coupled modes are generally
called polaritons [219]. According to this definition, the coupled mode of a surface plasma
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oscillation with a photon is termed surface plasmon-polariton (SPP). This terminology is
not always followed in the literature and often the shorter term surface plasmon is used
instead.

To open ways for practical applications of SPPs, an optical excitation scheme using
a prism coupling method has been suggested by Otto [220] for bulk metal surfaces and
subsequently by Kretschmann and Raether [221,222] for thin metal films.

When SPPs are excited in the Kretschman-configuration on a metallic film covered
glass substrate, the reflected light intensity shows a characteristic dip for a certain angle
of incidence, representing the resonance of the SPPs with the incoming light. The angular
position of this dip depends on the metal, the film thickness, and the dielectric constant
of the medium above the metal film in its closest vicinity. By measuring the angular dip
position the dielectric constant of the covering medium can be determined with a very
high accuracy. The potential of SPPs for sensing application has been demonstrated from
1976 to 1978 by measuring optical properties of overcoatings of silver films with silver
sulfide, lithium fluoride, and carbon [223,224] as well as organic monolayers on gold and
silver films [225,226]. These observations have resulted in the development of the first
commercial sensing device based on the surface plasmon resonance (SPR), being on the
market since 1990. Sensitivities down to 1077 refractive index units (RIU) are typically
achieved [227].

4.1 The SPP dispersion relation of a semi-infinite system and on
thin metal films

The properties of SPPs at a single metal-dielectric interface are described by their analytic
dispersion relation [208,228]. Both media are assumed to extend to infinity away from
the interface and to be isotropic in directions parallel to the interface. The metal and the
dielectric are characterized by their individual dielectric functions €, and €4, respectively.
The permeability of the media at optical frequencies is neglected and set to unity.

SPP surface modes exist for TM polarization only and only if the real part of the
permittivity €, of the metal is smaller than the negative modulus of the permittivity of
the dielectric €4, i.e. €, < —¢4. This condition is fulfilled for noble metals like gold and
silver in the visible and near-infrared spectral ranges. In contrast, aluminium represents
a low-loss plasmonic material in the spectral range of 100 nm to 400 nm [33]. The
dispersion relation of an SPP in the semi infinite system is given by [93,113]

Em€d
€Em + €4

kspp = ks = ko (4.1)

A derivation of this expression in terms of the resonances of the Fresnel reflection coef-
ficient can be found in [93]. An alternative solution, using directly Maxwell’s equations, is
given in [113]. From this expression the SPP wavelength Agpp and the SPP propagation
length Lgspp, defined as the 1/e-intensity decay, can be obtained.
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Figure 4.1:
(a) Real Re(e) and (b) imaginary Im(e) parts of the permittivity as functions of the
excitation vacuum wavelength.
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The dielectric functions of gold, silver, and aluminium, shown in Fig.4.1, have been
modelled by an extended Drude-Lorentz model, taking into account interband transi-
tions, which are of importance for gold for vacuum wavelength below 650 nm and alu-
minium around 780 nm. The dielectric functions can be found in [213]. The background
permittivity and the collision length are matched to the experimentally measured dielec-
tric functions of gold and silver by Johnson and Christy [229]. Data for Drude model
parameters for aluminium are provided at [230].

In the experiments, presented in the next chapter, mostly gold has been used as metal.
The choice is based on the chemical stability of gold films. Aluminium as plasmonic
material has been considered for realization of a plasmonic superlens for deep UV radia-
tion [33] and provides huge potential in the visible spectral rage. Together with silver, it
will be considered in future work, see chapter 9. A comparison of plasmonic properties of
aluminium, gold, and silver is further given in [231]. The SPP wavelengths Agpp and the
SPP propagation lengths Lgpp at the metal-air interface in the visible spectral range for
these three metals as functions of the vacuum excitation wavelength are given in Fig.4.2.

However, the system, which has been used in SPP experiments, is a rather a thin gold
films deposited onto a glass substrate. The dispersion of SPPs on thin metal films and
in multilayer systems has been studied by Kretschmann and Economou [222,232].

The system consists of a metallic film (layer 2) with dielectric function e deposited
on a dielectric substrate (layer 1, semi-infinite) with dielectric constant €; and covered
with a superstrate (layer 3, semi-infinite) with dielectric constant 3. For convenience,
the z-direction is chosen perpendicular to the interfaces. Mode propagation is considered
along the positive x-direction.
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SPP wavelengths Agpp (a,b) and the SPP propagation lengths Lgpp (c,d) at the metal-
air interface for gold (gold), silver (blue), and aluminium (violet) as functions of the
vacuum excitation wavelength.
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Figure 4.3:
Comparison of real parts of SPP wave vectors (wave numbers) calculated according to
equations 4.1 and 4.4 for the semi-infinite and the two interface systems, respectively.
Only below 50 nm film thickness significant deviations occur. Equation 4.1 remains a
good approximation for the experimentally used metal film thicknesses marked by the
ellipse.

The SPP properties of the system are described by the resonances of Fresnel reflec-
tion coefficient for the two-interface system for p-polarized light of frequency w = cky
[33,143,151], with kg being the modulus of the wave vector in vacuum, and ¢ is the speed
of light in vacuum,

p D
712793

- 7 4.4
25 4Py rh exp 2k, od (44)
where the reflection coefficients are given by
kzi _ kzj
D €; €j
S (4.5)
€4 + EJ']

The wave vector components k,; perpendicular to the interface are calculated in terms
of the wave vector component k, parallel to the interface.

k2 = eky — k2. (4.6)

It has been shown that for the experimentally relevant film thickness around 50 nm
the difference of the real parts of the SPP wave vector is in the order of 1072 and can
be neglected in most cases [233]. In a good approximation, the real part of the SPP
dispersion evaluated from equation 4.4 can be described with the analytic expression 4.1,
as it is shown in Fig.4.3.

This geometry allows coupling of the SPP electromagnetic field to propagating modes
in the glass substrate. Although, this is an additional loss mechanism, which adds to
the resistive losses in the metal and reduces the propagation length, it enables optical
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microscopic methods for the visualization of SPP propagation, i.e. the leakage radiation
microscopy, described in section 6.2.

4.2 Surface Plasmon-Polariton Waveguides

Waveguiding of SPPs turns out as a compromise between mode confinement and propa-
gation distances. Additionally, the metal, which is responsible for the mode confinement,
introduces unavoidable losses. The first SPP waveguide concept from 1997 has been based
on scaling down concepts of electronics, e.g. metal wires, hollow metallic waveguides, and
coaxial cables. Numerical investigation has been performed for silver rods of 20 nm diam-
eter embedded in a dielectric, showing that the electric field can be concentrated down to
33 nm for an excitation vacuum wavelength of 633 nm, but with huge propagation losses
of 3 dB/410 nm [234]. In 1999, Weeber et al. have investigated plasmon excitation on
metallic nanowires [235]. It has been demonstrated in 2005 that a local excitation can be
guided along such a nanowire, which can act as nanoresonator. [236]. SPP waveguiding
along nanowires has in 2009 been demonstrated with wire diameters down to 60 nm [237],
however, the propagation length was only 5 pm for a vacuum wavelength of 1550 nm.

To overcome the huge losses of nanowires, the use of chains of closely spaced resonant
nanospheres has been considered due to a reduced metal content in the waveguide. When
the particles are resonantly excited, their near-fields can couple and a local excitation
can be guided along the chain, having been demonstrated for silver particles of 50 nm
diameter with a particle spacing of 25 nm [238]. The corresponding propagation length
has been determined to 900 nm, which has been attributed to increased scattering losses
of the nanoparticles. This concept has been transferred to closely spaced silver nanorods,
enabling the transport of a local plasmonic excitation to a localized detector over 500
nm [239], demonstrating subwavelength energy transport by SPs.

Another approach for realizing SPP waveguiding has been based on band gap struc-
tures on metal surfaces. The first demonstration by angular and wavelength resolved
reflectivity measurements has been reported for a periodically corrugated silver film for
a wavelength of 782 nm using scanning near-field microscopy [240]. The propagation
of SPPs in a 3.2 pm wide and 18 pm long channel free from corrugations has been
observed [241].

The most intuitive approach for realizing SPP waveguides is to reduce the width of
a metal film used for SPP propagation. The stripe remains more extended in width
to avoid to high confinement. It can be placed on top of a glass substrate [242] or
embedded into a dielectric [243]. For very thin films the plasmons on both sides of the
film couple, resulting in two fundamental SPP modes with symmetric and asymmetric
electric field distributions perpendicular to the metal film, corresponding to the long-
and short-range plasmons, respectively [101]. It should be noted that also higher modes
are supported by this structure, which is therefore not single-mode. Theoretical [243—
245] and experimental [246-249] studies have been performed on this type of plasmonic
waveguide with different aspect ratios of height and width of the metal and different
surrounding dielectrics. The longest propagation length, which have been reported, is
0.3 dB/mm, corresponding to a 1/e intensity decay length of 1.5 ¢m for silver stripes
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on glass with an index-matched polymer overcladding. The field confinement, however,
is comparable to that of single mode optical fibers. Nevertheless, this approach allows
the integration of SPP-based optical components on one optical chip, e.g. Y-splitter,
couplers, Mach-Zehnder-interferometers (MZI), and thermooptically controlled switches,
see chapter 15 in [101].

One further concept to achieve SPP waveguiding is the use of metal-insulator-metal
(MIM) structures in a slab geometry, for which negative refraction has been reported
[250]. A case study has shown that also in other geometries and even on thin films
negative refraction can be achieved [251].

Special cases of this concept are V-shaped channels fabricated by focused ion-beam
etching. This type of plasmonic waveguide modes have been denoted channel SPPs
(CPPs) [252]. It has been demonstrated that single-mode operation of a sub-wavelength
V-groove plasmonic waveguide can be achieved by adjusting the depth and angle of the
groove. The power of confined CPPs modes is concentrated near the bottom of the groove
with the electric field parallel to the sample surface [253]. Sub-wavelength confinement
and propagation lengths in the order of hundreds of micrometers in straight waveguides
have been demonstrated using near-field microscopy, and several wavelength selective
components such as MZIs and ring resonators have been realized [254,255].

4.2.1 Dielectrically-Loaded Surface Plasmon-Polariton Waveguides

Confinement of SPPs in dielectrically-loaded SPP waveguides is realized analogous to
conventional integrated optics [256]. The configuration for SPP waveguiding consists of
a dielectric ridge on top of a metal surface, where the lateral SPP confinement is achieved
analogue to optical waveguides [11,257]. The concept of dielectric waveguides for SPPs
has independently introduced by Steinberger et al. [257] and Reinhardt et al. [11] in 2006,
using silicon dioxide and polymer waveguides, respectively.

Analog to integrated optics, this waveguide configuration has been termed dielectric-
loaded SPP waveguide (DLSPPW) [258,259]. The first experimental investigations have
already indicated that the DLSPPWs can be used for efficient guiding of SPP modes.
The SPP mode is mostly confined to the dielectric ridge, and by properly designing
the dimensions of the ridge, one can achieve single-mode operation with sub-wavelength
confinement and propagation lengths comparable those of CPPs.

One of the great advantages of this concept is that it is technologically simple to real-
ize, especially when using polymer materials instead of oxides, where photolithographic
methods can be used for fabrication. The application of direct-write nonlinear laser
lithography has been investigated in the present work for fast prototyping of plasmonic
waveguides and components. The extension to large scale industrial fabrication using
mask lithography has been investigated and reported in [260-263].

The use of polymers has furthermore the advantage that different types of dielectrics
with specialized properties can be applied, e.g. nonlinearity, thermooptical, or elec-
trooptical activity. This allows realizing different active components such as plasmonic
switches, which have been reported recently [112].

Moreover, there exists the possibility of structuring the underlying metal film to form
electrodes, allowing electrical heating of the polymer [264] or additional data transport
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265].

DLSPPW have been characterized by SNOM and leakage radiation microscopy, see
sections 6.1 and 6.2.

Very recently, Holmgaard et al. have extended the DLSPPW concept to long-range
surface plasmons. The continuous metal layer used for DLSPPWs is structured in stripes
of 500 nm width and 15 nm height, surrounded by a polymer ridge of 850 x 850 nm?

cross section. Propagation length of up to 3.1 mm have already been reported, with a
mode width of 1.6 pm [266].

4.2.2 Surface Plasmon Anti-Resonant Reflecting Optical Waveguides

This type of SPP waveguide comprises a narrow strip-like region of a metal surface of a
few micrometers in width, confined by a periodic sequence of straight dielectric ridges.
These periodic ridges constitute a Bragg reflector and SPP waves can be confined to the
metallic region between two reflectors. Due to the reflecting behaviour the waveguide
forms the plasmonic analogue of an anti-resonant reflecting optical waveguide (Surface
Plasmon ARROW, SPARROW) [267,268]. The SPPs guided inside the waveguide core
of a SPARROW are low-order modes of the corresponding large diameter plasmonic
waveguide. This system provides single mode operation with a large mode area for
direct fiber-coupling and direct access to the plasmonic field, making them interesting
for sensing applications [19, 20].

4.2.3 Laser-Writing of Plasmonic Components, Excitation Structures, and
Waveguides

Nonlinear laser-writing has been applied to fabrication of plasmonic waveguides for
telecommunication wavelength around 1.5 pm in 2006, using ORMOCER® b59 [11].
The functionality has been demonstrated using SNOM characterization, see section 6.1.
Tapered waveguides have been fabricated to improve the excitation of guided modes
when laser beams with large spot sizes are used. Some examples of SPP waveguides are
shown in Fig.4.4.

Spin coatable materials provide the advantage that the height of the waveguides can
be determined and limited before the structuring process. In first experiments the pho-
toresist maN-1405 has been used [13]. In recent experiments, mrNIL-6000.5 has been
applied due to its insolubility in organic solvents. For both materials a layer thickness
of 500 nm has been realized at a spinning speed of 3000 rpm [17]. The modes of the
waveguiding structures can easily be excited by focussing p-polarized laser light on one
end of the waveguides. Characterization has been performed using leakage radiation mi-
croscopy, see section 6.2. This method has firstly been demonstrated within the work for
this habilitation treatise for DLSPPWs in 2006 and 2007 [12,13]. An example is provided
in section 6.2.

Polymer structures are also well suited for efficient excitation of SPPs. Nanodots
as well as straight and curved ridges for SPP excitation have been fabricated using
ORMOCER®. SPP focussing and directing has been demonstrated [15,16].
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Figure 4.4: Straight (a) and Y-splitter (b) DLSPPws with tapered incoupling regions.

The Novolac maN-1405 has additionally been applied for local restructuring of nanorod
arrays. The addition of polymer on the nanorods allows controlling their resonant wave-
length and the effective index of the SPs supported by the system [14].

Important main contributions:

¢ Realization of first polymer-based dielectrically-loaded SPP waveguides

e Development of nonlinear direct laser-writing for prototyping of plas-
monic waveguides and excitation components

The relevant literature is:

e Laser-fabricated dielectric optical components for surface plasmon polaritons
C. Reinhardt, S. Passinger, B. N. Chichkov, C. Marquart, I. P. Radko, S. I.
Bozhevolnyi
Optics Letters 31, pp. 1307 - 1309 (2006)

e Restructuring and modification of metallic nanorod arrays using femtosecond laser
direct writing
C. Reinhardt, S. Passinger, B. N. Chichkov, W. Dickson, G.A. Wurtz, P. Evans R.
Pollard, and A. V. Zayats
Applied Physics Letters 89, pp. 231117-1 - 231117-3 (2006)

o Rapid laser prototyping of optical components for surface plasmon polaritons
R. Kiyan, C. Reinhardt, S. Passinger, A. L. Stepanov, A. Hohenau, J.R. Krenn,
and B. N. Chichkov
Optics Express 15, pp. 4205 - 4215 (2007)

o Rapid laser prototyping of plasmonic components
C. Reinhardt, R. Kiyan, S. Passinger, A. L. Stepanov, A. Ostendorf, and B. N.
Chichkov
Applied Physics A 89, pp. 321 - 325 (2007)

o Direct laser-writing of dielectric-loaded surface plasmon-polariton waveguides for
the visible and near infrared
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C. Reinhardt, A. Seidel, A. B. Evlyukhin, W. Cheng, R. Kiyan, B. N. Chichkov
Applied Physics A 100, pp. 347 - 352 (2010)

4.2.4 Nanoimprinting of Plasmonic Waveguides

The nonlinear laser writing of plasmonic components has advantages for prototyping
and optimization. But once the optimized structures are found, mass production steps
are more efficient, e.g. when SPP waveguides shall be implemented within optical or
electronic circuitry. As one possibility for fast replication of such structures a nanoim-
print process for SPP components has been developed using polydimethoxysiloxane
(PDMS) [48]. Master structures of SPP waveguides have been fabricated by 2PP on
glass substrates. PDMS has been casted onto the master structure, and after thermal
polymerization, the PDMS mold is removed from the master structure. Replica of the
initial structures can be produced by pressing the PDMS mold into liquid imprint resin
mrNIL-6000.5. After illumination with UV light, the mold can be released from the
imprinted sample and is ready for further use [49].

This approach not only allows 2D waveguide structures to be reproduced, but also
structures with a varying height profile can be imprinted. This enables the fast produc-
tion of waveguides together with 3D tapers for light incoupling via optical fibers. The
fabrication and transmission measurements are described in detail in [50].

Important main contributions:

e Development of a nanoimprint process for fast replication of dielectrically
loaded SPP waveguides

e Nanoimprinting of 3D tapered SPP waveguides allowing fiber coupling
for enhanced integration

The relevant literature is:

e Replica molding of picosecond laser fabricated St microstructures
C. Reinhardt, S. Passinger, V. Zorba, B. N. Chichkov, and C. Fotakis
Applied Physics A 87, pp. 673 - 677 (2007)

o Nanoimprinting of dielectric loaded surface plasmon-polariton wavequides from mas-
ters fabricated by 2-photon polymerization technique
A. Seidel, C. Ohrt, S. Passinger, C. Reinhardt, R. Kiyan, B. Chichkov
Journal of the Optical Society of America B 26, pp. 810 - 812 (2009)

o [iber-Coupled Surface Plasmon Polariton Excitation in Imprinted Dielectric-Loaded
Waveguides
A. Seidel, J. Gosciniak, M. U. Gonzalez, J. Renger, C. Reinhardt, R. Kiyan, R.
Quidant, S. I. Bozhevolnyi, and B. N. Chichkov
International Journal of Optics 2010, pp. 897829-1 - 897829-6 (2010)



5 Metallic and Dielectric Nanoparticles as Building
Blocks for Metamaterials and Metasurfaces

Novel fabrication methods and optical characteristics of metallic [30-32] and dielectric
silicon nanoparticles [35-38] are introduced. Due to electric and magnetic multipole res-
onances, these particles provide huge potential as building blocks for metamaterials and
metasurfaces. Applications of gold particle metasurfaces for sensing purposes have been
investigated within this work. The appearance of Fano resonances in these metasurface
structures leads to high sensitive response to refractive index changes [8,31].

5.1 Scattering Properties of Spherical Metallic Nanoparticles

The first spectroscopic measurement of the extinction spectrum of colloidal gold was
published in 1898 by Zsigmondy, showing for the first time the plasmon resonance of
gold nanoparticles [269]. The correct scattering behaviour is obtained from Mie theory,
allowing separating the cross sections into different multipole contributions [95]. The
method is described in chapter 7.3.

Fig.5.1 shows color coded plots of the extinction efficiencies of gold and silver nanopar-
ticles as a function of particle radius and incident wavelength in vacuum environment.
For particles with radii larger than 100 nm for gold and 60 nm for silver, a contribution
of the electric quadrupole is present.

The influence of the electric quadrupole on the scattering of SPPs on spherical gold
particles placed on top of a gold film have experimentally been demonstrated in [30],
showing up as a reduced backscattering. The experiment is described in section 6.6.

5.1.1 Laser-Induced Transfer of Gold Nanoparticles

The method of laser-induced transfer (LIT) has been developed to generate spherical
nanoparticles and to arrange them on a surface or even combine them with polymeric
2D plasmonic and 3D photonic structures [30, 31].

LIT of bunches of material after irradiation of thin films of various metals and oxides
has been shown as early as 1986 using an ArF excimer laser [273]. Schemes of forward
and backward transfer, where the ablated material is ejected into and opposite to the
laser beam direction, respectively, have been investigated in 1999 for the fabrication of
laser generated high-resolution holograms [274].

The occurrence of a hydrodynamic process on gold films prior to ablation has already
been shown in 2004 [28,275]. The formation, ejection, and deposition of single nan-
odroplets of the molten material have been observed and reported subsequently in 2005
and 2006 [276-278]. The laser energy is first absorbed in the electron gas and then
slowly transferred to the ion lattice. The coupling between the electron oscillations and
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Figure 5.1:
Extinction efficiencies for gold(a) and silver (b) nanoparticles as a color coded 2D plot

in dependence on wavelength and particle radius.
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Figure 5.2:
Schematic of the laser-induced transfer process for the production of gold nanoparti-

cles.
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Figure 5.3:

the lattice oscillations, i.e. the phonons, is described by the electron-phonon coupling
constant [279]. The energy transfer from the electrons to the lattice occurs on a time
scale in the picosecond range, leading to a transient liquid phase. This liquid phase can
be created by absorption of one single laser pulse with an energy of a few nanojoules.
This leads to built up of temperature and pressure gradients in thin films of the material.
When the material increases its volume during melting, the process can be compared to
the dynamics initiated by a drop of liquid falling into a liquid surface. A back jet of
the material is driven upwards. If the laser pulse energy is increased a droplet is ejected
away from the structure. These droplets can be captured on a second glass plate, acting
as a receiver substrate [30]. The schematic is shown in Fig.5.2. The nanojet remains on
the donor substrate. It can further serve as nanoscale electron source due to the field
enhancement and lightning rod effect at the very sharp tip with curvature radius of a
few nanometers. Produced nanoparticles are shown in Fig.5.3.

The diameter of the generated particles is limited in size down to 250 nm [30]. The
SPP scattering properties of such gold particles deposited on a gold film have been
investigated, showing the emergence of a quadrupole scattering moment with increasing
diameter. Properties of particle arrays with electric dipole and quadrupole resonances of
the individual particles have been investigated in [52].

A reduction of the particles size has been achieved when the film is structured before
the LIT process. Pre-structuring has been accomplished by means of nanosphere litho-
graphy, where one monolayer of monodispersed colloidal spheres is deposited onto a glass
substrate. After anisotropic evaporation of gold onto the sample and subsequent lift-off
a hexagonal array of plane triangular nanoparticles remains on the glass surface. The
material can be melted by ultrashort laser pulses. During melting the triangle contracts
into a sphere due to the surface tension of the liquid material, leading to an elevation of
the center-of-mass of the material volume. The generated momentum drives the particle
towards the receiver substrate. FExamples of the generated highly ordered nanoparticle
arrays are given in Fig.5.4.

5.1.2 Sensing Properties of Gold Nanoparticle Arrays

Recently, it has theoretically been investigated that spectrally narrow resonances occur
in the transmission spectra of metal nanoparticle chains and arrays [270]. These Fano
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Array of gold particles as metasurface for sensing application. The particle diameter
is 80 nm.

type spectral transmission profiles are caused by coupling of the broad individual parti-
cle plasmon resonances with the spectrally diffraction orders of the particle array, when
certain diffractive orders propagate nearly parallel to the array plane. Fano resonances
further occur in two or more closely spaced nanoparticles, coupled by near-field inter-
actions leading to interference of the hybridized collective superradiant and subradiant
plasmon modes [271,272]. The plasmon resonance of the particles strongly depends on
the refractive index of the medium above the sample surface, on which the particles are
deposited. Using the method described above, spherical gold particles with diameters of
80 nm have been deposited on a PDMS surface in a hexagonal array as shown in Fig.5.4.
This prototype of a metamaterial layer has been applied for sensing the refractive index
of water-glycerine solutions and immersion oil with refractive indices between 1.333 and
1.518. The spectral measurement of the minimum transmission of the Fano profile and
the corresponding width revealed a sensitivity of 365 nm/RIU [31]. In comparison, with
thin-film surface plasmon resonance sensors sensitivities in the order of 1000 nm/RIU
can be reached [227].

If larger metallic particles are arranged in an array, also their electric quadrupole
resonances can be coupled with the diffractive modes of the array, leading to a second
Fano resonance. This possibility for gold nanoparticles with radii between 100 nm and
140 nm has been considered theoretically within the present work [52].

The sensitivity can be significantly enhanced by several orders of magnitude by addi-
tionally measuring the phase shift that occurs in the resonance of the Fano profile, being
different for p- and s-polarized light under 57° incidence. Using s-polarized light as a ref-
erence, the phase shift of the p-polarized light in the vicinity of the resonance is 175° for
a refractive index difference of 0.0035. This result directly yields a sensitivity of 5 x 10*
deg./RIU. According to this value, the lower detection limit can be estimated to 1077
RIU, which is comparable to or even slightly better than achievable with commercial
amplitude sensitive surface plasmon resonance sensors [8].

Important main contributions:

e Development of the laser-induced transfer technology for generation of
spherical, monodisperse metal meso- and nanoparticles with determined
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size and position
e Generation of large-scale ordered arrays of metal nanoparticles

e Realization of advanced sensor arrays: Sensitivity 5 x 10* deg./RIU, de-
tection limit 10~” RIU, comparable to existing SPR sensors

The relevant literature is:

o Laser-induced transfer of metallic nanodroplets for plasmonics and metamaterial
applications
A. 1. Kuznetsov, A. B. Evlyukhin, C. Reinhardt, A. Seidel, R. Kiyan, W. Cheng,
A. Ovsianikov, B. N. Chichkov
Journal of the Optical Society of America B 26, pp. B130 - B138 (2009)

e Laser Fabrication of Large Scale Nanoparticle Arrays for Sensing Applications
A. 1. Kuznetsov, A. B. Evlyukhin, M. R. Goncalves, C. Reinhardt, A. Koroleva,
M. L. Arnedillo, R. Kiyan, O. Marti, B. N. Chichkov
ACS Nano 19, American Chemical Society, pp. 4843 - 4849 (2011)

e Optical properties of spherical gold mesoparticles
A. B. Evlyukhin, A. I. Kuznetsov, S. M. Novikov, J. Beermann, C. Reinhardt, R.
Kiyan, S. I. Bozhevolnyi, B. N. Chichkov
Applied Physics B 106, pp. 841 - 848 (2012)

e Laser-ablative engineering of phase singularities in plasmonic metamaterial arrays
for biosensing applications
A. 1. Aristov, U. Zywietz, A. B. Evlyukhin, C. Reinhardt, B. N. Chichkov, A. V.
Kabashin
Applied Physics Letters 104, pp. 071101-1 - 071101-5 (2014)

5.2 Scattering Properties of Spherical Silicon Nanoparticles

In order to provide suitable meta-atoms for the visible spectral range, silicon nanopar-
ticles have been suggested in 2010 within the work for this thesis, due to existence of
magnetic dipole resonances [35]. Experimentally, the occurrence of these resonances has
firstly been demonstrated in [36], where the spherical silicon particles have been realized
by laser ablation from bulk silicon surfaces. Fabrication approaches of monodisperse
spherical silicon particles with controllable positioning have been suggested in [37, 38].
These are summarized in the next section 5.2.1.

As in the previous case it is helpful to generate a map for the extinction efficiency in
dependence on the particle radius and the incident wavelength using Mie theory, Fig.5.5.
The dielectric function of crystalline silicon can be evaluated from the complex refractive
index data provided in [280,281]. The map shows the electric dipole, magnetic dipole,
and total extinction efficiency.
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Figure 5.5:
Extinction efficiency of silicon nanoparticles in dependence on radius and incident
wavelength: (a) Magnetic dipole contribution only. (b) Electric dipole contribution
only. (c) Total extinction using electric and magnetic Mie coefficients.
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Figure 5.7:
(a) SEM image from silicon wafer surface. (b) Dark field image of the particles
captured on the receiver substrate. No controlled production of particles, different
colors indicate different diameters

5.2.1 Laser-Induced Transfer of Silicon Nanoparticles

In the work for this professorial dissertation, it has firstly been demonstrated that spheri-
cal silicon nanoparticles can be realized from laser ablation processes from silicon wafers.
However, the laser-transfer from silicon wafers does not lead to controlled positioning
of single particles. Instead, numerous particles are ejected and deposited uncontrollably
onto a receiver glass substrate. The schematic is shown in Fig.5.6.

Silicon reduces its volume during transit from the solid to the liquid phase. This leads
to a pressure gradient dragging the liquid material to the outside rim of the molten
zone. Due to the Rayleigh instability [37], the material starts to form several numbers
of nanoparticles, see Fig.5.7.

To control the melting process and to produce only one single particle per laser pulse, a
laser beam with a ring shaped intensity can be applied. The minimum particle diameters
in this case are in the range of 350 nm to 500 nm. Details can be found in [37].

A controlled deposition of single silicon nanoparticles with smaller diameters, however,
can be achieved using silicon-on-insulator (SOI) wafers as a donor substrate, as schemat-
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Figure 5.9:

(a) SEM image from SOI wafer surface. (b) SEM (left) and dark field (right) images
of particles captured on the receiver substrate. Different sizes had been adjusted by
laser pulse energy, position control on the receiver is possible. The dark field images
show the same particles before (left) and after (right) recrystallization.

ically shown in Fig.5.8. Wafers used in the present experiments have a 50 nm thick
crystalline silicon layer. One single laser pulse can melt the silicon film, and the molten
disk-shaped material contracts into a sphere, driven by the surface tension of the liquid
material. This leads to an elevation of the center-of-mass of the material volume which
moves the particle towards the receiver substrate. The particles cool down rapidly on the
receiver substrate, resulting in an amorphous phase, as it has been shown by spectrally
resolved light scattering, see Fig.5.9.

To confirm the amorphous phase from the spectral measurements the experimental re-
sults are compared to Mie theory using the dielectric function for amorphous silicon [281].
After further irradiation and heating, each single particle can selectively re-crystallized.
The crystalline particles have lower absorption and thus stronger resonances which can
be seen as a brighter scattering in the dark-field microscopy image in Fig.5.9b

The fabrication process for spherical silicon nanoparticles using SOI and the control
of the crystallographic phase have been demonstrated for the first time. A detailed
investigation of the fabrication process, the optical measurements, and the theoretical
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modelling of the silicon particle optical properties is published in [38].
Important main contributions:

e First demonstration of spherical silicon nanoparticles with magnetic res-
onances in the visible spectrum

e Development of novel fabrication technology for spherical silicon parti-
cles with determined position from bulk silicon wafers and SOI wafers

e Laser-induced recrystallization of amorphous silicon particles
The relevant literature is:

e Demonstration of Magnetic Dipole Resonances of Dielectric Nanospheres in the
Visible Region
A. B. Evlyukhin, S. M. Novikov, U. Zywietz, R. L. Eriksen, C. Reinhardt, S. 1.
Bozhevolnyi, B. N. Chichkov
Nano Letters 12, pp. 3749 - 3755 (2012)

e Generation and patterning of Si nanoparticles by femtosecond laser pulses
U. Zywietz, C. Reinhardt, A. B. Evlyukhin, T. Birr, B. N. Chichkov
Applied Physics A 114, pp. 45 - 50 (2014)

e Laser printing of silicon nanoparticles with resonant optical electric and magnetic
responses
U. Zywietz, A. B. Evlyukhin, C. Reinhardt, B. N. Chichkov
Nature Communications 5, pp. 4402-1 - 4402-7 (2014)
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6 Optical Characterization Methods

In this chapter, optical characterization methods for surface plasmon-polaritons and
nanoparticles are summarized. The techniques to visualize SPP propagation and their
interaction with surface nanostructures and nanoparticles include initial investigations
of the first polymer-based dielectrically-loaded SPP waveguides by scanning near-field
optical microscopy (SNOM) and leakage radiation microscopy (LRM). Two-photon pho-
toelectron emission microscopy (2PPEEM) has been applied for time resolved imaging.

Near-field and far-field characterization of nanoparticles and nanoparticle structures
has been accomplished by surface enhanced Raman scattering (SERS) and single particle
spectroscopy (SPS), respectively.

At the end of the chapter, recent investigations of field enhancement effects are pre-
sented, showing further possibilities for near-field imaging in and around nanoantennas
and utilization of high field strengths in nonlinear optics.

6.1 Scanning Near-Field Optical Microscopy (SNOM)

The original idea of performing microscopy by scanning optical near-field over a sample
surface has been suggested by Synge in 1928 using evanescent light transmission through
a sub-wavelength hole [84]. He also suggested the use of piezoelectric crystals for fast and
precise positioning [282]. SNOM has been introduced to nanooptics applications in 1981
by Pohl [85,283] in analogy to scanning raster force microscopy, using an extruded optical
fiber covered with silver or aluminium. The method allows detection of SP near-fields in
different geometries and on semi-infinite systems. It has also been applied in combination
with heterodyne detection for temporally resolved tracking of SPP propagation [284].

In the experiment performed within this work, SPPs on the gold film have been excited
by prism coupling using a laser wavelength of 1520 nm. Near-field images have been
recorded in the collection mode. Tip diameters of the fiber have been in the range of 100
nm. The setup is described in [285].

To enhance the incoupling into the waveguides, a taper structure has been added to
the simple polymer line. The length of the taper has to be chosen as a trade-off between
the finite decay length of the SPP and the back-reflection and scattering losses. The
near-field distribution and the topography of the tapered waveguides for different taper
lengths is shown in Fig.6.1, indicating the advantage of a small taper angle.

Important main contributions:

e First demonstration of functionality of dielectrically loaded SPP wave-
guides from polymer

e Tapered waveguides for improved incoupling

The relevant literature is:
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Figure 6.1:
Surface topography (a) and optical near-field distribution (b) for tapered DLSPPWs
with different taper length.

o Laser-fabricated dielectric optical components for surface plasmon polariton
C. Reinhardt, S. Passinger, B. N. Chichkov, C. Marquart, I. P. Radko, S. 1.
Bozhevolnyi
Optics Letters 31, pp. 1307 - 1309 (2006)

6.2 Leakage Radiation Microscopy (LRM)

A first observation of SPP leakage radiation from thin metal films has been reported in
1971 by Kr”oger and R’ather [286], using SPP excitation by electrons, and later by [287],
using light scattering on rough metallic films for SPP excitation. Optical imaging using
immersion oil microscope objectives has been suggested 1996 by Hecht et al. using SPPs
excitation by local light scattering from a SNOM tip [288]. This detection assembly
represents first LRM for investigation of SPPs on metallic films. In addition to the
surface image, it has been shown that an optical Fourier transform can be performed
by imaging of the back focal plane (BFP) of the microscope objective. The BFP image
allows distinguishing between scattered light and SPP leakage radiation. The leakage
radiation is emitted under sharp angles with respect to the surface normal, forming two
sharp crescent shaped features in the BFP image, whereas scattered light from the surface
defects or local excitation points appears under a broad angular distribution, showing
as a band in the BFP image. In 2006, Drezet et al. have shown that first producing
an image of the BFP and then performing a subsequent optical Fourier transform to
obtain the surface image on a camera provides the unique possibility to filter out noise
signals [289]. A detailed review about the technique is given in [290].

LRM has been applied to imaging SPP excitation and propagation properties on gold
films and it has been demonstrated that this method can also be applied for investigation
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Figure 6.2:
Example of a LRM image of two interfering SPPs. (a) Experimental results. (b)
Theoretical simulation using 2D Gaussian beams.

of waveguiding in polymer DLSPPWs [12,13]. Focussing and directing of two-dimensional
Gaussian SPP beams and SPP waveguiding have been investigated in details in [15-18,
22,49, 50]. Mode-selective excitation and switching operation in Y-splitters has been
demonstrated firstly within the work for this thesis [17,23].

As a novel approach for characterization of optical properties of gold nanoparticles
on thin gold films, LRM images of SPP scattering have been evaluated to demonstrate
the relevance of quadrupole moments for particle diameters exceeding 100 nm [30]. This
method is discussed in section 6.6.

An example of SPP excitation and guiding in a tapered waveguide made from maN-
1405 photoresist is given in Fig.6.2.

Important main contributions:

¢ Excitation and focussing of SPP Gaussian beams on curved and straight
ridges

e Demonstration of functionality of laser-written DLSPPWs in the visible
and infrared spectral ranges

e Mode-selective excitation of multimode DLSPPWs

e Demonstration of excitation dependent routing and switching in DL-
SPPW Y-splitters

e First demonstration of quadrupole contributions for SPP scattering on
gold nanoparticles

The relevant literature is:

e Rapid laser prototyping of optical components for surface plasmon polaritons
R. Kiyan, C. Reinhardt, S. Passinger, A. L. Stepanov, A. Hohenau, J.R. Krenn,
and B. N. Chichkov
Optics Express 15, pp. 4205 - 4215 (2007)
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Rapid laser prototyping of plasmonic components

C. Reinhardt, R. Kiyan, S. Passinger, A. L. Stepanov, A. Ostendorf, and B. N.
Chichkov

Applied Physics A 89, pp. 321 - 325 (2007)

Focussing and directing of surface plasmon polaritons by curved chains of nanopar-
ticles

A. B. Evlyukhin, S. I. Bozhevolnyi, A. L. Stepanov, R. Kiyan, C. Reinhardt, S.
Passinger, B. N. Chichkov

Optics Express 15, pp. 16668 - 16680 (2007)

Nanoimprinting of dielectric loaded surface plasmon-polariton wavegquides from mas-
ters fabricated by 2-photon polymerization technique

A. Seidel, C. Ohrt, S. Passinger, C. Reinhardt, R. Kiyan, B. Chichkov

Journal of the Optical Society of America B 26, pp. 810 - 812 (2009)

Mode-selective excitation of laser-written dielectric-loaded surface plasmon polari-
ton Waveguides

C. Reinhardt, A. Seidel, A. B. Evlyukhin, W. Cheng, B. N. Chichkov

Journal of the Optical Society of America B 26, pp. B55 - B60 (2009)

Laser-induced transfer of metallic nanodroplets for plasmonics and metamaterial
applications

A. 1. Kuznetsov, A. B. Evlyukhin, C. Reinhardt, A. Seidel, R. Kiyan, W. Cheng,
A. Ovsianikov, B. N. Chichkov

Journal of the Optical Society of America B 26, pp. B130 - B138 (2009)

Direct laser-writing of dielectric-loaded surface plasmon-polariton waveguides for
the visible and near infrared

C. Reinhardt, A. Seidel, A. B. Evlyukhin, W. Cheng, R. Kiyan, B. N. Chichkov
Applied Physics A 100, pp. 347 - 352 (2010)

Demonstration of Laser-Fabricated DLSPPW at Telecom Wavelength

A. Seidel, C. Reinhardt, T. Holmgaard, W. Cheng, T. Rosenzveig, K. Leosson, S.
. Bozhevolnyi, B. N. Chichkov

IEEE Photonics Journal 2, pp. 652 - 658 (2010)

Photonic bandgap plasmonic wavequides

A. Markov, C. Reinhardt, B. Ung, A. B. Evlyukhin, W. Cheng, B. N. Chichkov,
M. Skorobogatiy

Optics Letters 36, pp. 2468 - 2470 (2011)

Bandgap-confined large-mode wavequides for surface plasmon-polaritons

C. Reinhardt, A. B. Evlyukhin, W. Cheng, T. Birr, A. Markov, B. Ung, M. Sko-
robogatiy, B. N. Chichkov

Journal of the Optical Society of America B 30, pp. 2898 - 2905 (2013)
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6.3 Photoelectron Emission Microscopy (PEEM)

The principle of PEEM has been shown in 1933 by Briiche [291]. PEEM analyzes directly
the spatial photoelectron yield with high resolution. In the case that the photon energy
is lower than the work function, the simultaneous absorption of two or more photons
can lead to photoelectron emission. Due to the short free path length of electrons in a
solid material this effect is presumably surface sensitive [292] and the local photoelectron
current is a function of the local electric fields at the surface and the work function
[293-295]. This current is proportional to the square of the local surface intensity of the
electric field for two-photon photoemission [295].

The electric field at the sample surface is a superposition of the electric laser field
and the SPP electric field having different phase velocities. Hence, the excitation and
propagation of SPPs appears indirectly as an interference of these two field contributions
to the electron emission, leading to a contrast in the PEEM image [296]. The work
function of the usually used gold surfaces is typically about 5.4 eV [297], which would
require at least a three-photon absorption in the spectral region around 633 nm up to
a four-photon absorption at 800 nm and a five-photon absorption around 1000 nm. To
lower the work function to allow two-photon photoemission at 800 nm, less than one
monolayer of caesium is deposited on the gold surface [298].

In the experiments, a PEEM from Focus GmbH with an electrostatic lens system has
been used [299]. A maximum magnification of about 3500 times can be obtained and
the achievable resolutions is estimated to about 40 nm. Ultrashort SPPs are excited
by p-polarized laser radiation at 800 nm wavelength and pulse durations around 18 fs
from a titanium:sapphire oscillator-amplifier system from KMLabs. The chirp induced
by the entrance window to the PEEM vacuum chamber and the focussing lens has been
compensated by a prism compressor [300]. Laser radiation has been focussed onto the
sample with a 500 mm focal length lens under an angle of 65° with respect to the sample
surface normal on a 3 pm wide and 100 nm high gold ridge. The ridge is orientated
perpendicular to the incoming laser radiation. Details of the imaging process for SPPs
are described in [301,302].

Photoemission electron microscopy (PEEM) has been applied to investigations of fo-
cussing properties of parabolic metal edges and 2D Fresnel lens structures [6] as well as
to the study of SPP interactions with LSPs on nanodot structures [7]. Time-resolved
measurements of the SPP propagation have been performed in pump-probe experiments.
The interference of the SPP excited by the first pulse and its interference with the second
pulse for a time delay of 60 fs is shown in Fig.6.5 as an example (from [302]). The static
PEEM image obtained for the case of zero delay is provided as comparison.

Important main contributions:

e Spatially and temporally resolved investigation of ultrashort SPP prop-
agation

e Time resolved imaging of SPP-LSP interactions

The relevant literature is:
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Figure 6.3:
Interference pattern imaged by PEEM for the static (a) and the dynamic (b) case,
recorded for a time delay between the two excitation pulses of 60 fs. The additional
interference pattern can be seen in the middle of (b). (from [302])

e Spatiotemporal Characterization of SPP Pulse Propagation in Two-Dimensional
Plasmonic Focussing Devices
C. Lemke, C. Schneider, T. Leissner, D. Bayer, J. W. Radke, A. Fischer, P. Mel-
chior, A. B. Evlyukhin, B. N. Chichkov, C. Reinhardt, M. Bauer, M. Aeschlimann
NANO Letters 13, pp. 1053 - 1058 (2013)

e The Interplay between Localized and Propagating Plasmonic Fxcitations Tracked in
Space and Time
C. Lemke, T. Leissner, A. B. Evlyukhin, J. W. Radke, A. Klick, J. Fiutowski, J.
Kjelstrup-Hansen, H.-G. Rubahn, B. N. Chichkov, C. Reinhardt, M. Bauer
NANO Letters, DOI 10.1021 /n1500106z (2014)

6.4 Surface Enhanced Raman Scattering (SERS) on Gold
Nanoparticles

Detailed information about SERS can be found in [213]. SERS has been applied for
investigation of field distribution and enhancement in gold mesoparticle pairs with radii
of 325 nm and spacing between the particles of about 20 nm [32]. The measurements
have been performed using a commercial confocal scanning Raman microscope, model
Alpha300 R from Witec. Raman images have been recorded for an excitation wavelength
of 532 nm. The samples have been covered with Rhodamine 6G (R6G) dye in an 1076
M aqueous solution and subsequent drying.

Raman spectra are recorded with a 600 lines/mm diffraction grating and a 100x mi-
croscope objective with an NA of 0.9. The pump laser beam is focussed by the same
objective and has been raster scanned over the sample surface, resulting in 25 x 25 points
in a scanned area of 3 pm X 3 pm.

The Raman images are formed by mapping the spatial dependence of SERS intensity
integrated over the main R6G Raman peak within a shift range of 1345 em ™! to 1390 em ™!
and a time of 400 ms for each of the 25 x 25 points. These scan parameters represent
a compromise between minimum bleaching of the R6G dye molecules, significant signal-
to-noise ratio, and a sufficient step size of 120 nm compared to the spatial resolution of
350 nm of the focussed pump beam. Reference Raman spectra have been recorded at the
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Figure 6.4:
Raman signal for mesoparticle pair: Experimental measurements for electric field

direction perpendicular (a) and parallel (c) to the pair axis compared to electric field
density calculations (b,d) using FDTD.

smooth gold surface about 50 pm away from the particles using the same parameters.
This reference is independent of the polarization of the pump light. Field concentration
between the particles is observed for polarization of incident laser light parallel to the
particle pair axis [32]. The results in comparison with FDTD simulations are shown in
Fig.6.4.

Important main contributions:

e Demonstration of field concentration in nanoparticle pairs generated by
LIT

The relevant literature is:

e Optical properties of spherical gold mesoparticles
A. B. Evlyukhin, A. I. Kuznetsov, S. M. Novikov, J. Beermann, C. Reinhardt, R.
Kiyan, S. I. Bozhevolnyi, B. N. Chichkov
Applied Physics B 106, pp. 841 - 848 (2012)

6.5 Single Particle Spectroscopy (SPS)

SPS has been performed in backward [32,36,39] and forward directions [37,38] with
respect to the illumination direction. Measurements of scattering properties of gold
particles in reflection mode have been performed using a commercial microscope with
a 60x infinity-corrected microscope objective with an NA of 0.85. A standard 50 W
halogen lamp has been used as illuminating light source. The reflected light from the
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sample has been separated from the illumination light by means of a beam splitter. Light
from an area of 30 pm diameter has been collected for spectral measurements.

For measuring scattering spectra of silicon particle in the forward direction, an exper-
imental setup has been designed using a dark-field condenser with an NA of 0.9 from
Mueller Optronic in the illumination beam path. A broad and smooth spectrum for il-
lumination is provided by a high-pressure xenon lamp. The light scattered by individual
nanoparticles has been imaged by an infinity-corrected 50x microscope objective with an
NA of 0.55 simultaneously on a CCD camera and an optical fiber facet with an aperture
of 200 pm. This combination collects light from a circular area with a diameter of 4 pm
from the sample surface. Spectra have been recorded using a HR 2000 spectrometer from
Ocean Optics.

Important main contributions:

e Demonstration of multipole contributions in light scattering on gold
mesoparticles up to the hexadecapole

e First demonstration of electric and magnetic dipole Mie resonances in
the visible spectral range for spherical silicon particles

e Determination of the crystallographic phase of silicon nanoparticles

e Control of directional light scattering from silicon nanocylinders
The relevant literature is:

e Optical properties of spherical gold mesoparticles
A. B. Evlyukhin, A. I. Kuznetsov, S. M. Novikov, J. Beermann, C. Reinhardt, R.
Kiyan, S. I. Bozhevolnyi, B. N. Chichkov
Applied Physics B 106, pp. 841 - 848 (2012)

e Demonstration of Magnetic Dipole Resonances of Dielectric Nanospheres in the
Visible Region
A. B. Evlyukhin, S. M. Novikov, U. Zywietz, R. L. Eriksen, C. Reinhardt, S. I.
Bozhevolnyi, B. N. Chichkov
Nano Letters 12, pp. 3749 - 3755 (2012)

e Generation and patterning of Si nanoparticles by femtosecond laser pulses
U. Zywietz, C. Reinhardt, A. B. Evlyukhin, T. Birr, B. N. Chichkov
Applied Physics A 114, pp. 45 - 50 (2014)

e Laser printing of silicon nanoparticles with resonant optical electric and magnetic
TeSPONSes
U. Zywietz, A. B. Evlyukhin, C. Reinhardt, B. N. Chichkov
Nature Communications 5, pp. 4402-1 - 4402-7 (2014)

e Laser-ablative engineering of phase singularities in plasmonic metamaterial arrays
for biosensing applications
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(b)

Figure 6.5:
(a) SPP excited on dielectric curved ridge interacting with a nanoparticle. (b) SPP
leakage radiation is blocked. Scattering pattern from the nanoparticle shows the su-
perposition of electric dipole and quadrupole.

A. T. Aristov, U. Zywietz, A. B. Evlyukhin, C. Reinhardt, B. N. Chichkov, A. V.
Kabashin
Applied Physics Letters 104, pp. 071101-1 - 071101-5 (2014)

e Optical spectroscopy of single Si nanocylinders with magnetic and electric reso-
nances
A. B. Evlyukhin, R. L. Eriksen, W. Cheng, J. Beermann, C. Reinhardt, A. Petrov,
S. Prorok, M. Eich, B. N. Chichkov, S. I. Bozhevolnyi
Scientific Reports 4, 4126 (2014)

6.6 SPPs as Tool for Characterizing Nanoparticles

The combination of 2PP and LIT allows the fabrication of dielectric SPP excitation and
focussing structures together with spherical gold meso- and nanoparticles on one sample.
This possibility has been investigated in [30].

The different experimental and theoretical methods have been combined for determin-
ing multipole contributions of gold particles for SPP scattering. The particles have been
positioned in a certain distance to SPP excitation structures to enable interaction with
Gaussian SPP beams excited on the polymer ridges. SPP scattering properties have been
investigated using LRM, see Fig.6.5. Together with numerical simulations based on the
discrete dipole approximation, a significant quadrupole contribution for SPP scattering
has been observed for increasing particle diameter, resulting in reduced SPP backscatter-
ing. The comparison between experiment and theoretical simulation, summarizing the
different topics in this thesis, is provided in Fig.6.6, showing LRM images of SPP scatter-
ing on gold particles with diameters of 200 nm and 400 nm. The reduced backscattering
appears as a reduced interference contrastin the direction of the incoming SPP beam.

6.7 Field Enhancement Effects

Ultrashort laser pulse illumination of metallic nanostructures has been used to create
enhanced electromagnetic fields inside and outside of the structures. A precise knowl-
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Figure 6.6:
Reduced backward SPP scattering for gold mesoparticles with 400 nm diameter. The
right images show the SPP scattering from a 200 nm particle.

edge about plasmonic excitations, the localization of field hotspots, and the near-field
distributions around nanoantennas is of huge importance for the understanding of prop-
erties of plasmonic metamaterials as well as for the investigation and explanation of
nonlinear effects, which occur due to the strong electromagnetic fields, and their possible
applications, e.g. second- or higher-order harmonic generation [272].

For mapping the local near-fields around plasmonic nanostructures, nonlinear illumina-
tion of PMMA photoresist has been studied. The principle approach has been suggested
in 2005 by Hubert et al. to image dipolar near-fields around metallic nanoparticles using
mass transport in azobenzene dye [305]. In contrast, PMMA reacts on deep UV expo-
sure with the fraction of polymer chains into smaller molecules, which provides higher
resolution. It has been shown for the first time that using laser radiation around 860
nm wavelength for excitation of the gold nanoantennas leads to a four-photon resonant
absorption in PMMA. It should be noted that this nonlinear absorption does not result
in evaporation or burning of the polymer. The illuminated material can be removed by
the standard developer as described in [33]. Rod-type nanoantennas with resonances
ranging from A/2 up to 5\/2 have been demonstrated with resolution of 10 nm using
scanning electron microscopy [24].

In order to map the field hotspots inside chiral metallic structures [25] and straight
nanorod antennas [26], the laser-induced melt dynamic has been applied. This tech-
nique allows mapping the plasmonic field patterns inside metallic nanostructures with
the resolution of scanning near-field microscopy and concentrating optical energy down
to subwavelength scales [303]. For illumination, strong ultrashort 50 fs laser pulses at 800
nm central wavelength with intensities around 102 W/cm? from an titanium:sapphire
amplifier system have been used. The laser system consists of a femtosecond oscillator
Tsunami together with an amplifier Spitfire from Newport-Spectra Physics, operating at
1 kHz repetition rate. In the experiments, the structures have been illuminated by single
laser pulses. The beam profile on the sample has a square cross section with dimen-
sions of 5 x 5 pm? and a flat-top intensity distribution. Although the intensity of 10!
W /cm? is not sufficient to directly melt the metal, local molten features on the nanos-
tructures become visible at the positions of the current hotspots, see Fig.6.8. It has been
found that the position of the field hotspots is linked with the position of the induced
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Figure 6.7:

Near-field pattern around gold nanoantennas with different length excited at 860
nm. The field patterns indicating the fundamental (left), third- (middle), and fifth-
order (right) resonance have been imaged into PMMA by a four-photon process. Ex-
perimentally obtained field patterns (a) have been supported by FDTD simulations
(b).(From [24])

magnetic fields [26] and the induced electric currents inside the metal nanostructures.
Since high electric field enhancements occur at the same positions, these locations on the
nanostructures act as sources for second-harmonic generation [304].

A possible application of near-field enhancement effects in plasmonic nanostructures
that has been discussed in recent years is the generation of high-order harmonics (HHG)
directly from femtosecond laser oscillators [121-126]. A possible scheme consists of res-
onant bow-tie antennas placed on a transparent substrate. The structures are placed in
vacuum and are illuminated by ultrashort laser pulses through the substrate. Xenon gas,
used as the nonlinear medium for HHG, is being injected into the bow-tie gaps through
a vacuum nozzle [9,10,121].

It has been found that the nanostructures are easily melted, before a comparable field
enhancement to that reported in [121] can be reached [9,10,25,26]. It could be shown
that slight detuning of the laser frequency helps avoiding melting but only xenon plasma
lines have been observed. The investigation of HHG from resonant nanostructures still
remains a topic for future investigations.

Important main contributions:

e Imaging of plasmonic hotspots inside metallic nanostructures
e Surface plasmon induced nanojet formation and nanoparticle ejection

e Near-field imaging around metallic rod nanoantennas using resonant 4-
photon absorption in PMMA

e Demonstration of plasmonic enhanced EUV generation in bow-tie an-
tennas using femtosecond oscillators

The relevant literature is:
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Figure 6.8:

Melting pattern in nanorod antennas indicating field hotspots. The incident wave-
length is 800 nm. The direction of the electric field is parallel to the long antenna axis
for the left column and perpendicular for the right column of the electron microscopic
images. FDTD calculations show the corresponding current hotspots. (From [26])

e Near-Field Mapping of Plasmonic Antennas by Multiphoton Absorption in Poly
(methyl methacrylate)
G. Volpe, M. Noack, S.S. Acimovic, C. Reinhardt, R. Quidant
NANO Letters 12, pp. 4864 - 4868 (2012)

e Plasmon-Enhanced Sub-Wavelength Laser Ablation: Plasmonic Nanojets
V. K. Valev, D. Denkova, X. Zheng, A. I. Kuznetsov, C. Reinhardt, B. N. Chichkov,
G. Tsutsumanova, E. J.Osley, V. Petkov, B. DeClercq, A. V. Silhanek, Y. Jeyaram,
V. Volskiy, P. A. Warburton, G. A. E. Vandenbosch, S. Russev, O. A. Aktsipetrov,
M. Amelo, V. V. Moshchalkov, T. Verbiest
Advanced Materials 24, pp. OP29 - OP35 (2012)

e Nanostripe length-dependence of plasmon-induced material deformation
V. K. Valev, W. Libaers, U. Zywietz, X. Zheng, M. Centini, N. Pfullmann, L.O.
Herrmann, C. Reinhardt, V. Volskiy, A. V. Silhanek, B. N. Chichkov, C. Sibilia,
G. A. E. Vandenbosch, V. V. Moshchalkov, J. J. Baumberg, T. Verbiest
Optics Letters 38, pp. 2256 - 2258 (2013)

e Bow-tie nano-antenna assisted generation of extreme ultraviolet radiation
N. Pfullmann, C. Waltermann, M. Noack, S. Rausch, T. Nagy, C. Reinhardt, M.
Kovacev, V. Knittel, R. Bratschitsch, D. Akemeier, A. Huetten, A. Leitensdorfer,
U. Morgner
New Journal of Physics 15, pp. 093027-1 - 093027-14 (2013)

e Nano-antennae assisted emission of extreme ultraviolet radiation
N. Pfullmann, M. Noack, J.C. de Andrade, S. Rausch, T. Nagy, C. Reinhardt, V.
Knittel, R. Bratschitsch, A. Leitensdorfer, D. Akemeier, A. Huetten, M. Kovacev,
U. Morgner
Annalen der Physik 526, pp. 119-134 (2014)
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Commonly used numerical methods to get an insight into dynamic or static electric and
magnetic field distributions inside nanostructures are the finite element method (FEM)
and finite-difference time-domain (FDTD) simulations, being described in the first two
sections of this chapter. Both, FDTD and FEM have been applied in a commercial
software package by RSoft Design Group, now part of Synopsis Optical Solutions Group
since 2012 [306]. FDTD has been used for simulation of time dependent SPP excitation
and propagation as well as for calculating temporal evolution of electric and magnetic
fields in and around nanoparticles and nanoparticle structures. FEM has been applied
to calculation of static 2D mode structures for the cross-sections of SPP waveguides.
For the case of spherical nanoparticles, field distributions and polarizabilities have been
calculated using Mie theory. Its implementation is briefly outlined in the third section.
An exact formulation to calculate field distributions of electric dipole scattering from
single particles is given in terms of the Green’s function. Complex particles can be
thought to be build up from a set of point dipoles. The corresponding theoretical formu-
lation in the Discrete-Dipole Approximation (DDA) is introduced in the fourth section.
For the simulations of field distributions a computational cluster consisting of 5 nodes

with quad core computers has been set up. Each computer runs at 2.6 GHz and is
equipped with 8 GByte of RAM.

7.1 Finite-Difference Time-Domain Method

The FDTD calculations use the simulation tool FullWAVE by RSoft [307]. The vectorial
Maxwell equations are discretized using the central difference scheme for the spatial and
temporal partial derivatives [308].

The initial idea for finite difference schemes dates back to A. Thom in 1920, who
developed the method of squaring to numerically solve differential equation in hydro-
dynamics [309]. A detailed description can be found in [310]. The time-dependent
finite-difference schemes for second-order wave equations and stability criteria have been
introduced by Courant, Friedrichs, and Lewy in [311]. The arrangement of the space
grid and the temporal stepping, implementing Faraday’s law, has been reported about
38 years later by Yee, which can be regarded as the starting point for modern FDTD
calculations [312]. The calculation domain has to be closed by appropriate boundary
conditions. Besides symmetric and antisymmetric periodic boundaries and perfect con-
ductors, absorbing boundary conditions which are impedance matched to the calculation
domain (perfectly matched layers, PML) have been used [313]. A complete mathematical
description can be found in [314].

The FDTD method has been used in the context of different micro-and nanooptical
problems. In all calculations, PML has been applied to the truncation of the computa-
tional domain. The grid discretization has been chosen to A/20 for reliable simulations,
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where \ is the wavelength in the material component with the highest refractive index.
FDTD has been applied to the simulation of SPP field distributions and propagation in
DLSPPWs and large-mode bandgap-confined waveguides [20,21]. It has been shown that
this method is also capable of simulating 3D light propagation through laser fabricated
microscale conical lenses with high accuracy [47]. Electric field distributions have been
simulated for metallic particles located on a metal surface, showing the mode structure
of the particle [32]. The SPP field distributions in plasmonic focussing devices have
been compared with PEEM measurements, yielding good correlation of experimental
and numerical results [6, 7].
Important main contributions:

e Design of a novel SPP Y-splitter concept
e Simulation of microaxicon performance

¢ Simulation of optical near-fields around nanostructures:
Spherical nanoparticles, chiral structures, and rod or bow-tie nanoan-
tennas

e 3D simulation of ultrashort SPP excitation, propagation, and focussing
e 3D simulation of ultrashort SPP-LSP interaction

e 3D simulation of SPP propagation in bandgap-confined waveguide struc-
tures

The relevant literature is:

e Nowel efficient design of Y-splitter for surface plasmon-polariton applications
S. Passinger, A. Seidel, C. Ohrt, C. Reinhardt, A. Stepanov, R. Kiyan, B.N
Chichkov
Optics Express 16, pp. 14369 - 14379 (2008)

e Optical properties of spherical gold mesoparticles
A. B. Evlyukhin, A. I. Kuznetsov, S. M. Novikov, J. Beermann, C. Reinhardt, R.
Kiyan, S. I. Bozhevolnyi, B. N. Chichkov
Applied Physics B 106, pp. 841 - 848 (2012)

e Closely packed heragonal conical microlens array fabricated by direct laser pho-
topolymerization
A. Zukauskas, M. Malinauskas, C. Reinhardt, B. N. Chichkov, R. Gadonas
Applied Optics 51, pp. 4995 - 5003 (2012)

e Bandgap-confined large-mode waveguides for surface plasmon-polaritons
C. Reinhardt, A. B. Evlyukhin, W. Cheng, T. Birr, A. Markov, B. Ung, M. Sko-
robogatiy, B. N. Chichkov
Journal of the Optical Society of America B 30, pp. 2898 - 2905 (2013)
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e Spatiotemporal Characterization of SPP Pulse Propagation in Two-Dimensional
Plasmonic Focussing Devices
C. Lemke, C. Schneider, T. Leissner, D. Bayer, J. W. Radke, A. Fischer, P. Mel-
chior, A. B. Evlyukhin, B. N. Chichkov, C. Reinhardt, M. Bauer, M. Aeschlimann
NANO Letters 13, pp. 1053 - 1058 (2013)

e The Interplay between Localized and Propagating Plasmonic Excitations Tracked in
Space and Time
C. Lemke, T. Leissner, A. B. Evlyukhin, J. W. Radke, A. Klick, J. Fiutowski, J.
Kjelstrup-Hansen, H.-G. Rubahn, B. N. Chichkov, C. Reinhardt, M. Bauer
NANO Letters, DOI 10.1021/n1500106z (2014)

7.2 Finite Element Method

The FEM calculations use the simulation tool FemSIM by RSoft [315]. It is a modesolver
for transverse and cavity modes with 2D cross sections.

The origin of this method dates back to 1943 when it has been introduced by Courant
for equilibrium and vibration analysis [316]. FEM in electromagnetic problems emerged
in the late 1960th [317]. The principle is based on a subdivision of the computational
domain into smaller sub-domains, the finite elements. The method applies a nonuni-
form hybrid triangular/rectangular mesh to calculate the electric field components of the
modes. The wave equations are solved on the FEM grid by minimizing the functional of
the wave equation with respect to the given material distribution. In order to introduce
the material distribution into the calculation the mesh is generated automatically accord-
ing to the structure and it covers both, the computational domain and the PML. The
complex procedure and the mathematical treatment of FEM in electrodynamics together
with an implementation into Matlab can be found in [308,318] and references therein.

The FEM modesolver has been applied to the calculation of mode structures of open
core SPP waveguides with bandgap confinement [19, 20].

Important main contributions:

e Simulation of mode structures for bandgap-confined large-mode waveg-
uides

The relevant literature is:

e Photonic bandgap plasmonic waveguides
A. Markov, C. Reinhardt, B. Ung, A. B. Evlyukhin, W. Cheng, B. N. Chichkov,
M. Skorobogatiy
Optics Letters 36, pp. 2468 - 2470 (2011)

e Bandgap-confined large-mode wavegquides for surface plasmon-polaritons
C. Reinhardt, A. B. Evlyukhin, W. Cheng, T. Birr, A. Markov, B. Ung, M. Sko-
robogatiy, B. N. Chichkov
Journal of the Optical Society of America B 30, pp. 2898 - 2905 (2013)
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7.3 Mie Theory

The scattering and absorption properties of small spherical particles have already been
analyzed in 1890 by L. Lorenz [319,320]. The problem, in connection with Maxwell’s
equations has been treated independently in 1908 by Mie to describe the color of colloidal
gold nanoparticle solutions [95]. A review on Mie theory and developments until 2012
can be found in [321]

The basis of the analysis is the consideration of the interaction of a spherical particle
with radius a and refractive index n, = ,/¢,, embedded inside a dielectric host medium
with refractive index ng = /€4, subjected to an incident plane electromagnetic wave
with wave vector k; = ngky inside the host medium. Throughout the calculation it is
assumed that the permeabilities of the particle and the host are p, = 1 = pi4, as usual
in the optical range.

The modes of the sphere are expressed in terms of spherical harmonics. To extract
absorption and scattering cross sections as well as electric and magnetic fields inside
and outside the sphere the plane wave has to be expressed in spherical coordinates. An
explicit treatment of this problem can for instance be found in the textbooks of Bohren
and Huffman [322] and Born and Wolf [323]. The calculation of fields and scattering and
extinction cross sections within this work have been performed according to the formulas
given in chapter 4 of [322].

The optical properties of nanoparticles are described in terms of the scattering and
extinction cross sections cg., and c..;, respectively. These quantities are expressed in
terms of the Mie coefficients a; and b; as

27

Csca = 2(21+1)(|az|2+|bl|) (7.1)
kq
A ZZ(QlJrl)ER(alerl) | (7.2)

The absorption cross section can be obtained according to cups = Cezt — Cseq. The Mie
coefficients are

_ - mah () (v) — u(v) Y (u)
U () — &) =
_ u(w)yi(v) — may(v) iy (u)
T g — ma () 4
where the following abbreviations have been introduced:
m = % (7.5
k:da

u = mv
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The functions v; and & are the Ricatti-Bessel functions, which are defined as

@) = By 739

§0) = | [y ¥y @) (79

using the Bessel functions of first and second kind J, and Y, respectively. These
functions are conveniently available in various programming languages and computer
algebra programs.

The Mie coefficients a; and b; are connected with the electric and magnetic scattering
multipoles of the sphere, respectively [322,324]. The coefficient a; represents the elec-
tric dipole of the particle, b; is the magnetic dipole. Correspondingly, the electric and
magnetic dipole polarizabilities of the sphere are therefore

of = 1'6“3%1 (7.10)
kd
oM = 9 (7.11)
== k‘g 1 . .

These expressions have been applied in the calculation of scattering properties of sili-
con particles and arrays of silicon particles [35], where the occurrence of magnetic dipole
modes in the visible spectral range has been shown theoretically. The scattering prop-
erties of silicon particles predicted by these calculations have been verified experimen-
tally [36,37].

Field calculations using Mie theory have been performed for investigation of the optical
properties of gold particles with diameters of 150 nm to 650 nm [32]. The calculations of
electric and magnetic fields of resonantly driven silicon particles shows that strong mag-
netic fields can be obtained inside the particles. The influence of a potential oxide shell
around the silicon particles has been taken into account [35] according to the formulas
given in chapter 8 in [322].

Important main contributions:

e Calculation of scattering cross sections, polariabilities, and field distri-
butions for spherical particles

e Demonstration of magnetic dipole resonances in the visible spectral
range for silicon nanoparticles

The relevant literature is:
e Optical response features of Si-nanoparticle arrays

A. B. Evlyukhin, C. Reinhardt, A. Seidel, B. S. Luk’yanchuk, B. N. Chichkov
Physical Review B 82, pp. 045404-1 - 045404-12 (2010)
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o Multipole light scattering by nonspherical nanoparticles in the discrete dipole ap-
proximation
A. B. Evlyukhin, C. Reinhardt, B. N. Chichkov
Physical Review B 84, pp. 235429-1 - 235429-8 (2011)

o Collective resonances in metal nanoparticle arrays with dipole-quadrupole interac-
tions
A. B. Evlyukhin, C. Reinhardt, U. Zywietz B. N. Chichkov
Physical Review B 85, pp. 245411-1 - 245411-8 (2012)

e Optical properties of spherical gold mesoparticles
A. B. Evlyukhin, A. I. Kuznetsov, S. M. Novikov, J. Beermann, C. Reinhardt, R.
Kiyan, S. I. Bozhevolnyi, B. N. Chichkov
Applied Physics B 106, pp. 841 - 848 (2012)

e Demonstration of Magnetic Dipole Resonances of Dielectric Nanospheres in the
Visible Region
A. B. Evlyukhin, S. M. Novikov, U. Zywietz, R. L. Eriksen, C. Reinhardt, S. I.
Bozhevolnyi, B. N. Chichkov
Nano Letters 12, pp. 3749 - 3755 (2012)

e (leneration and patterning of St nanoparticles by femtosecond laser pulses
U. Zywietz, C. Reinhardt, A. B. Evlyukhin, T. Birr, B. N. Chichkov
Applied Physics A 114, pp. 45 - 50 (2014)

e Laser printing of silicon nanoparticles with resonant optical electric and magnetic
Tesponses
U. Zywietz, A. B. Evlyukhin, C. Reinhardt, B. N. Chichkov
Nature Communications 5, pp. 4402-1 - 4402-7 (2014)

7.4 The Green’s Function Method in the Discrete-Dipole
Approximation

If the optical properties of nonspherical particles shall be calculated, mostly numerical
methods are applied. A versatile approach besides FDTD and FEM is the discrete dipole
approximation (DDA). The basic idea was published in 1964 by DeVoe for determining
the optical absorption and refraction properties of aggregates of monomers [325]. The
DDA has been applied by Purcell and Pennycraker in 1973 for considering the scattering
properties of interstellar dust particles assumed as point dipoles, where also retardation
effects have been taken into account [326]. Due to substantial improvements by Draine et
al. it has been evolved into a powerful technique to study light scattering by nanoparticles
[327,328] and SPP scattering and excitation, see [34] and references therein. An overview
about the development and the mathematical formulation can be found in [329].

The principle is based on the discretization of a homogeneous particle of arbitrary shape
into a set of N point electrical dipoles p’ (j = 1...N) with polarizability a, located at
the points r; of a reference system, respectively, as it is shown schematically in Fig.7.1.
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(a)

Figure 7.1:
(a) Principle of DDA: Representation of a cylindrical body as a set of point electric
dipole particles. (b,c,d) Examples of a sphere, cube, and cone in DDA representation,
respectively.

The reference in the simplest case can be an empty background space. Without loss
of generality, a,, is the same for all point dipoles. Every dipole p’ at position r; creates a
monochromatic electric field at a point r so that the total electric field is the superposition

E(r) = lz—f Z G(r,r;)p’ (7.12)

of the individual fields, where ky is the wave number in vacuum, £y is the vacuum
dielectric constant, G (r,r;) is the Green’s function tensor, i.e. the dipole field propagator,
for dipole p’ in the reference system without other particles. In a homogeneous dielectric
medium with dielectric constant €4 this tensor can be expressed in the analytical form

. 1 i 1\ -

o)~ { (54 ) 7
N 1 i3 N 3 Voo elkalt
R kR K2R3 VR am

(7.13)

where R = |[R| = |[r — 1|, kg = ko/Za, U is the unit tensor, and egeg is the dyadic
constructed from the vector eg = R/R. The terms in brackets represent the near-,
intermediate, and far-field parts of the Green’s function. Due to the dyadic egregr this
tensor depends in general on all coordinates, i.e. distance, azimutal angle, and polar
angle of the observation point with respect to the dipole position.

If radiated fields in the far or wave zone (R >> 1/k,) shall be considered, the tensor
can be used in the far-field approximation

X oikaR

GFF(r,rj) = (U — eReR> R

If further » >> 7/, then R = |r —r;| = r —nr; (n is the unit vector in the r-direction),
the tensor Gpp(r,r;) can be written as

(7.14)

. . ikgr ) ,
Grp(r,rj) = (U - enen> Zm’ e ika(nr’) (7.15)
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The dipole moment p’ induced in each point r; of the lattice is determined by the local
electric field, being the sum of the incident external electric field Eg(r;) at position r;
of the point dipole j and the electric fields at r; emanating from all other point dipoles
at positions j' # j. For monochromatic fields the electric dipole moment of each point
dipole is expressed in the coupled-dipole equations

k2 o -
p; = a,Eo(r;) + ong—g Z G(rj,r)p', (7.16)
I#5

After solving the system of equations (7.16), the total extinction cross section can be
found using the optical theorem [51]

e I [E5( : 7.17
Cext = 505d|E0|2 mz r] ( )

where E§ is the complex conjugate of the incident field. The scattering cross section is
determined by integration of the scattered electric field in the far zone given by equations
7.12 and 7.15:

J |E(r)[*r? sin 6dOd¢
Csca =
[ Eo?

The absorption cross section can be calculated by cups = Cent — Csea. With this approach,
only total extinction, absorption, and scattering cross sections could have been calculated,
without information about separate contributions of different multipole moments, as it
is possible with Mie theory.

In the theoretical work related to this thesis, a new direct method in the framework of
DDA has been introduced that allows the individual multipole contributions to light ex-
tinction and scattering cross sections by nanoparticles of arbitrary shapes to be studied.
In order to decompose the extinction cross section into the different multipole contri-
butions, the expression Ef(r;) - p’ in equation 7.17 has been expanded into a Taylor
series around a reference point ry [51]. Alternatively, one could perform the multipole
decomposition by expanding the J-function in the general expression of the total induced
polarization P(r) in a particle into a Taylor series. The discretization of the polarization
in this case has been performed after the expansion [53]. The main idea in order to obtain
a minimum number of contributing multipole moments to the extinction cross section
has been to put the reference point into the center of mass for homogeneous particles [51]:

(7.18)

N

r.
r.=9% -2

~ (7.19)

j=1
An example of multipole contributions for a spherical particle with a radius of 65
nm is shown in Fig.7.2 for two different choices of the reference point for the multipole
decomposition.
In Fig.7.2(a) the point is in the center of mass and only the contributions of the electric
and magnetic dipoles to the extinction cross section are present. If the reference point is
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(a) (b)
Figure 7.2:

(a) Choice of the reference point for calculating the multipole contributions for a
silicon sphere with 130 nm diameter. (a) In the center of mass: Only the electric and
magnetic dipoles contribute to the extinction cross section. (b) Shifted 40 nm out of
the center: Higher-order multipoles with partially negative contributions appear. The
total extinction cross section remains the same.

shifted, higher-order multipoles appear, although the total extinction cross section is the
same, see Fig.7.2(b). This example has been compared to the results obtained with Mie
theory in [51], showing an accurate agreement for the total extinction cross section and
the multipole contribution, when the reference point is in the center of mass. For this
novel method the name decomposed discrete dipole approximation (DDDA) has been
introduced.

Important main contributions:

e Application of DDA to plasmonic systems

e Introduction of the decomposition of the induced polarization in DDA to
obtain contributions of individual multipole moments - Decomposed DDA

¢ First demonstration of decomposed scattering cross section into individ-
ual multipole moments for arbitrary shaped particles

The relevant literature is:

e [Focussing and directing of surface plasmon polaritons by curved chains of nanopar-
ticles
A. B. Evlyukhin, S. I. Bozhevolnyi, A. L. Stepanov, R. Kiyan, C. Reinhardt, S.
Passinger, B. N. Chichkov
Optics Express 15, pp. 16668 - 16680 (2007)

o Asymmetric and symmetric local surface plasmon-polariton excitation on chains of
nanoparticles
A. B. Evlyukhin, C. Reinhardt, E. Evlyukhina, B. N. Chichkov
Optics Letters 34, pp. 2237 - 2239 (2009)
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Laser-induced transfer of metallic nanodroplets for plasmonics and metamaterial
applications

A. 1. Kuznetsov, A. B. Evlyukhin, C. Reinhardt, A. Seidel, R. Kiyan, W. Cheng,
A. Ovsianikov, B. N. Chichkov

Journal of the Optical Society of America B 26, pp. B130 - B138 (2009)

Optical response features of Si-nanoparticle arrays
A. B. Evlyukhin, C. Reinhardt, A. Seidel, B. S. Luk’yanchuk, B. N. Chichkov
Physical Review B 82, pp. 045404-1 - 045404-12 (2010)

Laser Fabrication of Large Scale Nanoparticle Arrays for Sensing Applications

A. 1. Kuznetsov, A. B. Evlyukhin, M. R. Goncalves, C. Reinhardt, A. Koroleva,
M. L. Arnedillo, R. Kiyan, O. Marti, B. N. Chichkov

ACS Nano 19, American Chemical Society, pp. 4843 - 4849 (2011)

Multipole light scattering by nonspherical nanoparticles in the discrete dipole ap-
proximation

A. B. Evlyukhin, C. Reinhardt, B. N. Chichkov

Physical Review B 84, pp. 235429-1 - 235429-8 (2011)

Collective resonances in metal nanoparticle arrays with dipole-quadrupole interac-
tions

A. B. Evlyukhin, C. Reinhardt, U. Zywietz B. N. Chichkov

Physical Review B 85, pp. 245411-1 - 245411-8 (2012)

Multipole analysis of light scattering by arbitrary-shaped nanoparticles on a plane
surface

A. B. Evlyukhin, C. Reinhardt, E. Evlyukhin, B. N. Chichkov

Journal of the Optical Society of America B 30, pp. 2589 - 2598 (2013)

Laser printing of silicon nanoparticles with resonant optical electric and magnetic
TesSponses

U. Zywietz, A. B. Evlyukhin, C. Reinhardt, B. N. Chichkov

Nature Communications 5, pp. 4402-1 - 4402-7 (2014)



8 Summary

In this habilitation treatise, novel fabrication, characterization, and simulation methods
in the field of nanooptics have been introduced.

The development of a two-photon laser fabrication technology for micromechanical,
microfluidic, microoptical, and photonic components has been presented, which has been
turned into a commercially available product. As demonstrators for the capabilities
of this technology, a readily assembled microvalve and conical microlenses have been
presented. Two-photon fabrication and nanoimprint lithography have been applied to
prototyping of plasmonic excitation and focussing structures, and first polymer dielectric
surface plasmon-polariton waveguides have been demonstrated. Leakage radiation mi-
croscopy has been applied to spatially-resolved and Fourier-transform optical character-
ization of surface plasmon excitation, focussing, and waveguiding. Temporally-resolved
investigations of surface plasmon focussing devices have been performed by two-photon
photoelectron emission microscopy.

Laser-induced transfer has been developed for the generation of spherical gold nanopar-
ticles and nanoparticle arrays. The method has been improved for the controlled pro-
duction of silicon nanoparticles from bulk and SOI wafers. With this approach, it has
become possible to experimentally demonstrate magnetic dipole scattering in the visi-
ble spectral range, in agreement with theoretical predictions on the basis of Mie theory.
Scattering spectra of individual gold and silicon particles have been investigated by sin-
gle particle spectroscopy. Surface enhanced Raman spectroscopy has been applied to
demonstrate field enhancement in the gap of gold particle pairs. The produced particles
have been discussed for use as metamaterial and metasurface building blocks. In this
context, highly sensitive sensors surfaces from nanoparticle arrays have been presented.

Field enhancement and the occurrence of field hotspots in and around metallic nanos-
tructures have been characterized by novel methods, which have been developed within
this thesis, based on resonant four-photon absorption in PMMA polymer and ultrafast
melt dynamics in straight and chiral metallic nanoantennas.

Besides the individual development of fabrication, prototyping, and optical near-and
far-field characterization methods, the nanooptics of surface plasmon-polaritons has been
combined with the optics of nanoparticles to obtain insight into the multipole structure
and scattering properties of nanoparticles and time-resolved interaction between localized
and propagating plasmon modes has been investigated.

The experimental observation of significant contributions of higher multipoles to the
scattering behaviour of particles has initialized the development of a reformulation of
the discrete dipole approximation. With a decomposition of the dipole approach into
higher multipole moments, it has become possible for the first time to calculate indi-
vidual multipole contributions to the total extinction cross sections for arbitrary shaped
particles.

The main achievements in the different working directions with international scientific
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impact can be summarized as follows:
Fabrication:

e Development of a commercially available prototyping technology for photonic and
plasmonic components based on two-photon laser fabrication and nanoimprint
lithography

e Demonstration of a versatile technology for the production and positioning of metal-
lic and dielectric nanoparticles of spherical shape with determined diameters and
positions

Characterization:

e Application and further development of leakage radiation microscopy for charac-
terization of plasmonic components and waveguides

e Demonstration of different approaches for field mapping in plasmonic nanostruc-
tures

e First measurement of magnetic dipole Mie resonances in silicon nanospheres in the
visible spectral range

Simulation:

e Improvement of the discrete dipole approximation method by using a decomposition
approach to obtain information about individual scattering multipole moments for
arbitrary shaped particles, including the influence of substrate surfaces

e Analytical proof for the interaction of silicon nanoparticles with the magnetic field
component of light and calculation of the radiation-corrected polarizability using
the Green’s function method

The work for this professorial dissertation resulted in 44 peer reviewed contributing
publications in 23 journals and one contributing book chapter. The number of publica-

tions are listed below according to the journals in the order of their journal impact factor
(JIF):

1) 2 Advanced Materials (JIF: 14.829)

2) 4 Nano Letters (JIF: 13.025)

3) 1 ACS Nano (JIF: 12.062)

4) 1 Nature Communications (JIF: 10.015)
5) 1 Langmuir (JIF: 4.187)

6) 1 New Journal of Physics (JIF: 4.063)



71

J

3 Applied Physics Letter (JIF: 3.794)

3 Physical Review B (JIF: 3.767)

3 Optics Express (JIF: 3.546)

1 Microporous and Mesoporous Materials (JIF: 3.414)
4 Optics Letters (JIF: 3.385)

1 Annalen der Physik (JIF: 3.318)

1 Scientific Reports (JIF: 2.927)

1 Optical Materials Express (JIF: 2.616)
4 Journal Opt. Soc. Am. B (JIF: 2.210)
1 IEEE Photonics Journal (JIF: 2.038)
1 Applied Physics B (JIF: 1.782)

1 Applied Optics (JIF: 1.689)

1 Journal Opt. Soc. Am. A (JIF: 1.665)
5 Applied Physics A (JIF: 1.545)

—_
S © o

21 1 Int. Jour. Advanced Manufacturing (JIF: 1.205)
22 1 Journal of Material Science (JIF: 1.198)

23 1 Journal of Laser Applications (JIF: 0.570)

24 1 Int. Journal of Optics (JIF: 0.520)
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1 Book Chapter (JIF: NA)

The achievements within this thesis demonstrate the huge potential of laser-based
nanoengineering technologies. Together with novel characterization methods and theo-
retical and numerical simulations, a powerful working platform for the fields of photonics
and nanooptics has been established.
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9 QOutlook

Two-photon fabrication and nanoimprint lithography have been demonstrated as ver-
satile tools for prototyping of photonic and plasmonic components. In comparison to
electron beam writing, the advantages are obvious: No need for expensive vacuum equip-
ment and electron optics, numerous materials are available, fast processing speeds are
possible, and arbitrary 3D structures can be generated. This technology, although being
far developed, can further be improved and opened to a broader field of costumers by
reducing the prices for such a system and by increasing the resolution, in order to provide
the possibilities for use as an alternative to electron beam writing. One approach to ful-
fill these requirements could be the replacement of still cost intensive femtosecond laser
oscillators by suitable semiconductor lasers. The fast development of laser diodes has
already provided a broad range of available wavelength down to the ultraviolet spectrum.
Recently, high speed and high frequency electronic switching circuits have enabled the
generation of sub-100 ps pulses and pulse sequences with high optical power. An own
streak camera measurement of the pulse durations from high speed switched green and
red laser diodes, emitting at 515 nm and 635 nm, respectively is shown in Fig.9.1. Pulse
durations of 360 ps for the green laser diode (multimode) and 78 ps for the red laser
diode have (singlemode) been measured.

The concentration of light energy in such short pulses provides the possibility to di-
rectly initiate nonlinear processes in different polymers for use in two-photon fabrication.
High output powers in the blue spectral range around 450 nm might enable the direct
nonlinear illumination of standard electron beam resist, e.g. poly (methyl methacry-
late). Strong focussing of the radiation together with the two-photon character of the
absorption process can give the potential for reliable structuring well below 100 nm. The
potential of these miniature and low cost ultrashort pulse laser sources for two-photon
fabrication, prototyping, and production will be investigated in future work.

Suitable amplification schemes can be applied to boost the output power of compact
semiconductor laser sources so that laser ablation processes become possible. Since the

Figure 9.1:
(a) Pulsed laser diodes at (a) 515 nm and (b) 635 nm with pulse durations of 360 ps
and 78 ps, respectively.
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pulses from ultrashort pulsed laser diodes are strongly chirped, a reduction of the pulse
duration by optical compression can be applied. The application of amplified pulsed laser
diodes for the production of nanoparticles by laser-induced transfer will be studied.

The different approaches, namely two-photon laser writing in polymers and laser-
induced transfer of nanoparticles, can be merged into a low-cost structuring platform
for nanophotonic components. The possibilities for combining nonlinear laser writing
and nanoparticle generation for the production of photonic and plasmonic components
will be investigated in future work.

The following research activities are proposed for further investigations:

e Investigation of ultrafast pulsed laser diodes for two-photon fabrication
e Investigation of suitable amplification schemes for ultrashort pulsed laser diodes

e Investigation into structuring properties of novel materials as an alternative to
electron beam writing

e Development of a structuring platform combining two-photon laser writing in poly-
mers and laser-induced transfer

The above described technological improvement of nonlinear laser fabrication can pro-
vide novel possibilities for the production of plasmonic components and waveguides as
well as for the realization of metamaterial building blocks. The applicability of plas-
monic waveguide components for optical data transport and processing as an alternative
to electronics is still an open question. Investigations of SPPs; their amplification, and
their linear and nonlinear interactions remain fields of active research. Within the work
for this thesis, wide-angle high-resolution microscopy of the SPP leakage radiation for
visualizing SPP excitations has been developed into a versatile technology for the char-
acterization of surface plasmon propagation on thin metal films and in waveguides. The
contributions to the development of this imaging technology have resulted in a worldwide
interest, showing up in a huge number of publications, where this method has been used
for characterization of SPP systems. However, in a direct comparison to two-photon
photoelectron emission microscopy, which has been used in parallel to provide temporal
resolution, it has not been possible up to now to obtain phase- and time-resolved imaging
of SPP excitation, propagation, and their interaction with plasmonic systems. To over-
come these limitations an interferometric approach is suggested to obtain both, phase
information and time resolution with optical methods. In initial experiments the phase
and temporally resolved propagation recording has already been achieved, as it is shown
in Fig.9.2 for interferometric leakage radiation microscopy at two time steps separated
by half an optical period.

Spatially- and temporally-resolved characterization by wide-angle microscopy can fur-
ther be combined with spectrally resolving methods, as already applied in single particle
spectroscopy. The improvements in imaging of SPP propagation and scattering proper-
ties of nanoparticles will allow precisely investigating plasmonic properties of different
materials. As it has been shown in section 4.1, gold, although widely used as plasmonic
material, represents not always the best choice. It is outplayed by silver and aluminium
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Figure 9.2:
(a) Phase and temporally resolved images of SPP leakage radiation. The phase dif-
ference between both images is /2.

in certain spectral regions. These materials provide long propagation lengths in the
visible and ultraviolet spectral ranges, where hardly any other approach for light con-
finement and guiding can be used other than plasmonics. In recent works, graphene
has been demonstrated as plasmonic material with huge potential in the infrared and
even visible spectral range. The properties of optical excitations in these materials and
their linear and nonlinear interactions will be investigated. Coherent control of light and
surface plasmons in nanostructures provides an additional degree of freedom, allowing
the construction of all optical switches, transistors and logical gates, which confirm with
the definitions given by electronics. Temporally resolved wide-angle microscopy can be
applied to visualize and optimize the operation of these devices.

Silver and aluminium as low-loss plasmonic materials can further be used for the gen-
eration of nanoparticles by laser-induced transfer, as it is described above. The transfer
of this technology to aluminium requires special attention due to the strong electron
phonon-coupling and will be investigated in future work. The laser-based nanoparticle
generation can further be extended to other materials, e.g III-V compound semiconduc-
tors gallium phosphide or gallium nitride.

Multipole excitation in these nanoparticles and nanoparticle structures leads to direc-
tional scattering which could be externally controlled by light or static electric fields. High
refractive semiconductor materials can be combined with metallic nanoparticles for the
creation of novel metamolecules as building blocks for metamaterials and metasurfaces.
Sensors based on metamolecules will be investigated in future work for time-resolved
detection of the electric and magnetic field components of light and SPPS, allowing new
insights into the nature of electromagnetic phenomena at the nanoscale.

The following research activities are proposed for future investigations:

e Investigation of aluminium, silver, and graphene plasmonic properties in the visible
wavelength range

e Implementation of interferometric time- and spectrally-resolved recording of SPP
propagation and nanoparticle scattering
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e Realization of optical and plasmonic transistors and logical elements
e Optical investigation of metamolecules as building blocks for metasurfaces

e Development of novel sensors for the electric and magnetic field components of light
and SPPs

Investigation of novel material combinations for nanophotonic structures require im-
proved numerical simulations. The discrete dipole approximation has been developed
within this professorial dissertation to obtain a decomposition of scattering multipole
moments. It has become a versatile tool for the calculation of optical near-fields of ar-
bitrary shaped particles with information about the contributing multipole components.
In future work, it has to be investigated how this decomposition can be accomplished for
inhomogeneous particles composed of different materials.

The discrete dipole approximation has been applied in the quasi-stationary form. It can
be extended to allow simulating temporal evolution of multipole excitations in nanoop-
tical systems. The method, however, requires solving the system of coupled dipole equa-
tions, which becomes very memory intensive for large systems or high resolutions. An-
other way to obtain the temporal behaviour of fields inside the nanostructures to calculate
the point dipoles is provided by the finite-difference time-domain method. The approach
can be applied to calculate the multipoles and their individual near-and far-field contri-
butions by applying the Green’s function method, which would save considerable com-
putational time. Both numerical techniques, the discrete dipole approximation and the
finite-difference time-domain method can be combined to benefit from their individual
advantages. Nonlinear interactions as well as the effect of gain media will be included to
provide a unique computational platform for the calculation of fields in complex nanoop-
tical systems.

Further possibilities for investigations are the development of this platform into a com-
mercial product and the implementation of the software solution on graphic processing
units. The increased calculation speed and memory will allow calculation of larger sys-
tems, entering the microscale.

The following research activities are proposed for future investigations:

e Definition and prescription of the decomposition procedure for inhomogeneous par-
ticles

e Development of a combined DDDA /FDTD platform
e Implementation of nonlinear and gain effects

e Increase of computational power for the reliable simulation of microscale systems
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