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Abstract

In this thesis we study the scattering characteristics of plasmonic nanostructures by im-
proving and adapting digital heterodyne holography, which is a powerful tool delivering a
three-dimensional cartography of scattered light, and which has the advantage of allowing
fast full-field imaging.

Spectroscopic measurements were carried out to record the scattering spectra of single
nanoobjects and complement holographic measurements. In order to get a deeper insight
into the measured far-field scattering characteristics, we developed a numerical model
based on the finite element method. This model allowed us to simulate the scattered
fields of nanostructures both in the near- and far-field either in a reflection or transmission
configuration for the illumination. The model yielded a good agreement with experimental
results.

We studied numerous gold nanostructures prepared by electron beam lithography on
glass substrates, ranging from simple, elementary nanoobjects to novel nanostructures.
While the former allowed us to validate the technique, more sophisticated structures
allowed us to observe that their scattering pattern is extremely sensitive to external and
internal factors, such as the polarization and the wavelength of the incident light or the
structure’s geometry and its resonance wavelength. We recognize so called “hot spots” in
the far-field, which are zones on the chain that scatter light more intensely than others. In
addition, we show that the technique of photothermal heterodyne holography is a novel
method to study the temperature increase and heat distribution in heated plasmonic

nanostructures due to its ability to directly probe a temperature increase.

Keywords

digital holography; nanoantennas; radiation patterns; photothermics; numerical simula-

tion; heterodyne detection






Résumé

Dans cette these, nous étudions les caractéristiques de diffusion de nanostructures plas-
moniques tout en adaptant et améliorant I’holographie hétérodyne numérique, qui est
une technique d’imagerie plein champ pour mesurer en trois dimensions le diagramme
de rayonnement. En outre, nous avons effectué de nombreuses mesures spectroscopiques
pour enregistrer les spectres de diffusion de nanoobjets uniques. Afin d’obtenir une com-
préhension plus profonde des caractéristiques du champ diffusé que nous mesurons, nous
avons développé un modele numérique basé sur la méthode des éléments finis. Ce modele
nous a permis de simuler le champ proche et le champ lointain d’'une nanostructure avec
une onde incidente en réflexion ou en transmission. Nous obtenons un excellent accord
entre nos résultats expérimentaux et calculés.

Dans cette these, nous avons étudié de nombreux nanostructures d’or fabriquées sur du
verre par lithographie électronique. Des structures simples nous ont permis de valider la
technique. Des objets plus sophistiques nous ont ensuite permis de constater que leur di-
agramme de diffusion est extrémement sensible aux facteurs externes et internes, tels que
la polarisation et la longueur d’onde de la lumiére incidente ou la géométrie de la struc-
ture et sa longueur d’onde de résonance. En outre, nous montrons que la technique de
I’holographie hétérodyne photothermique mesure directement I'augmentation de la tem-
pérature, et ainsi, se présente comme une nouvelle méthode pour étudier la distribution

de la chaleur dans des nanostructures plasmoniques.

Mots-clefs

holographie numérique; nanoantennes; diagramme de diffusion; photothermique; simula-

tion numérique; détection hétérodyne

Titre de la thése

Holographie hétérodyne numérique pour I’étude des nanostructures plasmoniques
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Introduction

lasmonics is an upcoming discipline that is primarily concerned with the manipulation
P of light at the nanoscale. Plasmonics explores the interaction processes between light
and metal nanofilms or metal nanostructures. One of the most fascinating features of
plasmonic structures is their ability to squeeze light into volumes less than one hundredth
of a wavelength in size which is quite spectacular if one thinks about it.

Interesting effects such as this make plasmonics a very attractive research field which is
rapidly developing in physics, biophotonics, chemistry and medicine, numerous potential
and promising applications. These range from enhanced sensing and spectroscopy for
chemical identification and detection of biomolecules or biological agents, drug design,
high-resolution microscopy, to signal propagation with metal-based waveguides and solar
cells.

The characteristic near- and far-field of a plasmonic nanostructure can be regarded
as its fingerprint. The far-field of a plasmonic nanostructure delivers information about
its plasmon resonance, whereas the near-field gives access to its capability to enhance
and confine fields. The angular emission or scattering of nanostructures is particularly
interesting when dealing with nanoantennas, since one of their most interesting functions is
their ability of controlling the direction of emission. Techniques that allow to gain insight
into the angular scattering information are important for the study of nanoantennas.
Therefore, it is fundamental to obtain the full knowledge of the three-dimensional (3D)
electromagnetic field around a nanoobject interacting with a light source, in order to
exploit and tune the plasmon properties of nanostructures.

Today, however, few experimental tools exist to obtain a complete three-dimensional
knowledge of the electromagnetic field. In order to record the electromagnetic field in
three dimensions either scanning techniques have to be used or techniques that allow the
measurement of the field’s amplitude and phase. Scanning near-field optical microscopy
achieves exceptional resolutions and has also proven its ability to detect both amplitude
and Phase of electromagnetic fields in plasmonic structures (I Hillenbrand and Keilmann
2000; [Vogelgesang et al. 2008; [Eisteban et al. 2008). However, this technique remains of
heavy use, is time consuming and restricted to the near-field.

A technique that gives access to the angular information of the electromagnetic field is
back focal plane imaging. The back focal plane of a bright-field reflection microscope or

of a confocal microscope contains information about the sample, as positions in the back
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focal plane map to diffraction angles from the sample. This kind of imaging has been

appliled recently to nanoantennas in order to map their emission patterns (I Curto et al.
2010).
A couple of years ago, our laboratory developed the technique of (off-axis) digital het-

erodyne holography and showed that this technique is very well adapted to the detection

of weakly slcattering objects, like nanoobjects, due to its excellent sensitivity (I Gross and

Atlan 2007). It has been successfully applied to image and localize metal nanoparticles
of 50 nm diameter in three-dimensions, either for fixed particles spin coated on a glass
substrate or in free motion within a water suspension (Atlan et al. 2008: Absil et al.

2010). More recently, it has been shown that gold nanobeads, functionalized and fixed on

the membrane of live cells, can be detected in order to obtain a three-dimensional image
of the cell surface (Warnasooriya et al. 2010; lJoud et al. 2011)).

One of the main advantages of holography, a technique that relies on interferometry,

is its ability to measure the amplitude and phase. Therefore, one hologram, which can
be measured in less than 1 second, contains the whole 3D information of the recorded
scattered light. Furthermore, holography allows also the access to the angular scattering
pattern of a nanostructure since the angular spectrum of the hologram can be obtained by
computing the scattered field in the Fourier space. Hence, digital heterodyne holography
proves to be a powerful tool to deliver a three-dimensional cartography of the light scat-
tered by nanoparticles, by combining a fast imaging technique with the ability to access

the angular scattering information of a nanostructure.

In this thesis work, we apply the technique of digital heterodyne holography to plas-
monic nanoobjects. To our knowledge, we are the first who characterized in three di-
mensions the light scattered by plasmonic nanostructures using holography. This study
analyses extensively the plasmonic properties of a large variety of lithographically fab-
ricated gold nanostructures, ranging from elementary objects like single disks and rods,
structures of two coupled disks and rods, to a large variety of more complex structures,

e.g. chains of nanodisks and pairs of long, tapered triangles.

This work is organized as follows: We will start with a short introduction to plasmonics
and will give an overview of various geometries and applications of nanoantennas.

The second chapter will deal entirely with the principle and the technique of holog-
raphy. We will present different holographic setups that we have developed for the use
of diverse applications, i.e. photothermal heterodyne holography and scanning hetero-
dyne holography. In this context, we will show that photothermal holography delivers
direct access to the temperature increase of a heated sample, whereas the latter imaging
technique allows to gain insight into the frequency domain of a system by systematically
detuning the heterodyne beating frequency..

In addition, in the course of this thesis work, we developed a simulation model based
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on the finite element method (FEM), for the numerical analysis of the far- and near-field
scattering of plasmonic nanostructures. This model which will be presented in the third
chapter, has been applied to model various nanostructures in order to get a deeper insight
into their scattering behaviour.

The fourth chapter will extensively discuss the results obtained on elementary nanos-
tructures which include single disks and two coupled disks and rods. We will show that
both our experimental and numerical techniques used for the characterization of the far-
and near-field scattering of plasmonic nanostructures obtain results that are in excel-
lent agreement with theoretical predictions. We will present the first three-dimensional
cartographies of light scattered by nanoobjects.

The fifth and last chapter finally addresses the study of more sophisticated nanoobjects.
We will present an extensive study of the scattering characteristics of various chains
of nanodisks with different disk numbers and disk spacings. In this context, we will
demonstrate that depending on the illumination configuration, different modes can be
excited, resulting into different characteristics of the scattered (far) field which can be
imaged via holography. Furthermore, we will demonstrate that a nanodisk chain can be
seen as a nanoantenna structure due to its ability to strongly scatter light in one direction.
In the second part of this chapter we will apply the technique of photothermal holography
to study the heating and the coupling of these chains. Lastly, a preliminary study on pairs
of gold triangles will reveal the appearance of resonant modes dependent on the width of

the triangles.
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- by chance I was keeping one of the metal plates at a very high distance from the
ground while the other one was in the ground. Using this arrangement the signals became
so strong that I was able to transmit up to one kilometer away. From that moment on the
progress increased enormously. The plate at the top - the antenna - was raised more and

more and the other one - the terra - was buried in the ground.”

Guglielmo Marconi (1895)

13

- 15 it possible, for example to emit light from a whole set of antennas, like we emit
radio waves from an organized set of antennas to beam the radio programs to Furope? The

same thing would be to beam the light out in a definite direction with very high intensity.”

Richard Feynman (1959)
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1.1 A Short Introduction to Plasmonics

n the last decade, the trend towards nanoscience and nanotechnology increased rapidly.
This trend is motivated by the fact that as we move to smaller scales the underlying
physical laws change from macroscopic to microscopic and new physical effects become

prominent that may be exploited in future technological applications (Novotny and Hecht

2006|). The expanding demand for smaller and faster optical and clectronic devices has
considerably increased the interest in nano-optics, a research field that covers all types

of studies that include optical interactions with matter on a subwavelength scale.

One of the major emerging fields from nano-optics is plasmonics which is based on
the interaction processes between electromagnetic radiation and conduction electrons at
conducting interfaces or in conductive nanostructures, called surface plasmon polaritons
and localized surface plasmons. Whereas the former are created at a dielectric-conductive
interface, the latter are excited in conductive nanostructures. Although all conductive
materials support plasmons, the noble metals silver and gold are mostly associated with
the field of optical plasmonics since their plasmon resonances lie close to the visible region
of the spectrum, and they enable relatively low losses in this range, which allows plas-
mon excitation by standard optical sources and methods. One of their most interesting
properties is their ability to enhance and confine the electric field in 1, 2 or 3 dimen-
sions of sub-lambda size. The field of plasmonics is based on exploiting plasmons for a
variety of tasks, by designing and manipulating the geometry of metallic structures, and

consequently their plasmon-resonant properties.

The strongly increasing research in the field of plasmonics in the last decade can be
attributed to several factors. The increasing development of state of the art lithographic
and chemical methods allow the fabrication of a wide variety of well defined nanoparticles
and complex nanostructures. This has opened the possibility to engineer the plasmon

response on a nanoscale. This control opens completely new possibilities in materials sci-

ence, communications, biochemistry and medicine (Pelton, Aizpurua, and Bryant 2008)).

Furthermore, the modelling and simulation techniques of the optical response of complex
nanostructures have been greatly expanded. Hence, experimental observations can be
verified by comparing to theoretical predictions. This interplay enables an optimization

of the studied nanostructures and their properties.

Another factor that has supported the rise of research in plasmonics is the significant
progress accomplished in developing experimental techniques for the study of plasmonic
structures. Nowadays, measurements of optical absorption and scattering spectra of single
nanoparticles are feasible, scanning near-field optical microscopy enables the spatial char-
acterization of the near-field of a large variety of plasmonic nanostructures, and ultrafast

time-scales can be accessed to probe the dynamics of plasmonics.

The history of localized surface plasmons in metal nanostructures dates further back
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to Roman times, when metallic nanoparticles were used for the staining of glass. The
most famous and most ancient example is the fourth-century Lycurgus cup from the
British museum, whose glass looks green in reflected light, but ruby red in transmitted
light. Those colours are complementary evidence that there is little optical loss inside the
glass. Such colloidal suspensions of gold, silver and other metals have been widely used in
stained glass since the Middle Ages. Depending on the particle sizes, transmission through
a silver colloid can yield yellow light and transmission through gold ruby red. Metallic
nanoparticles transmit light with an intensity that strongly depends on the incident and
viewing angles. The magnificent coloured light from stained glass of the Sainte Chapelle
in Paris is assumed to be largely due to the plasmonic resonances (Stockman 2011)).

The mathematical foundation of these particle plasmons was established by Mie in 1908.

Historically, the mathematical description of the surface plasmon modes was established
in the early 20th century when [Sommerfeld and [Zenneckl studied the propagation of ra-
dio waves along a surface of a conductor of finite conductivity in the context of wireless
telegraphy (Sommerfeld 1899 [Sommerfeld 1909; [Zenneck 1907). These early investiga-

tions focused on frequencies much lower than that of visible light. The phenomenological

difference of plasmonic surface waves and plane electromagnetic waves in free-space is
however very small. Around the same period, Wood| studied the reflection of visible light
at metallic gratings and noted the observation of “anomalous” intensity drops in spec-
tra (Wood 1902)). This phenomenon was later theoretical described by Fano (Fano 1941]).
Finally in the 70s, [Kretschmann and Raether| realized the excitation of Sommerfeld’s
surface waves with visible light using prism coupling (Kretschmann and Raether 1968
IKretschmann 1971)). With this a unified description of surface plasmon polaritons was
established (Maier 2007).

In the following, we will elucidate the basic physics of plasmonics by describing surface

plasmon polaritons and the localized surface plasmons. For a better understanding of the
physics and its consequences of the latter we will introduce the quasi-static approximation

and discuss briefly the impact of retardation effects.

1.1.1 Surface Plasmon Polaritons

Surface plasmon polaritons (SPP) are electromagnetic excitations propagating as a longi-
tudinal wave at the interface between a dielectric and a conductor. Their field intensities
fall off exponentially in the direction normal to the surface, the wave is therefore evanes-
cent. Those surface waves arise via the coupling of the electromagnetic fields to oscillations
of the conductor’s electron plasma. The waves are transverse-magnetic (TM), i.e. their
magnetic field is perpendicular to their wave vector ES pp and in the plane of interface.
The dispersion relation of SPPs propagating at the interface between a metal of dielec-

tric function £(w) and a dielectric half space, described via the dielectric function €,egium,
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w € * Emedium
kopp = 2 | £ Emedium. (1.1)
& €+ Emedium

where w denotes the angular frequency and ¢ the velocity of light. Equation [Tl reveals

is given by (Maier 2007):

that the wave vector of a SPP is always higher than that of an electromagnetic wave
of the same frequency propagating in the adjacent dielectric alone. Because the wave
vector in the plane must be conserved - a condition equivalent to conservation of the
in-plane component of linear momentum - it is impossible to excite a SPP and fulfil the
phase matching condition at an interface by an electromagnetic wave propagating in the
dielectric. A SPP cannot radiate into the dielectric, therefore, the SPPs are also called
“dark waves” (Stockman 2011]). SPPs, however, can be excited using the so-called Otto

or Kretschmann geometry in which a prism made of a dielectric material with higher

optical index increases the k-vector to allow the excitation of SPPs. In the Kretschmann
configuration, for example, the excitation light passes through a prism and is incident on
the lower interface of a thin metal film. The medium above the metal is dielectric and
typically air. The evanescent field of the light wave at the upper interface of the metal is

then able to excite a SPP wave under total internal reflection condition.

1.1.2 Localized Surface Plasmons

Localized surface plasmons, or surface plasmons (SP), are non-propagating excitations of
the conduction electrons of metallic nanostructures coupled to the electromagnetic field.
These modes arise from the scattering of a small, sub-wavelength metal nanoparticle in
an oscillating electromagnetic field. The curved surface of the particle exerts an effective
restoring force on the driven electrons, so that a resonance can arise, leading to field
amplification both inside and in the near-field zone outside the particle. This resonance is
called the localized surface plasmon resonance. The sub-wavelength size of the particle has
also the consequence that plasmon resonances can be excited by direct light illumination
without having to fulfil the phase-matching condition, in contrast to propagating surface

plasmons.

To first approximation, the electrons of the metal nanoparticle move freely and, driven
by an external light’s electric field, are periodically displaced with respect to the lattice
ions. This displacement creates charges with opposite signs at opposite surfaces. Because
these charges attract each other, they create also restoring forces. The result is an electron
oscillator, whose quantum is called surface plasmon and whose frequency is determined by
the restoring force and effective mass of the electron. The frequency of the SPs depends
on many factors, notably the physical properties of the metal and of the surrounding

dielectric material, the size and shape of the nanoparticle.
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1.1.3 Single Particle Plasmon Resonances - The Quasi-Static

Approximation

The oscillations of localized surface plasmons originate from the characteristic dielectric
response of metals at optical frequencies. At resonance the polarizability is resonantly
increased resulting in enhanced scattering, absorption and near-field intensities.

A full theoretical treatment of the interaction of a nanoparticle with an electromagnetic
wave is beyond our scope. For a better understanding of the underlying physics let us
introduce the quasi-static approxrimation, which is a simple model describing well the main

results from such an interaction in first approximation.

medium

Figure 1.1 — Sketch of the model of the quasi-static approximation. A homogeneous sphere is placed

into an external electrostatic field E, ;.

The response of sub-wavelength sized particles to a plane-wave illumination can be
analysed using the quasi-static approximation which is illustrated in Fig. [Tl This model
neglects retardation, i.e. effects due to self-induction of electromagnetic fields, by consid-
ering only a region in space which is much smaller than the wavelength of light, so that
the electromagnetic phase is constant throughout the region of interest. Consequently,
the quasi-static approximation is only valid for particles that are smaller in size than the
skin depth d, of the metal. El For small spherical particles with a radius much smaller
than the wavelength, this condition is fulfilled. We consider now a sphere of polarizable
material with a radius R and a dielectric constant £, embedded in a medium with di-
electric constant €,,.4;um, under the influence of a static electric field E,,;. The external

field induces al dipole moment in the sphere. The polarizability is written as (I Bohren and

Huffman 1983):

0 = A RBeg——medium (1.2)
€+ 2€medium

It is evident from Eq. (L2) that in vacuum (i.e. &eqium = 1) this expression exhibits a

resonance when the real part of € approaches —2. Replacing the static dielectric constant

!The skin depth is the extent to which a field penetrates the metal surface and is given by dy =

M ().
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e with the wavelength dependent form e(w) = &1(w) + iea(w), the dielectric function of
a noble metal, for example gold and silver, fulfils the resonance condition £1(w) — —2
at visible frequencies. Hence, at resonance the real part of the denominator in Eq. (L2
almost vanishes and causes a strongly increased induced dipole moment pup = a - Eepy.
This in turn leads to enhanced scattering and local fields.

For nanoparticles with an elongated shape, the electron oscillation is non-isotropic and
localized either along the principle axes or at the edges and corners of the nanoparti-
cle, leading to an additional shape-dependent depolarization and splitting of the sur-
face plasmon resonance into several modes (such as longitudinal or transverse modes for

nanorods) (Lal et al. 2007]).

The electrostatic theory for light scattering by sub-wavelength sized spherical particles

has a relatively simple extension to ellipsoidal particles. In particular, we are interested
in the scattering by disks and rods which can be described as spheroidal particles in a
first approximation. A rod can de described by a prolate (cigar-shaped) particle, whereas
a disk is approximately an oblate (pancake-shaped) particle. The polarizability «; of such
an ellipsoidal particle along the axis ¢ is given by (Bohren and Huffman 1983):

5(w) — Emedium
3 Emedium + 3 LZ [é(w) - gmedium]

a; = V€0 (13)

V is the particle’s volume and L; is a geometrical factor related to the shape of the particle

and given by

- Q1Geag T dg
b= /(a?+Q) f(q) (14)

where f(q) = \/ (g +a?)(qg+ a3)(q+ a}). The ellipsoid is described by its semiaxis a; <
as < ag, specified by % + % + % = 1. The geometrical factors satisfy 23: L; =1, and for
a sphere Ly = Ly = Ly = 3. -

A detailed analysis of the resonance position as a function of the aspect ratio (i.e. the
ratio of the long axis radius to the short axis radius of the particle) using Eq. (L3]) shows
that the resonance position depends approximately linearly on the aspect ratio: an in-
creased aspect ratio leads to a red shifted resonance. Furthermore, the influence of the

refractive index of the surrounding medium has to be considered as well. Increasing the

refractive indlex leads to a red-shift of the resonance and a narrowing of its linewidth (I Son-

nichsen 2001). This red-shift is due to the shielding of surface charges by the polarization
of the embedding medium.

We have seen that the theory of scattering and absorption of radiation by a small
sphere predicts a resonant field enhancement due to a resonance of the polarizability « in
expression ([[L2)) if Re{e(w)} = —2 €medium- The nanoparticle acts like an electric dipole

which resonantly absorbs and scatters electromagnetic fields. This theory, though valid
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only for very small particles, provides a good approximation for particles of sizes below

100 nm in the visible or near-infrared frequency range.

For larger particles, where the quasi-static approximation is no longer valid due to sig-
nificant phase changes of the driving field over the particle volume, an electrodynamic
approach is required. Mie developed a complete theory of the scattering of electromag-
netic radiation by spherical particles (Mie 1908). The approach of the Mie theory is to
expand the internal fields and the scattered fields into a set of normal modes described
by vector harmonics (Bohren and Huffman 1983; Kreibig and Vollmer 1995]). The phys-
ical consequences of the first-order corrections to the quasi-static approximation will be

shortly examined in the following section.

1.1.4 Theoretical Considerations beyond the Quasi-Static Limit:
Retardation Effects

For large particles with sizes not negligible compared to the wavelength, the quasi-static
approximation breaks down due to retardation effects. The effect of retardation of the
exciting field over the volume in the particle leads to a shift in the plasmon resonance.
Further, the retardation of the depolarization field inside the particle also leads to a shift
in resonance (Meier and Wokaun 1983). For noble metals, the overall shift is towards

lower energies, i.e. the dipole resonance position red-shifts with increasing particle size.

Intuitively, this effect can be understood by considering that the distance between the
charges at opposite interfaces of the particle increases with the particle size. This leads

to a Ismauller restoring force and therefore a lowering of the resonance frequency (I Maier

2007).

Another retardation effect that has to be taken into account is the reduction of ab-
sorption (which is directly related to the imaginary part of e(w), i.e. Im{e(w)}), due to
the increase of polarization. In order to account qualitatively for this effect, we have to
consider the influence of radiation damping which leads to an attenuation in polariza-

tion. Radiation damping is caused by a direct radiative decay of the coherent electron

oscillations into photons (Kokkinakis and Alexopoulos 1972), and it is the main cause of

the weakening of the strength of the dipole plasmon resonance as the particle volume in-
creases (Wokaun ef al. 1982)). As a result, the influence of radiation damping countervails

the increase of polarization in strength due to the reduction of absorption.

In summary, the plasmon resonance of particles beyond the quasistatic regime is damped
by two competing processes: a radiative decay process into photons, dominating for larger

particles, and a non-radiative process due to absorption.
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1.2 Optical Antennas

The concept of optlcal antennas has its origin in near-field optics (Novotny 2007aj; Bharad-

waj et al. 2009 Biagioni et al. 2011]) when, in 1928, Edward Synge proposed the use of

a tiny gold particle for localizing optical radiation on a sample surface and thereby sur-
passing the diffraction limit in optical imaging (Synge 1928)). This particle can be viewed
as an optical antenna, a structure that converts the energy of incident optical radiation
into localized energy or vice versa, depending on whether the antenna occupies the role

of a receiver or a transmitter.

Nanoantennas are the optical analogue of radio and microwave antennas. Since the
wavelength is considerably lower, the size of the antenna must be reduced accordingly,
which has only recently become feasible. They can be used to resonantly enhance light
scattering (Greffet 2005} [Miihlschlegel et al. 2005)). Strictly speaking, antennas incorpo-

rate a transducer or a source of energy, but in a broader sense, entirely passive structures

are here also called nanoantennas.

Nanoantennas are of great interest since they allow unique control of absorption and
emission at the nanometer scale: confinement of the electromagnetic field to sub-wavelength
dlmensmns (Farahani et al. 2005, field enhancement (Zhang et al. 2010% Kuhn et al.
2006) and directivity of the emitted light (Taminiau et al. 2007 Mﬂlﬂ)

Optical antennas fulfil the same function as their radio analogues, but with properties

that differ in important ways. At radio-frequencies, metals behave like perfect conductors,
with a skin depth that is negligible compared to the size of the antenna. But at optical
frequencies, the skin depth is on the scale of tens of nanometers, i.e. on the scale of the
nanoantenna size, and the metal behaves like a plasma strongly coupled to incident light.

As a result, the antenna geometry scales with an effective wavelength that differs from

the wavelength of the incident light (Novotny 2007b)) in contrast to the size dependence of

analogue antennas. Moreover, optical antennas can take various unusual forms and their
properties may be strongly shape and material dependent due to their surface plasmon

resonarnces.

1.2.1 Properties of Optical Antennas

Nanoantennas can be characterized using the same terminology as used for radio-frequency
(RF) antennas. In the following, we briefly introduce the principle properties describing
an antenna.

The function of an antenna is to enhance the transmission efficiency from the trans-

mitter to the receiver. This enhancement can be achieved by increasing the total amount

of the radiation released by the transmitter. This property is described by the antenna
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efficiency:
Prad o Prad
P B Prad + Ploss

Erad = (15)

where P is the total power dissipated by the antenna, P,.q is the radiated power and P,
is the power dissipated into heat.

The directivity D is a measure of an antenna’s ability to concentrate radiated power
into a certain direction. It corresponds to the angular power density p(f, ¢) relative to an

isotropic radiator and is expressed by:

4
Prad

D(0,¢) = 5— p(0,9) (1.6)

When the direction (6, ¢) is not explicitly stated, one usually refers to the direction of

maximum directivity, i.e. Dyae = (47/Praq) maz{p(0,®)}. The combination of antenna
efficiency and directivity results into the antenna gain:

47

G= y:) (0, ¢) = €raa D (1.7)

Since perfectly isotropic radiators do not exist in reality, it is more convenient to use

the relative gain by referring to an antenna of a known directional pattern. For this

description a dipole antenna is normally used as a reference because of its relative simple

radiation pattern. Recently, characterized the relative gain of coupled gold

antenna pairs using the dipole-like scattering from a single particle as reference (Huang

et al. 2008|). |

Radio wave antennas have strict design rules that relate to the wavelength of incident

radiation. However, at optical frequencies these rules are no longer valid, the antenna
responds to an effective wavelength which is reduced compared to the incident wavelength.

The effective wavelength A.ss is related to the incident wavelength A by the wavelength

scaling relation derived by Novotny (Novotny 2007h)):

A
Acgs =+ 2 (3-) (1.8)

where A\p is the plasma wavelength of the metal and n; and n, are constants depending

on the geometry and dielectric parameters of the antenna.

1.2.2 Nanoantenna Geometries

During the last years many different types of nanoantennas have been proposed. Here,
we would like to present some geometries that have been fabricated and investigated

experimentally.
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Single Nanoparticles One of the simplest structures are single nanospheres and nanorods.
In fact, the use of a single nanoparticle as an antenna has already been proposed by Synge
as we have noted earlier. Synge’s nanoparticle takes freely propagating radiation and lo-
calizes it on a sample which has the role of the receiver. Since then, single nanoparticles

have been successfully applied to enhance the sensitivity of fluorescence and Raman spec-

trosclopv at a single molecular level (Biagioni et al. 2011 [Anger et al. 20006} IKiihn et al.
2006; Rogobete et al. 2007; IMohammadi et al. 2008]).

Coupled Nanoparticles Coupled nanoparticles can act as optical antennas: they cou-
ple efficiently in the near-field to photon emitters to enhance their interaction with the

far-field. Nanostructures composed of two coupled nanospheres have been proposed as

the analogue of RF Hertzian dipole antennas (Alu and Engheta 2008|) and are expected

to have a high radiation efficiency due to the reduced density inside the spheres. For
such structures it is important to tune efficiently the gap size. Recently, it has been

demonstrated that the programmed assembly of DNA functionalized gold nanoparticles

is a techni?ue that allows to tune particle sizes and spacings (Bidault _ef al. 2008 Bonod

et al. 2010) with a high accuracy. Furthermore, it has been shown that a pair of coupled
metallic nanoparticles coupled to a dielectric microsphere builds a highly efficient optical
antenna (Devilez et al. 2010al).

The coupling of two nanorods represent the analogue to half-wave RF antennas
(Mihlschlegel et al. 2005; |Ghenuche et al. 2008; [Pramod and Thomas 2008). Very

recently Greffet et al. have introduced the concept of impedance for a nanoantenna

(Greffet et al. 2010) which provides a practical tool for the design of nanoantennas.

Bowtie Nanoantennas Bowtie antennas are constituted of two triangles facing each

other tip-to-tip (Fromm et al. 2004; [Schuck et al. 2005} [Fischer and Martin 2008)). The

advantage of the bowtie antenna compared to a pair of nanorods, is that it efficiently

suppresses the field enhancement at the outer ends of the structure. Furthermore, they
are considered to have higher field enhancements in the gap because of a larger lightning-

rod effect at the apex. In reality, however, this effect is limited by the radius of curvature

at the apex. Bowtie antennas are applied to enhance molecular fluorescence (I Farahani
et al. 2005; [Kinkhabwala et al. 2009), Raman scattering (Fromm et al 2006) and

for the light confinement beyond the diffraction limit when fabricated on the facet of a

quantum-cascade laser (Yu et al. 2007]).

Yagi-Uda Nanoantennas The optical analogue of a RF Yagi-Uda antenna has been
theoretical proposed (Li et al. 2007 [Taminiau ef al. 2008) and since then experimentally
verified (Kosako et al. 2010t [Curto et al. 2010). The main advantage of an optical Yagi-

Uda antenna is its very good directivity. Its unidirectional response is appealing in terms

of enhanced sensitivity for detection. Similarly to their RF counterparts, nanometer-sized
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Yagi-Uda antennas consist of a resonant single-wire antenna (7/2 phase shift between the
driving field and the induced charge oscillations) arranged between a reflector (phase
shift > 7/2) and a set of directors (phase shift < 7/2). To this purpose, the inter-element
distance is important to achieve the desired interference between direct and reflected
radiation (Biagioni et al. 2011]).

Periodic Grooves Surrounding a Nanoaperture An antenna design that caught

the attention of the nanoantenna community a couple of years ago (Lezec et al. 2002)) is
composed of a single nanoaperture surrounded by periodic grooves. The central nanoaper-
ture reduces the sampling volume and enables single molecule analysis at high concen-
trations with enhanced excitation and emission rates. The periodic grooves act like an
antenna to further concentrate the electromagnetic energy at the central aperture and
to control the directivity of the radiated light. This design merges the light localization
from the nanoaperture with the extended near- to far-field conversion capabilities from
the concentric grooves. Recently, full directional control of the fluorescence emission from
molecules in water solution has been demonstrated by using an optical antenna made of
a nanoaperlture surrounded by a periodic set of shallow grooves in a gold film (I Aouani
et al. 2011).

1.2.3 Applications of Optical Antennas - State of the Art

When Miihlschlegel et al| demonstrated that a thin metallic rod resonantly enhances
light emission (Miihlschlegel et al. 2005} (Greffet 2005)), their important discovery bridged
the fields of electrical engineering and nano-optics and led to a rapid and exponential

growth of the research in the domain of nanoantennas. Since then, manifold applications
of nanoantennas have been reported, and the number of publications is still increasing.
To give a short overview of the state of the art of nanoantennas, we would like to highlight
some noteworthy and interesting applications of nanoantennas and the latest advances in

research.

Wavelength Tuning We have seen that the characteristics of a nanoparticle are gener-
ally determined by its shape and material. In the case of an optical antenna composed of
two or more particles, its characteristics are related to near-field interactions between the
individual elements. Essentially such a structure remains a passive device. However, in
order to enable a controlled optical exchange between two nanoscale objects, an external
control of an antenna is highly desirable. In order to tune the near-field coupling exter-

nally, it was shown that the length and the gap of an antenna can be tuned mechanically

by p}"ecise nanomanipulation with the tip of an atomic force microscope (I Merlein et al.

2008). However, this technique has the drawback of an inflexible tuning, that cannot be

controlled over short time-scales.
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In this context, Bouhelier and co-workers demonstrated an active control over antenna
performances by an external electrical trigger. The authors used an anisotropic load
medium to control the electromagnetic interaction between the individual elements of an

opticlal antenna, resulting in a strong polarization and tuning response (I Berthelot et al.

2009). Furthermore, they demonstrated by using this kind of external control, that the

scattering diagram of an antenna can be externally adjusted (Huang et al. 2010)).

Nano-Trapping Usually, for the trapping of nanoparticles high laser powers are needed
to create trapping forces large enough to overcome the Brownian motion. The advantage
of the trapping of plasmonic structures is their capability to localize and enhance light in
their near-field F,. For a particle much smaller than the trapping light wavelength, the
trapping force is proportional to the gradient of | E,|%. In the case of plasmonic structures
the electric field can be enhanced and spatially localized in an area much smaller than the
diffraction limit. As a consequence, for similar illumination intensities, these structures
generate much larger gradient forces than in the case of far-field trapping. Plasmonic
trapping has been demonstrated experimentally by showing that cells and dielectric beads
have been successfully trapped using a patterned surface with an illumination intensity
much lower than that for far-field trapping (Righini et al. 2008)). In another study the

authors used a metallic nanoantenna to trap living bacteria for several hours with their

orientation fixed by the asymmetry of the antennas (Righini et al. 2009)).
Recently, demonstrated the trapping of gold nanoparticles with diameters

of 10 nm which correspond to the gap size of the used plasmonic antennas (Zhang et al.

2010). The analysis of the scattering spectra allowed the observation of trapping events
due to a modification of the surface plasmon resonance. These studies draw the path
towards a new generation of integrated devices to manipulate small specimen and observe

nanoscopic processes.

Nano-Sensing The group around Giessen and Alivisatos demonstrated recently an
antenna-enhanced hydrogen sensing at the single-particle level (Liu ef al. 2011). By

placing a single palladium nanoparticle near the tip region of a gold nanoantenna, they

detected the changing optical properties of the system on hydrogen exposure by dark-
field microscopy. Their concept paves the road towards the observation of single catalytic

processes in nanoreactors and biosensing on the single-molecule level.

Antennas in Near-Field Imaging In near-field optics the probe that is used to scan
the surface of a sample can be seen as an optical antenna. One of the first studies
exploiting this concept involved attaching spherical gold nanoparticles, tuned to resonate
at the wavelength of the incident light, to glass probes. It was found that scanning these

resonant spheres close to single fluorescent molecules leads to an enhanced fluorescence

and a reduction of lifetime (Anger et al. 2006} [Kiithn et al. 2006). It has been shown
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that such a nanoprobe results into a spatial resolution of 50 nm. In order to achieve
higher resolutions, antennas with strongly localized fields, smaller nanoparticles, sharper
antenna ends or narrower gaps are required.

In this context, Taminiau et al. positioned a resonant nanoantenna, in form of a
nanorod, at the end of a metal-coated near-field probe leading to an enhanced localized
field near the antenna apex. This field was mapped with single fluorescent molecules
which revealed a spatial localization of 25 nm (Taminiau ef al 2007).

Furthermore, the fabrication of bowtie antennas on the apex of silicon atomic-force mi-

croscope tips has been reported (Weber-Bargioni et al. 2010). When excited at resonance

these antennas enhance the local silicon Raman scattering intensity.

Antennas for Photodetection The application of optical antennas in photodetectors
is interesting since a nanoantenna increases the absorption cross-section. In the case of
a photodetector it means that the light flux that impinges on the detector is increased.
Thus, by using nanoantennas the size of a photodetector can be drastically reduced. Tang
et al. experimentally demonstrated that the active volume of a germanium photodetector
can be reduced to sub-lambda size using a Hertz dipole antenna, resonating in the near-
infralred wavelength range, resulting into an enhanced detection sensitivity (ITang et al.
2008).

Recently, Knight et al. developed a structure composed of a metallic nanoantenna on

a semiconductor surface which can be used as a polarization-specific light detector being

highly compact and wavelength resonant (Knight et al. 2011)). In this device, photons

couple into the nanoantenna and excite resonant plasmons, which decay into energetic, so
called “hot” electrons injected over a potential barrier at the nanoantenna-semiconductor

interface, resulting in a photocurrent.

Directional Emission In the radio-frequency regime a typical antenna design for high
directivity is the Yagi-Uda antenna which consists of an array of antenna elements driven

by a single feed element. It has been shown that by fabricating a corresponding array

of nanopartlicles similar radiation patterns can be obtained in the optical regime (I Li
et al.l 2007; |Pellegrini et al. 2009; [Dorfmuller et al.2011)). In this context, IKosako
et al. presented the experimental demonstration of directional control of radiation from
a nano-optical Yagi-Uda antenna composed of tuned gold nanorods (Kosako et al. 2010).

Their results show clearly that the basic principles of RF antenna design can be applied

to the optical regime.

Shortly after, the unidirectional emission of a single emitter, a quantum dot, has been
successfully demonstrated by coupling the emitter to a nanofabricated Yagi-Uda an-
tenna (Curto ef al. 2010). The emitter is placed in the near-field of the antenna so

that the emitter drives the resonant feed element of the antenna. The resulting lumines-
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cence of the quantum dot is highly directed into a narrow angular cone. Furthermore, the
directionality can be controlled by tuning the dimensions of the antenna. These results
demonstrate the potential of optical antennas to communicate light to, from and between
nano-emitters to be used for quantum optical technologies, planar biochemical sensors,

and light-harvesting and emission devices.

1.3 Conclusion

The rapidly growing research field plasmonics has yielded unique phenomena based on
light-metal interactions that may give rise to new, useful applications and technologies,
ranging from ‘light-on-a-chip’ to ‘lab-on-a-chip’ (Lal et al. 2007). Here, we gave a brief

introduction into the physics of surface plasmons polaritons and particle plasmons.

Optical antennas emerged recently from near-field optics and since then have been
widely studied as a tool to manipulate and control light at the nano-scale. We have
presented the main parameters that are used to describe a nanoantenna, in analogy to
‘classical’ antennas working in the radio-frequency range. Several possible geometries of
a nanoantenna have been discussed, and we gave an overview of recent advances in the
research field of nanoantennas.

One of the most interesting parameters of an antenna is its directivity. In this context,
we have presented two recent studies that measured the angular radiation pattern of
nanoantennas of the Yagi-Uda type. The two groups used two approaches: One method
consists of recording the antenna emission in the plane perpendicular to the antenna with
a photodiode (Kosako et al. 2010). Another method is based on confocal microscopy in
which the emission intensity distribution is imaged on the back focal plane of a high-NA
objective (Curto et al. 2010). In the course of this work, we will show that holography
as well has the capability of measuring angular scattering patterns. This is due to the

simultaneous recording of both amplitude and phase in holography which therefore gives
access to the three-dimensional information of the scattered field and thus, to the angular
scattering spectrum of the hologram simply by calculating the scattered field’s Fourier

transform.
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Chapter 2. Digital Heterodyne Holography

“The future cannot be predicted, but futures can be invented.”

Dennis Gabor (1964)
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n 1948 Dennis Gabor invented holography (Gabor 1948} [Gabor 1949)), a work for which
he received the Nobel prize in Physics 23 years later. Holography is a method to record
and reconstruct the amplitude and phase of a wavefield. A hologram is an interference
pattern that is photographically or otherwise recorded, between the wavefield scattered
from the object and the so called reference wave. A hologram is usually recorded on a
flat surface, but contains information about the entire three-dimensional wavefield. This
information is coded in form of interference patterns, usually not visible to the human eye
due to the high spatial frequencies it contains. In “classical holography” the object wave
is reconstructed by illuminating the hologram with the reference wave again. This wave
reconstructed by passive means is indistinguishable from the original object wave. An
observer recognizes a three-dimensional image with all effects of perspective and depth of
focus (Schnars and Juptner 2002; [Schnars and Juptner 2005)).

2.1 Historical Overview

In Gabor’s original setup, the axes of both the object wave and the reference wave are
parallel. This in-line configuration leads to a reconstructed image, the real image, su-
perimposed by the bright reconstruction wave and a second image, the so called “twin
image”, or virtual image. In 1964 Leith and Upatnieks (Leith and Upatnieks 1962} Leith
and Upatnieks 1964|) improved this in-line holography by introducing an off-azis reference

wave. By doing so, the two images and the reconstruction wave are spatially separated.
In the late 1960s and early 70s the first steps towards digital holography were made
by [Goodman and Lawrence and the Yaroslavski group (Goodman and Lawrence 1967
Kronrod et al. 1972)). They sampled optically enlarged parts of in-line and Fourier holo-

grams recorded on a photographic plate. The digitized “conventional” holograms were

reconstructed numerically.
In 1994 Schnars and Jiiptner made a big step forward by developing the direct recording

of Fresnel holograms with charged coupled device (CCD) cameras (Schnars and Jiiptner

1994|). The numerical recording allows the direct calculation of I;hase and amplitude.
Schnars and Jiiptner used the off-axis configuration which, however, has the drawback
of a low spatial resolution of the CCD camera due to the off-axis angle which must be
limited to few degrees. From then on, digital holography enabled full digital recording
and processing of holograms, without any photographic recording as an intermediate step,
and has nowadays many applications in a widespread range.

In 1997, Yamaguchi introduced phase-shifting digital holography, a method to circum-
vent the restriction in the reconstructed image area caused by the off-axis setup (Yam-

aguchi and Zhang 1997I). In their proposed in-line configuration, the reference beam is

phase shifted with respect to the object beam. Thus, the twin image is suppressed in
computer reconstruction. In the year 2000, the Depeursinge group (Cuche et al. 2000)
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developed a method to filter spatially the zero-order and eliminate the twin-image in dig-
ital off-axis holography. In the same year, Le Clerc et al. presented a holography method
based on heterodyne detection of the amplitude and phase (Le Clerc ef al. 2000). In this
technique the phase shift is achieved by frequency shifting the reference beam. They show

that a frequency shift created by combining two acousto-optic modulators, results into a
very accurate phase shift.

A couple of years ago a variant of the heterodyne holography scheme was proposed
combining the properties of off-axis and phase-shifting holography (Gross and Atlan 2007).

This technique enables to filter numerically the zero-order image alias and the technical

noise of the reference. The authors demonstrated that the obtained sensitivity and signal-

to-noise ratio (SNR) are excellent.

Outline

This chapter is structured as follows: Firstly, the basic principles of holography are dis-
cussed. The process of hologram recording and hologram reconstruction is described, and
the technique of off-axis holography is presented, a technique to separate the different
diffraction orders. Then, digital holography is introduced, and we discuss the impact
on the reconstruction process which is performed numerically. We present the method of
digital heterodyne off-axis holography which achieves an excellent detection sensitivity for
weak signals making it an ideal technique for the imaging of nanoobjects. In this context,
we introduce the photothermal heterodyne holography, which proved recently its appli-
cation to detect gold nanobeads under a photothermal modulation (Absil et al. 2010).
Lastly, we show that the heterodyne technique gives access to the frequency domain by

varying the heterodyne beating frequency. We present two applications. As a validation
we measured the frequency components of the temperature variations in an integrated
circuit. Furthermore, we applied this method to the detection of the frequency domain of

gold rods in a Brownian regime.

2.2 Principles of Holography

Holography consists of two processes: the recording of the hologram and the hologram
reconstruction. Since holography is based on the interference of two light waves, the light
source must have a sufficient coherence length.

The general setup of holography is shown in Fig. 22Tl The coherent light source is split
into two partial waves by a beam splitter. To record a hologram the object is illuminated
by the first wave. The object scatters light that is reflected to the recording medium, e.g.
a photographic plate, that is placed at a distance d from the object. The second wave, the

so called reference wave, illuminates the light sensitive medium directly where it interferes
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with the scattered light from the object. The interference pattern is recorded, e.g. by
chemical development of the photographic plate. The recorded interference pattern is
called hologram.

Then, the original object wave is reconstructed by illuminating the hologram with the
reference wave, see right image in Fig. 2.J1 The observer sees the three-dimensional
reconstructed object at a distance d, which is the position where the object had been

before. This image is named virtual image.

Recording: Reconstruction:

Laser

¢

Laser

¢

Eo Eo
777777777777777777777777777777777 .I P observer
, d . d
Object Hologram Virtual Image Hologram
Figure 2.1 — lllustration of the hologram recording (left) and reconstruction (right).

Mathematical Description of the Hologram Recording The holographic process
is described mathematically using the simplified formalism where the light wave is mod-
elled by a complex number E which represents the electric field of the light wave. The
amplitude and phase of the light are represented by the absolute value A and the angle ¢
of the complex number. Using this formalism, the complex amplitudes of the object wave

FEo and the reference wave Er are described as

Eo(z,y,z) = Ao(x,y,z)exp(ivo(x,y, z)) (2.1)
ER({L‘,y,Z) = AR(x,y,z)exp(i¢R(x,y,z)) (22)

where Ap(x,y, 2), Ar(x,y, 2) are the real amplitudes and ¢o(z,vy, 2), ¢r(x,y, z) are the
phases. When both waves interfere at the surface of the recording medium, the intensity

is calculated as follows (* denotes the complex conjugate):

I(z,y,0) = |Eo(z,y,0) + Eg(z,y,0)|*
= (Eo(z,y,0) + Er(z,y,0)) - (Eo(z,y,0) + Er(z,y,0))"
= Eo(z,y,0)E5(z,y,0) + Er(2,y,0)ER(z,y,0)
+Eo(r,y,0)Ex(z,y,0) + Er(z,y,0)E5(z, y,0) (2.3)
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The first two terms can be written as Ip(z,v,0) = Eo(x,y,0)E(z,y,0) and Ig(x,y,0) =
Er(z,y,0)E%(z,y,0), and correspond to the intensity of scattered light by the object and
by the reference wave, respectively. Io(z,y,0) and Ig(x,y,0) do not contain any phase
information, hence they do not contribute to the object reconstruction in contrast to the
other two terms.

Considering that we have a photographic plate which is exposed to these two beams

and then developed, its transmittance 7" is given by L

T(l‘,y,Z) = TO +C- I($7y70)
x I(r.,0) (2.4

Hence, in the following we neglect both 7j and C, and we write that 7" is proportional to
I(x,y,0).

Reconstruction of a Hologram The reconstruction of the object is done by illumi-
nating the hologram with the reference wave. Then, the resulting wave Ep is the product
of the transmittance and the reference wave, and the observer sees a three dimensional

virtual image:

EH(xvyvz) X ER(ZL',y,Z)'I(ZL',y,O)

EH<377 Y, Z) & ER<:U7 Y, Z) ’ <[R<x7 Y, 0) + [O<x7 Y, 0)) (25)
+ER(:c,y,z) ’ <E0<x7y70>E;%<x7y70)) (26)
+ER(:E7?/72) ' (ER(I‘,y,O)Eg(ZL‘,y,O)) (27)

Each of the four terms in Eq. represents a wave emerging from the hologram, resulting

from the scattering at the primarily recorded interference pattern.

1. The first term (23] corresponds to the zero order of diffraction and restores basically

the reference wave.

2. The second term (6] corresponds to the +1 diffraction order. It is proportional
to the diffracted wave by the object during the recording procedure. This term
gives the virtual image that is perceived by the observer at the distance d from the
recording medium which corresponds to the position that was initially the object’s

position.

3. The third term (Z7) corresponds to the —1 diffraction order and results into the
real image of the object. The real image is positioned symmetrically with respect

to the virtual image, i.e. at a distance —d from the recording medium.

1Ty is the amplitude transmission of the unexposed plate. Ty ~ 0 since an unexposed plate is opaque.
C is a constant and given by C' = 7 - 5. The two constants, 7 and [ denote the exposure time and
the slope of the amplitude transmittance versus exposure characteristic of the light sensitive material,

respectively. In digital holography, using CCD cameras as recording medium, 7j is not relevant.
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Since we are interested only in the virtual image, the other two diffraction orders have to
be differentiated from the virtual image. In a conventional in-line configuration, i.e. when
the propagation of the reference wave and the object wave are along the same direction,
all beams are parallel, and the three diffraction orders are overlapping. Using off-azis

holography, the virtual image, the real image and the zero-order image are spatially

separated (Leith and Upatnieks 1962). In this configuration, the reference beam builds

an angle 0 to the direction of propagation of the object wave, as shown in Fig. 22l Since
the experimental setup that we used is based on off-axis holography, its principle and

consequences for the reconstruction are explained in the following.

2.2.1 Off-Axis Holography

in-line off-axis ke Kg

>>>L+| )

Hologram Hologram

Figure 2.2 — In-line holography (left) vs. off-axis holographic setup (right). The reference beam in
the off-axis scheme is tilted by an angle 0 with respect to the object beam.

The idea of off-axis holography is that if Ep and Eg arrive in the hologram plane with
separated directions, the different terms will vary at different spatial frequencies and,
as a consequence, will propagate along separated directions during the reconstruction.
Comparing both the left and right images in Fig. 2.2 one can see that, in contrast to
the in-line configuration, the reference beam is tilted at an angle 6 with respect to the
object beam in off-axis holography. Hence, this tilt has to be taken into account when

describing the complex amplitude of the reference beam.

ER<x7y70) = ARexp<ikRT)
Er(z,y,0) = Agexp(i(kgex + kr.2)) (2.8)

As can be seen from the inset in the right image in Fig. [2.2] the reference wave propagates
with a tilted reference wave vector kr where kr, = sin gk and kr, = cosOrk with k as

the wave vector of the object field. Note that the z-component of the reference wave
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vector produces a constant phase shift kr.z which can be ignored. Thus, the resultant

intensity at the hologram plane is:

I(ZL‘, Y, 0) = |ER(:E7 y)|2 + |Eo(l‘, y)|2
+FEo(x,y,0)Agrexp(—ik sin Opx) (2.9)
+E5(z,y,0)Agexp(ik sin Ogx)

The phase factor exp(—iksinfgz) in the third term indicates that the wave producing
the virtual image is deflected with an angle —fr with respect to the direction of the
illumination wave. The same factor appears in the fourth term but with the opposite
sign, meaning that the wave producing the real image is deflected with an angle 0.

If we now consider the Fourier transform of the hologram intensity, the influence of the
two phase factors exp(+ik sin Ogpz) can be interpreted as a translation of the spatial fre-
quencies associated with the real and the virtual images. Assuming that the illumination
wave for reconstruction is in normal incidence, the spatial frequencies of the zero order of
diffraction are located in the center of the Fourier plane, and the spatial frequencies of the
interference terms vary at different carrier frequencies which are located symmetrically
with respect to the center of the Fourier plane (Cuche ef al. 2000): —ksinfg/(27) for

the virtual image and ksin 0z /(27) for the real image. Therefore, the different terms of

the reconstructed wave front can be spatially filtered, if it is assured that the offset angle
Or is large enough, so that the three images do not overlap. In this context,
developed a digital method to eliminate the zero order of diffraction and the twin image
in off-axis holography. The authors showed that the spatial filtering can be performed
digitally by multiplication of the computed Fourier transform of the hologram with a nu-
merically defined mask (Cuche et al. 2000)). From the point of view of signal processing,
it is interesting to realize that the off-axis geometry introduces a spatial modulation of

the interference terms. The method of spatial filtering can be considered to be equivalent

to the application of a bandpass filter, which results in an enhancement of the SNR.

2.3 Digital Holography

Digital holographyH differs from “classical” holography in the reconstruction process
which is not performed optically but numerically. The hologram is electronically recorded,

e.g. by using a CCD camera. [ In digital holography the recorded intensity distribution

2Digital holography can refer to either digitally written or digitally read holograms. The former ap-
proach led to Computer Generated Holography which generates artificial holograms by numerical methods.
Afterwards these digitally generated holograms are reconstructed optically. However, this technique is
not considered here, and in the scope of this work we will always refer to digital holography as a technique

that digital reads and processes optically generated holograms.
31t is also possible to digitize a hologram which was recorded beforehand on a photographic plate, as

was done in the earliest digital holograms.



2.3. Digital Holography 25

of the hologram is multiplied by the reference wavefield in the hologram plane, and the

diffracted field in the image plane is determined by numerical processing which is based on

the fast Fourier transform algorithm proposed by [Cooley and Tukey| (Cooley and Tukey
1965).

The advantages of digital holography are numerous. Since the hologram is coded nu-

merically, it is not necessary to process the photographic plate to reconstruct a real
image. Moreover, in digital holography the reconstructed wave field is a complex func-
tion, therefore both the intensity and the phase can be calculated. This is in contrast
to the case of optical hologram reconstruction where only the intensity is made visible.
It has been shown that digital holography can be efficiently employed to compensate for
aberrations (Stadelmaier and Massig 2000} [Nicola et al. 2002) and for correcting image
reconstruction in the presence of severe anamorphism (Nicola et al. 2001). Further in-
teresting applications of digital holography rely on the possibility of carrying out whole

reconstruction of the recorded wave front, i.e. the determination of intensity and of the
phase distribution of the wavefield at any arbitrary plane located between the object and
the recording plane. The last application is one of our particular interest since we are
interested in reconstructing the scattered light of objects in all three dimensions, i.e. at

any plane z of interest.

The Fresnel-Kirchhoff Integral The diffraction of a light wave at an aperture (in
this case a hologram) which is mounted perpendicular to the incoming beam is described
by the Fresnel-Kirchhoff integral:

. too+oo

e =5 [ ] iy Eu(o, ) Enlie, ) P (2.10)
with
p=y(x =P+ (y—n’+d (2.11)

where Ey(z,y) is the hologram function and p is the distance between a point in the
hologram plane and a point in the reconstruction plane. Figure clarifies the coordinate
system for the numerical hologram reconstruction. The diffraction pattern is calculated
at a distance d behind the CCD plane which means it reconstructs the complex amplitude
in the plane of the real image (Schnars and Jiptner 2002). Equation is the basis for

the numerical hologram reconstruction. Because the reconstructed wavefield I'(£,n) is a

complex function, both intensity and phase can be calculated.

2.3.1 Numerical Holographic Reconstruction

There are a number of numerical methods available to calculate the holographic diffrac-

tion Yamaguchi et al. 2001} [Zhang and Yamaguchi 1998 Marquet
(Cuche et al_1999; | g g g q
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Hologram d Image plane

Figure 2.3 — Coordinate system for numerical hologram reconstruction.

et al. 2005; Yu and Kim 2005} [Kreis et al. 1997; Mann et al. 2005). The most common

method uses the Fresnel approzimation.

Fresnel Approximation The approximation of spherical Huygens wavelets by parabolic

surfaces allows the calculation of the diffraction integral using a single Fourier transform,

called the Fresnel transformation (Cuche et al. 1999).

I'&n) = A%leafp(—id%r)exp[—i%(fz +17)]
+00 +00
: / / dzdy EH(HU,y)ER(ﬂc,y)ewp[—i%(ﬂc2 +9%)] (2.12)
-exp[ii—g(xf + yn)]

Equation enables the reconstruction of the wavefield in a plane behind the hologram,
in the plane of the real image. In the case of discretized sensors like CCDs, the same
formalism can also be used to describe the discrete Fresnel transformation where the
variables (£, n) describing the position in the reconstruction plane are substituted by the
discrete variables v = £/(Ad) and p = n/(Ad) (Schnars and Jiptner 2002)).

The function I'(¢,7n) can be digitized if the hologram function Ey(x,y) is sampled on
a rectangular raster of N x N points, with steps Az and Ay along the coordinates. Ax
and Ay are the distances between neighbouring pixels on the CCD in the horizontal and
vertical directions. With these discrete values we obtain the following relation between

the real pixel size and the reconstructed pixel size:

Ad Ad
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And Eq. 212 converts to:

- m2 n2
C(m,n) = )\d exp|— m)\d(NQAxQ NQAyZ)]
N-1N-1
> En(k, ) Eg(k,Dexp[—in/(Ad)(K*Az® + PAy?)]  (2.14)
k=0 1=0
exp[z27r(kwm + é(fl)]

This is the discrete Fresnel transform for m =0,1,--- N —1and n =0,1,--- ,N — 1,
denoting the sum over all pixels.

From Eq. it is evident that the pixel distances in the reconstructed image, A&
and An, are different from those of the hologram matrix. At first sight there seems
to be a reduction in resolution by applying the numerical Fresnel transform. On closer
examination one recognizes that Eq. corresponds to the diffraction-limited resolution
of optical systems: the hologram is the aperture of the optical system with a side length
NAz. According to the theory of diffraction at a distance d behind the hologram a
diffraction pattern develops. A& = Ad/(NAxz) is therefore the size of the diffraction
pattern (or speckle diameter) in the plane of the reconstructed image, which limits the
resolution. This can be regarded as the “automatic scaling” algorithm, always setting
the resolution of the image reconstructed by a discrete Fresnel transform to the physical
limit (Schnars and Juptner 2002)).

Since the direct numerical processing of the Fresnel-Kirchhoff integral is time con-

suming, an equivalent formalism is more suitable. This formulation makes use of the

convolution theorem and is called the convolution method.

The Convolution Method [Demetrakopoulos and Mittral first applied this processing

method to the numerlcal reconstruction of sub- optlcalH holograms (Demetrakopoulos

and Mittra 1974 [Schnars and Juptner 2002). Later this approach was apphed to optical
holography (Kreis ef al. 1997)). Following this work, the diffraction formula of Eq. 210l

can be written as:

—+00 400

INC7) / /dxdy Ey(v,y)Er(z,y)9(&,n,7,y) (2.15)

—00 —00

where the impulse response ¢g(&, 7, z,y) is given by

o€ m.2,9) = 1/ =+ (=) + P (2.16)

Eq. shows that the linear system characterized by g(&,n,x,y) = g(§ —x,n —y) is

space invariant: the superposition integral is a convolution. This allows the application of

4In sub-optical holography an object is typically illuminated using acoustic or microwave sources.
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the convolution theorem which states that the Fourier transform (FT) of the convolution
of (Ey ER) with g is the product of the individual transforms FT{FEy Er} and FT{g}:

FT{(Ey Er) ® g} = FT{Ey Er} - FT{g} (2.17)

So I'(&¢,n) can be calculated by first Fourier transforming (Ey Fr), then multiplying with
the Fourier transform of ¢, and taking an inverse Fourier transform of this product. The
whole process requires all three Fourier transforms, which are effectively carried out using
the FFT algorithm. Because FT{g} can be calculated analytically, the reconstruction
procedure is reduced to the calculation of two Fourier transforms. The pixel sizes of the
images reconstructed by the convolution method are equal to those of the hologram, i.e.
A& = Az and An = Ay, in contrast to those of the Fresnel approximation (see Eq. ZI3).

Another reconstruction method is the angular spectrum method (Yu and Kim 2005)

which involves two Fourier transforms, plus simple filtering of the angular spectrum.

2.3.2 Phase Shifting Holography

In 1997 [Yamaguchi and Zhang| proposed the phase-shifting holography technique (Ya-

maguchi and Zhang 1997). This methods allows the suppression of the zero-order and
twin-images in an in-line holographic setup by recording several images with a different
phase for the object beam. In their experiment the phase shift was created by a modu-

lation of the optical path length. Therefore, a mirror is introduced in the reference arm

and moved by a piezoelectric transducer actuator. [Le Clerc et al! presented a hetero-
dyne holographic scheme in which the reference beam is dynamically phase shifted by

frequency shifting (Af) the reference field (Le Clerc ef al. 2000). This can be done with
acousto-optic modulators (AOM). However, the use of AOMs requires typical working

frequencies in the range of MHz. Such a high frequency modulation is nowadays not de-
tectable even with a fast digital camera. Therefore, two AOMs, working at 80 MHz and
80 MHz+Af, respectively, are used. The offset in frequency has the advantage that the
resulting phase shift is highly accurate. This technique is called heterodyne holography
because it is based on heterodyne techniques which are classical in interferometry, where
high frequency signals are converted to lower frequencies by combining two frequencies.
When the reference beam, phase shifted either by a modulation in the optical path or
by a frequency modulation, interferes with the object wave, the CCD camera records the

following intensity:

Iy = (Eo+ Er)-(Eo+ Eg)"
= Io+1Ig
+Ap A}, - exp(—iwmoat) (2.18)
+AL AR - exp(iwmoat)
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As can be seen from Eq. [ZI8 the phase shift allows a differentiation of the diffraction
orders. In order to suppress the —1 and 0 diffraction orders of the hologram, we will now
show that an even number of phase shifted images can be recorded, using methods such

as the fours-phase detection.

Four-Phase Demodulation Method The four-phase demodulation method consists
in recording a sequence of images with a relative phase shift A¢ = /2 between two
consecutive frames.

If the reference wave is frequency-shifted by tuning two acousto-optic modulators,
AOM1 and AOM2, an accurate phase shift A¢ is obtained with a heterodyne beating
frequency:

Aw = waom1 — Waom?2 (2.19)

This modulation will be recorded using a frame rate frequency of the CCD camera at
weep = 4Aw. The camera records a sequence of m frames [, starting at instants ¢j:
2

wceb

th=k- (2.20)

Under these conditions, images are identical for indices m which are congruent modulo 4,
i.e. images are repeated every 4 images. We can therefore obtain a series of 4 images by

varying the index m from 1 to 4 in the case of four-phase detection:
I, = Iop+1Ix
+Ao A}, - exp(—iwecoptm/4) (2.21)
+AH AR - exp(iwceptm/4)
where each of the 4 images I, is the result of the sum: I, = kf:o Lig s (n is the number

of the total amount of images taken). This summation has the advantage of increasing
the SNR of each I, images compared to a single image I,. Hence, regarding only the +1

order, which we are interested in, the phase factor becomes:
exp(iwceptm/4) = exp(imn/2) = ™ (2.22)

By summing the images I,,,, affected with a pre-factor ¢, we obtain the complex hologram
EHI

Ey(z,y,0) = > i"Ly(x,y) = (lo — L) +i(l1 — I3)

m=0
3
= > i"(Io+1Ir) (2.23)
m=0
3
+ Y (+1)™ Ao Ay (2.24)
m=0
3
+ 3 (1) AL Ap (2.25)

m=0
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where the term Eq. .23 denotes the zero order, term Eq. 224 the +1, and term Eq. 225
the —1 order, respectively. Since the number of the recorded images is even, the first and
the third term are eliminated, and the second term is maximized. Hence, the demodulated

hologram contains only the information of the “true” image.

2.3.3 Digital Heterodyne Off-Axis Holography

We have seen that off-axis holography is a useful configuration to separate the diffraction
orders in digital holography. However, the object field of view is reduced since one must
avoid the overlapping of the image with the conjugate image alias.

The phase-shifting method based on in-line digital holography records several images
with a different phase for the object beam. It is then possible to reconstruct only the
complex object field because aliases can be removed by taking image differences. It was
shown that using heterodyne holography, the phase shift is rendered highly accurate by
frequency shifting the illumination beams.

[Gross_and Atlan| proposed a digital holography technique that combines off-axis ge-
ometry and heterodyne holography (Gross and Atlan 2007). Figure 2.4] illustrates the
proposed setup arrangement. Note that a lens is introduced into the reference arm to

expand the size of the reference beam in order to ensure that the whole CCD camera is

illumlinated. This technique uses additionally the spatial filtering method (I Cuche et al.

2000) to filter out numerically the zero-order image and the noise attached to it. Hence,
this technique enables the recording and reconstruction of holographic images at very low

signal levels with a very good SNR.

CCD

Af = faom — Faoms

- ovd onwE

Figure 2.4 — Description of the heterodyne off-axis holography.
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The elimination of the noise can be understood if we consider that the off-axis hetero-
dyne holography has the function of a double filtering process in both the spatial and
temporal frequency domains. In the case of a very weak object signal, the majority of
the technical noise is within the reference beam, because the majority of the technical
noise is within the intense reference signal. First, most of this noise is removed due to
the phase-shifting filtering process by taking the difference of successive images. This
filtering occurs in the temporal frequency domain. The second filtering process is due to
the off-axis configuration. Since the reference beam extends within a few spatial modes
(i.e. a few pixels of the k-space), its noise is located near the center of the k-space. Hence,
the spatial filtering removes all the technical noises that lie out of the relevant region, and
mostly those which are located at the center of the k-space. This spatial filtering process
is clarified in Fig. which illustrates the numerical filtering procedure to separate the

+1 diffraction order from the other two.

(@) (b) (€)

Figure 2.5 — k-space filtering in off-axis holography: (a) k-space of the recorded hologram showing
the three diffraction order: zero order (white circle), —1 order (blue circle) and +1
order (red circle). (b) spatial filtering by sectioning the +1 order. (c) centering of the
selected order in the k-space for further numerical processing.

This efficient noise filtering makes it an appropriate technique for performing holography
with an extremely low signal level, as in the case of imaging of nanoobjects. Recently, it
has proven its extreme sensitivity and its ability to detect the scattering pattern of simple
nanoobjects such as gold nanoparticles (Absil et al. 2010; [Warnasooriya et al. 2010)).
Furthermore, it has been shown that heterodyne holography can deliver an accurate 3D
picture of the light scattered by complex objects, as nanodisk chains (Suck et al. 2011]).

The scope of this work is the imaging of nanoobjects, and in particular, the study of
three-dimensional images of the scattered light by nanoobjects. Thus, digital heterodyne
holography (DHH) in off-axis configuration is a perfect tool for this kind of studies. Since
almost all holographic measurements are based on the heterodyne off-axis holography

scheme, we describe in the following the details of the used experimental setup.
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2.3.4 Experimental Setup of DHH
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Figure 2.6 — Experimental setup based on heterodyne off-axis holography: \/2, half-wave plate;
(P)BS (polarizing) beam splitter; AOM1, AOM2, acousto-optic modulators; ND1,
ND2, neutral density filters; M, mirror; MO, microscope objective; L1, L2, lenses.

The experimental setup we used is schematically depicted in Fig. The laser beam is
separated in reference (Eg) and object arms (Ep). In order to avoid a tedious setting of the
arm lengths, long coherence length single mode laser diodes were used. Two single mode
laser diodes were at disposition, one supplying a wavelength of A; = 658 nm (P= 50 mW)
and the other a wavelength of Ay = 785 nm (P= 80 mW). H Another setup, operating at
A1 = 532 nm (P= 80 mW) was also developed (see Ch. [Z5.T]).

Both arms, Fr and Ep, are frequency-shifted by two acousto-optical modulators (AOMI,
AOM2) at frequencies faonn and faonre creating an accurate phase shift. Half-wave plates
(A/2) associated to polarizing beam splitters (PBS) are used to distribute the intensity
between the reference Er and illumination Ep beams, in addition to neutral density filters
(ND1, ND2), so that most of the available light (typically 90%) illuminates the object.
Two lens systems are introduced in both arms. L1 results into a focused object beam and
L2 into a slightly expanded reference beam in order to fully illuminate the CCD camera.

To align the polarization of both beams and allow interference, both beams pass through
half-wave plates. The glass substrate of the sample is coupled to a prism using an index

matching liquid and illuminated in total internal reflection (TIR) configuration to achieve

®Note that most of the measurements were performed at the wavelength Ay = 785 nm.
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dark field illumination. The scattered field is collected by a microscope objective (OBJ)
which has a magnification of 100x and a numerical aperture of NA= 0.95 in air and
reaches the camera where it interferes with an expanded reference beam forming an angle
Or ~ 1° with respect to the optical axis. The CCD camera (“Roper Cascade 512F
EMCCD?”, 512 x 512 pixels, with a pixel size of 16 x 16 um?) is triggered at a frame rate
of foop = 16 Hz, and typically uses an integration time of ¢;,; = 50 ms. The reference
signal interferes in an off-axis manner with the scattered object signal in the plane of
the CCD camera. Due to the heterodyne detection, the resulting interference pattern is
modulated at a beat frequency Af = faonm1 — faone, and the hologram is recorded by
the camera at a rate foop = 4Af, using the four-phase detection method. In general,
the holograms were obtained by recording 36 image frames, i.e. 9 series of 4 images, thus

a total acquisition time of 2 seconds is needed for a single hologram.

Numerical Reconstruction Procedure The numerical reconstruction is achieved af-
ter k-space filtering and involves two Fourier transformations (FT). We use the standard
convolution method which yields a calculation grid equal to the pixel size. To calculate
the convolution product, we have used the Fourier method as in (Le_Clerc et al.2000).
The CCD camera records a real space hologram Ey(z,y, z = 0) in the CCD plane (z = 0).

The hologram Ey in the CCD reciprocal plane (i.e. in the z = 0 k-space) is obtained by
the Fourier transformation. The complete procedure to reconstruct a hologram at any

given plane consists of 4 steps:

1. First Fourier Transform: Ep (k,, k,,0) = FT{Ey(z,y,0)}

2. Spatial filtering: ESF (ky, ky,0) = SF{Ey (ky, ky,0)}

3. Propagation: ESF (ky, ky, 2) = ESF (ka, ky, 0) - G(ky, ky, 2)

4. Second Fourier Transform: Eo(z,y,z) = FTH{ESF (ky, ky, 2)}
with G(k,, ky, ) as the kernel function that describes the propagation from 0 to z in the
k-space:

k2 + k2
G(ky, ky, z) = exp(iz xz 2)

This function corresponds to the numerical counterpart of the reference wave.

(2.26)

In the first step, by performing a Fourier transformation on the recorded hologram
Ey(z,y,0) we move to the frequency space. This allows us to perform as a second step the
spatial filtering (SF) in the k-space in order to eliminate the unwanted diffraction orders
and thus, reduce the technical noise. To select the relevant first-order image information
and to suppress the zero-order and twin-image aliases, we use the k-space filtering (also
spatial filtering) method developed by Cuche et al. (Cuche ef al._2000). In this method

we select in the k-space of the recorded hologram a bright zone that contains only the
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spatial frequencies of the true image. Note that this selection is made possible by the
off-axis geometry that has translated the true image away from the center in the k-space
matrix. The location of the true image can be precisely adjusted by tuning the angle
between the reference and object beam.

The selected area is then copied in the center of a 512 x 512 zero matrix. This procedure
is called zero padding. The calculation of the holograms in the k-space and in the real
space at a chosen plane z is thus done on this calculation grid.

In the third step, the resulting complex field E3F(k,, k,,0) is multiplied with the z-
propagation function G(k, ky, 2), defined in Eq. 2Z26], which describes the propagation in
the k-space from 0 to any z-plane, and we obtain EI%F(k:x, k,, z). This step can be repeated
for different z-planes in view of obtaining a three-dimensional object field information. As
a last step, we perform the inverse Fourier transformation to move again to the spatial
domain. A three-dimensional complex matrix Fo(x,y, z) is obtained which contains the

amplitude and phase information of the scattered field of the object under study.

Impact of Frequency Modulation Beyond this, an interferometry setup based on
the heterodyne technique has the unique possibility to enable the frequency investigation
of phenomena modulated at any frequency Fy,, by detuning the frequency shift, Af =
faone — faonn, due to the acousto-optic modulators, appropriately. Supposing a variable
frequency Fy,,., then in heterodyne holography the frequency modulation of the object

beam is given by:
1
Jaom = faomz — 1 feep — Fvar (2.27)

Now, we have three possibilities to adjust Fy ;.
1. Fya = 0 (static case)
2. Fya = constant (dynamic case)
3. Fy4 = variable (scanning case)

The static case corresponds to the “classic” heterodyne holography setup presented above.
The total frequency modulation is one quarter of the camera frame rate which is used for
the four-phase detection.

In the second case, so called dynamic case, a constant frequency is added to the mod-
ulation. This case allows the investigation of phenomena modulated at any frequency
Fy . An application of the dynamic case has recently been demonstrated by [Absil et all
when reporting photothermal heterodyne holography of gold nanoparticles. Using this
technique, a heating laser, modulated at a constant frequency Fy .. = Fheat, created a
modulation of the local refraction index in a region of the sample. This modulation was

then detected by heterodyne imaging. The authors showed that tens of particles, down to
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diameters of 10 nm, could be localised simultaneously and selectively in three dimensions
with near-diffraction resolution. This technique will be explained in detail in Ch. 241
The third case describes the scanning case, when the modulation frequency is dynam-
ically shifted. This kind of technique with a variable detection frequency enables the
detection of the entire frequency domain of a system. This detection technique has been
successfully validated in a basic system when mapping the frequency domain of the tem-
perature in an integrated circuit (Suck ef al. 2010)). Furthermore, the method was applied

to detect the frequency domain of nanorods in a Brownian regime. Both applications of

the scanning case will be presented and discussed in Ch. 25

2.4 Photothermal Heterodyne Holography

In the precedent section we have shown that digital holography is a powerful 3D imaging
tool, based on interferences between a signal of the optical field of interest and a reference
beam. Combined with the heterodyne technique it offers the frequency investigation of
phenomena modulated at any frequency by correctly detuning the heterodyne beating
frequency.

Here, we present the technique of photothermal heterodyne holography which is able
to achieve three dimensional imaging of absorbing nanoobjects submitted to a modulated
photothermal excitation. Heated nanoobjects induce a temperature modulation and a
small refractive index variation (typically 1072 to 107> K1) in the surrounding medium.
This relatively large heated region scatters light towards the camera where it interferes
with the phase-shifted reference beam. The beating frequency of the setup is tuned at the
frequency of the photothermal excitation which permits to detect principally the heated
objects.

Photothermal excitation is a well established technique for the sensitive detection of
absorbing objects. A modulated optical beam is sent on the sample, creating a localised

heating, which in turn induces a variety of phenomena including e.g. infrared emission,

thermal expansion, or refractive index changes (Rosencwaig et al. 1985]). When detected

with good sensitivity, these phenomena can deliver information on the optical absorption
of the sample. Recently, these techniques have been adapted to the detection of metal
nanoparticles (Boyer et al. 2002) or nanotubes (Berciaud et al. 2007), specially in the
context of biological studies (Lasne et al. 2006)). Relying on absorption, which scales as
the volume of the particle, is clearly an advantage for the detection of very small particles

in comparison to scattering, which varies as the square of the particle volume.

This section presents the experimental setup of photothermal heterodyne holography.
The principle of the detection of exclusively the photothermal signal is explained. Further-
more we analyse qualitatively the origin of the detected photothermal signal and prove

that the photothermal signal is indeed proportional to the induced temperature in the



36 Chapter 2. Digital Heterodyne Holography

nanoobject. This makes our method a novel technique to probe the temperature in metal

nanoobjects.

2.4.1 Experimental Setup of Photothermal DHH
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Figure 2.7 — Setup of Photothermal Heterodyne Holography.

Figure 2.7 depicts the setup of photothermal holography. It is based on the off-axis
setup of heterodyne holography as shown in Fig. 224l The holographic arms use a single
mode laser emitting at Ay = 785 nm.

The photothermal excitation is delivered by a 2 W, continuous multimode solid state
laser at A = 532 nm, which is sine-modulated in amplitude by a third acousto-optical
modulator, AOM3. Unlike AOMs 1 and 2, it serves as a heating power modulator by
using a 80 MHz carrier, modulated in amplitude at Flge.;. This beam is directed into the
objective by a dichroic beamsplitter (at 532 nm). The polarization of the heating beam
can be adjusted by a combination of a half wave plate and a polarizing beam splitter.
Thus, a polarization along each axis of the sample plane can be achieved.

An adjustable beam expander slightly uncollimates the beam to illuminate a 2 —200 ym
diameter region of the sample. At high laser power, an additional notch filter ensures
that no heating light reaches the camera. This excitation, when hitting a point-like
object in a homogeneous medium, creates a spherical region in which the temperature is
modulated. A local modulation of the refractive index appears in this heated region due
to photothermal effects, and is investigated by synchronizing the setup to Fya, = Freat,
resulting into a beating frequency of Af = 1/4focp+ Freat- The reconstruction procedure
of the hologram follows the 4-step method explained in Ch.

Applications Recently, the imaging method of photothermal heterodyne holography
was applied in our laboratory to the imaging of gold nanoparticles with a diameter of

down to 10 nm (Absil et al. 2010). Photothermal heterodyne holography provides an
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enhancement of the SNR by several orders of magnitude compared to direct holography,
even for moderate heating densities. This technique is extremely selective with respect to
dust, since metallic nanoparticles display a much stronger absorption. The heated parti-
cles can be localised in three dimensions with near-diffraction resolution by a numerical

reconstruction.

The 3D study of the diffusion pattern of individual particles or heated particles is
of great interest since it allows an effective discrimination using the shape of diffusion

diagrams. Details of the results are found in (Absil et al. 2010).

Whereas the former study concentrated on the detection and localisation of very small
nanoparticles, we were interested in applying the photothermal heterodyne holography to
detect the induced temperature in a plasmonic nanoobject. This study will be extensively
discussed in Ch. B3] We will show results on nanochains and present an analytical

approach to analyse the detected photothermal signal.

2.5 Frequency Domain Detection by Heterodyne Holog-
raphy

We have seen that heterodyne holography allows a dynamically shifted beating frequency

which enables the imaging of the entire frequency domain of the system under study.

Here, we will describe a method based on heterodyne holography that scans the fre-
quency sidebands by systematically detuning one of the beams. This technique has been
successfully applied to the frequency resolved temperature imaging of an integrated cir-
cuit. Furthermore, we used this detection method to study the frequency domain of

Brownian movement of gold nanorods in an aqueous solution.

Joud ef all demonstrated recently that sideband digital holography can be used to
quantitative measure the oscillation amplitude of vibrating objects (Joud et al. 2009).
The authors used heterodyne holography to selectively detect the frequency sidebands of

the light scattered by the object, shifted by n times the vibration frequency.

First, we present our results of the temperature mapping of an integrated circuit. This
study was chosen as a primary validation of the detection concept on an uncomplicated
micro-system. In view of this work, we are interested mainly in the study of metal
nanoobjects. Regarding our main scope, i.e. the application to plasmonics, we performed
some measurements of the frequency domain of nanorods moving in an aqueous solution
in the Brownian regime. The result of the heterodyne detection in this case reflects well

the expected behaviour of the signal as a function of frequency.
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2.5.1 Application 1: Frequency-Resolved Temperature Imaging
of Integrated Circuits

The scanning heterodyne imaging method is applied to image the temperature of an inte-
grated circuit and to map its frequency domain content. An integrated circuit is supplied
with a modulated current resulting into a temperature modulation. The frequency content
for this modulation is detected using an object beam and a reference beam, frequency-
shifted to create a beating of the interference pattern. The experimental setup will be
characterized in the frequency domain. We will present and discuss the obtained frequency
domain spectra of the temperature.

High frequencies and integration densities make temperature and thermal management
a crucial aspect of integrated circuit design. Methods able to acquire temperature maps
at submicron scales are well explored, since they are essential in order to validate thermal

models and improve microelectronic devices. Infra-red imaging is a powerful tool, but

its OPtical resolution is limited to a few micrometers. Thermoreflectance (Farzaneh et al.

2009) offers the advantage of being a non-invasive optical technique capable of determining
temperature variations with good spatial resolutions in the visible or near UV range.
It is well known that a change in temperature AT induces a variation in the optical

reflectivity AR of the material described in first approximation by:

AR 10R
— = ——AT =krAT 2.2
R~ ROT " (2.28)
where k is the thermoreflectance coefficient depending on the material and on the light

wavelength (De Freitas et al. 2005)).

The knowledge of the time or frequency dependence of the temperature is also essential,

as it can allow the localization of transient overheating or of areas working at different
multiples of the clock frequency, but has received much less attention. Time domain
experiments (Farzaneh et al. 2009 [Ezzahri et al. 2009; Huxtable et al.2004) require

potentially disruptive short pulses with high peak powers and large repetition frequen-

cies to obtain sufficient average light intensities. So far, few techniques exist permitting
the spectral analysis of the temperature, and none allow full field images. Due to the
limited bandwidth of detectors or lock-in amplifiers, most time or frequency domain tech-

niques use some form of heterodyning to lower the apparent frequency of the thermal

phenomenon. [Dilhaire et all use a beating between the repetition frequency of pulsed
lasers (Dilhaire et al. 2008]), [Altet ef all power up the device by two excitations (Altet
et al. 2009), and [Tessier et all created a beating between the excitation and the illumina-
tion beams (Lessier et al. 2001)). In this context, we present a purely optical heterodyne
interferometry for the purpose of frequency resolved full field temperature imaging.

The Experimental Setup The experimental setup is schematically shown in Fig. 28
It uses a single-mode doubled Nd-YAG laser operating at 532 nm. Since this wavelength is
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Figure 2.8 — Experimental setup of frequency resolved thermoreflectance measurements.

very different from the ones previously used (in the red wavelength range), we developed
an entirely new setup for this experiment.

The laser beam (80 mW, A = 532 nm) is separated with a polarizing beam splitter
(PBS) in reference (Eg) and object arms (Ep). Half wave plates (A/2) and neutral den-
sities (ND1, ND2) allow control of the optical power in each arm. The object beam is
focused on the sample by a microscope objective (OBJ, 50 xmagnification, NA = 0.6, air)
and illuminates a 100 x 100 gm? region of the sample which consists of a series of five
polysilicon resistive stripes (R & 500 2) in an integrated circuit. A function generator
(FG) supplies a modulated heating voltage Vj at a frequency fg.

The non-polarizing beam splitter (BS) serves for optical mixing of the reflected ob-
ject beam with the reference beam which results into a fringe pattern recorded with
a CCD camera (DALSA 1M30, 1024 x 1024 square pixel matrix, triggered at a frame rate
fcep = 28 Hz). Since both beams are frequency shifted by acousto-optical modulators
(AOM1, AOM2) at faonrn and faonre around 80 MHz, the interference pattern is modu-
lated at a beating frequency Af = faome — faonm allowing accurate and sensitive phase
shifting interferometry. By using the four-phase method the complex signal amplitude is
obtained from a sequence of 4 consecutive CCD intensity images (Le Clerc et al. 2000)),
and the frequency shift between both beams is Af = i fcep + Fyar where Fyg, is the

supplementary frequency which can be chosen according to requirements.
As stated before, this setup enables the frequency investigation of phenomena modu-
lated at any frequency Fy,,. by detuning Af appropriately. We use a tunable analysis

frequency Fy,,, to detect frequency modulated photothermal phenomena.

The Integrated Circuit and its Temperature The integrated circuit is supplied

with a frequency modulated electrical current resulting into a variation in temperature
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which is also modulated but may contain different spectral components induced by the
thermal or electrical response of the device. According to Eq. a modulation of the
optical reflectance at the surface of the circuit appears which affects the amplitude and
phase of the object beam reflected from the device surface. A CCD camera detects the
interference between the object beam and the phase-shifted reference beam; the recon-
struction of the image is achieved numerically. For the temperatures and frequencies
used here, the surface displacements are of the order of a few 100 nm which is accurately
measured in phase images. The quantitative interpretation of these thermoelastic signals,
however, is considerably more difficult than that of the amplitude signal AR (see Eq. [2.28)
which can be quantitatively converted to temperature information. For this reason, the

presented results are based on amplitude measurements.
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Figure 2.9 — (a) Thermoreflectance spectrum k(\) measured on the heater resistors. The circle
indicates the value of the conversion factor belonging to the chosen wavelength. (b)
Reconstructed thermal image (90 x 90um?) obtained under a sine modulation with
fr = 66 Hz and V; = 14.2 V. Note that the colour bar gives AT in the resistors.

This image results from an accumulation over 50 heating periods.

Our purpose is to obtain temperature maps of the integrated circuit, therefore knowing
the exact value of the conversion factor x in Eq. is essential. Because x is wavelength
dependent, it is also important to choose the wavelength which maximizes its value in
order to optimize the quality of the signals. A spectral sensitivity study of x (extensively
described in (Tessier ef al. 2003))) of the device under investigation is conducted with a
non-coherent white light source (see Fig. 20(a)). For a wavelength of 532 nm the value
of k is 1.2 - 107°K~! which is near the optimal value of 2.4 - 103K~ at 527 nm. Any
thermoreflectance image obtained on the polysilicon with A = 532 nm can be converted
into a temperature map using this coefficient (Fig. Z9(b)) and AT = %% following
Eq. 228
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Phase Analysis The analysis of the phase was not the central purpose of this study.
However, we considered the quality of the information that the phase could contribute
to the signal. For the temperatures and frequencies used for the measurements with the
integrated circuit, the surface displacements are of the order of a few 100 nm, i.e. a
fraction of the wavelength. The phase of the interferometric signal can therefore provide
an accurate measurement of this displacement. In Fig. we show the phase image of
the resistors obtained under square modulated heating with fz = 2 kHz and a heating
voltage of Vi = 14,2 V at the beating frequency Fy .. = 2 kHz. The image demonstrates
several circular phase maxima around the heater resistors which can be interpreted as
surface displacements. Since thermoelastic displacements result from thermal expansion,
all heated materials contribute to this signal. In a microelectronic structure such as this
one, tens of layers of different materials are present, and therefore, a quantitative analysis

is extremely difficult to achieve.
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Figure 2.10 — Phase image of the resistors obtained at the beating frequency Fy o = 2 kHz under
square modulated heating with fr;r = 2 kHz and a heating voltage of Vi = 14,2 V.

Characterization of the Setup In order to identify the sensitivity of our measuring
technique the setup needs to be characterized. The lowest temperature variation that
we are able to resolve is limited by the setup noise. Additionally, the acquisition time
influences the quality of the final image. We performed a series of measurements under
static conditions (Vg = 14 V, Fy,, = fyg = 60 Hz, sine-modulation) and then deduced the
relative change of reflectivity AR/R for all final images. An accumulation of 10 heating
periods, i.e. 5 sec of acquisition time in practice, results into AT, = 0.72 K and a SNR
of 14.6.

With an image accumulation over 50 heating periods, i.e. an acquisition time of 15 sec in

practice, we achieve a temperature noise AT},,s. = 0.35 K and a SNR of 20. The latter
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acquisition time is a good compromise between measurement duration and image quality,

and was used in all following measurements.
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Figure 2.11 — Frequency spectrum of the setup at Vi = 0 V. A sin(f)/ f oscillation is observed with
14 Hz period. The normalized reflectivity is plotted against the frequency Fy .. The
inset graph compares measured (straight line) and calculated (dashed line) frequency
spectra (both normalized) in a frequency range of 140 Hz. The offset in the measured

spectrum compared to the calculated one is caused by background noise.

In order to identify possible background signals, measurements were performed without
heating the device (Vi = 0, fy = 0) by detuning Fy from 0 up to 1000 Hz with steps
of 80 Hz and determining the reflectivity of the resistors as a function of Fy ... We mea-
sured a frequency spectrum that is independent from the sample: an oscillation of type
sin(f)/f with continuously decreasing amplitude (Fig. Z1T]).

This phenomenon is attributed to the frequency background caused by the image acquisi-
tion by the CCD camera. In fact, the camera exposition combines a trigger and a square
frequency modulation at 28 Hz with an integration time of ¢;,; = 32 ms, which is in the
time-domain mathematically described as a convolution between a Dirac comb yp(t) and

a rectangular function y(t):

yeen(t) = yp(t) @ yu(t) (2.29)

The Fourier transform of Eq. results into the product of a Dirac comb and a sin(f)/f

function in the frequency domain:

Jeep(f) = yp(t) - yn(t) |
_ Z 5(f—n fccp)%mt sin(2w f - tint)
n=0

2.30
27Tf : tint ( )
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Figure 212 illustrates the frequency domain of the camera exposure.
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Figure 2.12 — Scheme illustrating the frequency domain of the camera exposure.
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In experiments (inset in Fig. [ZTT]), we observed a period of % foep = 14 Hz. This period
is caused by the effect of the signal demodulation. In 4—phase shifting interferometry the
demodulated complex field amplitude E is obtained from a sequence of 4 consecutive
phase shifted CCD intensity images by E = (Iy — I) + j(I;1 — I3) where the relative
phase shift between two consecutive images is Ap = 5 (Le Clerc et al.2000). Hence,
the demodulated signal E is proportional to the difference between even, (Iy — I3), and

odd images, (I; — I3), respectively. These are recorded with an effective period of % feep
which explains the observed 14 Hz-frequency oscillation.
Using this characterization of the signals intrinsic to the measuring method, we are able

to extract the contribution of demodulation from the measured frequency spectra.

Temperature Imaging of an Integrated Circuit under Modulated Excitation
After having completely characterized the setup, we performed a more complex frequency
study by heating the integrated circuit under a square excitation at fy = 2 kHz and
detuning continuously Fy . from 0 to 14 kHz. The spectral analysis of AT is plotted in
Fig. 213l The scheme on the top illustrates the temperature modulation and the expected
frequency contents of AT. Various peaks at Fy,, = (2n—1) fy are observed corresponding
to the odd harmonics which are the characteristics of a quasi-square thermal response.
Note that for Fy,. < 2 kHz the parasitic demodulation signal has been extracted; for
high frequencies, i.e. Fy .. > 2 kHz, the background signal is negligible compared to the
thermal effect.

In the inset of Fig. we plotted the measured frequency spectrum (continuous line)
and the corresponding Fourier transform of a calculated square-wave signal modulated
at 2 kHz (dotted line) in the frequency domain. The simple matlab program describing

the square-wave function is presented in Appx. Due to normalization, the ratio of
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Figure 2.13 — Thermal frequency spectrum under square modulation with fz; = 2kHz. The scheme
on the top illustrates the temperature modulation and the resulting expected fre-
quency content of AT. The 3 inset images show temperature maps (within equal
temperature range: 0—50 K) obtained at 3 frequencies Fy,, (2kHz, 4.56kHz, 10kHz).
The inset graph compares measured (straight line) and calculated frequency spectrum
(dashed line). Both spectra are normalized. For better visibility, the calculated spec-

trum is 400Hz frequency-shifted to the left.
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both principal peaks (at 2 kHz) is 1, the amplitudes of the subsequent peaks differ about
+13%. This difference is probably due to the nonlinear thermal behaviour of the sample.
Further, to highlight the power of our imaging technique, thermal images taken at 3
different excitation frequencies Fy,, are shown in Fig. 213l These insets clarify very well
the difference between imaging in resonant (Fy,. = 2 kHz = fy: SNR= 130, very high
contrast image; Fy .. = 10 kHz = 5fg: SNR= 24, lower but still well visible contrast
image) and in non-resonant beating frequencies (Fy,, = 4.56 kHz # (2n—1) fg: SNR= 4,

no contrast at all) and points out the excellent frequency sensitivity of our technique.

Conclusion on Frequency Resolved Temperature Imaging We have presented
a sensitive fast-imaging technique based on heterodyne interferometry dedicated to the
measurement of photothermal phenomena with rich harmonic contents. The technique
enables to detect and resolve temperature-frequency maps with high sensitivity. The
temperature resolution is estimated as 0.35 K for 15 sec of accumulation. An acquisition
time of less than 5 sec results in temperature resolution of 0.72 K. In terms of sensitivity
or speed (both parameters are strongly correlated), this method offers performances very
similar to these of classical CCD thermoreflectance (Tessier ef al. 2001)). Increasing the

sensitivity with long accumulations is difficult with this technique, however, since fringes

tend to drift for long acquisition times. The main strengths of this technique are to be
found in its unique possibilities to access frequency-resolution while keeping the strong
advantages of full field imaging.

The detection of unknown modulations of a photothermal signal is conceivable, and
frequency dependent properties of samples can be analysed which opens interesting ap-
plications notably for the thermal management in integrated circuits. E.g. in numerical
integrated circuits, regions operating at frequencies unequal to multiples of the clock

frequency could be imaged using this method.

2.5.2 Application 2: Frequency Detection in the Brownian Regime
of Gold Nanorods

We apply the technique of frequency shifting holography to the study of the dynamics
of nanoparticles by scanning its frequency domain. Small particles suspended in a fluid
undergo continuous random displacements. The so called Brownian motion is described
primarily by a relation between the diffusion coefficient and the friction coefficient of the
particle, but its description includes rotational as well as other degrees of freedom. A
couple of years ago, observed for the first time, coupling effects of rotational
and translational motions in anisotropic macromolecules (Han et al. 2006).

In the last years, several studies of the dynamics of nanoparticles have been reported.

The first measurement of ballistic Brownian motion of particles in a liquid was recently
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demonstrated (Huang et al. 2011)). Investigations of the coupling effects of rotational
and translational dynamics were extended to carbon nanofibers (Bhaduri ef al. 2008)).

Holographic video microscopy was applied to track the three-dimensional translation and

rotational diffusion of copper oxide nanorods (Cheong and Grier 2010)). The execution

of an optical torque on nanorods was used to investigate the nonlinear motion of glass
nanorods (Shelton ef al. 2005)), and recently [Ruijgrok et al| applied an optical trap

to measure the dynamics of rotational Brownian fluctuations and the heating of gold

nanorods I(IRuiigrok et al. 2011). In the context of plasmonic sensors. ISénnichsen and

Alivisatos utilized the polarized light scattering from individual gold nanorods in a dark-
field microscople to determine their orientation as a function of time (I Sonnichsen and
Alivisatos 2005).

Most of those studies performed time dependent measurement methods. Especially in

the case of nanoparticles in water which exhibit quite fast rotational and translational
dynamics, time dependent measurements need a fast camera and high sensitive camera for
the detection. Here, we approach the investigation of Brownian motion of nanoparticles by
detecting the frequency domain. In our study we use gold nanorods in an aqueous solution,
and using the digital heterodyne holographic setup the scattered light of nanorods is
measured. Due to their anisotropy the rods exhibit translational and rotational motions.
Hence, the intensity of the detected light scattering changes depending on the orientation
of the rod, and one observes a blinking. Using a variable beating frequency we can exploit
the frequency domain of the rods’ dynamics.

Furthermore, applying an external heating on the nanorods, we demonstrate that this

technique allows the determination of the temperature increase of the nanorods.

Brownian Motion of Nanorods Brownian motion (Brown 1828) refers to the random
motion of a particle suspended in a medium due to the random collisions of other parti-
cles with the object. The origin of this motion was largely unexplained until Einstein’s
famous paper (Einstein 1905) that established a relation between the diffusion coefficient
of a Brownian particle and its friction coefficient. One year later, Einstein extended the
concept of Brownian dynamics to rotational and other degrees of freedom ([Einstein 1906a};
0 i 1906h).

When studying the Brownian motion of an elliptical particle, additionally to the transla-

tional motion one has to consider rotational dynamics. Whereas the translational motion
is characterized by the mean square displacement, (Axz?) = 2D;t, the rotational motion
is given by the mean square angle of rotation, (A§?) = 2D,t, where D; and D, are the
translational and rotational coefficients, respectively, and ¢ is the time.

First, Perrin explored the coupling of translational to rotational motion of anisotropic
particles (Perrin 1934; [Perrin 1936]). An uniaxial anisotropic particle is characterized by

two translational hydrodynamical friction coefficients, v and v, respectively, for motion
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parallel and perpendicular to its long axis.

Figure 2.14 — Sketch showing the geometry of the rod and the corresponding rotational coefficients
(5” and (5J_.

The rotational motion coefficient is characterized by the constant ¢ which takes into
account the differentiation between the rotation around the symmetric axis, Jj, and around
a perpendicular axis, 9, , see Fig. 2.14] for clarification. Both coefficients, v and ¢, depend
on the detailed shape of the Brownian particle and have been analytically calculated for
the case of a cylinder ([Iirado and Garcia de la Torre 1979; Tirado and Garcia de la Torre
1980).

Experimental Setup In our experiments we used commercially available gold nanorods
in an aqueous solution. The rods have a length L = 60 + 10% nm and a diameter
d =25+ 10% nm. The manufacturer specifies the longitudinal plasmon resonance of the
rod as Ayesjong = 650 nm and the axial resonance as Ayes gziar = 530 nm.

The measurements were performed using a thin, flat glass chamber made of a glass
substrate, paraffin tape in which we cut a cell of 4 mm diameter and a coverslip (see inset
in Fig. for clarification). With a paraffin tape thickness of 200 pym, we obtained a
chamber volume of 2.5 pL. The rod solution was diluted with pure water with a ratio
1:9.

Gold nanoparticles show strong light scattering at the plasmon resonance wavelength
which is orders of magnitude greater than that of a non-metallic object of the same size.
Additionally, it has been shown that gold nanorods are extremely strong light scatter-
ers due to the combination of the lightning rod effect and the suppression of interband

damping (Sonnichsen et al. 2002)). Hence, in a configuration of total internal reflection
this property enables almost background free imaging of the scattered light of nanorods.

The experimental setup which is based on off-axis heterodyne holography is presented

in Fig. T8 In order to maximize the detected scattering signal we use a laser with a
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Figure 2.15 — Setup used for the detection of the rod’s rotational motion. The heterodyne beating
frequency is steadily varied. A second laser at Apeqt = 532 nm can be applied for
heating. The objective has a magnification of x50 with N.A. = 0.6 in air. The
inset depicts the fluid glass chamber, made of a glass substrate, paraffin tape and a

coverslip (from bottom to top).

wavelength of A = 658 nm which is close to the rod’s longitudinal resonance wavelength.
The reference and the object arms in the setup are frequency shifted by two acousto-
optical modulators, resulting into a beating frequency of Af = i fcep + Fyar where
Fy, is a variable scanning frequency that is steadily changed from 0 to 1000 Hz with a
frequency step of 10 Hz. At each frequency we obtain by the four-phase method an image
which is an average of 7 holograms. By taking the Fourier transform of the measured
hologram, after spatial filtering, we simply extract the mean signal in the k-space which
is then plotted as a function of Fy,,.. Since we use a slow frame rate of focp = 16 Hz
compared to the average displacement of a nanorod, we are not sensitive to the exact
position of a nanorod. However, by varying the beating frequency, we scan the frequency
domain of the detected signal.

Furthermore, the setup has the possibility to heat the nanorods by applying a photother-
mal excitation delivered by a continuous multimode solid state laser at Ageq = 532 nm

with an average power of about 20 mW.

Results and Discussion The graph in Fig. 2-T0 shows a plot of the mean value (I}) as
a function of Fy,, with Ij(k,, k,,0) = EﬁF(kx, ky,0) where Ey(z,y,0) is the measured
hologram, thus the detected signal (see Ch. 2:3.3]).

The plot reveals that the signal (I;) decreases with increasing frequency. In order to
understand this behaviour better, let us analyse the origin of the detected signal.

Generally, the detected signal is composed of the light scattered by the nanorods, back-
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Figure 2.16 — Signal (I;) as a function of frequency Fy g,

ground signal and technical noise. We have seen that the technique of heterodyne off-axis
holography in total internal reflection configuration is a background free detection that
eliminates almost all technical noise, and we can assume that the detected signal results

entirely from the nanorods.

The intensity of the scattered light underlies fluctuations which are due to the Brow-
nian fluctuations of the positions and orientations of the rods. In the experiment one
observes a random blinking on the CCD camera. In the context of Brownian dynamics,
the fluctuating positions and orientations are described by the translational and rotational
motion. Both mean-square displacement and mean-square angle of rotation are linear in

time, thus inverse proportional to frequency:

(Az®) = 2Dy1 (2.31)

(A0*) = 2D, 1 ~ (2.32)

Since it can be assumed that a rotational motion of a rod around its small axis, i.e.
perpendicular to its long axis, does not cause a strong change of the scattered intensity,
we can neglect this component. The translational, D, and D; ;, and rotational diffusion

coefficients, D, |, are given for a cylinder by (Tirado and Garcia de la Torre 1979; Tirado
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and Garcia de la Torre 1980):

kT L
Dy = In(5- — 2.
ol 27mL[n(% )] (2.33)
ksT . L
D, = In(= — 2.34
bt 47T’I]L[n<27“ 71 ( )
3ksT. L
Dry = 05 [in(5 =l (2.35)

where 7 denotes the viscosity of the fluid which is in our case water, i.e. 7,0 =
1.002 mPa-s at 20°C. kp denotes the Boltzmann constant, 7" is the temperature, L and
r the length and the radius of the rod, respectively. For our rod geometry we obtain:
v = 0.18, v1 = 0.96 and §; = 0.2525. We calculate the translational diffusion coefficients
of Dy = 11.30 pm?s™! and D, | = 9.83 pum?s™!, and a rotational diffusion coefficient of
D, =2.01-10" rad?s .

This means that during the time it takes to record one image (the integration time of
a frame is 50 ms), the rod has in average a rms displacement of (/(Az?) = 1 um and
a rms rotation of |/(A#?) = 44.9 rad. This has no effect however, when a heterodyne
modulation of the beam is used to investigate this phenomenon at high frequencies.

It was shown that light scattered off gold nanorods is strongly polarized along the
long axis (Sonnichsen et al. 2002 [Sonnichsen 2001). In our setup, both beams pass

through a half wave plate in order to align their polarization and allow interference.

Since we have only interference, i.e. a detectable signal, when the scattered light by
the nanorods has the same polarization as the reference beam, we have a polarization
sensitive detection. This leads us to the assumption that our setup is more sensitive
to the rotational dynamics of nanorods than to their translational motions, and we can
assume that the detected blinking results primarily from the rotational motion. The
translational motion dynamics is neglected, and we can assume that the detected signal is
decoupled from the translational coefficient and thus, carries mostly the frequency domain
information of the rotational dynamics.

Taking these considerations into account, the measured frequency dependency can be
described entirely by the frequency behaviour of Eq. using relation Eq. 235 However,
it must be noted that the signal that we detect is proportional to the mean-square angle,
ie. (Ix) o< 1/((A6?)), meaning that we do not have an absolute measurement but a

relative measurement.

Determination of the Temperature Increase of Heated Nanorods Equation 237
demonstrates that the diffusion coefficient is temperature-dependent. Rising the tempera-
ture of the nanorod leads to an increase in D, which results in an increase of the rotational
dynamics, (AO?(T)): the rod rotates faster. Hence, when increasing the temperature we

can expect a change in the behaviour of the detected signal in the frequency domain.
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Figure 2.17 — Signal (I};) as a function of frequency Fy ,, at heating for two different measurements:
for unheated (blue symbols) and heated (red symbols, Preq: = 20 mW) particles.

The continuous lines are the corresponding fits of type y(z) = a - 3 + b.

Figure 217 plots two series of measurements. Whereas the blue symbols correspond to
a measurement without heating, the red symbols results from a measurement where the
nanorods were heated (the heating was achieved at Ageq, = 532 nm at a power of about
20 mW for a surface of 180 um=2). We applied a fit of type (I}.)(Fy o) = a - FVaf% +bto
the measurements which are plotted as continuous lines in Fig. 2ZT7 We obtain different
values for the factor a, i.e. @popear = 2.6379 £ 0.2148 (no heat, blue line) and apeqr =
2.9526 4 0.1681 (heat, red line).

Assuming that the signal carries the information of the frequency domain of the mean-
square angle of rotation (A6?), the decay factor a is proportional to the square root of
temperature VT. Hence, by calculating the ratio of apeqr 1O Gnonear, We can estimate the
increase in temperature, i.e. % = (Aheat/Anoheat)® = 1.25 4+ 0.35, where T} corresponds to
room temperature and 7T, to the raised temperature. Due to the uncertainties in the a
factors of the fits, T2 results into a relative high uncertainty of 27.7%. Assuming an initial
temperature of 20°C, we calculate an increase in temperature of AT =5 4+ 7°C with an
uncertainty larger than the temperature increase itself. However, studies of heating in

similar gold nanorods and nanospheres (Seol et al. 2000} Bendix et al. 2010 Ruljgrok

et al. 2011) have shown similar temperature increases.

Calculation of Temperature Increase A quantitative description of the temperature

increase around a sphere placed in an infinite medium can be derived using the following
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equations:
Pabs
AT = 2.36
dnrC ( )
Uabsplaser
Py, =—"7 2.37
b I (2.37)

Oaps 18 the absorption cross section, Py, is the power of the laser and P, is the power
that is absorbed by the surface A which corresponds to the surface that is illuminated,

(i.e. heated), by the heating beam, i.e. here 78 ym. C' is the conductivity of water

(0.6W/K m), and r is the radial distance from the particle centre. Ruijgrok et al| ex-

amined analytically the difference between temperature profiles around a sphere and an
ellipsoid with a moderate aspect ratio (see supplementary material). The authors did the
approximation that the heat conductivity is infinite, and that therefore, the temperature
in the nanorod is uniform. They compared the temperature change of an ellipsoid to that
of a sphere of the same volume, and they showed that for a rod having an aspect ratio of
2, the temperature change is less than 5%. As a result, the nanorod can be replaced by

a sphere of the same volume. To evaluate the absorption cross section of a nanorod,
wn
Oabs = 7 ’ Im{a/€0} (238)

we calculate the polarizability « of a prolate spheroid in dipole approximation. With an
average laser power of 20 mW at a wavelength of 532 nm, reaching a surface of about
180 um?, we estimate a temperature increase of AT = 0.04 K at the surface of the rod.

This large discrepancy is difficult to explain, since on the one hand, we used a very
simplified model to calculate the temperature increase in one single nanorod, and on
the other hand we measured a temperature increase with a relative large uncertainty.
Furthermore, trapping effects due to the heating beam could result into the creation of
clusters of nanorods, which have different dynamics than a single rod. Another aspect that
could play a role is the near-field interaction of closely spaced nanorods which may lead
- on short time scales - to an increased interaction with the heating beam, and therefore
an increase in temperature which is not considered in the simplified model.

Trapping effects on a polarization dependent orientation of the nanorods can also play
a role in the observed signals. Rotational trapping would tend to reduce the observed
signal in the presence of heating. Trapping of nanorods cannot be eliminated, however.
For this reason, other sets of measurements, using a hot wire instead of an optical heating

have to be carried out.

Conclusion We have demonstrated that the technique of frequency shifting heterodyne
holography enables the frequency detection of Brownian nanorods. The technique is in
particular sensitive to the rotational dynamics of gold nanorods. Hence, we can in a

first approximation assume that the detected signal is proportional to the mean-square



2.6. Conclusion on Digital Heterodyne Holography 53

angle of rotation, and the measured results reflect very well the expected frequency be-
haviour of (/) Fv,lf%. This makes an excellent technique to study qualitatively and
quantitatively the Brownian dynamics of gold nanoparticles.

In addition, it was shown that a heating of the nanorods results into a variation of
the rotational coefficient D, which causes a change in the slope of the measured signal
dependency (Ii)(Fyq4). By comparing two measurements, one without heating, one with
heating, we evaluated the temperature increase as AT = 5 K with however a large uncer-
tainty of 27.7%. In order to fully describe the dynamics of the gold nanorods additional

measurements and simulations are necessary.

2.5.3 Conclusion on Frequency Detection

In conclusion, we have shown that the method of the tunable frequency modulation in
the heterodyne holography technique allows various novel applications in very different
domains of research. In order to validate the technique on a known system with a small de-
gree of complexity we investigated the thermal frequency domain of an integrated circuit.
The sample was supplied with a modulated current resulting into a temperature mod-
ulation. The full-field imaging technique based on heterodyne holography enabled the
high sensitive detection of temperature-frequency maps, resulting into frequency domain
spectra of the temperature with excellent precision.

After the validation of frequency shifting heterodyne holography to detect the frequency
domain of a known modulation, we applied our frequency sensitive technique to an un-
known frequency content. Since this thesis work is primarily concentrated on the study of
nanoobjects, we were interested in investigating the Brownian dynamics of gold nanorods.
We have shown that our setup is almost entirely sensitive to the rotational dynamics of
nanorods. The detected signal is proportional to the mean-square angle of rotation, and
the measurements resulted into a frequency behaviour reflecting well the frequency spectra
of the nanorods which is characterized by an inverse square root decrease of the signal with
frequency. In addition, by heating the nanorods we have shown that a small temperature
increase resulted into a detectable change in the frequency spectrum.

Hence, we can summarize that the frequency shifting technique of heterodyne hologra-

phy proved to be a powerful tool to detect the frequency domain of a system.

2.6 Conclusion on Digital Heterodyne Holography

In conclusion, we have shown that the technique of digital heterodyne holography in off-
axis configuration results into an excellent sensitivity for the detection of weak signals
which makes it an appropriate technique for the imaging of nanoobjects.

We have demonstrated that the heterodyne technique enables the detection of a pho-
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tothermal signal by correctly detuning the beating frequency. It will be shown that this
technique can be applied to investigate the heating of nanostructures; the details and the
results of this study will be discussed in Ch. [l

Furthermore, based on the heterodyne detection principle, we have developed a new
imaging technique that scans the frequency domain of a system, by varying systematically
the heterodyne beating frequency. This method is called frequency scanning heterodyne
imaging. In order to test and apply this technique, we chose to measure the thermal
frequency content in an integrated circuit. Therefore, we developed an entirely new setup
for the experiments. Another application of the frequency domain detection used heated

nanorods in a liquid in view of studying their rotational Brownian dynamics.
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Ithough this thesis work is mainly based upon the analysis and study of holographic
A images, we availed ourselves of other investigation methods for the purpose of adding
supplementary physical insights and thus, completing the study on plasmonic nanostruc-
tures. In addition to holography, on the one hand we performed extensive measurements
of the scattering spectra of single nanoobjects, and on the other hand we developed a
simulation model based on the finite element method. Both investigation methods will
be introduced and explained in this chapter.

Furthermore, we will present the different types of nanostructures that we have inves-
tigated during the course of this work. We will comment the geometry of the samples,
the nanofabrication process, and some images of the fabricated nanostructures will be

presented.

3.1 Design of the Nanostructures

In this work we designed various nanostructures with the purpose to have a large variety of
nanoobjects ranging from simple objects to more sophisticated geometries. The different
geometries of the nanostructures that we took interest in are illustrated in Fig. Bl (a-c),

and can be sorted in three types:
% chains of nanodisks
* single and coupled nanorectangles
x pairs of tapered, coupled triangles

Chain of nanodisks have been mainly studied in the context of plasmonic waveguiding
and energy transport. In the present case we are rather interested into its spectral and
spatial scattering properties. Different chains are fabricated by varying the number of
disks, the disk diameter and the disk spacing (see Fig. Bl (a)).

The coupled nanorectangles - or nanorods - build a classical structure. In the last years
these structures have attracted a widespread interest in the domain of nanooptics and
plasmonics. Two coupled nanorectangles are considered as a realization of a simple
nanoantenna. Here, we introduced two main variables, the arm length and the width
of the feed gap (see Fig. Bl (b)).

The triangular geometry is a novel structure. As can be seen from Fig. Bl (c¢) the trian-
gular structures are composed of two closely-spaced right-angled tapered triangles. The
ratio between the legs is 500, which gives a very narrow angle of a = 0.11° and thus,
a very slowly changing width of the leg. This structure has been designed in view of
studying resonant modes as a function of the size of the short leg and the gap width. Illu-
minated under light polarized along the short leg direction, this design may be considered

as coupled rods or coupled line pairs.
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Figure 3.1 — Schemes of the top view of the different nanostructure types: (a) nanodisk chain, (b)

two rectangles and (c) a pair of triangles.

To fabricate a large diversity of plasmonic structures, we introduced different variables
such as the gap width or the nanostructure size. Their respective size ranges are listed in

the following;:

gap width: 0 nm < gap < 100 nm

disk diameter d: d; = 100 nm, dy = 150 nm

disk number n: 1 <n <20

rectangle length L: 50 nm < L < 350 nm (the rod width is fixed at 40 nm)

As Fig. illustrates, the sample contains several periodic arrays of the different nanos-
tructure geometries. Along the vertical direction of the array, the length of the nanostruc-
ture is varied, i.e. n for the chains or L for the rods, while the gap width increases along
the horizontal direction. The first columns in each array contain single nanostructures, i.e.
single nanodisks or single nanorectangles. The separation distance between two adjacent
nanoobjects is between 30 pm and 50 pm to exclude near- or far-field interaction between
neighbouring nanoobjects. Far-field scattering takes place with a distance dependence
of d~1, whereas near-field interactions of adjacent structures show a d~2 dependence and
dominate at small distances. To facilitate polarization dependent measurements, each
structure is fabricated two times: oriented along the horizontal and the vertical direction
of the sample (see Fig. B.2]).
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Figure 3.2 — Sketch illustrating the arrangement of the nanoobjects in the array. Note that the

illustration is not to scale.



60 Chapter 3. The Nanostructures under Study

Furthermore, for a better identification of the single nanostructures on the glass sub-
strate, a gold lattice has been introduced in the fabrication process of later samples. Each
window has a surface of 80 x 80 um? in which four nanoobjects of the same type, but with
different orientations (and disk diameters in the case of the disk chains), are arranged.
The frame has a width of 2 pum, and the distance to the nearest nanostructure is 25 pm.
Figure illustrates the gold lattice. Additionally, at each side of the nanostructures
markers have been included for a better identification of the position of the individual

nanoobjects.

3.1.1 Nanostructure Fabrication

A study and characterization of single nanoobjects implies that the geometries are well
defined, in particular the width of the gap, and that the nanostructures are correctly
fabricated. This request is achieved by using a high resolution electron beam lithogra-
phy process that has been very well established in the clean room facilities of the LPN
(Laboratoire de Photonique et de Nanostructures, CNRS) with the indispensable help of
Stéphane Collin, Nathalie Bardou and Christophe Dupuis.

For the fabrication of the gold nanostructures, a glass substrate is used, on which a
thin film of lithography resist (polymethyl methacrylate, PMMA) is coated. The choice
of the glass substrate is indispensable if we want to perform transmission measurements.
After electron beam lithography, a 2 nm thick Cr adhesion layer is deposited which has
little (and mostly negligible) influence on the optical properties. And then on top of it, a
30 nm thick gold film is deposited using thermal evaporation of the metal. The last step
of the fabrication process is the lift-off procedure which removes all the material on the
remaining resist. 30 nm thick nanostructures of gold are obtained.

Scanning electron microscope (SEM) images of examples of some of the successfully
fabricated nanostructures are shown in Fig. and 3.4l The SEM images in Fig.
show different chains composed of 4 (a), 11 (b) and 20 (c) nanodisks. It is seen that the
dimensions of the disks are well defined, and that the disks are well spaced. We measure
maximal deviations in disk size of 10% and maximal deviations in gap width of 25%. It is
remarked that deviations in gap width are perforce connected to deviations of the spaced
nanostructures since the lithography process defines the gap width via the centre-to-centre
distance between the structures. That is why the gap width can underlie stronger size
variations. Figure (d) showing a detail of a high resolution SEM image with a tilted
sample of a chain, displays the excellent imaging quality of the SEM. The height of the
disks is very well revealed, and the grain size of the deposited Au can be identified. Note
that even the grains of the silica substrate are distinguishable.

Images of different coupled rectangular structures are presented in Fig. B4l (a) and (b).
It is seen that the edges of the rectangles are rounded, thus we call them rods. Analysing

the geometry, it is seen that the width of the rods is slightly larger than expected. The
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(d)

Figure 3.3 — SEM images of nanodisk chains: (a) n=4, d=150 nm, gap=20 nm, (b) n=11,
d=150 nm, gap=40 nm, (c) n=20, d=150 nm, gap=30 nm. (d) SEM image with
a tilted sample (45°) of a detail of a chain (n=16, d=150 nm, gap=30 nm). The
length of the scale bar is 100 nm.

@)

(b)

(©)

Figure 3.4 — SEM images of nanorods and triangles: (a) two coupled nanorods with L=140 nm,
gap=75 nm and (b) L=170 nm, gap=50 nm. (c) Detail of two triangles separated by
a gap of 100 nm. The length of the scale bar is 100 nm.
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measured width is up to 60 nm wide compared to an expected width of 40 nm. In contrast,
the rod length displays an incertitude of only up to 2.5%, thus it can be assumed that
the fabricated rod structures are well in the expected length range.

Lastly, the SEM image in Fig. B4l (c¢) shows a detail of two 100 nm separated triangles.
In this part of the structure, the triangles have a width of about 730 nm. As the SEM
image proves, this width is constant over a length of 1.9 um. The gap is well realized
apart from tiny imperfections.

During the course of our work, many samples containing these nanostructures have
been fabricated. The fabrication process, which is very delicate for such structures, and

the sample design have been consistently ameliorated. Several factors had to be assured:

e The lift-off process which should remove all residual material that could pollute the

nanostructures and, hence, perturb the measurements.

e The correctness of the nanofabrication, i.e. the realization of the gaps between the

individual elements in the nanostructures and of the proper sizes.

e [t had to be assured that the nanostructures could be easily retrieved using an

optical system.

In conclusion, an overall high quality of gold nanostructures fabricated on a glass sub-

strate has been achieved which is confirmed by the here presented SEM images.

3.2 Spectroscopy of Single Nanoobjects

In the following we will describe the technique with which the spectrally resolved scat-
tering intensities were measured. The experimental setup for the spectral investigation of
individual nanoobjects is sketched in Fig. B8l The setup is composed of three devices: a
dark field objective, an imaging spectrometer and a CCD camera. The objective (Olym-
pus, magnification: 50x, numerical aperture: 0.75) is used in dark-field mode in order to
illuminate the sample at highly oblique angles using a white light source. The scattered
light of surface features of the sample (in our case the surface features correspond to the
nanostructures under investigation) re-enters the objective, while the scattered light of
the flat glass substrate falls outside the acceptance angle. Hence, the background signal
is almost omitted resulting into an enormous increase in contrast.

An imaging spectrometer (ImSpector V8E, Specim) is placed between the microscope and
the high sensitive CCD camera (Roper Cascade 512 F EMCCD, frame transfer 512 x 512,
16pm x 16pm pixel matrix, triggered at a frame rate foop = 16Hz). The CCD camera
uses an integration time of ¢;,; = 500 ms and averages over 10 frames. The spectrometer

which has a spectral range of 380 — 800 nm and a resolution of 2 nm, consists of a 30 um



3.2. Spectroscopy of Single Nanoobjects 63

imaging
spectrometer

white
light

Figure 3.5 — Scheme of the setup for spectroscopy.

large slit and a diffraction grating which splits and diffracts light into several beams trav-
elling in different directions. Therefore, by selecting a zone of interest on the sample using
the slit, the CCD camera records a full-field image of the intensity of the scattered light

as a function of the wavelength and of the position in the slit.

Calibration of the Spectral Images In order to analyse the recorded spectral images,
in one column the corresponding wavelength has to be assigned to each pixel. This
calibration is done using a spectrum recorded with a Hg spectral lamp. Hg has a discrete
emission spectrum whose emission lines are known. The following linear relation between

the wavelength A and the pixel number has been experimentally established:

A = 1.21 - pizel opumn + 272 nm (3.1)

White Light Source The spectral measurements are performed using a conventional
tungsten halogen lamp as an incoherent white light source. The lamp has a spectral range
between 450 and 800 nm. The scattering spectra recorded of the nanostructures have to
be normalized in order to account for the spectral characteristics of the illumination
source. For that a spectral image only of the lamp is recorded, denoted in the following
as SLamp, Using a homogeneous scatterer. Then, the spectral response of the tungsten
lamp is extracted from the spectral image by integrating a total of 200 lines along the
slit as shown in Fig. (a) indicated by the dotted white lines. Figure (b) plots
the extracted scattered intensity as a function of wavelength, i.e. the spectrum of the
illumination source. Note that the actual spectrum of the Hg lamp expands towards the
larger wavelengths in the near-infrared spectrum range which is however not revealed by

the spectrometer due to its limited spectral range.
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Figure 3.6 — (a) Spectral image of the tungsten halogen lamp. The white dotted lines indicate the
zone of intensity integration. (b) Extracted spectrum from the left handed image by

integrating over 200 lines. The scattered intensity is normalized to 1.

Extraction of Spectra of an Individual Nanoobject In a first step, the measured
signal S,cqs Which contains the spectral response of the nanoobject together with the
background has to be extracted from the spectral image. This is done by selecting and
integrating over several lines containing the entity of the scattered photons of one nanoob-
ject which are diffracted by the spectrometer grating on the camera. S,,.,s contains the
spectral contribution of the lamp as well as of the background. To define the spectrum of
the background, denoted as Spg, the same procedure is applied by integrating this time
over several lines in a zone next to the structure. To separate the spectral information of
the nanoobject from the background, Sgq is subtracted from S,,..s. Then, this difference
is divided by Sramp, in view of normalizing the spectrum in wavelength. Hence, the final
spectral response, Sopject, containing only the information of the nanoobject of interest is

calculated as follows:

Smeas - SBG (3 2)

Sobject - 5
Lamp

Figure 3.7 demonstrates an example of a spectral image which is overlaid with the corre-
sponding calculated scattering spectrum Sppject-

In order to calculate the uncertainties in all spectral measurements we evaluated the
spectral width of the peak position. These uncertainties are solely related to measurement
noise and will be presented as error bars in the presented graphs.

As the spectrum of the illumination source revealed, the spectrometer has a limited
spectral range which leads to a cutting off of the recorded spectra in the near-infrared
range. As a result, the spectrometer does not fully resolve any scattering spectrum that

has a peak at wavelengths longer than 800 nm, and instead of the real scattering peak, a
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position in slit

A (nm)

Figure 3.7 — Full-field image of an example spectrum of a nanostructure. The image displays the
scattered intensity as a function of wavelength (horizontal axis). The corresponding,

background corrected and normalized spectrum is superposed (white curve).

peak situated at lower wavelengths is measured. Hence, the scattering spectra measured
of nanostructures of which we expect a scattering peak in the near-infrared spectral range,
have to be analysed carefully.

Using this imaging spectroscopy technique, the spectra of various nanostructures have

been measured and analysed in detail. The results are presented and extensively discussed
in Ch. @ and Ch.

3.3 FEM Simulation of Plasmonic Nanoobjects

The study of the scattering by plasmonic nanostructures was completed by performing
simulations. These numerical calculations were carried out using the commercial software
package COMSOL Multiphysics (version 3.5a with incorporated RF module, installed on
a Dual-Quad Core 12GB RAM workstation, http://www.comsol.com), which comprises
an electromagnetic code based on the finite element method (FEM).

Initially, this thesis work was entirely oriented towards an experimental study of plas-
monic nanoobjects. However, in the course of this work, we required additional insights
into the scattering behaviour of the investigated nanostructures in order to understand
better our experimental results. Therefore, we decided to develop a simulation model,
which describes the optical properties of plasmonic nanoobjects in the far-field and as
well in the near-field. Note that this kind of simulations did not exist at the Institut
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Langevin before my thesis which thus constitutes a first effort towards the implemen-
tation of finite element methods in our laboratory. Finally, the development of these
simulation models and the analysis of the simulated results occupied a major part of this
thesis work.

Two different characteristics are examined numerically: the spectral scattering response
in the far-field and the scattered intensity in the near-field. For all simulations, the
refractive index of gold ny, is taken from experimental values in literature (Palik 1998)).
The refractive indices for the substrate and for air are chosen as ngupstrate = 1.5 and
Ngir = 1, respectively. The model we used has a spherical geometry. Figure B.8 illustrates
a cross section of the simulation geometry. The spherical geometry has been chosen to
take potential advantage of symmetry planes in order to reduce the simulation volume.
The lower half sphere (V z < 0) represents the substrate, ngupsirate, and the upper half
sphere (V z > 0) the air environment, 7n,4;,.. The x-y plane at z=0 builds the dielectric-air
interface. The nanostructures, sketched as yellow rectangles, are situated on top of the
substrate. As Fig. shows, the object is enclosed by four spheres, denoted as S1, S2,

4,
— S4

substrate

Figure 3.8 — Cross section (x-z plane) of the basic FEM model. The lower half space represents the
substrate (light blue, nsyupstrate) and the upper half space the air environment (white,
Nair). The nanostructure is situated on top of the substrate.

S3 and S4 which occupy different functions. The typical radii, Rg;, used for these spheres
can be described by using the following rule of thumb:
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S1 (sphere surrounding the nanostructure): Rg; =(size of structure (in nm))/2 +
400nm

e S2 (auxiliary closed surface for additional postprocessing): Rgo = Rg1 + 100nm

S3 (air/perfectly matching layers (PML) boundary): Rg3 = Rgs + 100nm
e 54 (exterior PML boundary): Rgy = Rs3 + 100nm

The FEM model uses the 3-dimensional scattered harmonic propagation mode in RF
module. The boundary conditions for boundaries perpendicular to the electrical field
are defined as perfect electric conductor (PEC), and the boundaries perpendicular to
the magnetic field are defined as perfect magnetic conductor (PMC). On the outermost
boundary of sphere S4 we define a scattering boundary condition for a plane wave.

The meshing in a FEM simulation is very important, especially in the case of three
dimensional simulations which need in general a great computational load. Here, we have
to manage the balancing act between a sufficiently fine meshing net and an acceptable
computation time to solve the problem. The meshing size is adjusted individually for each
subdomain by using the free mesh parameters option. As a rule of thumb, the meshing
size should be at least 7 elements per wavelength. The subdomain of the nanostructure
has to be meshed very finely, since in this region the interaction with the incident light
will be the strongest. A maximal meshing element size of 10 nm is applied which is more
than five times smaller than the size of the smallest object.

This model was used to exploit either the scattering in the far-field or the scattering in
the near-field for the purpose of comparing them to experimental results. Because in the
experiments the scattering spectra have been measured in reflection, and the holograms
have been obtained in transmission, both different illumination configurations have to be
accounted for in the simulation model. Thus, different definitions of the incident electric

field are used which will be further explained in the following.

3.3.1 Scattering in the Far-Field

To simulate the scattering spectrum of a nanostructure in the far-field, we define the
incident light in the simulation model as a plane wave which propagates from air to the
substrate, i.e. from +z to —z direction, normal to the interface. Its wave vector is denoted
as kine /!, The corresponding electric field vector is oriented parallel to the x-axis, i.e.
the long axis of the nanostructure. The geometry is sketched in Fig. (a). In order
to extract the scattering response in the far-field, the far-field variable Ey,, is defined on
the boundary of sphere S2. Then, Ejy,, is calculated using the in Comsol implemented
Stratton-Chu formula by integrating over the upper boundary surface of sphere S1.

The Stratton-Chu formula does a near-field to far-field transformation, so that the

modelling volume can be reduced into the near-field zone. This transformation is very
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important, especially in the case of 3D simulations where the computational resources
can easily reach their limit and where bigger model volumes mean longer computational
times. The solution is computed for different wavelengths, A, typically varied between
500 and 900 nm with a step A\ between 5 and 20 nm, depending on the size of the model
volume. The far-field intensity is plotted against the wavelength.

(@) Reflection (b) Transmission

Z Z

Figure 3.9 — (a) Reflection case: Cross section along the plane at y=0 of the model for the simulation
of the scattering spectra in the far-field. The pink half sphere illustrates the surface
over which the scattered (reflected) far-field is integrated. (b) Transmission case: Cross
section along the plane at x=0 of the model illustrating the total internal reflection

Trans

configuration. The incident k-vector ki, propagates in +z direction, under an

incident angle of «; = 45°.

3.3.2 Scattering in the Near-Field

The scattered near-field is simulated in total internal reflection mode. The incident light
hits the structure coming from the substrate, i.e. the k-vector of the incident electric
field propagates from —z to +z under an angle of 45° between the z-axis and the plane
of incidence (total internal reflection). Thereby, the electric field has to be defined in the
whole simulation volume. This is done by analytically calculating the corresponding Fres-
nel coefficients in order to account for the different electric field components of reflection
and transmission at the substrate-air interface.

In our experimental setup, different illumination configurations are possible: the electric
field vector is oriented either parallel or perpendicular to the plane of incidence which
is either the y-z or the x-z plane. Hence, four different configurations are possible of

which each configuration requires another electric field description. The corresponding
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Figure 3.10 — Validation test of the scattering maxima for different wavelength steps AX. The
graph plots the scattering maxima with changing disk diameter. The squares result
from a simulation using AX = 5 nm and the circles from AX = 10 nm. Note that

the error-bars correspond to the 2% deviation of the results (see the text).

analytical expressions describing the field in the total volume are found in Appx. [Al The
most common illumination configuration we used is the TE wave excitation, i.e. the
electric field is perpendicular to the plane of incidence which is the y-z plane. Hence,
the light is polarized along the long axis of the nanoobject. After solving the model,
the scattered near-field intensity I = |E*¢|? is plotted in the x-y plane, 40 nm above the
substrate, i.e. 10 nm above the nanostructure. The incident electric field amplitude |Ej|
is equal to 1 V/m, therefore the intensity I can be denoted in general as an intensity

enhancement, because we have I = |E*|*/|Ey|* = |E*|?.

3.3.3 Tests for Validation

As remarked previously, all simulation models we used have been developed by ourselves.
Hence, we had to perform several validation test, in order to validate the correctness of
the models and thus the obtained results. These tests regarded several factors, i.e. the
meshing size, the convergence of the solution, the correct definition of the exciting field,
etc. All these tests had one common denominator: to find the best compromise between
the most precise solution and an acceptable calculation time. Simulations of nanostruc-
tures, deposited on a substrate surface, are very time-consuming due to their complex
geometry and the need of a three-dimensional model. As an example, the computation
of the solution of a chain of 20 disks for one exciting wavelength can last up to several

hours.
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First, we performed several test simulations on basic structures, i.e. a nanosphere or a
single nanodisk, by varying the meshing size of the simulation geometry, and compared
the different solutions. For a too coarse meshing size, the solution deviates, and for a too
fine meshing size, the solution time increases rapidly, and the RAM memory risks to be
saturated. Another test consisted of varying the simulation volume, i.e. we varied the
radii of the different surrounding spheres of the nanostructure. In particular the radius
of the inner sphere S1 is of importance since its surface is used to calculate the scattered
far-field of the nanostructure. Here, we have to find the compromise between a small
simulation volume and a correct solution.

In order to calculate the scattering spectrum of a nanoobject, we simulated the far-field
in a given spectral range with an increasing incident wavelengths. In this case, the step A\
between two wavelengths is important, because a too large step, i.e. AX > 50 nm, could
result into a deviation of the scattering maximum. In fact, in the case of the calculated
scattering spectra of single disks we observed a deviation of 2% of the spectral maxima
when changing AX from 5 to 10 nm (see Fig. BI0). The deviation is expressed by the
error bars in Fig. 310

Furthermore, it is important to test if our definitions of the incident exciting field are
correct (see Appx. [Al for details of the different exciting fields used). This is verified by
simulating a model without any nanoobject, only the substrate-air interface is considered.
By plotting the incident field, we can check if there are any errors in our excitation. For
example, we verified that the wave fronts correspond to a plane wave, or if the wave is
incident from the optically denser medium, we verified that the refracted wave emerges
under a larger angle compared to the incident angle.

Another parameter that can indicate if the model works fine, is the scattered field. For
a model that does not include any scattering objects, we expect a very small amplitude
of the scattered field components in the order of 1% or less of the chosen excitation

amplitude.

3.4 Conclusion

In conclusion, this chapter presented the geometry and the fabrication process of the
nanostructures under study. The experimental setup for the measurement of the scattering
spectra of single nanoobjects was described. We explained briefly the procedure to extract
the spectra from the recorded full field images.

In the second part of this chapter, we described in detail the model we developed to
perform simulations of plasmonic nanostructures. We pointed out that the initial field
expressions in the simulation depend strongly on the chosen situation to simulate. Briefly,
the reflection and the transmission cases were considered, and we described some of the

tests we performed to validate the correctness of our models.
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Das stolze Licht, das nun der Mutter Nacht
Den alten Rang, den Raum thr streitig macht,

Und doch gelingt’s ihm nicht, da es, so viel es strebt,
Verhaftet an den Korpern klebt.

Johann Wolfgang von Goethe, Faust I
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The present chapter will discuss in detail the optical properties of elementary nanos-
tructures. Here, these nanostructures are primarily studied in order to validate the

experimental and simulation techniques we have developed.

First of all, what do we denote as elementary nanostructures? FElementary nanos-
tructures are nanoobjects having a simple, preferably symmetric geometry, for example
spherical or elliptical shaped nanoparticles. During the last decade, such elementary
nanostructures have been studied to a large extent, both theoretically and experimentally.
Because of their simple geometry, their physical properties can be described analytically
using classical electrodynamics, and many important features observed experimentally
can be understood theoretically.

From the experimental point of view, the widespread use of symmetric shaped parti-
cles, like spheres and rods, is mainly motivated by the easy and well-established chemical
synthesis methods that allow producing single-crystalline nanoparticles in solution. Ad-
ditionally, the state of the art electronic lithography and focused ion-beam techniques
allow nowadays the fabrication of perfectly shaped metal nanostructures separated by a
well defined inter-particle spacing of less than 10 nm. As a result, the optical properties
of such basic particles are very well known and the documentation in literature is vast.
Hence, an investigation of basic nanostructures enables us to put our results in the context
of precedent studies.

Secondly, what do we want to wvalidate? By means of validation we mainly refer to
the validation of the techniques we used during this work and to the justification of their
application for the study of plasmonic nanostructures. Concerning the technique of digital
holography, it is well known that it is a powerful tool for various applications. So far,
however, its use to detect the scattered far-field of plasmonic nanostructures in amplitude
and phase in order to map the three dimensional pattern of scattered light is unique. In
order to validate the application of digital holography to plasmonics, it is necessary to
study in the first place basic nanoobjects. This study will allow us to fully understand
and correctly interpret the 3D maps of the scattered light. Once the cartographies of the
scattered field of basic structures are understood, the technique can then be applied to

more complex nanosystems.

Another technique that we are interested in validating is the numerical simulation
procedure. We used the finite element method (FEM) to simulate the far- and near-field
scattering of nanostructures. To our knowledge, up to now, the FEM simulation method
is less frequently used to simulate optics in nanosystems (Hoffmann et al_2009; Liu
et al. 2008; [Liu_et al. 2009 [Lassiter et al. 2009, Zhang et al. 2010), compared e.g.
to the finite-difference time-domain (FDTD) method (Nordlander et al. 2004 Schuck
et al. 2005; |Crozier et al. 2003; [Hohenau et al. 2006; Huang et al. 2010; Girard
and Quidant 2004; Schnell et al. 2010; Biagioni et al. 2009; MzhamnladLQLaLl_ZDD&;
Yang and Crozier 2008; [Liu et al.2009; [Smythe et al. 2007). The main advantage
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that arises from simulations of elementary (here, strongly symmetric) nanoobjects is their
lower computational resource consumption, which is notably due to the small model
volume, compared to model volumes describing complex structures. The simulation of
elementary objects is therefore important because it enables us on the one hand to test the
simulation model and, on the other hand, to compare the results with our experimental
measurements. Once the model has proved its accuracy in basic cases, the simulations

can be extended to more complex structures.

Outline In this chapter we will extensively discuss the scattering properties of single
and coupled disks and rods. We will compare measured and simulated scattering spectra
of single disks. Furthermore, near-field simulations of single disks and far-field maps of
the light scattered by single disks are presented.

Regarding the physics that underlies the coupling behaviour of nanoobjects, we in-
troduce the plasmon hybridization model. In this context, experimental and numerical
results of the scattering behaviour of coupled nanodisks and nanorods are presented. We
investigate the dependence of the nanoparticle shape, size and inter-particle distance on
the resonance wavelength position. Lastly, we will examine the spatial field characteristics
of coupled nanodisks and rods. The characteristics of the near-field maps, obtained by
simulation, will be discussed. Furthermore, recorded holograms of the light scattered by
various coupled nanoobjects are presented, and we analyse their spatial scattering char-
acteristics in the far-field. In this context, we discuss the angular scattering pattern of

two coupled disks for different illumination configurations.

4.1 Single Nanodisks

The most basic optical antenna geometries are single and two-particles antennas. The
single particle antennas consist of a single nanoparticle e.g. a sphere, a disk or a rod,
whereas the two-particles antenna is composed of two identical nanoparticles that are
separated by a small gap, e.g. two end-to-end aligned rods or two disks. Single nanopar-

ticles have been successfully applied to enhance the sensitivity of fluorescence and Raman

spectroscopy at the slingle molecular level (Anger et al. 2006} [Kiithn ef al. 20006k IMo—

hammadi et al. 2008). Elongated particles as opposed to spheres also show sensitivity
to the polarization of the fields. Typically, the field enhancement and the confinement
near the ends of nanorods is much larger than for a sphere, which can be attributed to
the combined contribution of both a more favourable spectral location of the fundamental
resonance and to the enhancement by lightning-rod effects.

A single disk is the basic structure from which more complex structures like two coupled
disks or chains of coupled disks are built. Therefore, their optical properties are examined

and discussed in the following.
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4.1.1 Light Scattering by a Single Disk

First of all, we will discuss the scattering properties of single disks. Figure 1] (a) shows
the measured normalized scattered intensity spectra of two single disks with disk diame-
ters of 100 and 150 nm (blue and red spectra, respectively) whereas Fig. ] (b) plots the
surface plasmon resonance wavelength Agppr as a function of the disk diameter. The mea-
sured (dots, red) values are compared to the calculated values (squares, black), resulting
from FEM simulations. The details of the simulation parameters are presented in detail
in Ch. The two spectra plotted in red in Fig. LTl (a) were obtained for the same single
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Figure 4.1 — (a) Measured normalized scattered intensity spectra of single disks. The dotted (con-
tinuous) spectrum of the large disk corresponds to a measurement with linear polarized
light along the x- (y-) axis, along the horizontal plane of the disk. (b) Resonance wave-

lengths A\gppr obtained by simulation and measurement as a function of disk diameter.

disk using two different linear polarizations, i.e. light polarized along the x-axis (contin-
uous red line) and polarized along the y-axis (dotted line). A shift of Adgpr = 28 nm
is measured between both polarizations. In theory, supposing linear in-plane polarized
light, no polarization dependence should be observed in the scattering spectrum for an
ideally shaped disk. Regarding the results of the simulation in Fig. 1] (b) and following
the quasi linear dependency of the single disk resonance on the disk size, we find that the
measured 28 nm large shift in the resonance wavelength can be associated to a deviation
in disk size of about Ad = 12 nm which corresponds to a 8% discrepancy. Assuming that
the fabricated disk has not a perfectly round shape, but a realistic geometry, which may
resemble a slightly elliptically elongated disk, we recognize that depending on the direc-
tion of the polarization, different longitudinal plasmon modes are excited in the particle,
thus explaining a shift of the spectrum with changing polarization.

The spectrum of the 150 nm large disk is about 100 nm red-shifted compared to the

spectrum of the 100 nm disk. We do not observe sharp peak resonances, but quite broad
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resonances for both disks. A linewidth, which is defined as the full width at half maximum
(FWHM) of the resonance, of 107 and 120 nm is obtained for the spectrum of the 100 nm
and the 150 nm disk, respectively. This broadening of the resonance is due to increasing
radiation damping for larger particles.

Comparing the measured and calculated Agpr values in Fig. @] (b), we measure a
resonance wavelength of Aspresp = 632 nm for a 100 nm disk compared to the simu-
lated value of 620 nm. For the 150 nm disk, we obtain Asppesp, = 729 nm, compared
to Asprsim = 7250 nm. We recognize that the agreement between measurement and
simulation is excellent.

Furthermore, the linear scaling of the plasmon resonance wavelength with the disk
diameter as predicted by theory is confirmed both by experiment and simulation. The
slight change in the slope at larger disks towards lower resonance frequencies is explained
by the transition from the quasi-static regime to the regime where retardation comes into
play.

To sum up, the study of the scattering spectra of single disks have shown an excellent
agreement between measured and simulated values. Hence, this consistency proves firstly
the good quality of the fabricated nanostructures. The excellent sensitivity of the spec-
troscopic setup towards the detection of single nanoobjects is confirmed. Secondly, we
conclude that the simulation model, although simulating an ideal case with ideal shaped

nanodisks, reflects very well the expected behaviour.

4.1.2 Near-Field of Single Disks

Previously, we have seen that the simulated scattering spectra of single disks proved an
excellent agreement with the measured values which led us to the conclusion that the
developed simulation model describes well the scattering characteristics of an elementary
nanostructure - in this case a nanodisk - when solving for the scattered electric field in
the far-field range.

Aiming to validate further the simulation model in the range of the near-field, here, we
are interested in studying the near-field of a single disk. The geometry is illustrated in
Fig. (b). The incident light, A... propagates in the y-z plane under an angle av = 45°
of total internal reflection (TIR). We use s-polarized light, hence the electric field has only
a component along the x-axis, Ey,. This configuration simulates the illumination used in
the holographic setup with a s-polarized wave. We are referring to Ch. and Appx. [Al
for further details.

Figure (a) shows the scattering spectrum of a single disk derived from simulation.
The full circles demonstrate the magnitude of the scattering response of the disk at two
different wavelengths, one off resonance and one at resonance, i.e. at \.,. = 720 nm. It is
seen that the scattered intensity off resonance is less than half of the scattered intensity at

resonance. In Fig. (c,d) the near-field of a single disk is plotted at these two excitation
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Figure 4.2 — (a) Simulated scattering spectra for a disk of 150 nm diameter. (b) Scheme illustrating
the geometry of the simulation: the incident light propagates in the y-z plane under an
angle o = 45°; the electric field has only a x-component Ey,. (c)+(d) Corresponding
calculated near-field intensity, |E3¢|%, plotted 10 nm above the disk surface, for 2
incident wavelengths. The white dotted circle represents the disk position and the red

arrow the orientation of the exciting electric field.

wavelengths: A = 658 nm (¢) and .. = 720 nm (d). In order to plot the near-field
maps, the square modulus of the x-component of the scattered electric field, |E¢|?; is

extracted at a plane 10 nm above the disk surface.

Analysing the near-field maps, it is seen that the near-field enhancement is highest close
to the disk along the x-direction which is the direction of the external electric field E ,
(indicated by a red arrow). The disk behaves like a dipole. In fact, this behaviour is
expected for a metal particle under a linear external field excitation. The external field
induces a dipole moment inside the disk in opposite direction to Ej . The induced dipole
then interacts with the external field leading to a near-field enhancement at the side of
the disk. Note that the distribution of the near-field is slightly asymmetrical due to the

asymmetric incident wave vector.

At first sight, the near-field images seem similar, but comparing the amplitudes the

near-field enhancement at resonance is about 2.3 times higher than off resonance which is
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in agreement to the scattering response in the far-field under the two different excitation
wavelengths. Exciting the disk at resonance, it exhibits an enhancement of 70 with respect
to the incident field, which is the highest near-field enhancement observed compared to
other exciting wavelengths.

In summary, the single disk behaves like a dipole in a linear polarized excitation field.
The amplitude of the near-field enhancement depends strongly on the exciting wavelength,

and is maximal at resonance.

4.1.3 Holography of Single Disks

This part of the discussion of the scattering properties of elementary particles focusses on
the three dimensional scattering maps which we obtained by numerical reconstruction of

the recorded holograms.

a

(b)

(© —y  |[EP(au)

Figure 4.3 — Square modulus of the scattered field reconstructed from a single hologram at Ae.c =
785 nm of a single disk (d = 150 nm). Cross sections along different planes centred
on the antenna: x-y (a), x-z (b) and y-z planes (c). The length of the scale bar is
1 pm and the color bar is the same for all images. The schemes on the top clarify
the position of the disk with respect to the cross sections. The collection cone of the

N A = 0.95 objective is shown on the glass side and on the air side in (b).

Figure [4.3 presents scattering cross sections along the three main reconstruction planes
(x-y, x-z and y-z) of a single disk with 150 nm diameter. The hologram is obtained
with s-polarized light at an excitation wavelength of A\.,. = 785 nm. In the x-y plane the
scattered far-field of the single disk appears as a bright dot, whereas the planes containing
the z-axis possess information on the forward scattered light of the nanodisk into air. The
plane of incidence is the y-z plane, as Fig. 3] (b) reveals by the slight asymmetry of the
scattered light. The nanodisk is hit by the incident beam under the TIR angle of 45°, in
the y-z plane. The collection cone of the NA= 0.95 microscope forms a half-angle of 71.8°
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in air and 39.2° in glass (illustrated as dotted lines in Fig. (b)). Note that large NA
immersion optics cannot be used, as they would forbid the use of TIR, which is necessary
for dark-field operation. However, as can be seen from the bottom image in Fig. (b),
this cone is larger than the apparent angle of the scattered light, and we can safely assume
that most of this light is collected by the large-NA objective.

Cross sections along the z-axis should be interpreted with care for negative z values:
the holographic system only collects forward scattered light, and the intensity shown
in the glass substrate (below the dotted line in Fig. 3] only corresponds to the back
propagation of this light and does not carry other physical information.

Analysing the forward scattered light of the nanodisk we recognize a scattering along
the z-axis in air with a spatial extension of about 1 um. This extension is estimated using
as a delimiter the 1/e decay of intensity. Assuming that the disk behaves like a dipole
oriented in the x-y plane, as the near-field images revealed, this scattering behaviour is
interpreted as a dipole-like scattering. For comparison, the emission diagram of a RF
dipole antenna in free space is a slightly flattened torus perpendicular to the antenna

axis.

Angular Scattering Pattern of a Single Disk In order to get further insight into
the scattering characteristics of a single disk we are interested into analysing its angular
scattering pattern. The emission pattern of an object can be recorded by collecting
the emitted photons with an objective lens and by imaging the intensity distribution in
the objective’s back focal plane. These images, that display the Fourier plane, contain
the angular distribution of the emitted light (Lieb et al. 2004]). The intensity and the

Coor(liinates of the Fourier space are related to the angular radiation pattern (I Curto et al.

2010):

1(0,p) = I(ky, ky) cos (4.1)

with k, = KRsinfcosy and k, = K Rsinfsin ¢ where 6 is the polar angle and ¢ the
azimuthal angle. The cosine factor in Eq. A1l is an apodization factor, K is a calibration
constant and R the radius in pixels of a given point in the Fourier space image. The
scheme shown in Fig. 4] (a) clarifies the signification of the angles. A dipole placed on
a surface has the dipole moment p, and its orientation is described by the angles ©® and
® in the real space. The dipole scatters light which is collected by an objective under a
limiting angle 0 4. In the Fourier plane, a circular angular scattering pattern is observed
whose coordinates are directly linked to 6 and ¢, see Eq. L1l [Lieb ef all have studied
single molecules near a planar surface by calculating and imaging their emission patterns
giving direct access to the three-dimensional dipole orientations of the molecules. The
authors showed that an angular distribution exhibiting two lobes is characteristic for a
dipole oriented parallel to a dielectric interface.

In digital holography, which records the amplitude and phase information of an object,
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the Fourier plane can be attained via Fourier transformation, and thus, the angular in-
tensity information can be accessed. However, it is remembered that in our setup only
forward scattered light is collected, hence, the Fourier space contains only information on

the angular scattering pattern in air.
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Figure 4.4 — (a) Scheme illustrating the orientation angles for the dipole p. (b) Fourier plane of
the single disk hologram showing the radiation pattern. The numerical aperture angle
(Ona4) is indicated. (b) Angular distribution of the scattering as a function of the polar
angle 0 for the single disk. The vertical dashed lines indicate the maximum collection

angle of the objective.

Figure[d4l (b) displays the calculated Fourier plane of the recorded single disk hologram,
i.e. its angular scattering pattern. The numerical aperture angle 54 corresponds to the
maximum collection angle of the objective, thus, limiting the recorded angular scattering
at an angle of 71.8°. We observe one distinctive lobe. The graph in Fig. @4l (c) plots
the normalized angular scattering intensity as a function of the polar angle for the single
disk. The vertical dashed lines indicate the maximum collection angle of the objective.
Due to the pixelation of the Fourier plane we achieve an angular resolution of 5°. It is
seen that the scattering is mainly distributed asymmetrically at an angle of around 55°.

The angular distribution of the intensity scattered by a single gold nanoparticle have

been measured and calculated previously (Huang et al. 2008)). Similar images have been

obtained, though displaying two lobes instead of one. This one lobe feature may be due
to the asymmetric TIR illumination resulting into an asymmetric scattering of the single
disk. However, the one lobe observed in the Fourier plane image confirms that the single

disk behaves like a horizontal dipole on a glass interface.

4.1.4 Conclusion on the Scattering Behaviour of Single Disks

We measured the scattering far-field response of two types of single disks: nanodisks
having a diameter of 100 nm and 150 nm. The resonance wavelength of the latter is

about 100 nm red-shifted compared to the former one. The simulation of the scattering
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spectra proved an excellent agreement with the measured values with an accuracy of
about 1%. Hence this agreement confirms at the same time the excellent sensitivity of
the spectroscopic setup in view of the detection of scattered light by nanoobjects, and
further validates our developed FEM model with regard to simulations of basic plasmonic
nanostructures on a substrate-air interface.

Near-field simulations revealed a dipole-like behaviour of a single disk under a linear
polarized field excitation. The near-field enhancement is maximal at resonance. Further-
more, we presented the first hologram of a single disk showing the far-field map of the
scattered light. Cross sections along the three main axes revealed an elongated shape
perpendicular to the disk surface which is interpreted as a dipole-like scattering. This
assumption was confirmed by an analysis of the Fourier space of a single disk which rep-
resents the angular scattering intensity pattern. The scattering is characterized by one
lobe, at a 55° polar angle confirming the scattering behaviour of a horizontal dipole on
an interface.

Overall, we have shown that the technique of holography is capable to image three

dimensional far-field maps of the scattered light by nanostructures.

4.2 Coupling of Two Nanodisks

The coupling of two nanoparticles plays an important role in the context of plasmonics
because of the increased near-field enhancement and confinement that occurs in the gap.
Two factors are related to the enhancement: the interaction of localized plasmons and
the interference of the electromagnetic fields generated by these plasmons. The coupling
enables a further degree of freedom by the possibility to tune the resonance frequency.
In order to get a deeper understanding in the physics of the coupling phenomena of
those so called plasmonic dimers, and in particular, to comprehend the dependence on the
inter-particle separation, the plasmon hybridization model was introduced by Nordlander
and co-workers (Prodan et al. 2003 [Nordlander et al. 2004). In general, for ensembles

of plasmonic particles one may state that whenever modes are spectrally and spatially

overlapping, their coupling generates new resonances with an energy splitting, analogous
to atomic orbital hybridization.

The type of coupled nanoparticles which we will present in the following, is composed
of two disks or disk shaped particles. Two coupled disks have been studied extensively
in the past by several groups, in most cases by measuring or calculating the scattering,
transmlsswn or extinction spectra of either single or arrays of nanostructures (Rechberger
et al. 2003 Su_et_al. 2003 Nordlander et al. 2004; |Atay et al. 2004; |BQm§1rMULL_201)ﬁ|;
Jain et al. 2007 Ok et al. 2008 Huang et al. 2008; [Yang et al. 2010). The most

important results on two coupled nanoparticles, of theoretical and experimental nature,

will be presented in the following.
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4.2.1 Introduction to the Study of Two Coupled Disks

Dipolar-Coupling Model |[Rechberger et al| were one of the first to investigate ar-

rays of gold nanodisk pairs fabricated by electron lithography using optical transmission

spectroscopy (Rechberger et al. 2003). They found that with decreasing inter-particle

distance the surface plasmon resonance shifts to longer wavelengths for a polarization
direction parallel to the long particle pair axis whereas they observed a blue-shift for the
orthogonal polarization. They explained these experimental findings by a simple dipolar
interaction mechanism.

Simultaneously, investigated the coupling between individual pairs of elliptical
gold particles by discrete dipole approximation (DDA) simulation and optical scattering
spectroscopy (Su et al. 2003)). Their results are conform with the findings from the Rech-

berger group. They demonstrated that the resonant wavelength peak of two interacting

particles is red-shifted from that of a single particle which they attributed to near-field
coupling. They showed that the shift decays approximately exponentially with increasing
particle spacing and becomes negligible when the gap between the two particles exceeds
about 2.5 times the particle short-axis length. Furthermore, they found that the exponen-
tial decay is size independent when the peak shift and particle gap are scaled respectively
by the resonant-peak wavelength and the short axis length of the individual particles.

The decay constant, however, is found to be particle-shape-dependent.

The Regime of Touching Nanoparticles The group around Atay studied the optical

transmission of periodic arrays of nanodisks (Atay et al. 2004). By varying the inter-

particle separation from strongly coupled disks to touching, overlapping particles, they
observed an abrupt, large renormalization and a splitting of the plasmon-polariton energy.
These spectral anomalies are ascribed to a transition whereupon the inter-particle dipole-
dipole interaction is shunted and the plasmon polaritons exhibit multipolar behavior,
including a very high local concentration of electromagnetic energy in the vicinity of their
conductive contact.

Romero ef all analysed theoretically the nearly touching regime of two metallic nanospheres
and explained how long-wavelength resonances occur both for approaching particles and
after particle overlap (Romero et al. 2006). Both of these regimes are characterized by
a large pileup of induced charge at the gap or overlap region. However, the charge at

the gap and the lowest-frequency modes are distinctly different for these two regimes
and are not connected via the transition through the limit where the spheres are just
touching. Furthermore, they found that dimers with small overlap regions produce larger

enhancement than non-touching particles in close vicinity.

The Plasmon Ruler Equation [Jain ef all investigated lithographically fabricated

arrays of gold nanodisk pairs by absorption spectroscopy and electrodynamic simulations,
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using the DDA (discrete dipole approximation) method (Jain et al. 2007). In agreement
with previous works, they found that the plasmon wavelength decays exponentially with
increasing inter-particle gap. In addition, they obtained an universal scaling behaviour of
the inter-particle plasmon coupling, i.e. a decay constant that was about 0.2 in units of
the particle size for different nanoparticle size, shape, metal type, or medium dielectric
constant. They attributed this universal scaling behaviour to the interplay of two factors:
the direct dependence of the single particle polarizability on the cubic power of the particle
dimension and the decay of the plasmonic near-field as the cubic power of the inverse

distance. Hence, the authors derived a “plasmon ruler equation”.

The Far-Field of Two Coupled Nanoparticles studied the far- and
near-field interactions of two spherical nanoparticles by attaching one to a scanning fiber
probe and the second to a scanning substrate (Olk et al. 2008)). Using this configuration

the spectral properties were examined with regard to the inter-particle distance and the

polarization of the excitation light. They found a periodic modulation of the coupled

plasmon resonance for separations smaller than 1.5 pm.

Coupled Nanodisks as a Nanoantenna It is known that metal nanoparticles can
be viewed as a nanoantenna in the optical regime due to their capability to localize and
redirect electromagnetic fields. In this context, investigated coupled gold

nanoparticles, seen as an antenna (Huang et al. 2008). They developed experimental

techniques to measure various parameters defining the characteristics of an antenna, i.e.
the resonant frequencies, the gain and the detuning factors. They also recorded radiation
patterns and found a radiation pattern of coupled nanoparticles being essentially dipolar

in nature.

Excitation of Bright and Dark Modes The hybridization model introduced by
Nordlander ef all results in a mode splitting between the bonding and anti-bonding

modes, also referred as “bright” and “dark” modes. The anti-bonding modes are not

always observed in white-light scattering experiments since their excitation is symmetry-
forbidden for normally incident plane waves. However, the dark mode can be excited if the
symmetry of the system is broken either by the shape of the structure (Hao et al. 2008]) or
by the excitation geometry (Liu ef al. 2009). Another mechanism for exciting non-dipole
active multipolar plasmons is the retardation effect (Kottmann and Martin 2001)). For

nanoparticles of a size comparable to a quarter of the wavelength of the incident light,

the electric field can no longer be assumed uniform across the nanoparticle. For such a

system the higher multipolar components of the incident wave can directly couple to the

corresponding multipolar plasmon modes (Kelly et al. 2003)).
To study bright and dark modes, used in a total internal reflection geometry

TM polarized light either polarized parallel or perpendicular to the dimer axis to excite
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and observe transverse modes in two coupled nanocrystal having a size of 150 nm and

separated by a distance of 65 nm (Yang et al. 2010) . According to the authors these

geometries are in the right spatial range to allow anti-phase coupling.

In this context, we would like to mention the recent theoretical study of Devilez ef all
on a nanoantenna consisting of three aligned nanospheres. The authors demonstrated
that anti-symmetric modes can be excited by a propagating plane wave under an incident
angle of 45° (Devilez et al. 2010bl). Furthermore, they showed that in a narrow frequency

range, symmetric and anti-symmetric mode balancing induces a strong enhancement of

the near-field intensity in one gap while the other gap is “turned oft”.

Outline We have seen that there are various studies investigating the optical properties
of coupled disk-shaped nanoobjects. The dependence of the resonance shift on the inter-
particle gap has been successfully explained by means of a dipolar-coupling model. It has
been demonstrated that a nanoparticle pair can be seen as a nanoantenna exhibiting a
dipolar radiation pattern. Furthermore, it has been shown recently that in a total internal

reflection configuration the excitation of dark modes is possible.

In this context, we will present only the major results that we obtained. Firstly, we will
briefly introduce the plasmon hybridization model which explains the energy shift that
occurs when two nanoparticles are strongly coupled. We discuss measurements and calcu-
lations of the scattering spectra of two coupled disks which results into a blue-shift of the
resonance wavelength with increasing inter-particle distance which is in agreement with
previous works and explained by the dipolar-coupling model. Then, we discuss far-field
scattering maps obtained by holography on two coupled nanodisks and our preliminary

attempts to study the bright and dark modes excited in a nanodisk pair.

4.2.2 Plasmon Hybridization Model

In the plasmon hybridization model the plasmon mode of a nanoparticle dimer can be
understood in terms of hybridization of the individual nanoparticle plasmon modes due to
the coupling over the small inter-particle distance. Such coupling causes a mode splitting

into a lowelr—energv bonding mode and a higher-energy anti-bonding mode (I Nordlander

et al. 2004). This energy splitting is depicted in Fig. .0l The bonding resonance modes
are caused by an in-phase dipole coupling. Due to its dipolar character, this oscillation
mode interacts strongly with incident, plane wave radiation. For that reason, these modes
are also named bright modes. The anti-bonding modes have an anti-phase dipole coupling.
As a consequence, the anti-bonding mode does not efficiently emit into the far-field since
both individual dipoles oscillate out of phase and therefore cancel each other out in far-

field. Thus, they are also called dark modes. Due to reduced radiation damping, dark
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Figure 4.5 — Schematic picture illustrating the plasmon hybridization model. Here the dimer is
represented by two spheres, but they can be replaced by any other form of nanoparticle
(rods or disks). Gapl is smaller than gap2 which causes a smaller energy splitting (grey
lines).

modes are expected to have a higher quality factor (Huang et al. 2010). It is found

that for large inter-particle distances, the energy shifts of the dipolar dimer plasmons
essentially follow the interaction energy between two classical dipoles, i.e. 1/D3. With
decreasing distance, the shifts of the dipolar plasmons become much stronger, due to

the interaction and mixing with higher multipole oscillations (Nordlander ef al.2004)).

Thus, a significant energy splitting between the bonding and anti-bonding modes is only

achieved with small inter-particle gaps.

4.2.3 Scattering Spectra of Two Coupled Disks

On our sample, two different disk diameters (100 and 150 nm) and various gap widths
were available which permitted us to examine both the influence of the disk size and the

inter-particle distance on the resonance wavelength.

Resonance as Function of Disk Diameter First, we studied the scattering spectra of
two coupled disks as a function of the disk diameter. The simulations we performed reveal
a linear dependency, plotted in Fig. With a fixed inter-particle gap, the resonance
energy of the structure shifts with increasing disk diameter energetically to lower values.

This common feature has been also observed studying nanoantennas composed of two

rod shaped nanoobjects (Muskens et al. 2007; Wissert et al. 2009). It can be interpreted

!The quality factor @ can be approximately calculated as: Q ~ ’\T—fg where A)p is the linewidth
of the resonance at A,.s. The higher the quality factor, the longer the energy can be stored inside the

resonator.
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Figure 4.6 — Simulated plasmon resonance wavelengths of two nanodisks, separated by a 30 nm

gap, as a function of the disk diameter.

as an increase of the charge separation localized at the ends of the antenna arms (here, the
disks form the antenna arms) due to the interaction with the external driving electromag-
netic field. This results therefore, in a reduced internal Coulomb field parallel to the long
axis of the nanoantenna (note that the internal electromagnetic field is anti-parallel to
the driving external electromagnetic field). Thus the restoring force of the free electrons
in the metallic antenna arm reduces with increasing arm length, which in consequence

results in a spectral red-shift of the scattering peak resonance.

Resonance as a Function of Inter-Disk Gap In a next step, we simulated the
scattering resonance of two coupled disks as a function of the gap size. The results are
plotted in Fig. L7 together with the results from measurements. The dependency of the
resonance on the gap size that we found both by calculations and measurements reflects
qualitatively very well the results that were obtained by calculations using the plasmon

hybridization method (Nordlander et al. 2004).

With increasing gap, the plasmon resonance of the coupled disks approaches the single

disk resonance. Overall, we observe an exponential decrease with increasing gap width.

The calculated values reveal that two coupled disks of 100 nm disk size reach the single
disk resonance at a gap of 50 nm, whereas two coupled disks composed of 150 nm disks
still exhibit a small red-shift at a 75 nm disk separation which is equal to a weak coupling
between the disks. This effect is explained by the gap-diameter ratio which has to be
taken into account (and not only the gap size): Larger disks can be coupled over larger
distances than smaller ones. As a rule of thumb, it can be assumed that the limit of the

coupling regime is reached when the diameter-gap ratio reaches a value of 2. In both
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cases (diameter of 100 and 150 nm), the decoupling distances (dgecoupr = 50 and 75 nm,
respectively) correspond to this value.

Comparing simulations and measurements, several comments are made: Qualitatively,
the resonance wavelength’s behaviour follows a similar dependency as observed by cal-
culations. In particular, the accordance between both curves of the 150 nm disk dimers
is very good. The decrease of the wavelength with increasing gap is very well repro-
duced. However, it must be noted that we have a large discrepancy between simulated

and measured \gpr values of both types of coupled disks at a gap of 10 nm.
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Figure 4.7 — Computed (a,c) and measured (b,d) plasmon resonance wavelengths / fractional plas-
The cir-

cles and the squares correspond to dimers of 100 nm and 150 nm diameter, re-

mon shift of disk dimers as a function of the gap/ gap-diameter ratio.

spectively. The dashed lines correspond to the calculated and measured single disk

resonances, respectively. The continuous lines are exponential decay fits of type

y(x) = a-exp(—z/T) + yo.

Examining the curve obtained for two small (d = 100 nm) coupled disks, the measured

resonance of the structure with the smallest spacing is quite red-shifted with respect to the
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calculated value. This effect may be explained by assuming that not all nanostructures
with an expected inter-particle spacing of 10 nm are fully separated, but composed rather
of two touching or overlapping nanodisks. In fact, it is not straightforward to obtain by
electronic lithography gap distances of less than 10 nm. In addition, SEM observations
revealed in some cases touching objects instead of 10 nm sized separations. The resonance
of touching particles behaves differently, as analysed experimentally and theoretically by
Atay et al| and Romero et all (Atay et al. 2004; Romero et al. 2006). Touching particles

are at the instance of “point contact” and this geometry can favour the quadrupole mode

which is characterized by a higher energy (blue-shift of the plasmon resonance). In the
case of overlapping particles, the two disks merge into a single ellipsoidal particle, and
the dipole mode of a single particle establishes, which is characterized by a red-shift.

We can have strong assumptions that the measured resonance wavelength in the case of
two 10 nm spaced 100 nm sized disks is actually the resonance of two overlapping disks.
In the case of 150 nm disks, the associated resonance would be located in the infrared,
i.e. beyond our spectral sensitivity because the spectrometer does not fully resolve any
scattering spectrum that has a peak at a wavelength longer than 800 nm. As a result we
measure a resonance at 810 nm, instead of the expected value of 880 nm derived from

simulation.

The Decay Constant Both simulations and measurements confirmed an exponential
decay of the resonance wavelength with increasing gap width. Therefore, on the basis of
the scaling behaviour found by [Jain ef all, we performed a quantitative analyse of the
decay constant. For this we analysed the “fractional” plasmon shift AX/Ag versus the
gap-diameter ratio where A\ is the plasmon shift of the coupled particle system with
respect to the single particle resonance \g. In the case of simulation, for both disk types,
we can apply an exponential fit of the type y(x) = a - exp(—x/7) + yo with a decay

constant 7. The parameter yq is expected to be zero, since A\ approaches zero for large

gaps.

literature simulation experiment

d=88 nm | d=100 nm | d=150 nm | d=100 nm d=150 nm
T | ~0.20 0.174+0.02 | 0.20 £ 0.03 | 0.25 £ 0.06 0.19 £ 0.06

~ 0.10 0.254+0.02 | 0.29+0.02 | 0.41 £0.05 0.14 +£0.02
Yo | 0.00 0.01 £0.00 | 0.00£0.00 | =0.01 £0.02 | 0.00 £0.01

Table 4.1 — Exponential fit values 7, a and gy derived from simulation and experiment. For compar-
ison we gave the values from a study on two coupled disks taken from literature (Jain
et al. 2007) on the left column.

The values 7, a and yg derived from the exponential fits are given in Tab. [L1l Note
that these values are without unit. The authors [Jain et all studied a similar system, i.e.
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coupled gold nanodisks with a diameter of 88 nm and a thickness of 25 nm, deposited on
a glass substrate (Jain et al. 2007)), and found experimentally the values given on the left

column. Comparing with our obtained values, we conclude that our simulations are in

very good agreement with the previous study.

The observed exponential decay can be qualitatively explained by the dipolar-coupling
model. This model describes the interplay of two factors: the dependence of the single-
particle polarizability on the cubic power of the particle dimension and the decay of the
particle plasmon near-field as the cubic power of the inverse distance (Jain et al. 2007).

We conclude that our measurements are in good agreement with simulations. Our

results are entirely explained in the frame of the dipolar coupling model. Furthermore,

we state an excellent agreement with previous studies on similar nanoobjects.

4.2.4 Study of Different Modes Excited in Two Coupled Disks
The recent studies of [Yang et al| and [Devilez ef all have shown that the excitation

of anti-symmetric modes in two coupled nanocrystals or in three aligned nanospheres is

possible using a total internal reflection geometry due to the broken symmetry of the
system (Yang et al. 2010; Devilez et al. 2010bl). In the case of the coupled nanocrystals,
the use of an incident TM polarizedH light wave either perpendicular or parallel to the

dimer axis allowed the observation of both in-phase and anti-phase transverse modes. The
dark mode resulted into a dumbbell scattering pattern, while the bright mode showed a
spheroid pattern centred at the dimer junction.

The dark-plasmon modes do not couple to incident far-field radiation, however, it can
couple to a localized dipole, and has to be included when considering emission modifi-
cation. Hence, one would expect a change in the far-field scattering characteristic when
exciting a dark mode compared to the scattering characteristics of a bright mode.

Inspired by this, we were interested to investigate the far-field scattering pattern of
two coupled nanodisks under different illumination and polarization configurations. This
experimental study awaits a full confirmation by the analytical calculations from the team

of Nicolas Bonod at the Institut Fresnel.

Far-Field Scattering Maps of Two Coupled Disks Figure presents cross sec-
tions of far-field scattering images obtained by holography on two coupled disks. We

differentiate between 4 different illumination configurations:

(a) dimer axis L to the plane of incidence, s-polarization (Fig. (a))

(b) dimer axis || to the plane of incidence, p-polarization (Fig. (b))

’In a TE (transverse-electric) wave, the electric field component is perpendicular to the plane of
incidence, also denoted as s-polarization, and in a TM (transverse-magnetic) wave, the electric field

component is parallel to the plane of incidence, also denoted as p-polarization.
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Figure 4.8 — Far-field scattering images of longitudinal (a,b) and transverse (c,d) modes excited in

two coupled nanodisks (d = 150 nm, gap= 40 nm): Cross sections along the three
main planes (from left to right: x-y, x-z and y-z plane) of a hologram recorded at
Aeze = 785 nm at 4 different illumination configurations (see schemes on the left):
(a) s-polarized excitation with the wave vector perpendicular to the dimer axis, (b)
p-polarized excitation with the wave vector parallel to the dimer axis, (c) s-polarized
excitation with the wave vector parallel to the dimer axis, and (d) p-polarized excitation
with the wave vector perpendicular to the dimer axis. The length of the scale bar is

1pm.
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(¢) dimer axis || to the plane of incidence, s-polarization (Fig. ()

(d) dimer axis L to the plane of incidence, p-polarization (Fig. (d))

It is clear that in the case of s-polarized light in total internal reflection configuration,
the excitation electric field has only one component, i.e. the component FE, for case (a)
and E, for case (c). For an illumination beam polarized parallel to the principal axis,
the two disks interact by means of near-field coupling, the in-phase longitudinal mode is
excited. The near-field coupling manifests in a strong field enhancement in the gap. For
an illumination polarized perpendicular to the principle axis, the near-field coupling of
the two particles is weak, as the surface-adjacent regions of high near-fields are pointing
away from the neighbouring disks. The transverse mode is excited. Alas, the orientation
of the induced dipoles facilitates far-field interaction of the disks, as the two disks are
located in the dipolar emission field of its neighbouring particle. showed that

this flar—ﬁeld coupling leads to a periodic modulation of the spectral properties (I Olk et al.

2008). The authors assigned this spatial periodicity to the phase relation between different
components of the detected light: the interference of light directly scattered by a selected
nanoparticle, and light that was scattered by the other particle and then re-scattered by
the first one.

Analysing the scattering characteristics in the three reconstruction planes, in the case
of s-polarized excitation light (see Fig. (a)) it is seen that in both images containing
the z-plane, the scattered light is distributed along the z-axis into air. We have a dipolar
like scattering behaviour which results from the induced in-phase longitudinal mode that
couples to the far-field. Regarding the case (b), which is plotted in Fig. (b), it is
seen that the electric field has two components, one along the x-axis and one along the
z-axis. Since the height of the disk is very small (30 nm) compared to the disk size, the
component F, can be neglected compared to E,. The resulting far-field scattering images
have the same characteristics as the top images, and we assume that we have a dipolar
like scattering, as well, and the excitation of a (weaker) longitudinal mode.

Analysing the images corresponding to the case of a s-polarized wave with a wave vector
parallel to the principal axis (see Fig. (c)), we observe that the scattering cross sections
resemble the scattering images that we obtained with the longitudinal modes. Hence, we
can conclude that the far-field scattering pattern of the transverse mode in two coupled
disks does not differ from that of a longitudinal mode.

Using an illumination configuration corresponding to case (d), with p-polarized light
incident perpendicular to the principle axis, we observe a notable change in the far-
field scattering pattern: In the x-z plane additional to the scattering along the z-axis
we observe a slightly inclined branch of scattered light, and in the y-z plane it is seen
that the elongation of the scattering along the z-axis is smaller. Analysing the exciting

electric field, we have in case (d) two electric field components, E, and E,, where the
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latter component can be neglected. Hence, we can speculate that this configuration leads
to the excitation of a transverse mode in the two disks structure.

The question that arises is if one of those configurations can lead to an anti-phase, a
dark mode. However, the analysis of the far-field scattering images is not straightforward,

and the question can not be answered directly.

Near-Field of Two Coupled Disks In order to get a further understanding of the
scattering behaviour of two coupled disks under different excitations, simulations of the
scattered near-field have been performed. The resulting near-field images are plotted in
Fig.[L9 First, the near-field image (a) confirms the excitation of the in-phase longitudinal
mode. We achieve a near-field enhancement of 140 and a strong field confinement in the
gap.

However, the analysis of the other images is not so easy. Image (c) reveals the excitation
of a transverse mode, no field confinement in the gap is observed. However, the near-field
enhancement close to the disks along the y-axis is slightly asymmetric. This feature

may be an indication of the excitation of an asymmetric transverse mode (see sketch in

Fig. E9 (c)).
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Figure 4.9 — Simulation of the near-field intensity |E*¢|? of two coupled disks (d = 150 nm, gap=
40 nm). The near-field in the x-y plane is plotted 10 nm above the surface of the
disks for 4 different illumination configurations: (a) wave vector L to dimer axis, s-
polarization, (b) wave vector || to dimer axis, p-polarization, (c) wave vector || to dimer
axis, s-polarization, and (d) wave vector L to dimer axis, p-polarization. Note that

only the in-plane components are plotted, i.e. the x- and y-components.
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The image in Fig. (b) reveals a near-field enhancement by a factor of 20 in the gap
between the disks which is an indication for the excitation of a longitudinal mode. The
smaller enhancement, compared to configuration (a) is due to the smaller amplitude of
the component F,°°. Note that the out-of plane component, i.e. FE.*, amounts to an
enhancement of 80, which is due to its significant contribution in this configuration. We
observe a strong asymmetry of the field confinement compared to the in-phase longitudinal
mode observed in image (a).

Regarding the near-field map shown in image (d) it is seen that here the field is only
weakly scattered in the near-field, we have an enhancement factor of 5 for the in-plane
components. The out-of plane component results into an enhancement factor of 30, hence
it constitutes the major part of the near-field, as it is expected. This near-field map does
not reveal any asymmetry, and there is no field confinement in the gap. The particular
feature of an additional branch appearing in the far-field scattering images (see Fig. A8

(d)) may be due to the near-field, mainly concentrated above the disks structure.

Angular Scattering Pattern of Two Coupled Disks In Sec. 1.3 we have seen that
the Fourier space contains information on the angular distribution of the scattered light,
and we have shown that a single disk behaves like a horizontal dipole. In order to get a
deeper insight into the scattering behaviour of two coupled disks illuminated under four
different configurations, we analyse the Fourier planes of their holograms. The resulting

images are presented in Fig. .10
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Figure 4.10 — Fourier planes of four different illumination configurations of two coupled disks.
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Let us first have a look at the Fourier plane images (a) and (c¢) which correspond to the
longitudinal and transverse modes in the two disks, respectively. Image (c¢) exhibits one
lobe along the k,-axis and shows some pixels of higher intensity in its opposite direction.
Overall it strongly resembles the Fourier plane image that we obtained with a single disk
(see Fig. @4). Hence, this feature indicates that configuration (c) excites a transverse
mode, resulting into two disks behaving like two horizontal dipoles. In configuration
(a) it is recognized that most of the intensity is distributed in the bottom left k-space,
containing the negative k-values. This angular scattering pattern differs from the one
observed in (c) which is not surprising since we expect the excitation of a different mode.
In configuration (a) we excite a longitudinal mode of the two disks with a strong near-field
coupling. The discrepancy in the Fourier planes between (a) and (c) is attributed to the
influence of the strong near-field coupling. We observe in the angular scattering pattern
that the scattering is distributed around negative polar angles, thus in opposite direction
compared to the scattering of configuration (c¢) and around smaller angles, indicating a
more directional scattering along the z-axis.

[llumination configuration (b) results into a relatively homogeneous distribution of the
intensity in k-space, similar to configuration (a), but more centred in the k-space. Lastly,
configuration (d) exhibits a weak lobe oriented along the —k, axis. The two high intensity
pixels on the right in the image result from the scattering of the gold frame on the sample
which is in this kind of configuration more evident due to the weak scattering signal.
Images (c) and (d) are very different, which supports the assumption that in each case, a
different transverse mode is excited.

Du to the pixelation in the k-space, we obtain a relative coarse angle resolution of around
8°, therefore the graph in Fig. [L.11] can give only indications of the scattering directions.
Overall the graph confirms qualitatively the previous observations of the Fourier space
images.

We have seen that each hologram obtained under a different illumination configuration
is characterized by a different angular scattering intensity distribution. This observation
indicates that different modes are excited in the two coupled disks structure by varying
the polarization and the propagation direction of the incident wave, thus confirming our

previous interpretations.

Interpretation and Conclusion The two disks system that we have studied here has
a resonance at a wavelength of 800 nm, thus near the excitation wavelength used. This

resonance wavelength corresponds to the plasmon resonance of the in-phase longitudinal

3Note that the in all k-space images continuous vertical and horizontal lines are recognized, particularly
evident in image (d). These lines in the k-space correspond to the scattering of the gold frame situated
at a distance of 25 pm from each nanostructure. This gold frame has been introduced in the fabrication
process and serves for better identification of the single nanostructures on the sample. See Ch. 3] for
details.
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Figure 4.11 — Angular normalized intensity distribution I,,guiqr as a function of the polar angle ¢

for four different illumination configurations of two coupled disks.

mode. Usually, the anti-bonding mode has a higher energy than a bonding mode, and
its plasmon resonance is therefore expected at lower wavelengths. However, the exact
resonance positions of the anti-phase modes in our nanosystem is not known due to
the symmetric illumination that was used both to record and to simulate the scattering
spectra. Experiments or simulations would be needed for the study of the scattering in
an anti-symmetric configuration that allows the excitation of anti-phase modes.

The presented study of the excitation of different symmetric and asymmetric modes is
of preliminary nature. The results of experiments and simulations give good indications
towards their interpretation, but most of our interpretations remain speculative since we
do not have a complete insight into the scattering behaviour. Therefore, an analytical
description would be necessary to analyse the scattering behaviour completely and to fully
understand the physics. An analytical study is intended with the theoretical expertise of
the group around N. Bonod. However, it is remarked that the features derived from the
near-, far-field scattering maps and the angular scattering analysis are in their ensemble

coherent and, thus, support our interpretations.

4.2.5 Conclusion on Two Coupled Nanodisks

In this section, we have studied the spectral and the spatial scattering behaviour of two
coupled nanodisks. The coupling of two nanoparticles results into an increased near-
field enhancement in the gap. We have summarized the results on different experimental
and numerical studies on the two coupled nanodisks system. A simple dipolar model was
introduced to explain the red-shift of the plasmon resonance with decreasing inter-particle
distance. The plasmon hybridization model was briefly described to explain the effects of

coupling of two nanoparticles. The coupling results into a mode-splitting, a lower-energy
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in-phase mode and a higher-energy anti-phase mode.

We presented the results of measured and simulated scattering spectra of two disks.
The resonance wavelength decays exponentially with increasing gap width. This observed
exponential decay can be qualitatively explained by the dipolar-coupling model which de-
scribes the interplay of two factors: the dependence of the single particle polarizability on
the cubic power of the particle dimension and the decay of the particle plasmon near-field
as the cubic power of the inverse distance. Overall, the accordance between measurements
and simulations is very good. Our obtained results agree well with former studies and are
well in line with theoretical descriptions.

We studied further the spatial scattering characteristics obtained by holographic mea-
surements and near-field simulations. Different illumination configurations have been
studied and analysed. Furthermore, we have presented an analysis of the Fourier space
in order to get insight into the angular scattering pattern of two coupled disks under

different illumination configurations.

4.3 'Two Coupled Nanorods

A typical nanodimer geometry that has been extensively studied during the past years is

composed of two end-to-end coupled nanorods (Aizpurua et al. 2005; Smythe et al. 2007
Muskens et al. 2007). The strong coupling between the rods over a narrow gap creates
highly localized and strongly enhanced optical near-fields in the gap. This effect makes

this structure ideal for an efficient antenna for light.

4.3.1 Light Scattering of Coupled Rods

In order to simulate the scattering response of a rod-like rectangle, a rectangle with
dimensions L x w x h (L =length, w =width, i.e. 40 nm, and h =height, i.e. 30 nm) is
designed. To take into account the actual rod shape which is fabricated, due to the finite
size of the electron beam and the resolution of the lithography resist, rounded edges are
introduced on the rectangle’s ends using a hemispherical cap of 20 nm radius.

For the study of the coupling behaviour of the gold nanorods, various scattering spectra
have been simulated by changing the gap distance from 2 nm to 100 nm and varying the
length L of each antenna arm from 70 nm to 170 nm. As Fig. reveals, the obtained
plasmon resonance wavelengths are located in the visible and near IR regime, i.e. between
600 nm and 1000 nm.

Several observations are made: The simulated resonance wavelength dependency of a
single rod on the rod length is approximately linear. This result is in accordance with
precedent studies on a similar system (Muskens et al. 2007, Wissert et al_2009) and

well understood in the frame of the quasi-static model. Regarding the evolution of the
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Figure 4.12 — Plasmon resonance wavelengths Agpgr of simulated scattering spectra as a function
of rod length of single rods (stars) and coupled rods with varying gap distance (gap

g is in nm).

resonance wavelength of two coupled rods with a fixed gap size for increasing rod length,
we observe as well a linear dependency. The same linear behaviour has already been
observed in the case of two coupled disks when changing the disk diameter, see Ch. 1.2.3

Secondly, the resonance wavelength of rods with a narrow gap distance of 2 nm are
strongly red-shifted (about 40 nm) compared to a 10 nm large gap, indicating a strong
coupling. Increasing the gap further results into an increased shift of the resonance to-
wards lower wavelengths, i.e. towards higher energies. At a gap of 100 nm the resonance
peak superimposes on that of a single rod, which indicates that the regime where the two

rods are completely uncoupled is reached, and only the single rod resonance dominates.

The plasmon hybridization model predicts a vanishing energy splitting with increasing
gap. Hence, the bonding mode which we observe in this case due to the symmetric
illumination, increases in energy until the splitting is zero at large gaps, i.e. for uncoupled
rods. This effect is nicely reproduced by the simulations. Another interesting feature we
observed is that for short rod lengths the shift in the resonance peak for decreasing gap is
smaller than for long rod lengths (change of slope). While two 10 nm spaced rods of 70 nm
length experience a shift of 35 nm compared to the single rod resonance, the resonance of
a single rod of 170 nm length shifts the double, about 75 nm for two 10 nm spaced rods.
This is explained by the fact that for small rod lengths, the rod is nearly spherical and

edge effects become more important which results into a lowering of the frequency shift.

Since we are interested in studying the interaction of nanorods with frequencies in
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Figure 4.13 — (a) Measured normalized scattered intensity spectra of coupled rods (gap=20 nm)
with varying rod length. (b) Comparison of resonance peaks between simulation and

measurements.

the visible range, we performed our spectroscopic measurements on short rod lengths.
Figure. (a) shows the measured normalized scattered intensity spectra of 4 different
coupled rods. If we compare the resonance variation due to a change in gap to the
variations induced by varying rod length, the simulation reveals that the strongest shift is
observed when changing the rod length L. Thus, for the spectral measurements we varied
the rod length and fixed the gap size at 20 nm for the structures under investigation. The
choice of this gap size is a good compromise between a strong coupling of the two rods and
the certainty of a well defined gap. We see that for increasing rod length the scattering
spectrum shifts to red as expected. However, both spectra corresponding to rod lengths
L =110 nm and L = 130 nm overlap. In fact, this feature unveils the upper limit of the
spectral sensitivity of the spectrometer. As a result, at longer lengths L the value of the
measured resonance wavelengths appears to remain constant, at about 750 nm.

A direct comparison of Agpr between measurement and simulation is shown in Fig.
(b). For short rod lengths, the accordance between measurement and simulation is excel-
lent. This reveals at the same time the high quality and great accuracy of the nanofab-
rication, the excellent sensitivity of the spectroscopic measurements for the recording of

spectra of single nanoobjects and, moreover, the good functionality of the FEM model.

4.3.2 Near-Field of Single and Coupled Rods

The calculated near-field maps of one single and two coupled (gap= 20 nm) nanorods
at two different excitation wavelengths (A\; = 658nm and Ay = 785nm) are displayed in
Fig. ET4. We plotted the intensity I = |E,*°|?, i.e. the scattered near-field intensity along

the long rod axis. The excitation light is polarized along the rod axis and the near-field
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Figure 4.14 — Simulated near-field of a single rod (a) and two coupled rods (L = 130 nm, gap=
20 nm) at Aeze = 658 nm (b) and Aeze = 785 nm (c) 10 nm above the structure.
The red arrow indicates the orientation of the electric field and the white dotted lines
the position of the nanorods. The length scale is equal for all images. Note that the
intensity I = |E5¢|? is plotted.

is calculated 10 nm above the objects. According to Fig. (b), the dimer structure
resonates at a wavelength of 790 nm, whereas the single rod is at resonance at a slightly
lower wavelength, notably at 750 nm (see Fig. .I3).

The single rod exhibits strong near-field enhancements at each rod end, centred above
the rod. We note that the single rod is not excited at resonance, but near to it. The highest
near-field enhancement of the dimer is situated in the gap at an excitation wavelength
close to its resonance wavelength. An intensity enhancement of up to 500 is reached on
the dimer structure at Ay = 785 nm, compared to an enhancement of 10 at an excitation
wavelength of \; = 658 nm. This concentration of intensity in an area of subwavelength
size is usually called hot spot. Furthermore, from Fig. T4l (c) it is seen that there is also
a concentration of intensity close to the rod’s ends opposite to the gap. This intensity
enhancement is attributed to the single rod near-field enhancement which is usually found
at both rod ends as Fig. 14 (a) reveals. However, the gap enhancement in the dimer

exceeds largely the field enhancement on the rod’s ends.

4.3.3 3D Far-Field Images of Light Scattered by Coupled Rods

The near-field images in Fig. .14] showed us that a two-coupled-rods system, excited
at its resonance wavelength, resonantly enhances the near-field in the gap, up to an
enhancement factor of 500. We may also expect a difference in the far-field when a dimer
is excited at resonance or off resonance. Therefore, we investigated the scattered far-field,
by recording holograms of the scattered light of different rod dimers. In order to excite
the rod dimer close to its resonance or far from it, we chose to study dimers with various
rod lengths, since the position of the resonance varies stronger as a function of length

than of gap size. The holograms were recorded with an excitation wavelength of 785 nm.
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Figure 4.15 — Scattering cross sections of holograms recorded at A.;. = 785 nm of different rod
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dimers, gap= 20 nm. The rod length changes, from left to right: L= 80, 130
and 170 nm. The corresponding resonance wavelengths determined by measure-
ment/calculation are given on top of each image pair. The top images show the y-z
plane, and the bottom images the x-z plane of the scattered light. The length of the

scale bar is 1um.

Figure displays scattering cross sections of three different rod dimers, i.e. the y-z
(upper images) and x-z (bottom images) planes. The rod length in each dimer is 80 nm
(left images), 130 nm (middle images) and 170 nm (right images). The corresponding
resonant wavelengths which were derived from Fig. are 625 nm, 780 nm and 920 nm,
respectively. That means that the dimer composed of 130 nm long rods is excited at
resonance, whereas the other two dimers are off resonance. Like in the case of single disk
holograms a dipole-like scattering is recognized. At first sight unexpectedly, no particular
variation in the emission pattern is seen comparing the different holograms.

In order to understand this, we have to analyse the conditions under which we measure
the detected scattered light. At each measurement of a hologram the density filters in
the object beam are adjusted in order to obtain always a maximum of detected signal on
the CCD camera which is crucial if we want to record the scattered light of nanoobjects
with good accuracy. The outcome of this is that a direct comparison of the amplitude
of different measurements is not possible, especially in the case of measurements under
different conditions (e.g. change of nanoobject, polarization or wavelength).

Bearing in mind this consideration, two explanations are possible when discussing the
scattering maps in Fig. .15 Firstly, regarding the near-field scattering behaviour, the

near-field reveals that even a dimer excited off-resonance behaves like a dipole. The most
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important difference is the amplitude of the near-field enhancement. But as we have
seen, a direct absolute comparison of the scattered field amplitude is not possible in this
kind of holography technique. Therefore, considering that the most important change
resulting from a change in excitation is a variation in the scattered field amplitude, which
we cannot measure reliably, we must conclude that the shape of the scattering patterns
of rod-dimers, being at or off resonance, do not vary significantly in the far-field to be
detected. Considering this explanation, we conclude that the far-field scattering maps are
in coherence with the near-field scattering maps. In order to study this in more detail, a
measurement of the absolute intensity is necessary. Another possible explanation assumes
an existing modification of the scattering pattern in the far-field, but with a variation
beyond the spatial resolution of our setup, hence undetected.

In summary, the 3D images of scattered light of nanorod dimers reflect a dipole-like
scattering, but no influence of the excitation wavelength on the scattering patter is de-
tected which leads us to the conclusion that the change in the far-field scattering under
a different excitation wavelength, is either too small to detect or not significant in the

far-field scattering.

4.3.4 Conclusion on Coupled Rods

We have characterized the scattering properties of two coupled nanorods, which is an
ideal structure for a nanoantenna. Measured and simulated scattering spectra have been
analysed. The resonance wavelength of a single rod and as well of two coupled rods is
approximately linear with the rod length, and it blue-shifts with increasing gap size. The
resonance for largely spaced rods approaches the single rod resonance. These observations
are explained in the frame of the quasi-static model and the plasmon hybridization model.

Near-field simulations revealed a strong increase in intensity located in the gap at an
excitation wavelength, as it is expected in such kind of structure. However, we observed a
big difference in the enhancement factor: for an excitation wavelength near the resonance
wavelength of the structure, a factor of 550 is obtained, compared to a factor of 10 for
an excitation wavelength far from its resonance. The far-field scattering images that
we obtained by holography reflect well a dipole-like scattering, but no influence of the
excitation wavelength on the spatial repartition has been observed. This led us to the
conclusion that either different excitation wavelengths do not result into a significant

change in the far-field scattering pattern or that its effect is too small to be detected.

4.4 Conclusion

In this chapter we have presented a detailed study of elementary nanoobjects, notably

single and coupled nanodisks and nanorods. The main purpose of this study was the
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validation of our experimental and simulation techniques and their justification for the
application of plasmonic nanostructures.

The comparison of simulated and measured scattering spectra resulted into an excellent
agreement between both, confirming the excellent sensitivity of the spectroscopic setup in
view of the detection of scattered light by single nanoobjects, and validating our developed
FEM model with regard to simulations of basic plasmonic nanostructures on a substrate-
air interface.

The coupling of two nanoparticles is characterized by a near-field enhancement and con-
finement in the gap, and a red-shift of the resonance wavelength. Generally, the plasmon
resonance decays exponentially with increasing gap towards the single particle resonance.
Those features can be explained within the framework of the plasmon hybridization model,
which we introduced briefly, and the dipolar-coupling model. Overall we state that our
experimental and calculated results are in excellent agreement with theoretical predic-
tions and previous studies, thus justifying and validating our experimental and numerical
know-how for single plasmonic nanoobjects.

Holographic measurements of coupled nanoparticles resulted into three dimensional
scattering maps from which we derived a dipole-like scattering behaviour: The cross-
sections parallel to the z-plane reveal forward scattered light along the z-axis having an
elongated ellipsoidal shape.

We performed a preliminary study of different modes that can be excited in a system
of two coupled disks, especially with regard to the excitation of so called bright and dark
modes. We analysed far-field scattering images from holographic measurements, their
corresponding angular scattering images and near-field maps obtained from simulations.
We have shown that each illumination configuration resulted into the excitation of a
different mode. An analytical description is necessary, which is being carried out at the
Institut Fresnel.

In addition, we examined the spectral and spatial (both in the far- and near-field)
properties of two coupled rods. Overall, all results obtained on the coupled rod system
are confirmed both by theoretical predictions and precedent studies of similar structures.

We have shown that both our experimental and numerical techniques to characterize
the far- and near-field scattering of a plasmonic nanostructure result into an excellent
agreement with theoretical predictions. Therefore, by the study of elementary plasmonic

nanoobjects we have validated and justified the techniques all along the line.
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The world in a grain of sand.

William Blake

There is a theory which states that if ever anyone discovers exactly what the Universe is
for and why it is here, it will instantly disappear and be replaced by something even more
bizarre and inexplicable. - There is another theory which states that this has already

happened.

Douglas Adams
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he results presented in Ch. Ml on fundamental nanoobjects, demonstrated on the one
hand our capability to measure and simulate scattering spectra of nanoobjects and

on the other hand our ability to record three dimensional images of the scattered light
by nanostructures. This chapter addresses the study of more sophisticated nanoobjects,
i.e. nanostructures of complex geometry with scattering characteristics which are more
difficult to model and to understand intuitively. The aim of this chapter is to apply our
developed imaging technique to a novel set of plasmonic objects. An extensive study on
chains of nanodisks will be presented. Furthermore, the coupling behaviour in triangular

structures will be examined.

Nanopartlcle chains have attracted a lot of attention for their ability to confine ( Krenn

et al. 1999) and guide light through subwavelength cross-sections (Quinten et al 1998;;
Maier et al. 2003). Moreover, under an extended illumination, intense and sub-lambda
free-space hot spots of similar magnitude as reported for nanometer gap systems can be
achieved (Ghenuche 2009). Most of the recent studies on metal nanoparticle chains are
of numerlcal nature (Quinten et al. 1998} |Girard and Quidant 2004} Ghenuche et al.
2005 \Koenderink and Polman 2006; [Léveque and Quidant 2008; Deyllez et _al. 2010a;
Willingham and Link 2011} |Lester and Skigin 2011]), but some experimental investigations
are also found (Krenn ef al. 1999; Mai Maier_et_al. 2003: Ghenuche et al.
2007; ISuck et al. 2011). However, a systematic study of their resonance spectra and
scattering patterns is still missing. Inspired by [Ghenuche et al. 2007, who investigated

chains of nanoparticles by two photon luminescence spectroscopy, we are interested in

studying the scattering of chains of nanodisks by numerical heterodyne holography, a
technique that is not yet well known in the domain of plasmonics. Using direct holography
we will examine the scattering characteristics of a nanodisk chain under the viewpoint
of an optical antenna. An optical antenna can be apprehended in different ways, i.e.
as a device which can direct the emission of a source in a given direction or, conversely,
concentrate radiation coming from a given direction to a confined region of subwavelength
size. In this context the directivity is a measure of an antenna’s ability to concentrate or
collect radiated power into a certain direction. We will show that a nanodisk chain has

the ability to scatter light directionally perpendicular to the chain axis.

Furthermore, we will show that, taking advantage of heterodyning, photothermal holog-
raphy is a technique that gives direct insight into the temperature of an alternatively
heated nanostructure and its modulated temperature distribution. In direct or photother-
mal holography, the polarization of the incoming illumination is of course essential: the
behaviour of an antenna in parallel or perpendicular polarization is extremely different.

We will show that this difference reveals the coupling strength between various structures.

Another geometry that is examined is the novel triangular structure presented in
Ch. Bl This structure is composed of two very long and very thin coupled right-angled
triangles. In this way, under an incident light polarized parallel to the short legs of the tri-
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angles, the small gap-spaced structure behaves essentially as two coupled rectangles with
changing length. We will show that this structure permits to examine different resonance
conditions that appear on different sites on the structure, depending on the length of the
rectangles. Its main advantages are (i) a continuously varying “pseudo-rod” length, and

(ii) a larger available metal surface allowing easier far-field measurements.

5.1 Probing the Coupling of Nanodisk Chains by Spec-

troscopy

Before we begin with the analysis of the scattering images of nanodisk chains, it is impor-
tant to get a detailed knowledge of the scattering spectra of these structures. This will
help us later to fully understand the holographic images of the scattered light. In this
section we study extensively the scattering spectra of a great variety of nanodisk chains
by far-field spectroscopy. Far-field spectroscopy has proven its ability to detect scattering
spectra of single nanodisks with high accuracy (see Ch. [IT]). We will experimentally
show that nanochains exhibit longitudinal and transverse modes. Furthermore, we will
demonstrate that near-field coupling between the disks influences the far-field scattering
spectrum of the chain. The experimental results will be qualitatively compared to results

from simulations.

5.1.1 Longitudinal and Transverse Modes in Nanodisk Chains

First of all, we are interested in studying the influence of the polarization of the incident
light on the scattering response of the chain. Maier and co-workers have demonstrated that
far-field spectroscopy on chains of gold nanoparticles revealed the existence of longitudinal
and transverse plasmon modes (Maier et al. 2002). For this experiment, they used a

white light illumination with a polarization either in the direction of the chain axis or

perpendicular to it. The authors showed that the plasmon resonance of the longitudinal
mode was red-shifted with respect to the transverse plasmon mode resonance. The shift
diminishes with increasing gap and is directly related to the near-field coupling between
the nanoparticles in the chain. Maier et al. understood the polarization dependence of the
plasmon resonance from a model treating the Au particles as point dipoles (Brongersma
et al. 2000; Maier et al. 2001)). The excitation of transverse and longitudinald modes has
beenlalso reported in nanoantenna structures, such as coupled nanorods (I Muskens et al.
2007; Wissert et al. 2011).

Figure B0l shows the results of our measurements on one chain type where we plotted

the normalized scattering spectra of two chains for polarizations parallel (continuous lines)

and perpendicular (dashed lines) to the chain axis. Two observations can be made:
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Figure 5.1 — Normalized scattering spectra of two different chains consisting of 8 disks (gap =
20 nm) with a diameter of 100 nm (red curves), or 150 nm (blue curves), respectively,
obtained with parallel (continuous lines) or perpendicular (dashed lines) polarized light

with respect to the chain axis. Scheme on the left clarifies the situation.

(i) The scattering spectra of chains with large disks are red-shifted with respect to the

spectra of chains with smaller disks (blue curves versus red curves).

(ii) The scattering spectra obtained with light polarized perpendicular to the chain axis
are shifted towards lower wavelengths compared to spectra obtained with parallel

polarized light (dashes curves versus continuous curves).

Both effects can be qualitatively understood considering that small objects (small disks,
or disk chains illuminated perpendicularly, i.e. weakly coupled) resonate at shorter wave-
lengths than larger objects.

In order to examine more closely the excitation of these different modes, polarization
dependent measurements on various disk chains are performed. The results are summa-
rized in Fig. where we plotted the measured resonance wavelengths as a function of
disk number and polarization. Once again, we must keep in mind that the fabrication of
such precise nanostructures does not have a perfect yield: some structures have imperfec-
tions which induce variations. Superimposed with measurement noises, this can strongly
influence the results. Several interesting features can nevertheless be identified with good
certainty: Firstly, the plasmon resonances of chains consisting of disks with a diameter of
150 nm are red-shifted compared to the resonances of chains with a 100 nm disk diameter.
This feature has already been observed in Fig. 5.1} and is attributed to the linear scaling
of the plasmon resonance wavelength with the size of the nanostructure.

Secondly, we confirm the second observation made in Fig.[5.Jland note that for all chains

the resonance wavelengths obtained with perpendicular polarized light (empty symbols)



5.1. Probing the Coupling of Nanodisk Chains by Spectroscopy 109

850 T ¥ T ¥ T J T ¥ T Y T
—e— d=100nm

4 OI d 1—e—d=150nm
800 + 1

%
\\
@

. 7 50_- \Q\ i _
n < - IE” 1 /§ et . ]

) § e s
= N | g
z 700+ ’ \g/ 7
(<UJ D {}":{}' *-?:;:.'_:,'.:_Z,',Z_’_fjjé;“"’: s 9 """" tt:"‘”'-t:gé‘ HEAERA
650 B .
O Jomann eaany T _OQ)Q
\—— o

600 + ' 8

disk number n

Figure 5.2 — Dependence of the plasmon resonance on disk number and polarization: polarization
parallel to chain axis (full symbols) and perpendicular to chain axis (empty symbols).
The red (blue) symbols correspond to 100 nm (150 nm) large disks. For better com-
parison, the disks in all chains are spaced by the same gap of 20 nm. The lines are

guides to the eye.

are blue-shifted with respect to those measured with parallel polarized light (full symbols).
The difference in Agpg between the two polarizations ranges from 14 nm (chain: n = 10,
d = 150 nm) to 154 nm (chain: n = 15, d = 100 nm).

Thirdly, analysing the transverse mode of the different chains it is evident that its res-
onance position does not depend on the chain length (see empty symbols in Fig. (£.2)).
Within the experimental accuracy, all transverse modes are situated around the same
wavelength, at 634 nm (for 100 nm disks) and 677 nm (for 150 nm disks). These values
are indicated by the dotted lines in Fig. 0.2l It has to be emphasized that the transverse
modes do not coincide with the single disk mode. This is due to the fact that the in-
vestigated chains have a disk spacing of 20 nm, the disks are still coupled and near-field
interactions induce a frequency shift away from the single disk plasmon mode, towards
higher energies (Maier ef al. 2002).

Lastly, it is remarked that Fig. does not reveal any clear tendency in the correlation

between the plasmon peak position of the longitudinal mode and chain length. This
observation may allow the assumption that the plasmon mode is not directly correlated
to the disk number in the chain but follows more complex laws. A similar behaviour in
nanoparticlle chains has been mentioned before mostly in numerical studies (I Ghenuche
et al. 2005; |Ghenuche et al. 2007), and thus confirms our observations. In this context,

we would like to remark that up to our knowledge we are the first group providing such an

exhaustive, fully experimental study about the influence of disk number on the resonance
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modes in a disk chain.

In conclusion, we have shown that the polarization of the incident light has a strong
influence on the resonance position of the scattering spectrum of the chains. Depending
on the polarization of the incident light, nanodisk chains exhibit longitudinal or transverse
modes. Whereas the resonance of the longitudinal mode fluctuates with changing chain
length, the resonance of the transverse mode is mostly independent of the disk number.

Compared to the longitudinal mode, the transverse mode has a higher energy.

5.1.2 Far-Field Scattering Revealing Near-Field Coupling in Nan-
odisk Chains

We have seen that the longitudinal modes in a chain reveal the near-field coupling between
the disks. Therefore, we were interested in examining more closely the coupling behaviour
by far-field spectroscopy. We measured scattering spectra of different chains as a function
of gap width. The resulting resonance wavelengths are shown in Fig. (a) where the
resonance wavelength Agpg is plotted as a function of the gap for various chains. The
blue-coloured symbols correspond to the plasmon resonances of chains with 100 nm disks

and the red-coloured symbols to those of chains consisting of 150 nm disks.

(a) (b)
850 T T T 0,21 T T
d=100nm: |d=150nm: 4 d=100nm: n=5
n=4 e n=12 d=100nm: n=4
8004 ¢ A n=5 | & n=17 | v d=150nm: n=20
. <4 n=17| v n=20 e d=150nm: n=12
Y : 0,14 7
5 § v 3 -
=) Hily r 3 v ¢ A °
E "')—_"_'?-"i—-"k ————— ! ______ i = (<
« 4 < < 1lv J
< q00] I 0,07 .
= 4
1 4 v ®
650 L . v
g opmmosane e o Mo e o e 0,004 o v 4
T T T T T T T v T T T
0 20 40 60 80 100 0,0 0,5 1,0
gap (nm) gap/diameter

Figure 5.3 — (a) Surface plasmon resonance wavelengths as a function of the gap between the
disks for various chains. The red (blue) symbols correspond to chains with 150 nm
(100 nm) large disks. The upper (red) and the lower (blue) dashed lines correspond to
the (measured) resonance wavelength of a single disk of 150 and of 100 nm diameter,
respectively. (b) Fractional plasmon shift AX/)g for 4 chosen chains as a function
of gap-diameter ratio. The continuous lines are exponential decay fits of type: y =
aexp(—z/T) + yo.

Whereas the 17 disks chain (d = 100 nm) exhibits globally a large red-shift of A\gpr

compared to its corresponding single disk mode, the other chains exhibit smaller red-shifts.
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This effect may be attributed to the chain length. Although not entirely evident for all
chains, we observe that an increasing gap leads to a decrease in the resonance wavelength.
For large gaps (100 nm) the resonance wavelengths for both chain types approaches the
single disk modes (indicated by the dashed lines). The resonance dependence on the gap
exhibits an exponential decay behaviour. Such an exponential decay has been already
observed in the case of two coupled disks and is qualitatively explained by the dipolar-

coupling model. In fact, it has been shown that this model is also valid for disk chains or

waveguides (Brongersma et al. 2000)).

It must be remarked that the strong deviation of the measured values for the smallest
gap from the expected tendency can be attributed to two factors: the nanofabrication and
the sensitivity of the spectrometer. The fabrication of very small gaps less than 20 nm
is very delicate. Therefore, disks which are expected to be spaced by a gap of 10 nm
may be connected. It has been shown that this overlapping leads to a strong change in
resonance (Atay et al. 2004) which has been discussed in Ch. 23] The second factor,

that may be relevant, is the upper limit of the wavelength sensitivity of our spectrometer

which cuts off spectral peaks situated in the near-IR spectrum. This may explain the
unexpected, relatively short resonance wavelengths for small gaps in the chains of 150 nm
sized disks. This feature has been discussed previously in Ch. L.2.3

The Decay Constant of Finite Disk Chains In order to examine the feature of the
resonance wavelength decay more closely, we analysed quantitatively the decay constant
7. For this, we plotted the fractional plasmon shift, i.e. AX/A\g with AN = Agpr — Ao
where )y denotes the single disk resonance, against the gap-diameter ratio for 4 chosen
chains. The results and their exponential fits of type y(z) = a-exp(—x/7)+1yo are plotted
in Fig. (b). The numerical values of the decay constant of each analysed chain are
presented in Tab. Bl

d=100 nm d=150 nm
n=2 (exp.) n=4 n=> n=2 (exp.) | n=12 n=20
7 | 0.25£0.06 0.23£0.10 | 0.21 £0.02 | 0.19£0.06 | 0.33 £ 0.30 | 0.17 £0.10
0.41 £0.05 0.43£0.16 | 0.10 £ 0.00 | 0.14 £0.02 | 0.13 £ 0.04 | 0.10 £0.03
Yo | —0.01 £0.02 | 0.01 £0.02 | 0.00 £ 0.00 | 0.00 £ 0.01 | 0.00 £ 0.03 | 0.00 £ 0.01

Table 5.1 — Exponential fit values 7, a and yq of 4 different disk chains. For comparison we included

the experimental values from our two disks study.

Comparing the values of the three constants, we notice that they correspond roughly
to each other, meaning that the decay trend becomes independent of the nanoparticle
size on account of this scaling. We derived the averaged constants: 7 = 0.23, @ = 0.22
and Yo = 0. Figure (b) reveals that the fits corresponding to the 5 and 20 disks chain

superpose, whereas the other two fits diverge from this trend resulting into a deviation of
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7 and a from the averaged constants. These large deviations for the 4 and 12 disks chain
are ascribed to an imperfect geometry of the structures.

Additionally, we included in Tab. 1] the values derived from our experimental study
with two coupled disks from Ch. The comparison shows a good agreement between
two coupled disks and chains of a higher number of disks, meaning that the dipolar model
on which the scaling is based, fits also very well for the description of finite nanodisk
chains.

In conclusion, we have shown that the decay trend of nanodisk chains follows the
same behaviour than that of two coupled disks. We derived a decay constant 7 of 0.23
valid for all chains, meaning that the decay trend is independent of the nanoparticle
size, but dependent on the spacing-size ratio. As a result, the dipolar coupling model
describes as well the resonance wavelength dependence of finite nanodisk chains. Overall,
we have demonstrated that the resonance exhibits an exponential decay of equal constants

regardless of disk length or disk size.

Simulation of Scattering Spectra of Nanodisk Chains

In literature, not many numerical studies on metal nanoparticle chains are found that
investigate the influence of the particle numbers ((Ghenuche ef al. 2005; Girard and
Quidant 2004I). |Ghenuche et all investigated the scattering spectrum as a function of the
particle number in a chain using the Green Dyadic Method. |Girard and Quidant| developed

a self-consistent model to calculate the near-field transmittance of metal particle chains
with increasing particle number. Both studies found different scattering/transmittance
amplitudes with changing particle number, but no clear dependency of the resonance peak
position on the particle number was stated. [Ghenuche ef all found a peak difference of
25 nm for varying the chain length from 5 to 20 particles.

However, a numerical study investigating the influence on the gap on the scattering
spectrum is missing. Additionally to our experimental investigations, we performed FEM
simulations to determine the scattering spectra of various chains with changing gap and
varying disk number. Fig. [5.4] shows the simulated scattering spectra of chains consisting
of 12 disks. Two parameters are varied: the disk diameter (100 and 150 nm) and the
interdisk spacing (10, 30 and 50 nm). For the purpose of comparison, the scattering
response of the single disks is added in the graph.

Again, three observations can be made: (i) The spectra of chains with larger disks
are red-shifted. (ii) An increasing gap induces a blue-shift of the spectrum. (iii) The
resonance wavelength of the chains approaches that of the single disk resonance for large
inter-disk spacings. Whereas the chain with 100 nm disks already reaches the single disk
resonance for a gap of 50 nm, the resonance position of the chain with larger disks of
50 nm spacing is still about 80 nm red-shifted compared to the corresponding single disk

resonance. This means that the coupling in disk chains is dominated by the diameter-gap
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Figure 5.4 — (a) Scattering spectra from simulations of various chains consisting of 12 disks with
disk diameter of d = 100 nm (continuous lines) and d = 150 nm (dashed lines),
respectively, and varying spacing. The black spectra correspond to the single disks.

ratio and not only by the gap size alone, as observed previously. Overall, these features are
in excellent agreement with the observations that have been made earlier when analysing

our experimental results.

Further simulations were performed in order to investigate the gap dependency of the
plasmon resonance for chains of various lengths. The results are summarized in Fig. [5.5]
where the plasmon shift A\ is plotted against the gap for a set of different chains. For

better comparison, the disk diameter is constant for all plotted chains.

First of all, the simulations confirm the exponential decay of the plasmon resonance
with increasing disk spacing. The second important message derived from Fig. is that
the number of disks in a chain on the resonance position has no significant influence.
The strongest shift in the resonance position underlies the gap spacing. For various disk
numbers we find a small variation of about 60 nm on the resonance position, but no
explicit correlation is observed. This variation may be due to the broadening of the
calculated spectrum which increases the inaccuracy to determine the peak position of the

wavelength.

Taken into account the considerations above, we derive the decay constant from ex-
ponential fitting over all points of all chains, and we obtain 7, = 0.13 + 0.01, as, =
0.76+0.03 and yo_sim = 0.00£0.01. These values, however, differ strongly from the values

derived from measurements. This discrepancy is attributed to the large resonance shifts
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Figure 5.5 — Plasmon shift of different chains (d = 150 nm) as a function of gap deduced by
simulations. The continuous line corresponds to an exponential decay fit.

A up to 350 nm. For comparison, in the case of two coupled disks we calculate a reso-
nance shift of maximal 200 nm. In fact, these observations led us to the conclusion that
the resonance of a disk chain depends however on the chain length. For strongly coupled
chains, composed of more than 10 disks, the resonance is strongly red-shifted compared

to a chain of two disks.

Regarding the congruence of our experiments and simulations, we recognize that a di-
rect, quantitative comparison is not possible. However, the trends exhibited in each are
the same. The resonances found in our simulations, particularly for the small gap widths,
are generally more red-shifted than those we measured from disk chains of equal size and
spacing. In fact, these discrepancies are attributed to differences between the simulations
and our experimental situation. Our fabricated nanostructures have imperfections: elec-
tron beam lithography and lift-off leave the disks with slightly different diameter, rough
sides and non-uniform heights. Consequently, the gaps in-between the disks vary in size.
In the simulations we performed, the disks in the chain were all smooth and uniform in
shape, and the spacing between the disks was identical. These assumptions cannot be
made for the real structures. Furthermore, the sensitivity of the spectrometer has an up-
per and a lower limit of the detectable wavelength. Thus, if a chain exhibits a resonance
above or below this limit, the detected spectral maximum does not correspond exactly
to the real resonance peak of the chain. As a result, the simulated and experimental

resonances cannot coincide quantitatively.

It is important, however, to stress the fact that we observed the same general trends

both in experiment and in simulation. The qualitative agreement is excellent, and the
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results reflect very well the underlying physics.

5.2 Far- and Near-Field Maps of Scattered Light by
Nanodisk Chains

Far-field spectroscopy measurements revealed a strong gap and polarization dependence
on the plasmon resonance wavelength of the nanodisk chains. Similar observations have
been documented by previous studies, and the results can be understood qualitatively
with the dipolar coupling model. We are interested to study if similar dependencies can
be observed by studying the spatial far-field scattering properties. Fourier-space analyses
obtained in the back focal plane of an object reveal directionality, but cannot deliver a full
3D reconstruction since the phase is not measured. Up to now, no studies of 3D images
of scattered light by plasmonic chains can be found in the literature.

In this context, we will present and analyse maps of scattered light recorded on chains
under various conditions. We investigated the impact of both extrinsic and intrinsic
factors on the scattering pattern, e.g. the polarization of the incident light and its wave-
length, the disk number and the coupling strength. We will show, that all those factors
have a different impact on the far-field scattering pattern of the chains. Measured far-field
scattering images and simulated near-field maps will be discussed in detail.
Furthermore, it will be shown that the concept of an optical antenna can be applied to
nanodisk chains. An optical antenna is a structure that strongly enhances the interaction
of light with nanoscale matter and with a well defined emission pattern. Ideally an an-
tenna concentrates the emitted light into a certain direction. We will show that resonant

nanodisk chains can scatter light directionally.

5.2.1 The Influence of the Chain Length on the Far-Field Maps

Having a great variety of chains at disposition, we were firstly interested into investigating
how the number of disks n in a chain influences the holograms of the scattered light.
Figure shows cross sections along the x-z planes of different chains. For a better
comparison, the disk diameter is 150 nm in all presented chains and the disk separation
is 20 nm. In this case, the holograms were recorded at a wavelength of 658 nm. The
disk number increases from left to right in Fig. 5.6l With increasing chain length, several

features are observed: The scattering map of a 4 disks chain exhibits one hot spot. E' This

'For the purpose of simplifying the description of the scattering maps for the following, we will denote
the observed intensity accumulations on the chains as hot spots. It has to be noted, however, that this
expression used in this context does not have the same meaning as usually used in near-field optics where
a hot spot denotes a field concentration in a subwavelength sized area. When describing holograms, we

always analyse far-field images, i.e. the so called hot spots are not limited to a sub-lambda zone, but
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n=20

Figure 5.6 — Cross sections along x-z plane of holograms of disk chains, d = 150 nm, gap= 20 nm.
The exciting wavelength is 658 nm. From left to right, the disk number, i.e. the chain

length, is increasing.

scattering feature resembles the scattering characteristics observed with two coupled rods
or disks. Increasing the disk number to 8, the hot spot becomes broader in latitude, i.e.
along the x-axis which corresponds to the axis of the chain. This observation is consistent
with the increase in length. The length of a chain of 8 disks increases to 1.34 pm about
the double compared to a chain of 4 disks (length= 0.66 pm). Increasing the length
furthermore, a second hot spot develops (at n = 12). The two hot spots become broader
and more distinctive, until a third hot spots appears for a 18 disks chain. The scattered
map of a chain of 20 disks consists of three hot spots. Hence, three main regimes were
observed in the scattering maps: appearance of one, two and three hot spots.

In view of explaining these features, two interpretations are considered. Studying the
intrinsic properties of a gold particle chain by computing the local density of electromag-
netic states (ELDOS), [Ghenuche ef all introduced the hypothesis that a particle chain
can behave like a linear cavity (Ghenuche et al. 2005). Due to constructive interference
of counterpropagating fields, resonances build up in the chain, with periods independent
from the pitch of the particles, but dependent on the incident wavelength. Bearing this
hypothesis in mind, the scattering maps could therefore indicate that, depending on the
disk number, resonant modes build up in the chain which are then expressed by hot spots
in the far-field. Since in our case the resonant modes depend on the disk number, it

is concluded that an increase in chain length results into the creation of an additional

extend into the far-field.
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resonance observable in the far-field.

Another interpretation is based on the near-field coupling. We will see later that a
long chain composed of touching disks exhibits a scattering map similar to that of a long
single rod. No hot spots are observed. Hence, it may be concluded that multiple hot
spots arise mainly in chains with separated disks. In Ch. 1.3l we have seen that the
far-field images obtained from the scattering of a dipole are characterized by a bright
dot in the x-y plane and a forward scattering into air for the planes along the z-axis.
The far-field images shown in Fig. revealed similar features, but multiple, slightly
broader hot spots are observed. Intuitively, this effect could be understood as the creation
of multiple dipoles along the chain. It is known that the coupling between the disks
induces a near-field enhancement in the gaps. Due to the asymmetric illumination this
near- ﬁeld enhancement is not symmetrically distributed over the chain ( Ghenuche et al.
2005) Assuming that the external electric field interacts with the near- ﬁeld induced by

the coupling between the disks, multiple dipole modes may be created along the chain

depending on the distribution of the near-field enhancement along the chain. Hence, this

coupling may result in the observed multiple hot spots in the far-field.

5.2.2 TE Wave and TM Wave Excitation

As the investigation of the scattering spectra of the chains revealed, it is evident that
the orientation of the electric field component with respect to the chain has an important
impact on the mode excitation. The analysis of the scattering spectra revealed that
depending on the polarization, either longitudinal or transverse modes of the chain are
excited.

To study this influence from a different point of view, holograms were recorded us-
ing different configurations for the excitation. Here, we discuss the resulting scattered
field maps for either a TE wave excitation (s-polarization) or a TM wave excitation (p-
polarization). For a p-polarized incident wave, illuminating the structure under a 45°
angle, the electric field has two components, one along the y- and a second along the
z-axis. These two illumination configurations are illustrated in the left-handed schemes
in Fig. 5.7l which presents the resulting holographic images of two different chains excited

with either a TE (upper images) or a TM wave (bottom images).

Far-Field Scattering Maps Comparing the scattering images some differences are
denoted: In the x-y plane under TE excitation, the whole chain scatters light, and two
distinctive spots of high intensity concentrations are observed on the chain, whereas a
TM wave excitation results into a homogeneous scattering along the chain. Only one
more intense spot is revealed at the chain end. This feature becomes more evident in the
images of the x-z planes on the right hand side. Another interesting feature is the slight

change in scattering if comparing the y-z plane images in the middle. The scattering
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Figure 5.7 — Influence of polarization of exciting E-field on a chain (n = 20, d = 100 nm,

7-108

gap= 20 nm): Cross sections along different planes centred on the antennas: x-y (left
column), x-z planes (column in the centre) and y-z planes (right column). Schemes
on the left clarify the two different illumination configurations. The spatial scale bar is

the same for all images.

into air along the z-axis is globally more intense in the case of s-polarization than for p-
polarized incident light. Evidently, if a chain is excited with a s-polarized wave, incident
perpendicular to the chain axis, longitudinal modes are excited (see left-handed insets in
Fig. B.7). The interaction of the chain with the light is more effective, and an increase in

scattering is expected.

Figure shows a second example of the polarization influence on a chain, and an-
other interesting feature is revealed. Here, the influence of p-polarized incident light on
the scattering images is more evident. Whereas the hologram obtained under s-polarized
illumination reveals a scattering over almost the entire chain length, a p-polarized illumi-

nation results into 4 separate spots of scattered light along the chain.

This particular feature may be explained by considering that the incident electric field
of a TM polarized light has two components, Fy, and Ej .. The electric field component
along the z-axis does not induce any considerable dipole moment since the disk thickness
is very small (30 nm). Therefore, the component perpendicular to the chain axis will

dominate, and mainly a transverse mode of the chain will be excited.



5.2. Far- and Near-Field Maps of Scattered Light by Nanodisk Chains 119

s-polarization
z
=
N E
y k
p-polarization
z
S s
'\< E
y k

Figure 5.8 — Influence of polarization of incident beam on a chain (n = 20, d = 150 nm, gap=

40 nm): Cross sections along different planes centred on the antennas: x-y (left column)
and y-z planes (right column). Scheme on the left clarifies the two different illumination

configurations. The scale bar is the same for all images.

Near-Field Scattering Maps In order to obtain a deeper insight into the far-field
scattering images, we performed near-field simulations. The resulting near-field images
are plotted in Fig. E.9and E10, where the scattered intensity [ = |E*¢|2 = |E5|2+ |Es)?+

| E5¢|? is plotted 10 nm above the surface of the chains.

Regarding the distribution of the near-field with s-polarized light, it is seen that in
both cases the chain exhibits a strong field accumulation in several gaps in the middle
of the chain. In Fig. B.9 we identify two peak field concentrations that are positioned
symmetrically around the middle of the chain. Hence, the two intense spots observed in
the far-field images may be attributed to these two zones of near-field accumulations. In
Fig. 510, we observe two zones with a near-field accumulation, in this case situated closer

to the chain extremities.

Both simulations of p-polarized illumination result in strongly changed near-field distri-
butions compared to a s-polarized incident wave. No scattered field in between the disks
is revealed, hence, no near-field coupling exists between the disks. The amplitude of the
scattered intensity from the disks is very weak. The near-field is uniformly distributed
along the chain. This uniform scattering is assumed to arise from a collective scattering

by single disks.

The simulations reveal a strong discrepancy between the near-field amplitudes due to s-
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Figure 5.9 — Simulated scattered near-field intensity 10 nm above a 20 disks (d = 100 nm, gap=
20 nm) chain for two different incident light configurations. Left: s-polarized light.
Right: p-polarized light. The scale bar is 200 nm, and the color bars are normalized

with respect to the maximum scattered light in the p-polarized case.
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and p-polarized excitation. This behaviour could not be confirmed by the measurements.
This may be explained by the fact that when changing the polarization of the illumination
beam we change as well the intensity of the incident light. Hence, a direct comparison of

the amplitudes is not feasible.

Although a direct comparison between simulation and measurement is not possible, the
strong difference of the scattering characteristics due to different polarizations is evident
in both cases. The near-field simulations show a strong change in the induced near-field
depending on the polarization of the incident light. The near-field enhancement and
confinement is strongest for an electric field component parallel to the chain axis, whereas
a p-polarized wave does not result in any field confinement in between the gaps. As a
result, we expect a difference in the scattering pattern as well in the far-field, keeping in

mind that propagation to the far-field behaves as a low-pass filter on spatial frequencies.
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Figure 5.10 — Simulated scattered near-field intensity 10 nm above a 20 disks (d=150nm,
gap=40nm) chain for two different incident light configurations. Left: s-polarized

light. Right: p-polarized light. The scale bar is 200nm.
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In summary, the polarization of the incident light exhibits a strong influence on the type
of the excited mode in the chain: longitudinal modes, or a melange of weakly coupled
transverse and single disk modes. While near-field simulations reveal a strong difference in
amplitude and near-field distribution depending on the excitation, the scattering images

exhibit a visible change in shape.

5.2.3 Imaging of Longitudinal and Transverse Modes in a Chain

In the preceding section we have shown that the orientation of the exciting electric field has
a crucial impact on the resulting scattering map. In this section, we focus our attention
on TE wave excitation, but with an electric field oriented either parallel or perpendicular
to the antenna chain axis in order to excite longitudinal or transverse modes in the chain.

It is expected that these modes will result into a different scattering of the disk chains.

E || x-axis E L x-axis
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Figure 5.11 — The x-y planes of holograms obtained on two chains: n = 12, d = 150 nm, gap=
30 nm (a and b) and n = 17, d = 100 nm, gap= 20 nm (c and d). The holograms are
obtained under two different configurations: E-field parallel to chain axis (left column)
and perpendicular to chain axis (right column). See insets on top for clarification of

the illumination configuration. The scale bar is 1 um and the same in all images.
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Far-Field Imaging We performed polarization dependent holographic measurements
on various chains. Figure [B.1T] presents the resulting images of two chosen chains. When
exciting the longitudinal modes of the chain (left column), the scattering pattern has the
form of an elongated 8, two connected hot spots are identified. When the transverse modes
are excited in the chain, two distinct scattering spots are recognized, but no significant
scattering on the chain itself is found. These features are observed in the case of both
chains, the chain with 12 disks (upper images) and the chain with 17 disks (bottom
images).

The positions of the hot spots on the chains were analysed more precisely by plotting
the measured intensity along the chains as indicated by the white dotted lines in Fig. 51Tl
The resulting line profiles are shown in Fig. 512 Analysing the line profiles, it is revealed
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Figure 5.12 — Measured intensity is plotted as a function of position along the chains. Graph (a)
corresponds to the images in Fig. E.11h,b and graph (b) corresponds to the images
in Fig. B.1Tk,d. The black dashed line represents the length of the total chain. All
line profiles are normalized to 1.

that the hot spots resulting from longitudinal modes in the chain are situated on the
chain, near the chain extremities (red curves). On the other hand, the hot spots due to
transverse modes excited in the chain, are situated close to the chain ends (blue curves).
In order to investigate quantitatively the position of the hot spots, the exact values of the
chain lengths are compared to the distances between the hot spots, as shown in Tab. (.21
It is confirmed that the hot spots due to transverse modes are found next to the chain
extremities.

Regarding the amplitude of the scattered intensity on the chain, in the case of longitu-
dinal modes, it is seen that the scattered intensity between the hot spots does not drop
to zero, but remains at about half the maximal intensity. On the contrary, the scattered

intensity between the two hot spots on the chain ends drops almost to zero in the case
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lchain DH DL
Fig. (a) | 2.13 pm | 1.83 pm | 2.78 pm
Fig. (b) [ 2.02 pm | 1.21 pm | 2.60 pm

Table 5.2 — Chain lengths, l.hqin, and hot spot extensions for parallel, DI, or perpendicular polar-
ization, D1, measured in the profiles of Fig. ©.17]

of transverse mode excitation. This feature may be an indication that a chain, excited in
transverse mode, does not scatter light strongly enough to be detected.

A similar feature has been observed by [Baffou et all when measuring the two photon
luminescence (TPL) of two coupled long rods (Baffou et al. 2010). In the case of longi-
tudinal polarization, a strong optical signal was observed in the gap region, while under
perpendicular polarization the maximal TPL signal was measured at the ends of the rods.
The authors attributed this effect to the tip effect which is stronger on the rod’s external

ends under perpendicular polarization.

Near-Field Maps Additionally, we performed near-field simulations with the purpose

of explaining the origin of the observed scattering characteristics.

Figure 5.13 — Simulated near-field of longitudinal (a) and transverse modes (b) of a 17 disks chain.
|E,%|* is plotted 15 nm above the substrate. The exciting electric field is in (a)
parallel to the x-axis and in (b) parallel to the y-axis. The corresponding phase

images are plotted in images (c) and (d).

Figure 5.13] (a) shows the near-field intensity induced by an electric field excitation
parallel to the chain axis, while Fig. 513] (b) gives the near-field with an exciting electric
field along the y-axis, i.e. perpendicular to the chain axis. In the case of a longitudinal

mode excitation, the near-field is concentrated exclusively between the disks in the gaps.
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The near-field distribution is not uniform, and maxima of the near-field scattering are
found which are distributed on two zones on the chain, symmetrically around the chain
center. The near-field enhancement is up to 120. Comparing this simulated near-field map
to the corresponding measured far-field image in Fig. 5111 (¢), the similarity between both
intensity distributions is recognized. Figure (b) indicates that each disk in the chain
acts like an dipole oriented along the y-axis. As a result, their far-field scattering cancels
out in the inner part of the chain, but not at the chain extremities which would explain
the observed far-field images.

Figure (c) and (d) represent the corresponding phase images. It is seen that in
the longitudinal mode all induced dipoles in the disks are in phase along the chain which
is expected under a homogeneous illumination. The case of an electric field excitation
perpendicular to the chain axis, Fig. (d), reveals a different much more complex
phase-image. Here, it is seen that phase jumps are present along the chain due to the
illumination parallel along the chain axis which induces retardation effects.

This study proves that phase effects have an influence on the resulting near- and far-
fields of a nanodisk chain.

For better clarity, Fig. 6.14] compares the intensity profiles of the measured far-field
(Fig. 511 (c)) and the near-field (Fig. (a)). The numerous peaks in the latter
correspond to the field enhancement in the gaps. Although a direct relation of the far-
field images to the near-field maps is not possible, Fig. B.14 reveals a good agreement in
the positions of the maximal scattered field. One is conducted to conclude that the two
hot spots observed in the far-field are related to the two near-field accumulations after

far-field propagation, which is equal to low-pass filtering.

normalized intensity (a.u.)

1000 1500
position (nm)

Figure 5.14 — Corresponding line profiles along chain axis of measured far-field (red) and simulated
near-field (blue). The black dashed line represents the length of the total chain which
is 2.02 pm.

Regarding the near-field maps obtained with excitation perpendicular to the chain axis
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(see Fig.[.14b), firstly, we observe that the field enhancement is 6 times lower than in the
case of parallel polarization. There is no near-field in the gaps, but a field enhancement
at the side of the chain on each disk, alongside the direction of excitation, similar to the
near-field of a single disk observed in Ch. However, all disks do not scatter the
light in the same way. We observe that near the middle of the chain, the scattering is
enhanced. Considering the results of both experiment and simulation, the interpretation
of the observed features may be the following. When longitudinal modes are excited in
the chain, the enhanced near-fields that develop in the gaps, couple to the far-field which
results into a strong scattering of the chain. Hence, we observe a scattering characterized
by connected hot spots in the far-field.

With an excitation of an electric field perpendicular to the chain axis the near-field
enhancement in the chain is 6 times lower, as well as the scattering of light in the far-field.
The excited transverse mode provides almost no near-field enhancement and confinement
in the gaps. Although not revealed from the simulations, we conclude that the disks
situated at the chain extremities are the only disks that couple efficiently to the far-field,
resulting in a strong scattering next to the chain extremities.

In conclusion, we have shown that the scattering images of excited longitudinal and
transverse modes differ strongly. While the scattering of longitudinal modes is charac-
terized by hot spots originating from the chain, the far-field scattering of the transverse

modes originates mainly due to the scattering of the light at the chain ends.

5.2.4 Influence of the Exciting Wavelength

We have seen that the nature of the illumination beam is crucial for the characteristics of
the scattering response of the chain. Now, we will show that also the wavelength of the
incident light influences the scattering behaviour significantly.

The graph on the left-hand side in Fig. shows the scattering spectrum of a chain
consisting of 15 disks with a diameter of 150 nm and spaced by a gap of 20 nm. The
spectrum reveals that the chain has a resonance position at around 770 nm. We recorded
two holograms of the same chain using a s-polarized illumination at a wavelength of
Aezen = 658 nm and Agge2 = 785 nm, where A0 2 is in this case close to the chain’s
resonance. Figure presents the scattering cross sections along the three main recon-
struction planes (x-y, x-z and y-z planes) of the chain. The position of the chain with
respect to each plane is schematically shown on the left-hand side insets.

The antenna is hit by the incident beam under the TIR angle (45°), in the y-z plane. The
holographic signal is, of course, influenced by the laser intensity, system transmission, and
detection efficiency, which are wavelength sensitive. In order to compare the intensities of
the holographic signals in Fig. [B.15] we have therefore multiplied the normalized images
at each laser wavelength by the spectrometric intensities, which do not depend on the

wavelength sensitivity of the holographic setup.
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Figure 5.15 — Influence of the excitation wavelength. (a) Measured scattering spectrum of a chain
(n =15, d = 150 nm, gap= 20 nm). (b) Intensity of the scattered field reconstructed
from a single hologram at Aeze1 = 658 nm (left column) and at Aeze2 = 785 nm

(right column). The scale bar is 2 pum.
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Analysing the scattering maps of the top views (x—y plane), the shape of the disk chain
is recognized. Its length is estimated from the image as 2.9 4+ 0.1 pum, slightly larger
than the expected length (2.5 ym). At A.;.2 two hot spots on the chain are recognized,
a similar scattering behaviour that was observed before when studying the influence of
linear polarized light on the chain. Considering that the scattering spectrum exhibits a
peak close to 785 nm, the chain is considered to be excited at resonance.

Comparing the cross sections in planes containing the z-axis (middle and bottom im-
ages), a clear difference is perceivable for the two different illumination wavelengths. At
Aeze,i We observe in the x-z plane an angular radiation pattern featuring a uniformly
scattered field along the chain axis, whereas in the case of A..2, close to the chain’s
resonance wavelength, two distinctive hot spots are identified. The existence of such res-
onant hot spots and their wavelength dependence has already been observed in similar
systems (Ghenuche ef al. 2007)). Furthermore, the scattering in the y-z plane exhibits an
interesting feature: With an illumination at resonance it is recognized that the disk chain

strongly scatters light into air, in a direction along the z-axis.

,=658nm

Figure 5.16 — Simulated near-field 10 nm above a chain of 15 disks (d=150 nm, gap=20 nm) for
two exciting wavelengths: 658 nm and 785 nm. The scale bar is 200 nm.

Additionally we performed near-field simulations, which are shown in Fig. .16l The
near-field maps reveal a pronounced difference in amplitude and distribution of the near-
field intensity. On the example of the 15 disks chain, the near-field enhancement is highest,
22, for an excitation at A.;co = 785 nm. The magnitude of the near-field intensity
in the gaps changes along the chain. Whereas at an excitation wavelength of A.,.1 =
658 nm every second gap is “switched off”; i.e. no near-field is found, in the case of a
larger illumination wavelength (i.e. at Ae..2) a near-field confinement is observed in every
gap. Furthermore, the positions of the gaps where the maximal near-field intensities are
situated, differ with changing excitation wavelength.

Another example is presented in Fig. [0.17] where we show the far-field scattering char-
acteristics of a chain consisting of 17 150 nm large disks, having a disk spacing of 20 nm.
Here, it is seen that the resonance of the chain is found at 670 nm, i.e. close to Aeye 1.
From the top-view images, the chain length is estimated as 3.0 & 0.1 pm, in agreement
with the expected length (2.9 yum). Comparing the cross sections in planes containing

the z-axis, a clear difference is perceivable for the two different illumination wavelengths.
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Figure 5.17 — Influence of the excitation wavelength. (a) Measured scattering spectrum of a chain
(n =17, d =150 nm, gap= 20 nm). (b) Intensity of the scattered field reconstructed
from a single hologram at Aeze1 = 658 nm (left column) and at Aeze2 = 785 nm

(right column). The scale bar is 2um.
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In the y-z plane, we observe an angular radiation pattern featuring two relatively indis-
tinct hot spots at Acsc2, whereas in the case of the resonance wavelength A, 1, three hot
spots are identified (along the z-axis). In addition, the angular shape of the three hot
spots is recognized again in the corresponding x-y plane of the chain. The size of the
hot spots along the z-axis is evaluated as 2.9 + 0.2 pm. In Fig. BI1 (right column), in
the x-z planes using A, 2 illumination, i.e. far from the antenna’s resonance wavelength,
we notice that the distribution of the scattered light intensity is mostly uniform. At the
resonance wavelength, we again observe a directional scattering along the z-axis. The
maximum intensity is found along the z-axis, coincidentally with the hot spots measured
in the y-z plane. Furthermore, it is expected that the system behaves differently when
excited with a wavelength shorter than its resonance wavelength than when excited with
a larger wavelength because. In the latter case, the system does not follow anymore the
oscillations imposed by the external electric field. In fact, these considerations may be
an explanation for the strong differences in the characteristics between the holographic
images in Fig. and Fig. .17

Strong directional scattering and a higher number of hot spots are observed only in the
case of an illumination wavelength close to the resonance of an antenna chain. Thus, these
features are interpreted as strong evidence for a resonating chain. Furthermore, a strong
directional scattering is one of the characteristics of a resonating antenna (Bharadwaj et al.
2009; Suck et al. 2011)), hence we can speak of the nanodisk chain as a nanoantenna.

(a) A

=658nm 35 (b) A,.o=785nm 100

Figure 5.18 — Simulated near-field 10 nm above a chain of 17 disks (d=150 nm, gap=20 nm) for
two exciting wavelengths: 658 nm and 785 nm. The scale bar is 200 nm.

exc,1 exc,2

However, when simulating the spatial scattering characteristics of this chain, the result-
ing near-field maps, shown in Fig. 5.I8 reveal a contrary trend compared to the measured
far-field images. The near-field enhancement is seen to be higher in the case of an exci-
tation using A.c2. Hence, it is assumed that the chain is nearer to its resonance for an
excitation at 785 nm. In both illumination cases, the near-field distribution are similar,
and the gaps with the highest near-field magnitude are close to the chain ends. This large
discrepancy between measurement and simulation may be due to imperfections in the
fabrication process, resulting in a different resonance position than for a perfect nanodisk
chain.

In conclusion, both far-field images and near-field intensity maps change strongly their
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scattering characteristics with the length of the exciting wavelength. The smaller the
difference between excitation and resonance wavelength, the stronger the near-field en-

hancement and the far-field scattering.

5.2.5 Probing the Coupling of Nanodisk Chains by Holography

In conjunction with the discussion of the scattering spectra, we have seen that a strong
coupling between disks in a chain induces a red-shift of the scattering resonance. By
analysing the holograms, we were interested in verifying if the coupling also has an impact
on the far-field scattering pattern. Figure [(.19] presents x-y and x-z plane images of

holograms that were obtained on chains consisting of 20 disks. The gap increases from

g=0nm

g=75nm

g=20nm g=50nm

Figure 5.19 — Influence of the inter disk spacing on a chain: n = 20, d = 100 nm, varying gap:

Cross sections along different planes centred on the antennas: x-y (top) and y-z
planes (bottom). The scale bar is 2um in all images. From left to right, the gap is

increasing.

left to right, from touching disks (gap= 0) to 75 nm separated disks.

Regarding the x-y plane of the touching disks, the shape of the chain is recognized, its
length is estimated from the image as 1.9 & 0.1 um. The scattering of this structure is
uniformly distributed along the chain which is also revealed from the x-z plane image. A
chain with touching disks can be considered like a single rod, in this case a 2 pm long
structure, thus confirming the length estimation. By using a linearly polarized illumina-
tion along the chain axis, the rod-like structure behaves like a single dipole, resonating at
this length in the microwave range.

When passing from the touching disks regime to the regime of strongly coupled disks

(gap= 20 nm), the scattering map changes strongly. Now, two well distinctive hot spots
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are recognized along the chain. Increasing further the gap distance, a third hot spot
develops in the middle of the chain. Here, the highest field enhancement is observed at
the chain centre. At a gap of 75 nm we can consider the disks in the chain as nearly
uncoupled, as previously confirmed both by measured and simulated scattering spectra.
Analysing the corresponding images, we notice that the scattered field of the hot spots
becomes less intense, the scattering is strongest at one chain extremity, and the scattered
field between the hot spots drops almost to zero. Hence, these features are considered as
characteristics of a chain with (almost) uncoupled disks. Note that this feature is similar

to the characteristic of a chain illuminated with transverse polarization (see Ch. B.2.2l).

gap=20nm gap=30nm gap=50nm gap=75nm

-t -
-

> -
= o
=3 -
= -
= S
- -
- -
£ -
= (-]
= L
= -
=

-

0

Figure 5.20 — Simulated scattered near-field, plotted 10 nm above the chain (20 disks, d=100 nm)
for an exciting wavelength of 785 nm with varying gap spacing. The scale bar is
200 nm.

To complete our study of the influence of the coupling on the scattering characteristics,
the corresponding intensity maps of near-field simulations are presented in Fig. (.20l The
color scale is the same for all images allowing a direct comparison between the images.
Evidently, the near-field enhancement which is located in the gaps between the disks is
strongest for the smallest gap width. The maximal near-field intensities are situated at
the chain center. Increasing the spacing between the disks to 30 nm, the position of the
maximal near-field enhancement shifts and is situated symmetrically around the chain
center. The amplitude of the near-field decreases. Increasing the gap further, the near-

field magnitude drops again. At a gap of 75 nm, no significant near-field enhancement is
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observed any longer.

In summary, the near-field enhancement modifies its magnitude and its distribution
on the chain with increasing gap size, i.e. decreasing coupling between the disks. Even
though a direct comparison between the far-field maps and the near-field images is not
feasible, the near-field simulations show that the coupling between the disks, expressed by
the amount of the near-field intensity enhancement, vanishes at large gap widths. This

characteristic supports strongly our observations in the far-field maps.

5.2.6 Imaging of Directional Scattering

Previously it has been observed that nanodisk chains scatter light in the direction perpen-
dicular to their long axis which was revealed when analysing the scattering cross section
of the y-z plane. One of the characteristics of an antenna at resonance is its directional
scattering behaviour (Bharadwaj et al. 2009). Hence, under this point of view the nan-
odisk chain can be considered as a nanoantenna. In order to justify this, we will scrutinize

in the following the feature of the directional scattering.

7+108 6.5+108 3+108

Figure 5.21 — Cross sections along the x-y and y-z planes of various chains: (a) n=15, gap=20 nm,
d=150 nm (b) n=17, gap=20 nm, d=100 nm and (c) n=12, gap=100 nm, d=100 nm.

The scale bar is 1 um.

Figure B.2T] compares the scattering characteristics of three different chains. It is seen
that the scattering in the y-z plane strongly differs between the chains. Whereas columns
(a) and (b) reveal a strong scattering of light in the direction of the z-axis, the scattering
observed in column (c) is rather weak. It is assumed that the latter feature is caused by

the weak coupling between the disks due to the large gap.
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Figure 5.22 — Angular scattering pattern of three nanodisk chains: (a) n=15, gap=20 nm,
d=150 nm (b) n=17, gap=20 nm, d=100 nm and (c) n=12, gap=100 nm, d=100 nm.
(d) Angular normalized intensity /,y,gu1qr Plotted against the polar angle 6.

Angular Scattering Pattern of Nanodisk Chains In order to analyse this direc-
tional scattering behaviour in more detail, we have plotted in Fig. the Fourier planes
corresponding to the three holograms. In Ch. Ml we have shown that the Fourier space
contains the angular distribution of the scattered light, and used it to analyse the angu-
lar scattering of a single and two coupled disks. The three Fourier space images of the
nanodisk chains are very similar. All images reveal a scattering intensity that is mostly
distributed around the k,-axis. The graph, displaying the angular normalized scattering
intensity as a function of ¢ in Fig. (d), shows in all three cases a scattering, homo-
geneously distributed around ¢ = 0°, thus around the z-axis. Due to the low angular
resolution of 5° it is difficult to reveal further angular features. The angular scattering
images are dominated by the scattering of the disks itself, thus leading to the observed

horizontal structure in the k-space.
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(a) (b)

6 g 246810

Figure 5.23 — Three dimensional surface plots of the scattered light by three nanodisk chains: (a)
n=15, gap=20 nm, d=150 nm (b) n=17, gap=20 nm, d=100 nm and (c) n=12,
gap=100 nm, d=100 nm. The images plot the surface at the threshold value of the
intensity (I = |E*¢|?) of I,u4:/20. The axes are given in um. The position of the
chains is found at a value of 9 um at the z-axis, whereas lower z-values correspond

to scattering in air and higher z-values to scattering in the substrate.

Three-Dimensional Surface Plots On this account, we examine the three-dimensional
structure of the scattering maps of the three chains by drawing the three-dimensional
shaded surface from a constant intensity of the scattered field by the three nanodisk
chains, presented in Fig. Note that in the following we will consider only the scat-
tering into air, i.e. the scattering along z-values from 2 to 9 pum, the value at which the
interface is situated. Firstly, comparing the values of the z-axis, we recognize that the
scattering of chain (a) extends along a distance of about 9 pm, whereas the scattering

surface of the other two chains terminates at 6 pum, which indicates a weaker scattering.

Analysing the scattering surfaces in more detail it is observed that the chains in
Fig. (a) and (b) reveal three connected lobes. Two lobes are situated near the
ends of the chains and correspond to the point-like features observed in the x-y plane of
Fig. 2Tl The third large lobe emerges in between the two former lobes and propagates
further towards lower z-values. In particular, Fig. (b) reveals the detachment of the
large lobe at a z-value of about 7 pum. In comparison to the case of antenna (c), the latter
features are less evident, the scattering is broader and less directive.

We conclude that the distinction between directional and non-directional scattering
chains is not evident. The Fourier space images reveal an angular scattering distributed
lobe-like around the z-axis, but due to the low angular resolution it is not possible to dis-

tinguish any further feature. An analysis of three-dimensional surface plots revealed three
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lobes of scattered light into air, with a stronger central lobe propagating to further dis-
tances for a longer scattering chain. This feature thus confirms our previous observations

in the three cross-sections of the far-field maps.

5.2.7 Conclusion on the Far- and Near-Field Maps of Nanodisk
Chains

We have presented an extensive study of far-field and near-field scattering maps of nan-
odisk chains, revealing several scattering characteristics. It was shown that these char-
acteristics depend strongly on extrinsic factors, such as the exciting wavelength or po-
larization, but also on intrinsic factors, characterized by the geometric structure of the
chain, such as the disk spacings and the chain length. All these factors have an impact on
the far-field scattering pattern and near-field maps. Typical features of a resonant chain
are identified. The far-field scattering maps revealed so called “hot spots”, zones on the
chain that scatter light more intensely than others. FEM simulations have shown that
a nanochain concentrates light in sub-lambda sized zones, notably the gap between the
disks. This near-field concentration is not uniform, but the near-field on the chain reveals
more and less intense zones. Such characteristics are reflected as well in far-field images,
indicating that the hot spots in the near-field couple to the far-field. In general, the ob-
tained results of the near-field simulations confirmed qualitatively the observed far-field
characteristics. Coupling effects in the nanodisk chains were revealed by demonstrating
that the near-field intensity changes in amplitude and in distribution when increasing
the spacing between the disks. A similar feature was shown in the far-field scattering
maps. When excited at resonance a nanodisk chain exhibits a strong directional scat-
tering perpendicular to its axis. This observation leads one to the conclusion that a
resonating nanodisk chain behaves like a nanoantenna. This property has been exam-
ined more closely by discussing the features of Fourier space images and by analysing
three-dimensional surface plots of different chains. We have shown that the technique
of heterodyne holography proves to be an excellent tool to map the scattered field of

plasmonic structures which has the ability to reveal various characteristics.

5.3 Probing the Plasmonic Coupling of Disks by Heat-
ing

The precedent section demonstrated that the coupling strength between the disks in the
chain has a crucial impact on the scattering distribution both in the far-field and in the
near-field. However, holographic measurements do not allow a direct comparison of the
measured amplitudes as explained in Ch. 3.3 and a qualitative study of the coupling

strength is not feasible.
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The technique of photothermal heterodyne holography has lately proven its capability
to map the scattered fields of heated metal nanoparticles (Absil ef al. 2010) and to per-
form frequency resolved temperature imaging in integrated circuits (Suck ef al. 2010).

Photothermal excitation is a well established technique for the sensitive detection of ab-
sorbing objects. A modulated optical beam is sent on the sample, creating a localized

heating, which in turn induces a variety of phenomena including e.g. infrared emission,

thermal expansion, refractive index changes (Rosencwaig et al. 1985]) or photon absorp-

tion in the case of a heated metal. Hence, in the case of metallic nanostructures, the
optical beam induces a heating which is maximal if the heating beam is tuned to the lo-
calized plasmon band of the nanostructure. For example, developed recently
a thermal imaging technique based on fluorescence polarization anisotropy measurements,
which enabled the mapping of the local temperature near nanometer-sized heat sources,

and applied it to plasmonic structures (Baffou et al. 2009; Baffou et al. 2010]).

Relying on absorption, which scales as the volume of the particle, is clearly an advantage

for the detection of very small particles in comparison to scattering, which varies as the
square of the particle volume. A detailed description of the photothermal holography
technique is found in Ch. 241

For the purpose of a qualitative and quantitative investigation of the coupling strength
between nanodisks in a chain, we use here the technique of photothermal holography to
heat the plasmonic chains and to map the resulting absorption of photons. In the present
case the clear advantage of photothermal holography to direct heterodyne holography is
the measurement of the signal due to absorption which does not depend on scattering
fluctuations. Thus, a direct comparison of the measured photothermal signals between
different configurations is feasible. Moreover, photothermal images obtained in this way
deliver a signal which can be considered - in good approximation as we will show later -
directly proportional to the temperature.

This section will demonstrate maps of the photothermal signal of nanoparticle chains
and compare them to purely scattered field maps. The influence of the polarization of
the heating laser beam will be revealed. Furthermore, we will show that the magnitude
and the spatial distribution of the photothermal signal is directly related to the coupling

strength between the disks in a chain.

5.3.1 Comparison of Holographic and Photothermal Images

In comparison with holographic imaging which relies on the measurement of scattered
photons, photothermal detection images effects induced by absorbed photons. Hence, the
two imaging techniques originate from different physics, and a significant difference in
the resulting intensity maps is expected. In this section, we will compare qualitatively
photothermal images to corresponding holographic intensity maps. Furthermore, the

impact of the polarization of the heating beam on the resulting images will be examined.
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Figure 5.24 — (a) A holographic intensity image of a chain of 17 disks (d=150 nm, gap=10 nm).
(b-d) Photothermal holograms of the same chain heated up by a A=532 nm laser
modulated at Fy=1011 Hz with an average power of 0.55 mW. In (b) the polarization
of the heating beam is parallel to the chain axis and in (c) perpendicular to the chain

axis. (d) The heating laser is switched off (d). The length scale is 1 pum.

Figure (.24 presents different top view images (x-y plane) of the same chain (17 disks,

d=150 nm, gap=10 nm), each image was recorded under a different configuration:

(a) scattered intensity map

(b) photothermal image using a heating beam polarized parallel to the chain axis

(c) photothermal image using a heating beam polarized perpendicular to the chain axis
(d) photothermal image without heating

Direct holography is performed using a laser at a wavelength of 785 nm, and photother-
mal holography was carried out with a 532 nm laser modulated at a heating frequency
of Fg = 1011 kHz. The laser beam had an average power of Pg.,; = 0.55 mW, reach-

2 of the sample. This results in a mean power density of

ing a region of about 44 um
1250 Wem ™2, This value has been maintained during all photothermal measurements.
Regarding Fig. 0.24] it is evident that the photothermal maps differ strongly from the

holographic image. This discrepancy reflects well the difference between both techniques.
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Whereas holography records the amount of scattered light, photothermal holography is
sensitive to the information of optical absorption by the heated structure. Comparing
the maps shown in Fig. (a) and (b), the shape of the chain is well reproduced in
both cases. The photons scattered by the chain reveal an elongate structure with around
2.3 pm length, whereas the photothermal signal forms a structure of approximately 2.7 ym
length. This length corresponds to the actual chain length, i.e. 2.7 ym. Furthermore,
the image in Fig. (b) displays a non-uniform photothermal signal. Two hot spots are
detected which may correspond to zones that have a different temperature.

Comparing the photothermal maps of Fig. (b) and (c), it is observed that the
shape strongly changes with the polarization of the heating beam. In Fig. (c) a
length of about 1.7 pm is recognized, much less than in Fig. (a) or (b) due to a lower
signal. Regarding the amplitudes, it is clear that the photothermal intensity amplitude
with parallel heating is more than 3.5 times higher than with heating perpendicular to

the clhain. This polarization dependence has been also reported elsewhere (Baffou et al.

2010). Evidently, a chain heated with a beam perpendicular to the chain axis exhibits a
different heating distribution and heats less. In Fig. (d), no photothermal signal at
all is perceivable. We detect only the noise which is expected for a photothermal detection
without any heating. Images obtained in this way serve us primarily to control the correct
functioning of the photothermal detection.

In conclusion, the images in Fig. have shown a great discrepancy between the holo-
graphic and photothermal maps which confirms that the two techniques underlie different
physical origins. Whereas “pure” holography records scattered photons, photothermal
holography records the absorption of photons due to optical heating.

5.3.2 Photothermal Imaging of Nanostructures - An Analytical
Analysis of the Photothermal Signal

We have seen that photothermal images taken from a metallic nanostructure differ strongly
in amplitude and shape from the corresponding scattering image proving that those im-
ages carry different kinds of information on the nanoobject. In order to understand
qualitatively the origin of the photothermal images of nanostructures, with the help of
Rémi Carminati we performed an analytical analysis of the photothermal signal obtained
by heterodyne photothermal imaging.

We consider the following situation, illustrated in Fig. 525 A metallic nanostructure
of volume V' and with dielectric constant ¢ is illuminated by an incident field Fy which
corresponds to the object beam of the holographic setup. The resulting scattered field
Es(7, ) is then detected at point 7 in the far-field. Due to the heterodyne detection, the
scattered field is modulated at the frequency €.

For an analytical description of the electric field, we use the Green function formalism.



140 Chapter 5. FErtensive Study of Plasmonic Nanostructures

Es (1,Q)

..V
r)

€ (
E 0

Figure 5.25 — Sketch clarifying the detection of the photothermal signal by holography. V' denotes
the volume of the heated nanoobject with the dielectric constant ¢, Ej is the incident
field (the object beam) and Eg(7, <)) denotes the photothermal signal, modulated at
the frequency €2, which is detected at point 7.

In electromagnetic theory, the dyadic Green function G(7, 7 ) renders the electric field at
the field point 7 due to a single point source 7 at the source point 7 (Novotny and Hecht
2006). The solution of the situation depicted in Fig. [0.20] describing the total electric

field at point 7, is written as follows:

E(F) = Eo(7) + k2 /V G (7, 7)[e(7) — 1| E(7)d* (5.1)

with k& the wave vector, i.e. k = 2m/\. The first term Ey(7) denotes the incident field
which is used to probe the light scattered by the nanoobject. The second term describes
the field scattered by the object. The dielectric constant is wavelength and temperature
dependent. When a metallic nanostructure is heated, the temperature difference will
result into a variation of the dielectric constant:
e(r) = e(r', Ty) + @AT@?’) (5.2)
oT
The first term stands for the initial dielectric constant at the initial temperature Ty, and
the second term denotes the dielectric constant variation which is proportional to the
local heating AT (r7).
In photothermal heterodyne holography, a modulated heating beam is used, which
creates a temperature modulation at the frequency €. As a result, the field E(7) at point

7 is composed of a non-modulated and a modulated term:
E(R) = E(F,Q=0)+ EF Q) +--- (5.3)

The dots stand for modulations at higher harmonics, which are not detected due to the

heterodyne detection at frequency €2 and can therefore be neglected.
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In holography, the signal is given by the interference term Ey = Eg- EY, with E as the
reference wave, therefore, the scattered field Eg(7, ) (Eq. B]) which is detected, results

into:

Es(7Q) = K /V G(7, ) [e(r, To) — 1) E(r, Q)dr (5.4)
. Oe . . o
2 =l 7 7 — 3.1
+k /VG(T,T)GTAT(T)E(T,Q 0)d?r

The first term in Eq. [(B.4] corresponds to the scattered field due to multiple scattering
which results from the “normal” holographic detection. This term is also affected by
the Q2 modulation. The second term denotes the field that corresponds to the temper-
ature increase AT which is caused by the modulation of the dielectric constant of the
nanostructure de/0T.

As Eq. 5.4 shows, photothermal holography detects both the scattering and the pho-
tothermal term. Therefore, the signal that is detected by photothermal holography is a
superposition of the light scattered by the nanostructure and of the electromagnetic field
which results from the change in the dielectric constant. Since the aim of this analytic
study is to analyse the photothermal signal, we will restrict the following analysis on the
second term in Eq. 54l

Firstly, we consider the dielectric constant. The variation of the dielectric constant
with temperature is very small, typically between 1072 — 1072, and we can assume:
|0e/0T| |AT| < 1. Hence, the modulated part of the dielectric constant describes a
weakly scattering object. As a result we have an effective scatterer, and the Born approx-
imation can be applied which consists of taking the incident field in place of the total field
as the driving field at each point in the scatterer, i.e.:

E(r,Q = 0) ~ Ey(r) (5.5)

Secondly, we regard the conduction timescale, described by Tepng = L?/ay, with the
characteristic length L (in this case L corresponds to the size of the nanostructure) and
the thermal diffusivity ay,. The conduction time 7.,,q is very small compared to the
frequency modulation, ie. 7T.nq < 1 /QH Under this assumption, the temperature
variation AT is uniform and independent on 7.

Taken these considerations into account we can re-write the photothermal term in
Eq. B4 and we obtain the following equation where it can be safely assumed that the
detected photothermal signal is proportional to the temperature increase AT in the nanos-

tructure:

. L = Oe - ,
Es(7, Q)i ~ k2| /V G(7,) o Eolr)d'r'] AT (5.6)

v =127-10% m2sec™!. The smallest nanostructures under

2The thermal diffusivity of gold is ayp,”
study have a typical size of around L = 100 nm (considering a single disk). Hence, we calculate a
conduction time of T.ong*"9%sk =~ 8. 107! sec which is indeed very small compared to a typical

modulation of 1000 Hz, i.e. 1/Q=1-1073 sec.
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It follows directly from Eq. that the recorded interference term |Ey| = |Es - Ej|
is proportional to the temperature increase AT. Therefore, the reconstructed hologram
Iteas = |Eo|?, which is given by the square modulus of the reconstructed field (Ep), is
proportional to |AT[?.

In summary, we have shown that the technique of photothermal holography probes
indeed the temperature increase of a nanostructure. Therefore, it results that the tem-
perature spatial distribution can be probed with a resolution equal to the spatial resolution

of the holographic setup which is near the diffraction limit.

5.3.3 Photothermal Signal and Absorption Cross Section

In the previous section we have shown by an analytical approach that the photothermal
signal is proportional to the induced temperature increase in the nanostructure. Here,
we are interested into verifying experimentally this proportionality of the photothermal
signal.

We have seen that the measured photothermal intensity Ipcq is proportional to |AT |2
The temperature increase AT itself is proportional to the absorption cross section and

the heating power, i.e. AT & Cups Preat-

10 T T T T T T

|Eq| (a.u.)
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Power density (kW cm-2)

Figure 5.26 — Power density dependence of the reconstructed photothermal holographic signal |Eg|
(a.u.) from a single 50 nm particle, averaged over pixels located in the vicinity of the
particle, for a heating frequency Faons = 5 kHz. The graph is taken from Absil et
al. (2010).

In a precedent study, our group has investigated the photothermal signal of 50 nm gold
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beads, spin coated on a glass substrate and immobilized in a Poly Vinyl Alcohol (PVA)
matrix (Absil et al. 2010)). In this study, an analysis of the photothermal holographic
signal has been presented by plotting |Ep| against the heating power density. Figure
plots the corresponding graph which is taken from [Absil ef all The graph reveals the
proportionality of the photothermal signal to the heating power. Thus, assuming that

the heating power is proportional to the induced temperature increase, we confirm the
photothermal origin of the observed signals.

Here, we intend to prove the proportionality on the example of the nanostructures. It
has to be noted that due to the lack of time to perform an exhaustive time-consuming
study and a complete analysis of the photothermal signal, the following analysis is limited
to a small number of measurements and is therefore of preliminary nature. A complete
study is planned as soon as possible.

All measurements are performed at a fixed heating laser power in order to avoid dam-
aging the nanostructures due to elevated power densities. Therefore, only Cgs has to be
considered as a changing variable. The absorption cross section scales with the volume of
the heated structure. Because the height of the disks is constant, it is expected that the
temperature increase is proportional to the surface of the nanostructure, A.

In order to exclude any coupling effects that may have an impact on the photothermal
signal, only chains with touching disks are considered here. In this case we have rod-like
nanostructures where the proportionality stated above (Eq. B7]) is valid. As a result, the

following proportionality has to be verified on these nanostructures:
Iitear = |Es - E|* oc A? (5.7)

where [y.. denotes the measured photothermal intensity.

Previously, by analysing holographic scattering images (e.g. see Ch. @), we have learnt
that the amplitude of the scattered intensities cannot be directly compared, which is
due to the high sensitivity of the resulting holograms towards the property of the object
beam. Although photothermal holography probes the temperature increase in the heated
nanostructures, we have seen from Eq. 5.4l in Ch. that the detected signal in pho-
tothermal holography results from a superposition of the purely scattered field and of the
photothermal field which is proportional to the modulation of the dielectric constant.

Hence, in order to extract the photothermal signal, we performed the following oper-
ation: Firstly, assuming that the temperature increase is homogeneous over the entire
chain of the touching disks, we calculate the average intensity signal of the photothermal
images over the chain surface, and we obtain Tf{eat. The background intensity Tifat which
is calculated by integrating over an equal sized zone next to the structure, is subtracted
from Tf{eat. Next, we have to consider that the photothermal signal is however corre-
lated to the scattering signal. In order to take this correlation into account, we therefore

average the scattered intensity obtained from the direct hologram of the structure over
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Figure 5.27 — Normalized photothermal intensity I 5, as a function of the square surface A? of
different chains composed of touching disks. The dashed line is a linear fit of type

y=a-z.

the same surface used for the photothermal signal, and 75010 is obtained. This value is
also corrected from the background by subtracting Tfjo. Finally, we divide the back-
ground corrected photothermal signal by the background corrected scattered signal, and

the corrected photothermal intensity I, is calculated which will be used in the following.
Tonan = (Tireat = Tiicae) | Tneto = Thoto) (5.8)

In Fig. the normalized photothermal intensity, I nthnorm, (normalized to 1) is
plotted as a function of the square surface A% for several chains. The present values
give an approximate indication of the expected behaviour. However, we notice that the
values deviate from an expected linear behaviour. This is due to the small number of
measurements, but also to fluctuations of the heating laser power which is not actively
stabilized . Small fluctuations in the heating power may be expected. Furthermore,
potential fabrication defects of a heated chain (e.g. missing disks, residues of the resist,
supplementary metallic material, etc.) would result into a strong variation of the heated
signal since the distribution of heat is expected to change abruptly. A statistical approach

is missing at this stage to validate properly the expected proportionality.

5.3.4 Photothermal Holography Reveals Coupling of Nanodisk
Chains

The main result of the analytical analysis in Ch. stated that photothermal hologra-

phy probes directly the increase in temperature of a heated nanostructure. However, the

3The manufacturer announces a variability of 10%
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proportionality of the photothermal signal to Pp..; is only valid in the case of uncoupled
disks. When the coupling strength begins to play a significant role, it affects the pho-
tothermal signal in amplitude and distribution on the heated nanostructure. A different

distribution of heat must be taken into account resulting into a change in temperature.
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Figure 5.28 — x-y planes of holographic (left column) and photothermal images (with a modulation
of Fy = 1011Hz) of a chain consisting of 17 disks of 150 nm diameter. The interdisk
spacing changes from 0 nm (a) over 20 nm (b) to 75 nm (c). The central (right)
column represents the photothermal images obtained with parallel (perpendicular)

polarized heating laser. The length of the scale is 2 um.

In order to study in detail the absorption behaviour of differently coupled nanodisk
chains, series of photothermal measurements of chains are performed and compared to the
corresponding scattering maps. Photothermal intensity maps are recorded with either a
heating beam polarized parallel or perpendicular to the chain, i.e. denoted in the following

as Heat || or Heat L. Chains consisting of 17 and 19 disks are investigated. The resulting



146 Chapter 5. FErtensive Study of Plasmonic Nanostructures

8107 150 35
| - E
18-108 3104 4500

HHEB

3 5-108 1,2-104 2104

HAaR

Figure 5.29 — x-y planes of holographics (left column) and photothermal images (the modulation is
Fpy = 1011 Hz) of a chain consisting of 19 disks of 150 nm diameter. The interdisk
spacing changes from 0 nm (a) over 20 nm (b) to 100 nm (c). The length of the

scale is 2 pm.
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images are plotted in Fig. .28 and B.29] Analysing the images, we observe three main

features:

(i) The photothermal maps (central and right columns) distinguish themselves strongly

from their corresponding scattering field maps (left columns).

(ii) The magnitude of the photothermal images obtained with parallel heating is in

general larger than with perpendicular heating.

(iii) Comparing parallel and perpendicular heating maps, both photothermal maps of
coupled disks (see Fig.[0.28(b) and Fig. B.29(b)) are similar, while the photothermal
maps of chains with touching (Fig. (.28(a) and Fig. 5.29(a)) or largely spaced disks
(Fig. B.28(c) and Fig. 5.29(c)) are very different from each other.

The first two features have been observed already previously (see in Ch. [(.3]). The last
feature, however, is new and an interesting one. It means that the heat distribution in a
coupled nanostructure is mostly independent from the polarization of the heating beam,
and mainly the magnitude of the photothermal signal, i.e. the temperature increase
changes.

Figures and present a selection of photothermal maps of a series of measure-
ments as a function of the gap, and we are interested into studying quantitatively the
influence of the coupling between the disks on the induced temperature increase. There-
fore, we calculated for both heating polarizations the corrected photothermal intensities
Iy for different disk spacings in a chain. The results for two different chain types are
shown in Fig. (a,b) where I, is plotted as a function of the gap. Analysing the
graphs, we note that I, rises with increasing gap and then exhibits a maximum be-
tween a gap of 20 nm and 30 nm, before the amplitude drops again. Independently of the
chain length or heating polarization, the trends are the same in both graphs. The main
difference lies in the amplitudes which are lower in the case of Heat 1, as it was already
observed before by analysing the photothermal images.

In order to account for the coupling strength between the disks in the chains, we chose
to plot the difference between both curves, i.e. (Igeat,| — [Heat, 1) denoted as Alppy,. The
resulting values are plotted in Fig. (c,d). Both graphs exhibit a global maximum
at a gap of 20 nm. Under the assumption that the coupling strength between the disks
in a chain is proportional to Ay, the observed characteristics in Fig. (c,d) reflect
well the expected coupling behaviour in a nanodisk chain: In the regime of touching disks
(gap=0nm) any near-field coupling can be excluded. The chain behaves like a large rod-
like structure. An example of a chain with touching disks is given in Fig. 531l For a gap
of 10 nm, a strong near-field coupling would be expected, which is here however not the
case, due to imperfections in the fabrication process leading to inaccurate gap spacings.

Hence, at a gap spacing of 10 nm we are very likely still in the touching disks regime.
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Figure 5.30 — Comparison of photothermal signals of Heat || and Heat L for a chain of 17 (a,c) and
19 (b,d) disks (d=150nm): (a,b) Corrected photothermal signal I, as a function
of the gap. (c,d) Alpnin = Ifeat,| — IHeat,1 as a function of gap.
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Increasing the gap to a width of 20 nm, A, exhibits a maximum, indicating a strong

coupling which is expected for a small disk spacing.

Figure 5.31 — SEM image with a tilted sample (37°) of a chain composed of 20 touching disks
(150 nm diameter).

For the 17 disks chain with a gap of 30 nm, AL, drops to negative values, which means
that Ipeq, 1 is larger than Ipeq . At a gap of 75 nm, Al is almost zero, indicating that
at this gap width the disks are already in an uncoupled regime. In fact, heated uncoupled
disks in a chain are expected to behave like single disks, hence no difference between Igcq |
and Ipeq, 1 would be expected. In the case of the 19 disks chain (Fig. (d)) AL
decreases relatively steadily from its maximum at a gap of 20 nm. It approaches zero at
a disk distance of 75 nm and drops to a negative value for the largest gap. Previously,
both spectroscopic measurements and holographic images have revealed that the disks in
a chain are uncoupled for a large gap. Hence, the photothermal analysis is in agreement
with our previous studies on coupling.

Overall, the photothermal analysis confirms qualitatively the results obtained in previ-
ous studies of the coupling regime in nanodisk chains. Furthermore, the measurements of

the photothermal signals proved to give an additional quantitative insight.

5.3.5 Conclusion on Photothermal Imaging of Nanodisk Chains

In conclusion, we have shown that the technique of photothermal holography proves to
be a novel imaging technique to probe the temperature increase in heated nanostruc-
tures. We have presented the fundamental difference between photothermal maps and
scattering images. An analytical analysis has shown that the photothermal signal that
is detected by our holographic setup is proportional to the temperature increase in the
heated nanostructure.

The experimental validation for this proportionality was performed on chains with
touching disks. However, a significant interpretation of the results was not possible due
to the very limited number of the experimental data. A statistical analysis is planned.

Furthermore, we have shown that photothermal images differ strongly in amplitude and
shape, depending on the coupling strength of the disks in a chain and on the polarization of

the heating beam. A concrete analysis of the photothermal intensity allowed us to quantify
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the coupling strength in two chains. The obtained results correspond qualitatively very

well to spectroscopic and holographic results obtained previously.

5.4 Coupled Triangles

After extensively discussing the interaction of nanodisk chains with light, we will turn
our attention to the coupled triangles structure, presented in Ch. Bl which consists of two
1 mm long right-angled tapered triangles closely spaced by a gap.

The origin of the idea to design this structure lies in the possibility to study the reso-
nance modes of a coupled nanostructure as a function of the structure’s size. In fact, when
illuminating two coupled triangles with a beam polarized along the short leg axis, it is
assumed that, due to the sharp angle, the triangle’s width increases slowly with increasing
length. Illuminating two closely spaced triangles with a beam polarized along the short
leg axis, coupling effects alongside the gap are expected, resulting into near-field effects,
modified plasmon resonance modes and modified far-field scattering. In fact, this design
can be seen qualitatively as a system of coupled stripes with continuously changing length
of the stripes. Under these considerations we are interested into studying the resonating
modes of two coupled triangles as a function of its width and its gap size.

It has to be noted that the findings presented here are preliminary results and provide
only a limited insight into the scattering characteristics of these novel structures. Another
series of experiments and simulations are planned in the future. However, the study of
the triangles resulted into interesting observations which we would like to present in the

following.

Scattering and Photothermal Maps Revealing Resonances of Triangles For
the study of the triangles we used direct and photothermal holography with the purpose
of recording scattering and heating maps. To record the holographic images we use
an illumination beam at a wavelength of 785 nm, polarized along the short axis of the
triangles. For the study of the triangles we used direct and photothermal holography
with the purpose of recording scattering and heating maps. To record the holographic
images we use an illumination beam at a wavelength of 785 nm, polarized along the short
axis of the triangles. The photothermal measurements were performed using a heating
laser at 532 nm with an average heating power of 90 mW at a modulation frequency of
F = 511 Hz. The heating beam is polarized parallel to the short axis of the triangles, i.e.
along the same direction as the illumination beam, which is illustrated in the left-handed
scheme in Fig. 5321 The images of size 90 x 90 um? were obtained with a microscope
objective of 50x magnification (NA = 0.75) and were in post-processing assembled to one
global map of 1.25 x 1.35 mm? size. Note that the colorbars of all individual images (from

direct and photothermal holography) which form the two global maps, are normalized to
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Figure 5.32 — The scheme on the left clarifies the geometry of the gold triangles and the gold frame.
The green arrow denotes the polarization of the illumination and the heating beam.
(a) Holographic (Iscqt) and (b) photothermal intensity images (Ijeqt) of different
triangle structures. The white and red arrows indicate the positions of the various

coupled triangles. The intensities in both maps are normalized to 1.
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1. The resulting scattering and photothermal maps are presented in Fig. (a) and (b).

Regarding the geometry of the structure under study, the gap increases from left to right
with a step of 10 nm (from 0 to 140 nm), resulting into 15 differently coupled triangles.
The position of the triangles is highlighted by white and red arrows. Considering the
coupled triangles approximately as coupled rods with continuously changing arm length,
the relative width increases from top (0, triangle apex) to bottom (2 pm). The bright
lines that are noticed at positions in between the signal from the triangles, result from
the scattering of the gold frames which separate the coupled triangles from each other.
The gold frame is also shown in the left-handed scheme in Fig. 532 H However, due to
the polarization of the illumination laser which is perpendicular to the vertical lines of
the gold frame, the influence of the scattering of the gold frame is relatively weak.

The scattering map reveals several zones of higher scattering intensities, denoted as .4,
notably for the 10, 20, 50 and 110 nm sized gaps (see red arrows), indicating a stronger
interaction with the illuminating light. Note that the gold frames next to a high scattering
zone exhibit a more intense scattering which is attributed to the multiple scattering of
the triangular structure. The appearance of zones of higher scattering is ascribed to the
excitation of resonant modes in the triangles resulting into a strong interaction of light.
Globally, these features appear for short triangle widths (for gaps of 10, 20, 50 and 90
nm), in the upper third part of the triangle (110 nm gap) and in the bottom half part
(for gaps of 10, 20, 60, 70 and 110 nm). Notably, the scattering is distributed periodically
over the triangle’s length and relatively independent from the gap size.

The photothermal map differs strongly from the scattering map which confirms the
profound difference between the origins of scattering and photothermal maps. The latter
exhibits three zones of high photothermal intensities, denoted as Ijeq: for small gaps (10,
20 and 30 nm) at small and large triangle widths, and for large gaps (110nm) at small
widths (indicated by the red arrows in Fig.[5:32). Here, no periodicity of the intensity, al-
though less intense, of the photothermal signal is immediately evident. Locally, near zones
which exhibit a high photothermal intensity, we observe a higher photothermal signal of
the frame compared to the frame signal near non-heated structures. Comparing these
zones to the scattering maps, we notice that they are high scattering zones. Furthermore,
it is seen that the gold frame and globally the triangles do not exhibit a notable heating.
This may be due to the weak heating power which preferably heats small discontinuous
structures.

In order to analyse quantitatively the zones of higher intensities, we plotted in Fig.
the cross sections of Iy, and Iy, along three different triangles for gap sizes of 20, 50
and 110 nm as a function of the triangle width. Because of the very small triangular

angle, the width can be assumed to vary linearly. The values I,4:, have been derived in

41t is remembered that each pair of triangles is separated by a gold frame as it was shown in Ch.

when presenting the nanostructuring of the samples.
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Figure 5.33 — Cross sections of holographic (a and b) images for coupled triangles with gaps of 20,

50 and 110 nm and photothermal (c and d) images for coupled triangles with gaps
of 20 and 110 nm. The cross-sections are taken along the long side of the triangle
pair (see left-handed scheme) for the triangles marked by the red-arrows in Fig. 532
The graphs (b) and (d) are zooms on the width range of 0-1000nm.



154 Chapter 5. FErtensive Study of Plasmonic Nanostructures

the same manner as for nanochains by background correcting Ij..; and normalizing with
Iyt using Eq. 6.8 The graph in Fig. (a) confirms the observed periodicity of the
scattered peak intensities .., and we derive a period of about 400 nm. This periodicity
becomes pronounced for widths larger than 900 nm and is almost the same for all three
different gaps, only the magnitude of the scattered intensity differs which is weak in the
case of the 50 nm gap and high in the other two cases. In order to examine more closely
the scattering behaviour for smaller widths, Fig. (b) plots only the width’s range of
interest between 0 and 1 pm. Apart from the intensity maximum at small widths, we
notice for the smallest gap (20 nm) a second maximum at a width of around 600 nm
which has been already observed in Fig. (a).

The observed periodic distribution of maxima of scattered light with a periodicity of
about 400 nm is attributed to the appearance of different resonance modes in the coupled
triangles. The size of the period is about half of the illumination wavelength which is a
further indication for resonant modes.

The photothermal intensities have been plotted only for the 20 and 110 nm sized gaps,
since the 50 nm spaced triangles did not reveal any particular photothermal intensities.
In Fig. (c,d) we observe a periodicity which diminishes with increasing width from
500 nm to 320 nm. Examining the photothermal intensities in the reduced width range
(see Fig. (d)), a peak value at a width of 800 nm for a 20 nm gap is perceived in
overall noisy signal. For a gap of 110 nm, the intensity I, peaks near a width value
of 300 nm. We notice that the positions of highest scattering and heating intensities do
not correspond to each other. Whereas the triangles, which are spaced by a 20 nm gap,
scatter light strongly at a width of about 600 nm, the maximal heating is observed for a

200 nm larger width.

Comparison to Near-Field Simulations For the purpose of a more complete view
of the scattering behaviour we performed near-field simulations. For these simulations we
modelled two rectangular structures of size width xlength, separated by a fixed gap where
the length is two times the width in order to account for the impact of the continuous
structure. The geometry is illustrated in the scheme in Fig.[5.34l A TIR illumination was
used with an electric field vector parallel to the width. With changing width dimension
(from 50 nm to 100 nm with a step of 10 nm), the scattered near-field intensity enhance-
ment is calculated in the gap 10 nm above the structure and averaged over the gap surface
in order to obtain I,,..,. The graph shown in Fig. [5.34] compares I,,,cqn t0 Iseqr, denoting
the experimentally obtained scattering intensities values.

The near-field intensity curve from simulations exhibits a very high intensity at a width
of 60 nm which is not seen here. We recognize that both curves show a similar behaviour.
Both quantities exhibit a (local) maximum at about 600 nm. [,.,; displays another inten-

sity increase around 900 nm. This local maximum may be confirmed by the simulation
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Figure 5.34 — The sketch illustrates the geometry used for the simulation. The graph compares
measurement (Is.q, red) and simulation (I,,eqn, blue circles) for two triangles with
a gap of 20 nm.

which exhibits an increase in I,,,cq, from a 900 nm width towards larger widths. Overall,
we conclude that the near-field simulations agree well with the far-field scattering inten-
sities which leads to the assumption that strong near-field intensity enhancements result

into a strong far-field scattering that can be detected by our holographic technique.

Conclusion on Triangles In conclusion, we have presented preliminary results of the
scattering behaviour of two coupled triangles. We have studied direct holographic and
photothermal images, resulting into scattering and heating maps of a series of differently
coupled triangles. The scattering maps revealed a periodicity of scattering maxima, al-
most independently of the gap dimension, with a period of half the exciting wavelength,

indicating the excitation of resonant modes in the structure.

The heating map proved that a strong scattering can result into a strong heating which
affects neighbouring absorbing structures due to multiple scattering of the modulated
field. We have shown that the position of the strongest scattering does not coincide with
the strongest temperature increase. Overall, we confirmed the different natures of the

origins of both map types.

Finally, a simulation study of the scattered near-field enhancement has revealed a strong

agreement with the experimental scattered intensity as a function of the triangle’s width.
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5.5 Conclusion on the Application of Holography to

Plasmonics

We have devoted this chapter almost entirely to the presentation and discussion of the
results obtained on nanodisk chains. At first, we analysed in detail the far-field scattering
spectra of numerous nanochains by measurements and simulations. We have shown that
depending on the polarization of the exciting light, nanodisk chains exhibit longitudinal
and transverse modes, which are characterized by an energy splitting. The resonance
position of the transverse mode in a chain is constant, independently of the disk number
and usually found at a higher energy than the longitudinal mode. By contrast, the
resonance wavelength of the longitudinal mode fluctuates with increasing chain length.
The resonance dependence on the gap width between the disks in a chain exhibits an
exponential decay behaviour, regardless of disk size or disk number. This behaviour is
similar to the exponential decay observed in the case of two coupled nanodisks which is
explained in the frame of the dipolar-coupling model. We derived a decay constant which
is the same for all chains, meaning that the decay trend is completely independent of the
nanodisk size, but only dependent on the gap-diameter ratio. In both measurements and
simulations the same characteristics of the scattering spectra are found which results in

an excellent qualitative agreement between both.

We used digital heterodyne holography to study the spatial far-field scattering char-
acteristics of nanodisk chains, a technique that is unknown in the domain of plasmonics
for the three-dimensional imaging of nanoobjects. This study has been completed by
simulating the near-field of chains. We investigated the impact of both intrinsic and
extrinsic factors on the scattering pattern of nanodisk chains and showed that the scat-
tering pattern is very sensitive to these factors. The polarization of the exciting light
plays an important role for the characteristics of the scattering pattern. Depending on
the polarization, longitudinal modes, transverse modes or a mixture of weakly coupled
transverse and single disk modes are excited in the chain, which result in different shapes
of the far- and near-field scattering maps. The scattering pattern of longitudinal modes
is characterized by hot spots originating from the chain, whereas the far-field scattering
of the transverse modes originate mainly from the scattering of the light at the chain
ends. Near-field simulations confirmed a strong dependence of the near-field’s amplitude
and distribution above the chain on the excitation configuration. It was shown that the
near-field enhancement is the highest for a longitudinal mode excitation. Not only the
impact of the polarization of the incident beam but also the influence of the wavelength
was investigated, and we have demonstrated that the smaller the difference is between
resonance wavelength and illumination wavelength, the stronger becomes the near-field
enhancement. Far-field scattering maps revealed a higher number of hot spots and strong

directional scattering for an illumination close to the resonance of the chain which we
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interpreted as a signature for a resonating chain. Furthermore, a strong directional scat-
tering is one of the characteristics of a resonating antenna, therefore, we can speak of the
nanodisk chain as a nanoantenna. In the course of the examination of the directional scat-
tering behaviour, we have discussed Fourier space images and analysed three-dimensional

surface plots in detail in order to reveal particular features for a directional scattering.

In the third part of this chapter we applied photothermal heterodyne holography to
study the heating and coupling of nanochains. Using this technique we recorded pho-
tothermal maps of the plasmonic chains. An analytical analysis showed that the signal
delivered by photothermal images is in good approximation directly proportional to the
increase in temperature. A comparison between direct and photothermal holographic im-
ages demonstrated a significant discrepancy between scattering maps and heating maps
which confirms the different origins of the two physical phenomena. Hence, we have pre-
sented a novel method to study the heating distribution in plasmonic nanostructures and
applied this technique to nanodisk chains by recording heating maps with a heating beam
polarized parallel or perpendicular to the chain axis as a function of the gap dimension.
The obtained maps result into different amplitudes and distributions of the photother-
mal signal over the chain, meaning that a chain is heated differently depending on the
polarization of the heating beam and on the chain geometry. It is expected that a chain
heated with a beam polarized perpendicular to its axis, results into an ensemble of heated
(uncoupled) single disks, whereas a parallel polarized heating beam induces a heating of
the coupled chain. We chose to examine the difference between the two photothermal
signals (resulting from the two different polarizations of the heating beam) for different
gap dimensions in order to account for the coupling strength between the disks. For two
different chain types, we obtained a maximum of the coupling strength at a gap width of

20 nm which is in good agreement with previous results.

Lastly, we presented preliminary results of the scattering and heating characteristics of
coupled triangles. Depending on the triangle width, resonant scattering modes have been
revealed and confirmed by near-field simulations. Furthermore, it has been shown that
a strongly scattering zone does not coincide necessarily with the zone of the strongest

temperature increase.

We have proved that both direct heterodyne holography and photothermal holography
are powerful tools to study the properties of plasmonic nanostructures. Whereas direct
holography records a three-dimensional picture of the scattered light by a nanoobject,
allowing further insight into the angular distribution, photothermal holography directly
probes the temperature increase in a heated nanostructure and furthermore, reveals dif-
ferent temperature distributions depending on the nanostructure and the heating beam
polarization. Although the resolution of the holographic setup is near-diffraction lim-
ited, both techniques allow to gain insight into fundamental physical properties of the

nanostructures.
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To our knowledge it is the first time that plasmonic nanostructures have been investi-
gated using holography. Overall, this study provides an overview of the scattering char-
acteristics that can be observed by this three-dimensional far-field technique. Although
the interpretation of the results is rather qualitative at this stage of early development
of the technique, which is mainly due to the complexity of the studied systems, we are
convinced that both direct holography and photothermal holography give new insight into

the physics of plasmonics and are promising techniques in the future.



Conclusions and Prospects

ost of the work of this thesis was centred on an optimization and precise charac-
M terization of the possibilities of digital heterodyne holography in order to adept it
to the demanding application of nanoantenna characterization. One of the main achieve-
ment of this thesis work has been the successful application of holography to map in
three dimensions the field scattered by nanostructures. To our knowledge, this is the
first time that the technique of holography was used in the domain of plasmonics for the
characterization of gold nanostructures. Here, we proved that digital heterodyne holog-
raphy is a tool which has the ability to fully map the electromagnetic field of complex
nanostructures.

It has to be stressed out that the analysis of the scattering pattern of the nanostructures
was not always straightforward, and that we encountered difficulties to properly interpret
our measurements mostly due to the imperfections of the samples. In this context, this
thesis work constitutes a first attempt to probe and reveal the limitations of the technique
of digital heterodyne holography when applied to plasmonic nanostructures. Knowledge
of its limitations will be precious for future studies that envisage to surmount them.

The following list summarizes the holographic technique’s limitations that we encoun-

tered during our studies:

e One of the most pertinent limitations is the need of a full structural characterization
of each nanoobject by scanning electron beam microscopy in order to know before-
hand possible defaults of the nanostructures. Obviously, this observation would be
really time-consuming since one sample contains much more than 6000 nanostruc-

tures, and one has to consider if a full characterization is realistic.

e The used numerical aperture (NA = 0.95) limits the angle range of the recorded
scattering pattern to a half-cone of 72° in air and 39° in glass. Large NA immersion
optics cannot be used, as they would forbid the use of total internal reflection
(TIR), which was necessary for dark-field operation. In order to overcome this limit
one could think of masking the illumination beam efficiently which can be quite

challenging.

e This brings us to another limitation: the TIR configuration, which is quite compli-

cated, being an asymmetric illumination incident from the glass substrate. A far
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more simple technique would be a direct illumination. However, in this case again
the strong illumination signal has to be filtered out in order to avoid blinding the
CCD camera.

e One of the main advantages of holography is the recording of the phase of the
scattered electromagnetic field which can provide information on local variations
on the optical properties of the sample, e.g. the response of the nanostructure
to an excitation with its resonance wavelength or the adsorption of molecules are
characterized by a significant phase shift. However, the analysis of the optical
phase obtained by a holographic setup is not straightforward, since holography is a
diffraction limited technique, and therefore both the phase of the nanostructure and
the phase of the substrate contribute to the recorded phase information. In order
to be able to extract the phase contribution of the nanostructure, the knowledge of
the phase of the substrate is essential. In this context, more work is necessary in

order to determine the phase of a continuous metal surface.

e As stated during this study, a drawback of the presented holographic technique
is that a direct comparison of the measured amplitudes of measurements under
different conditions (e.g. varying polarization, illumination wavelength etc.) is not
possible. This results into a lack of information when a comparison between different
holograms is required. An absolute measurement would be desirable and useful (e.g.
to estimate the ratio of light scattered by a nanostructure to the incident light), but
very difficult to achieve due to the high sensitivity of the setup to the illumination

beam.

Hence, the aim of future studies is to overcome these limitations in order to value the
large potential of digital heterodyne holography and to make the technique more attractive

for applications in plasmonics.

Beyond holography, which gives access to the spatial (3D) information of the light
scattered in the far-field, we used two other techniques to obtain further information on
the scattering behaviour of plasmonic nanostructures: spectroscopy of single nanoobjects
and FEM simulations. Concerning the latter technique, in the course of this work we
developed a simulation model, in order to calculate the far-field scattering and the near-
field scattering by plasmonic nanostructures situated on a glass interface.

We have presented a detailed study on elementary nanoobjects in order to validate
our experimental techniques and justify their application to plasmonic nanostructures.
Our results proved to be in excellent agreement with theoretical predictions. Hence, we
have shown that we are able to characterize the electromagnetic field of a nanostruc-
ture by combining digital heterodyne holography, sensitive spectrometry and numerical

simulations.
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As a more complex structure, the scattering characteristics of nanodisk chains, have
been extensively studied. We demonstrated that the scattering pattern of nanodisk chains
is very sensitive to both intrinsic and extrinsic factors, e.g. the polarization and wave-
length of the incident light and the geometry of the nanostructure which was revealed
both by measurements and simulations. We showed that, depending on the polarization,
longitudinal modes, transverse modes or a mixture of weakly coupled transverse and sin-
gle disk modes can be excited in the chain resulting into different shapes of the far- and
near-field scattering maps.

In addition, we have applied the technique of photothermal holography to map the
temperature increase of heated chains of nanodisks. We have demonstrated, that the
photothermal signal gives us information on the temperature increase and on the heating
distribution due to its proportionality to the temperature increase. Although this study
was mostly preliminary, this technique has great potential to investigate the heating
behaviour in continuous or more complex, discontinuous nanostructures.

Furthermore, we have developed the technique of frequency scanning heterodyne imag-
ing, which is based on the heterodyne detection principle and scans the frequency domain
of a system by systematically detuning the heterodyne beating frequency. This technique
allows the detection of the frequency contents in a system and holds great promise for
various applications. Here, we have shown that the frequency domain of a modulated
temperature in an integrated circuit can be accessed. Another study we performed was

aimed to analyse the rotational Brownian dynamics of heated gold nanorods in a liquid.

Prospects

As remarked before, this work is the first study that used holography to measure three-
dimensional scattering maps of plasmonic nanostructures. This technique has proven its
ability to map in one measurement the scattered electromagnetic field in three-dimensions.
We are convinced that it will find many future applications in the field of plasmonics.
In the following, we would like to give a short list of future projects and prospective

applications:

Fano resonances We have shown that the characteristics of the scattering maps of
nanostructures are extremely sensitive both to the illumination field (polarization of the
beam, wavelength, orientation of k-vector, etc.) and to the plasmonic properties of the
nanostructures under study (resonance wavelength, coupling strength, etc.). For example,
by detuning the illumination wavelength, a change in the scattering has been observed.
This sensitivity makes digital heterodyne holography one of the only techniques able to
study structures that exhibit Fano resonances due to their asymmetric line-shape in the

scattering spectra.
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Rotation of Nanorods During this thesis work we have performed a preliminary study
to investigate the Brownian dynamics of gold nanorods and its temperature dependence
by applying an optical heating. The obtained results are promising but suffer a large
uncertainty due to possible trapping effects. In this context further experiments are
planned to investigate the temperature dependence of the rotational motion of nanorods
by using a hot wire for heating the system instead of an optical heating in order to avoid

rotational trapping.

“Nano-SNOM”  Scanning near-field optical microscopy (SNOM) explores the near-
field of a sample by measuring the scattered near-field with an optical probe. In this
setup, the probe is usually fixed and in a controlled manner scanned over the sample’s
surface. We have seen, that holography allows the detection and localization of gold
nanoparticles in a liquid. By combining the concept of SNOM and holography of freely
moving nanoparticles, a novel method to detect the near-field of a sample is envisaged.
We have initiated a project for the research on this new detection scheme in collaboration
with F. Verpillat and M. Gross, from the Laboratoire Kastler Brossel (LKB) at the ENS in
Paris, whose research studies are the 3D real-time localization and detection of nanobeads
using holography.

The idea is the following: A micro-fluid chamber, filled with freely moving nanopar-
ticles in a liquid, is coupled to the surface of the sample under investigation. When a
nanoparticle gets in the vicinity of the sample’s surface, it interacts with the near-field of
the sample, and thus, an alteration of its light scattering will be created. By performing
a statistical analysis of the light scattering by individual beads, one has access to the

near-field structure of the sample.

Heating in Nanostructures We have shown that the signal of photothermal hetero-
dyne holography is proportional to the temperature increase in plasmonic structures and
applied it successfully to detect the photoinduced heating of nanodisk chains. Up to now
the physics of heat generation and heat distribution in plasmonic nanostructures is poorly
investigated. In this context, photothermal holography is a promising technique to fill the

gap in experimental methods investigating the heating of nanostructures.



Appendix A

FEM Simulation Parameters -

Fresnel Coeflicients

The FEM model uses the three-dimensional scattered harmonic propagation mode. In
this mode the scattered field is calculated which needs an accurate description of the
total incident field in the whole simulation volume. Depending on the polarization of the
incident light and the plane of incidence, different configurations have to be considered to
describe fully the electric field in the whole simulation volume. Describing the experimen-
tal configuration for the measurement of scattering spectra, i.e. the case of reflection, the

Refl propagates from +z to —z direction normal to the interface.

incident wave vector k;,,.
The wave is polarized along the main axis of the nanostructure. Considering the exper-
imental situation for holography, i.e. the case of transmission, the incident wave vector
Eine! "™ propagates from —z to +z direction under an angle of o; to the interface. In the
latter case, several configurations of the electric field are possible, depending on the po-
larization of the wave (TE or TM wave) and on the choice of the plane of incidence (plane
parallel or perpendicular to the long axis of the structure). All those configurations need
individual descriptions of the electric field vector propagating in the simulation volume

which are here considered and explained in detail.

A.1 Excitation Field in Reflection

In the case of reflection, the incident wave propagates from +z to —z direction and the
electric field vector is oriented parallel to the x-axis, i.e. parallel to the long axis of the

nanoobject. The corresponding electric field expressions that are used to describe the
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field in the volume are quite simple:

ny = Nar
N2 = MNsubstrate
Ny — 1M
o =
ng + Ny
2712
try =
N + Ny

E, = Eyexp(ikoniz) + rra exp(—ikoniz)(Vz > 0)
+ try exp(ikongz)(Vz < 0)

B, = 0
E, =0
By = 1[V/m]

ny denotes the refractive index of the medium of the incident wave and of the wave
refracted on the interface, and ny denotes the refractive index of the medium of the trans-
mitted wave. The wave is transverse magnetic (TM), i.e. the electric field is parallel to
the plane of incidence, and ryy; and t7,; are the corresponding reflection and transmission
coefficients. The incident wave vector is denoted as ky. F,, I, and F, are the components
of the electric field, and Ej is the incident field amplitude which amounts to 1 V/m for
the sake of simplicity.

A.2 Excitation Field in Transmission

When describing the field in the transmission case under a non-zero incident angle of the
incident wave, the electric field expressions become more complex. Furthermore, we have
to differentiate between p- and s-polarized waves. Figure [A] (a) depicts the p-polarized
situation, when the electric field vector E;q is parallel to the plane of incidence. The plane
of incidence is defined by the propagation vectors of the incident and transmitted fields

and represents the image plane. Figure [A.]] (b) shows the s-polarization case.

p-polarization First, we consider the case of p-polarization. All vectors in Fig.[A1] (a)
can be decomposed to the components in the (zyz) basis, if we use the standard plane
wave notation E = E, exp(—jk:_{)nf), with the components E, = (ng,EBy,EBZ) of the
electric field amplitude vector, k_é = (kgx, kgy, k:gz) the free-space propagation vector, and

7= (Z, 7, Z) the radius vector in the Cartesian coordinate system. Thus we get according
to Fig. [AT (a):
= (—EBZ- cos by, 0, Eg; sin 6,) exp(—i(k?]nl sin 0,7 + l{%nl cos0:7))

(E?)T cos 1,0, E?]T sin 6;) exp(—i(kgnl sin 0,7 — kﬁonl cos012))

& o=
Il

= (—Ey coss,0, Eosin 6y) exp(—i(kona sin o7 + kong cos 657))
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(@) (b)

Figure A.1 — Scheme of the refraction and transmission of (a) a p- and (b) s-polarized incident

wave.

In the present and in all following cases, we consider |Ey;| = 1 V/m, for the sake of

simplicity.

s-polarization Using Snell’s law, i.e. n;sinf; = nsysinfy, and the boundary condition
for a dielectric interface, meaning that the tangential components of the E and H fields
across the interface are continuous, we obtain the following Fresnel formulas with the

Fresnel reflection 77, and transmission coefficients t7,, for p-polarization:

Eor = rraEoi
Eoe = trvboi

2n, cos 0,
lry =

n1 cos By 4+ no cos 6
Ny cos 01 — nq cos b,

rrv =
11 cos Oy + ny cos 0y

Considering the case of total internal reflection, it is assumed that the light is fully
refracted back into the medium, hence the transmitted wave goes to zero. This case has

to be considered when writing down the expressions for the total internal reflection case.

Total Internal Reflection Case

Under total internal reflection (TIR) the incident light propagates from the substrate
medium, with a refractive index of nq, towards a less dense medium having ns, i.e. ny > no,

under an angle of incidence that is larger than the critical angle a.,.;; L. In this case the

Laveris is defined as (sin(ng/n1))~! and is 42° in the case of a glass-air interface.
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light is fully reflected back into the medium. The penetration of a portion of incident light
into the low refractive index medium, ns, creates the evanescent field, which is represented
by several small light waves propagating parallel to the interface and having decreased
intensity with increasing distance from the interface. The TIR configuration is sketched
for a s-polarized wave in Fig.

Here, we will give the analytical expressions for p- and s-polarized incident wave in the TIR
case. These expressions were used for COMSOL modelling in the scattering formalism,

when simulating the scattering of evanescent waves. For the simulations usually the

Figure A.2 — Scheme of an incident s-polarized wave in TIR configuration.

following notations for the angle of incidence, refraction and transmission and for the

refractive indices were applied, and are the same in each considered illumination case:

; 45°
2
091 91 = %Oﬁ [rad]
0, 0,
sin 65 sinf, = m sin 6,
N2
cos 0, \/1 — sin 62
2
cos 0, 1-— m sin 6,
ng
ny Nsubstrate

Nair
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TIR: s-Polarization and y-z Plane as Plane of Incidence The configuration the
most often considered during this work is the case of a s-polarized plane wave, propagating
in the y-z plane, i.e. perpendicular to the axis of the nanoobject. In this case, the electric

field has only a x-component.

We have stated that in the case of TIR no energy is transmitted across the interface.

Therefore, we regard the expression for the transmitted wave:
E, = treTir Egiy exp(—iky sin Oyx) exp(—ik; cos Oyz) (A1)

E, has to go to 0 when z goes to +infinity. In order to examine this condition in detail,

ny
n2

Then, rewriting the angle cos 0 as cosf = i /7t sin 6,% — 1, we state that Eq. A goes

to zero if we use

we have a look at the cosf, expression. As stated above we have 2L sinf; = sinfy > 1.

2
cosby = —i m sinf; —1 (A.2)
N2

Having these considerations in mind, we can write the following expressions describing a

s-polarized wave in TIR configuration:

e niy/1 —sin6,% — m(—i),/ﬁ—; sinf;? — 1 (A3)
7 nn/l—sin012+n2(—i)./2—;sin912—1
tre,riR = 2y 1= sin 017 (A.4)
7 n“/l—sin012+n2(—i)1/2—;sin912—1
Eow = exp(—ikonysinfyy + /1 —sin6,%2)
+ rrgrir exp(—ikong sin 1y — /1 — sin 0,°2) (V2 < 0)

+ trerir (exp(—ikon sin O1y)exp(—kongy/1 —sin 6,%2)) (Vz > 0)(A.5)
EOy — 0
EOZ — 0

rrerir and trp rrr denote the reflection and transmission amplitude coefficients for TIR,

and Ey,, Ey, and Ey. describe the electric field components for the x-, y- and z-axis.

TIR: s-Polarization and x-z Plane as Plane of Incidence In this illumination
configuration, again the electric field vector has only one component, here the component
along the y-axis. This case was used for example to simulate the excitation of trans-

verse modes in a chain of nanodisks. The expressions for the reflection and transmission
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coefficients are the same as in Eq. [A3

EO:B — 0
Ey, = exp(—ikonisinbix +4/1 —sin 0122)
+rrprir exp(—ikong sin fyx — /1 — sin 0122) (Vz < 0)

+trerir (exp(—ikon sin Oyx)exp(—konay/1 — sin 6,°2)) (Vz > 0) (A.6)
EOZ — O

TIR: p-Polarization and y-z Plane as Plane of Incidence If using p-polarized
light, the electric field vector has two components. This is taken into account by the

following formulas.

rTMTIR = nay 1 —sinfy” - nl(_i)W (A.7)
7 nQ\/l—sin012+n1(—i)W .
lrmrir = 2y L= sin 60 (A.8)
7 nm/l—sin012+n1(—')W
Ey, =

0
Eoy, = (=1 —sin6,*)exp(—ikony sin Oy + /1 — sin 6,°2)
+rearrir /1 — sin 0y %exp(—ikony sin 61y — /1 — sin 6,%2)(Vz < 0)
+trmrir (11 —sin «912)(exp(—ik0n1 sin 01y)
exp(—kona\/1 — sin 0,°2))(¥z > 0) (A.9)
Ey. = sinfexp(—ikon,sin by + /1 —sin6,°z)

+rryrrr sinOrexp(—ikong sin 1y — /1 — sin 0,°2)(Vz < 0)

+tTM,TIR TLl/TLQ sin 01 (exp(—ikonl sin Qly)

exp(—kona\/1 — sin 0,°2))(¥z > 0) (A.10)
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TIR: p-Polarization and x-z Plane as Plane of Incidence In the last case, the

light is p-polarized and the x-z plane is used as the plane of incidence.

Eop = (=1 —sinf,*)exp(—ikon,sin bz + /1 — sin 6,%z2)
+revrir \/ 1 — sin 012exp(—ik0n1 sinf;z — /1 —sin 0122)(Vz < 0)
+trmrir (11 —sin 912)(exp(—ik0n1 sin 01x)
exp(—kona\/1 — sin 0,°2))(Vz > 0) (A.11)
Foy = 0
Ey. = sinfiexp(—ikon;sinfix + /1 — sin 0122)
+reav i sinByexp(—ikong sin bz — /1 — sin 0122)(Vz <0)

+tTM,TIR 1 /’I’LQ sin 01 (exp(—ikonl sin 011‘)

exp(—kono\/1 — sin 0,%2))(¥z > 0) (A.12)






Appendix B

Square-Wave Function in Matlab

We describe shortly the program that we developed using Matlab in order to plot the

square-wave function with a period of 2 kHz (used in Ch. Z5.T]) and its Fourier transform:

p = 1/2000;
— 0.05:
dt = 1/40960;
[squar,t] = gensig(’square’ p,r,dt);
where [squar,t] = gensig(’square’,p,r,dt) generates a signal of type “square”, with pe-

riod p (in seconds), time duration r of the signal and the spacing dt, i.e. sampling=
1/(80Hz-512). Then, the Fourier transform Y of the square-wave function is simply cal-
culated with the following operation:

Y = fft(squar,1024);
Pyy = abs(Y)/1024;
fo= 1/dt+(0:512)/1024;

By plotting Pyy against the frequency range f we obtain the frequency domain of the
square-wave function.
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