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Abstract

The miniaturization of optical devices to spatial dimensions akin to their electronic
device counterparts requires structures that guide electromagnetic energy with a lateral
confinement below the diffraction limit of light. This cannot be achieved using
conventional optical waveguides or photonic crystal defect waveguides. Thus, a size
mismatch between electronic and optical integrated devices exists and needs to be
overcome.

In this thesis, the possibility of employing plasmon-polariton excitations in “plasmon
waveguides” consisting of closely spaced metal nanoclusters with a subwavelength cross
section for the confinement and guiding of electromagnetic energy is examined both
theoretically and experimentally. The feasibility of energy transport with mode sizes
below the diffraction limit of visible light over distances of several hundred nanometers
1s demonstrated.

As a macroscopic analogue to nanoscale plasmon waveguides, the transport of
electromagnetic energy in the microwave regime of the electromagnetic spectrum along
structures consisting of closely spaced centimeter-scale metal rods is investigated. The
dispersion relation for the propagation of electromagnetic waves is determined using full-
field electrodynamic simulations, showing that information transport occurs at a group
velocity of 0.65¢ for fabricated structures consisting of centimeter-scale copper rods
excited at 8 GHz (4 =3.7 cm). The electromagnetic energy is highly confined to the
arrays, and the propagation loss in a straight array is about 6 dB/16 cm. Routing of
energy around 90-degree corners is possible with a power loss of 3-4 dB, and tee

structures for the splitting of the energy flow and for the fabrication of an all-optical



vi
modulator are investigated. Analogies to plasmon waveguides consisting of arrays
of nanometer-size metal clusters are discussed.

The possibility of guiding electromagnetic energy at visible frequencies with mode
sizes below the diffraction limit is analyzed using an analytical point-dipole model for
energy transfer in ordered one-dimensional arrays of closely spaced metal nanoparticles.
It is shown that such arrays can work as plasmon waveguides that guide electromagnetic
energy on the nanoscale. Energy transport in these arrays occurs via near-field coupling
between metal nanoparticles, which sets up plasmon modes. This coupling leads to
coherent propagation of energy with group velocities exceeding the saturation velocity of
electrons in semiconductor devices. The point-dipole model suggests the feasibility of
complex guiding geometries such as 90-degree corners and tee structures for the routing
of electromagnetic energy akin to the fabricated macroscopic guiding structures, and the
possibility of an all-optical modulator operating below the diffraction limit is suggested.

The interparticle coupling in plasmon waveguides is examined using finite-difference
time-domain (FDTD) simulations. Local excitations of plasmon waveguides show direct
evidence for optical pulse propagation below the diffraction limit of light with group
velocities up to 0.06¢ in plasmon waveguides consisting of arrays of spherical noble
metal nanoparticles in air. The calculated dispersion relation and group velocities
correlate well with predications from the simple point-dipole model. A change in particle
shape to spheroidal particles shows up to a threefold increase in group velocity for
structures that can be fabricated using electron beam lithography. Pulses with transverse
polarization are shown to propagate with negative phase velocities antiparallel to the

energy flow.
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Plasmon waveguides consisting of spherical and spheroidal gold and silver
nanoparticles were fabricated using electron beam lithography with lift-off on ITO coated
quartz slides. Far-field polarization spectroscopy reveals the existence of longitudinal and
transverse collective plasmon-polariton modes. Measurements of the polarization
dependent extinction confirm that the collective modes arise from near-field optical
interactions. The key parameters that govern the energy transport are determined for
various interparticle spacings and particle chain lengths using measurements of the
resonance frequencies of the collective plasmon modes. For spherical Au nanoparticles
with a diameter of 50 nm and an interparticle spacing of 75 nm, the energy attenuation of
the plasmon waveguide is 6 dB/30 nm. This loss can be reduced and the energy
attenuation length conversely increased by approximately one order of magnitude by
using spheroidal silver nanoparticles as building blocks of plasmon waveguides, which
show an enhanced interparticle coupling and a decreased plasmon damping.

Near-field optical microscopy allows for the local optical analysis and excitation of
plasmon waveguides. Using the tip of a near-field optical microscope as a local excitation
source and fluorescent polystyrene nanospheres as detectors, experimental evidence for
energy transport over a distance of about 0.5 um is presented for plasmon waveguides
consisting of silver rods with a 3:1 aspect ratio and a center-to-center spacing of 80 nm.
Ways to further improve the efficiency of energy guiding in plasmon waveguides and

possible applications are discussed.
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Chapter 1 Introduction

1.1 Towards nanoscale optical devices

The miniaturization of optical devices to size dimensions akin to their electronic
counterparts is a major goal of current research efforts in optoelectronics, photonics and
semiconductor manufacturing. A high integration of optical components allowing the
fabrication of all-optical chips for computing and sensing requires both a confinement of
the guided optical modes to small dimensions and the ability to route energy around sharp
corners. Current technologies that are driving a revolution in the fabrication of integrated
optical components are planar waveguides, optical fibers and photonic crystals, which
can confine and guide electromagnetic energy in spatial dimensions in the micron and

sub-micron regime (Figure 1-1).

Figure 1-1 (color): Optical fibers and photonic crystals. a) Sketch of an optical fiber that
confines and guides light by total internal reflection (after [1]). b) Finite-difference time-
domain simulation of a guided light mode in a 90-degree corner photonic crystal defect
waveguide (after [2]).



Whereas waveguides based on the principle of total internal reflection such as
optical fibers do not allow for the guiding of light around sharp corners with a bending
radius considerably smaller than the wavelength of light A [1], bend engineering of defect
modes in photonic crystals has enabled the fabrication of defect waveguides with
complex guiding geometries [2, 3]. The further integration of active devices such as
defect mode lasers into photonic crystals [4] will ensure a prominent spot for this
technology in the creation of optical chips.

The size and density of optical devices employing these technologies is nonetheless

restricted by the diffraction limit %n of light, which imposes a lower size limit of a few

hundred nanometers on the optical mode size. Thus, a size mismatch between highly
integrated electronic devices with lateral dimensions of a few tens of nanometers and

optical guiding components persists and needs to be overcome.

1.2 Surface plasmons as a way to overcome the diffraction limit

The diffraction limit for the guiding of electromagnetic energy can be overcome if the
optical mode is converted into a non-radiating mode that can be confined to lateral
dimensions smaller than the diffraction limit. Prominent examples that have been the
focus of intense research over the last couple of decades are surface plasmon-polaritons
in metals. Plasmons are coherent oscillations of the conduction electrons of the metal
against the static positive background of the metal ion cores. Whereas plasmons in bulk
metal do not couple to light fields, a two-dimensional metal surface can sustain plasmons
if excited by light either via evanescent prism coupling or the help of surface corrugations

to ensure momentum matching [5]. Such surface plasmons propagate as coherent electron



oscillations parallel to the metal surface and decay evanescently perpendicular to it.
Thus, the electromagnetic energy is confined to dimensions below the diffraction limit
perpendicular to the metal surface. Corrugations can further act as light-scattering centers
for surface plasmons, allowing for the fabrication of interesting optical devices such as an
all-optical transistor [6].

A further confinement of energy-guiding surface plasmon modes can be achieved
using metal nanowires instead of extended surfaces. In nanowires, the confinement of the
electrons in two dimensions leads to well-defined dipole surface plasmon resonances if
the lateral dimensions of the wire are much smaller than the wavelength of the exiting
light. Thus, the optical properties of metal nanowires can be optimized for particular
wavelengths of interest, and non-regular cross sections and coupling between closely
spaced nanowires allow a further tuning of the optical response [7, 8]. Indeed, the
propagation of electromagnetic energy has been demonstrated along noble metal stripes
with widths of a few microns [9] and along nanowires with subwavelength cross sections
[10, 11], and propagation lengths of a few microns have been found. Related to this
principle is the interesting idea of one-dimensional negative dielectric core waveguides,
where metals instead of dielectric materials are used as the core in a waveguide with a
cross section below the diffraction limit [12].

Another intriguing nanoscale system that can sustain surface plasmons are metal
nanoparticles, and their interaction with light has been the focus of intense research in
recent years [13, 14]. In metal nanoparticles, the three-dimensional confinement of the
electrons leads to well-defined surface plasmon resonances at specific frequencies. From

work on single noble metal nanoparticles, it is well established that light at the surface



plasmon resonance frequencies interacts strongly with metal particles and excites a
collective motion of the conduction electrons, or plasmon [15]. These resonance
frequencies are typically in the visible or infrared part of the spectrum for gold and silver
nanoparticles embedded in a variety of hosts. For particles with a diameter much smaller
than the wavelength A of the exciting light, plasmon excitations produce an oscillating
electric dipole field resulting in a resonantly enhanced non-propagating electromagnetic
near-field close to the particle surface.

Recently, it has been suggested that near-field interactions between closely spaced
metal nanoparticles in regular one-dimensional particle arrays can lead to the coherent
propagation of electromagnetic energy along the arrays with lateral mode sizes below the
diffraction limit [16]. For Au and Ag nanoparticles in air, energy decay lengths of a
couple of hundred nanometers have been predicted. Furthermore, it was suggested that
these so-called plasmon waveguides can guide electromagnetic energy around sharp
corners and tee structures, and an all-optical modulator based on interference operating
below the diffraction limit was proposed [17].

The use of ordered arrays of metal nanoparticles as plasmon waveguides is intriguing
from both a technology oriented and a fundamental point of view. Metal nanoparticles
can be fabricated using a wide arsenal of tools including electron beam lithography [18],
ion beam implantation [19], colloidal synthesis [20], and self-assembly [21]. This way,
metal nanoparticles of different shapes can be produced from a variety of materials, and
the synthesis of core-shell composite particles offers the incorporation of novel non-

linear materials for additional functionality. The fabrication of plasmon waveguides



consisting of such particles could enable the design of highly integrated optical

devices and logic elements operating below the diffraction limit (Figure 1-2).

Figure 1-2 (color): Sketch of a plasmon waveguide network coupling two conventional
dielectric plane waveguides.

From a fundamental point of view, a study of plasmon waveguides provides insight
into the nature of optical near-fields and electromagnetic light-matter interactions on the
nanoscale. The strong dipolar coupling between metal nanoparticles can also serve as a
model system for the study of other dipole-coupled energy transfer structures such as
quantum dot chains [22], magnetic nanoparticle arrays [23], and coupled-resonator

optical waveguides [24].

1.3 Road map through this thesis

In the following chapters, the physical properties of plasmon waveguides consisting
of ordered, closely spaced metal structures with subwavelength dimensions are analyzed
both theoretically and experimentally.

Chapter 2 presents experiments and full-field electrodynamic simulations on
macroscopic analogues to nanoscale plasmon waveguides [25-27]. The macroscopic

waveguides are based on centimeter-scale metal rods with a center-to-center spacing of a



few millimeters and operate in the microwave and RF regime of the electromagnetic
spectrum, akin to Yagi arrays used for the steering of RF beams. These so-called Yagi
waveguides can be excited using a dipole antenna and show a strong confinement of the
electromagnetic energy to the guiding structure. Linear arrays, 90-degree corner and tee
waveguides are characterized, and simulation results on an all-optical modulator are
presented.

The discussion of the properties of nanoscale metal nanoparticle plasmon waveguides
begins in Chapter 3 with the description of a point-dipole model of energy transfer in
plasmon waveguides consisting of spherical metal nanoparticles [17, 28]. The dispersion
relation and group velocity for energy transport are determined, and transmission
coefficients for network structures consisting of corners and tees are presented, as well as
the modulation characteristic of an all-optical switch in the point-dipole limit. The
important notion of plasmon damping is addressed and discussed rather extensively, to
offset some contradicting and confusing descriptions of the damping processes found in
the literature [29]. An experimentally accessible expression for the expected energy
attenuation of plasmon waveguides is derived.

Chapter 4 extends the analytical modeling of plasmon waveguides in Chapter 3 by
solving the full set of Maxwell’s equations using finite-difference time-domain
simulations for extended metal nanoparticles modeled via a Drude model [30, 31].
Starting from a determination of the plasmon resonance frequencies of single noble metal
nanoparticles, interactions between nanoparticles located in each other’s near-field are
analyzed using plane-wave excitations. This way, a realistic interparticle coupling

strength can be determined. Local excitation sources allow for direct determination of the



dispersion relation and characterization of optical pulse propagation in plasmon
waveguides. The optimization of the guiding properties of plasmon waveguides using
non-spherical particles is discussed.

The fabrication and far-field optical characterization of plasmon waveguides are
presented in Chapter 5. Plasmon waveguides consisting of spherical and rod-shaped Au
and Ag nanoparticles fabricated using electron beam lithography are analyzed using far-
field polarization spectroscopy [28, 32, 33]. Extinction measurements allow for the
determination of the interparticle coupling strength and bandwidth of energy transport,
thus yielding estimates for the group velocities and energy decay lengths of the fabricated
plasmon waveguides.

Chapter 6 presents a characterization of the guiding properties of plasmon
waveguides using a near-field optical microscope (NSOM) [34-36]. The tip of an
illumination-mode NSOM 1is used as a local excitation source, and fluorescent
polystyrene nanospheres are used as local detectors of energy transport. Evidence for
energy transport over distances of about 0.5 um is presented for plasmon waveguides
consisting of rod-shaped Ag nanoparticles. Chapter 7 summarizes the work presented in

this thesis and gives an outlook on future work and applications of plasmon waveguides.

Figure 1-3 (color): Artist’s rendition of a plasmon waveguide [37].



Chapter 2 Yagi waveguides

2.1 Introduction

As a large-scale analogue to nanoscale plasmon waveguides that operate in the visible
part of the electromagnetic spectrum, this chapter discusses the propagation of
electromagnetic energy along centimeter-scale periodic metal structures in the radio
frequency regime, similar to linear Yagi antenna arrays. Figure 2-1 shows a sketch of a 7-
element Yagi antenna array as it is typically used in radio frequency communications.
The antenna is driven by a dipole whose beam-profile is modified by the addition of

director and reflector rods to assure a directed emission and receiving of radiation [38].

s=A/l3
a) refiecior directons —
h>A412 } || || i ! I h<A/2
arven
g‘g‘fg forwards direction —

Figure 2-1 (color): Yagi antennas. a) Sketch of a linear Yagi antenna used in radio
frequency communication. The beam profile is shaped by the director and reflector rods.
b) Picture of a TV Yagi antenna.

A typical Yagi array (Figure 2-1 a) consists of a driven dipole source and a series of
equally spaced metal rods with a height /# and an inter-rod spacing s. It is well known

experimentally [39] and theoretically [40, 41] that such arrays show guiding properties

for electromagnetic radiation as long as % <0.5, where Ar is the free-space
F

wavelength of the electromagnetic wave emitted by the source [38-41]. Under this



condition, the phase velocity of the guided wave is less than the free-space velocity

c. Conversely, for rods with % > 0.5, the phase velocity is greater than ¢ and the
F

waves are reflected in the backwards direction. Conventional Yagi antenna arrays are

aimed at radiating out electromagnetic energy into the far-field and have inter-rod

spacings on the order of ﬁ% . Here we will describe structures with a significantly

smaller spacing of A 5 which allow for more efficient guiding of energy around sharp

0°
corners. Smaller spacing between adjacent rods results in a slower phase velocity [40, 41]
and a stronger confinement of the electromagnetic waves to the structure due to increased
near-field coupling. The following sections will describe electromagnetic simulations and
experiments that examine energy propagation in straight arrays, 90-degree corners and
tee structures, and an all-optical modulator based on interference will be discussed. The

last part of this chapter will establish the link to nanoscale plasmon waveguides.

2.2 The dispersion of a Yagi waveguide

In order to determine the range of suitable heights and spacings for efficient Yagi
waveguides, full-field electrodynamic simulations of the 10-element Yagi array depicted
in Figure 2-2 were performed using an antenna simulation software (EZNEC v. 2.0). In
the simulation, the axes of the rods were chosen to be in the z-direction and the center of

the first rod (source) was located at (x,y,z) = (0,0,0).
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Figure 2-2 (color): Geometry of a short 10-element Yagi array for the determination of
the dispersion relation using full-field electrodynamic simulations.

The first rod was driven by a center-fed current source at 8.0 GHz (Ar=3.75 ¢cm), and
the steady state electromagnetic field distribution around the structure was determined.
The heights 4 of the rods and the inter-rod spacings s were varied to explore their effect
on the guiding and dispersion of electromagnetic waves.

Figure 2-3 shows typical distributions of the absolute value of the z-component of the
electric field vector |E,| in the x-y plane for a linear Yagi array consisting of 10 copper

rods with an inter-rod spacing s = 0.054# (2 mm) for various rod heights 4.
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Figure 2-3 (color): Influence of rod height on the guiding properties of Yagi arrays. The
contour plots show the distribution of the absolute value of the z-component of the
electric field vector |E,| in the x-y plane for linear arrays of 10 rods with an inter-rod
spacing of 0.054 and variable heights /. The first rod is driven with a dipole current
source at 8 GHz (A4 =3.75 cm). The color scale is exponential in the magnitude of |E,| and
spans about 3 orders of magnitude.
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For rods small compared to the free-space wavelength (h < 0.34F), the
absorption and scattering cross sections of the rods are too small to allow for efficient
guiding of electromagnetic energy along the array. For medium-sized rods
(0.34r < h <0.54r), the cross sections are large enough to allow for efficient guiding of
the electromagnetic energy, and the field distribution along the array shows a standing-
wave type behavior due to reflection of the guided wave at the end of the structure. We
will call this rod size regime the transmission window of Yagi arrays for energy guiding.
For larger rods (2> 0.54r), the electromagnetic waves radiated by the source dipole
interfere destructively in the forward direction, causing an exponential decay of the
electric field along the rod structure and a concurrent back reflection. Thus,
electromagnetic energy can be guided along a Yagi array only in the transmission
window for rods with 0.34r < h < 0.5Af.
The change in the guiding properties of Yagi arrays at a rod height 2 = 0.54r is due to
a change in the antenna impedance of a single rod at 0.54r and can be understood using a

loaded transmission line analysis [40, 42] depicted in Figure 2-4.

Impedance of
Z, unloaded line: Z Zs

. rod .
N - s lossless case:

Figure 2-4 (color): Transmission line model of a Yagi array (after [40]).
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The transmission line model approximates each rod as a load on an otherwise
unloaded transmission line of impedance Z [40]. Analysis of the loaded line’s impedance
allows for the determination of the phase velocity of electromagnetic waves on the
transmission line. Assuming negligible losses inside the rods with an inter-rod spacing s,
the phase velocity v can be calculated from the shunt impedance iX and the impedance of
the unloaded line Z to

% ZA,
—=1+ ,
c 4 X

where ¢ and A are the free-space velocity and wavelength of the guided electromagnetic
radiation. In order to allow for a guiding of electromagnetic radiation, the phase velocity
must be smaller than the free-space velocity of light. This requires rods with capacitive

antenna impedance X <O0. It is well known from antenna theory that this is the case for
rods with a height 4 < j’Fé . For larger rods, the antenna impedance becomes inductive,

resulting in a phase velocity greater than the free-space velocity of light and no guiding.
From the view point of optical theory, a phase velocity v < ¢ implies a mean refractive
index of the Yagi array greater than one, leading to convergence of the source dipole
radiation along the structure analogous to a convex lens. The transmission line analysis
also suggests that for capacitive rods the phase velocity decreases with decreasing inter-
rod spacing s, leading to a stronger confinement of the electromagnetic energy along the
array. This was confirmed using full-field electromagnetic simulations of Yagi arrays
with various inter-rod spacings.

The dependence of the phase velocity of electromagnetic waves propagating on a

linear Yagi array on the rod geometry can be summarized by computing the dispersion
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relation UK) of the guided waves. Figure 2-5 shows this dispersion relation for a
linear Yagi array consisting of 101 copper rods as obtained by full-field electrodynamic

simulations.
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Figure 2-5: Dispersion relation for electromagnetic waves propagating on a linear Yagi
array consisting of 101 copper rods obtained by electromagnetic simulations. The rods
have a diameter d of 1 mm, a height 4 of 1.4 cm, and were spaced by s = 2 mm apart.

The rods have a diameter d = 1 mm, height # = 1.4 cm and are spaced s = 2mm apart,
corresponding to the dimensions of the fabricated Yagi arrays described in section 2.3.
The first rod was driven at various frequencies from 6.0 to 9.5 GHz via a current source,
and the standing wave pattern along the structure was analyzed to determine the
corresponding wave vector k of the guided waves along the structure. The decrease in

slope with increasing wave vector k indicates a decrease of the group velocity of the

electromagnetic waves. Near the zone boundary at k= % the ratio % approaches
F
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0.5, as predicted by linear antenna theory [40, 41]. At the excitation frequency of

8.0 GHz used in experiments on fabricated arrays the phase velocity is about 0.65c¢.

2.3 Guiding along linear and corner Yagi arrays: Experiments and
simulations

This section describes three fabricated Yagi waveguide structures consisting of arrays
of Cu rods, namely, a straight line, a 90-degree corner, and a tee structure. The rods have
a diameter of 1 mm (d=0.0024r), a height of 1.4 cm (h=0.374r), and were spaced
2 mm apart (s = 0.054r). The rods were fixed in position using a Styrofoam construction
that showed negligible guiding properties as depicted in Figure 2-6. The first rod was a
center-fed dipole driven at 8.0 GHz using a HP 8620C sweep oscillator. The distribution
of the electromagnetic field along the array was studied by local power measurements
using a 1 cm long probe dipole and a HP 8472 crystal detector connected to a HP 415E
standing wave meter. These measurements were performed at a distance of 0.154f from
the array to avoid significant interference with the propagating electromagnetic waves.
None of the structures was terminated with impedance matching loads to obtain standing
wave patterns for physical analysis. The results were compared to full-field

electrodynamic simulations of the fabricated structures as discussed in Section 2.2.
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Figure 2-6 (color): Top view of a fabricated 90-degree corner Yagi structure on
Styrofoam, showing a source and two probe dipoles (courtesy of Luke Sweatlock).

Figure 2-7 shows the distribution of the absolute value of the z-component of the
electric field vector |E;| in the x-y plane for a linear array of 101 rods. The color scale is
exponential in the magnitude of |E,| and spans three orders of magnitude. The inset shows

both the measured (squares) and simulated (thin solid line) power at a distance of 0.154F

from the array, normalized to the power obtained at the position of the source.
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Figure 2-7 (color): Guiding energy along a linear Yagi array. The plot shows the
distribution of the absolute value of the z-component of the electric field vector |E,| in the
x-y plane for a linear array of 101 rods. The rods are 1 mm in diameter, 1.4 cm long, and
spaced 2 mm apart. The color scale is exponential in the magnitude of |E,| and spans
about 3 orders of magnitude. The inset shows both the measured (squares) and simulated
(thin solid line) power at a distance of 0.154 from the array.
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Most of the energy emitted by the source is lost due to radiation into the far-
field, as seen in the field plot and in the inset as an initial drop in the measured power
after rod number 1. Along the array a standing wave pattern is recognized, indicating
weak attenuation and strong reflection at the endpoints. The period of the standing wave
obtained by simulation and experiment are in excellent agreement. The discrepancies in
the measured and simulated powers can be attributed in part to the finite diameter of the
probe dipole, which causes an averaging-out of the sharp features seen in the simulation.
About 90% of the energy is confined within a distance of 0.054r from the array,
demonstrating strong guiding of the electromagnetic wave. The propagation loss « of the
electromagnetic wave and its reflection coefficient R can be estimated by assuming that
the standing wave pattern results form electromagnetic waves that travel back and forth
along the array. From such an analysis & = 6 dB/16 cm corresponding to 6dB/4Ar and
R =75% are determined. The remaining 25% of the power is radiated into the far-field at
the end of the array, as can be seen in the field plot. It is important to note that radiation
loss only occurs at the two ends of the linear array. More generally, radiation loss occurs
at each discontinuity in the structure where the guided electromagnetic wave changes
direction. For the design of more complex array structures it is important to quantify the
losses at such discontinuities. For this purpose, the transport around 90-degree corners is
investigated next.
Figure 2-8 shows the distribution of |E,| in the x-y plane for a corner structure
consisting of two linear arrays of rods that meet at a 90-degree angle. The inset shows
both the measured and simulated power at a distance of 0.154r on the outside of the

corner, normalized to the power obtained at the position of the source.
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Figure 2-8 (color): Guiding energy along a corner Yagi array. The plot shows the
distribution of |E,| in the x-y plane for a corner structure consisting of two linear arrays of
rods that make a 90-degree angle. The rods are 1 mm in diameter, 1.4 cm long, and
spaced 2 mm apart. The color scale is exponential in the magnitude of |E,| and spans
about 3 orders of magnitude. The inset shows both the measured (squares) and simulated
(thin solid line) power at a distance of 0.154 from the array.

As for the straight line, simulation and experiment are in reasonable agreement. As
expected, power is lost in turning the corner due to radiation into the far field. The ratio
of the power in the side arm to the power in the main arm is 3-4dB. This decrease in
power is due to radiation and back reflection at the corner. Similar results were found for
a tee structure (Figure 2-9) in which an electromagnetic wave was injected into the stem
and the power flow split into the two side arms. The ratio of the power in one side arm to
the power in the stem was about 8dB. This is roughly twice the power lost in the corner

structure.
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Figure 2-9 (color): Routing energy in a Yagi tee structure. The plot shows the
distribution of |E,| in the x-y plane for a tee structure. The rods are | mm in diameter, 1.4
cm long, and spaced 2 mm apart. The color scale is exponential in the magnitude of |E,|
and spans about 3 orders of magnitude. The inset shows both the measured (black
squares) and simulated (red circles) power at a distance of 0.154 from the array.

The transmission of electromagnetic energy around corners and tee structures can be
optimized by the placement of additional reflector rods with a height 4 >/1% that

frustrate radiation into the far field. A full-field electromagnetic simulation of a tee
structure showed a 10% increase in the transmitted power in both arms if five reflector
rods were placed as an extension to the stem after the intersection of stem and sidearms.
More careful design of Yagi structures should thus allow for improved transmission
coefficients for electromagnetic energy around corner and tee discontinuities, allowing
for the construction of complex networks.

Apart from 90-degree corners and tee structures, another discontinuity that is worth
mentioning is the breaking of the perfect periodicity in the array. It was found that the
confinement of the electromagnetic energy around these arrays is not significantly altered

when rods are displaced from their original positions by as much as 50% of the inter-rod
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spacing. Simulations show that straight arrays with random displacements of a
subset of the rods still demonstrate a comparable guiding and attenuation. If near-field
coupling would be dominant, the transport would be extremely sensitive to a breaking of

the perfect translation symmetry, because the strength of near-field coupling is strongly
dependent on the spacing (oc d *3). This strong distance dependence is well known from

Forster resonance energy transfer [43]. It is thus concluded that for Yagi waveguides the
intermediate-field and far-field terms play an important role in the transport. For this
reason, fabrication-induced deviations from perfect translation symmetry in the array

structures can be tolerated.

2.4 Towards active devices: A three-terminal modulator

The fabrication off all-optical modulators, switches and transistors is a major goal of
current photonic research [6]. It is intriguing to investigate the possibility of using Yagi
array waveguides as interferometers that can serve as the building blocks of an all-optical
modulator. A three-terminal device can be realized out of a tee structure if one source is
placed in the stem and one in the sidearm (asymmetric configuration) or if one source is
placed into each sidearm (symmetric configuration). Figure 2-10 shows full-field
electrodynamic simulations of the electric field around an asymmetric modulator

structure.
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Figure 2-10 (color): Modulation of energy in Yagi arrays. The plots show the
distribution of |E,| in the x-y plane for a three-terminal modulator structure. The color
scale is exponential in the magnitude of |E,| and spans about 3 orders of magnitude. For
sources in phase (left), the waves launched by the two sources interfere constructively at
the junction. For sources out of phase (right), the waves interfere destructively.

The modulator operates by interference of the waves launched by the two sources, A
and B. A constructive interference of the waves at the junction (ON state) leads to a 50%
increase in transmission into side arm C compared to waves interfering destructively at
the junction (OFF state). The reason that the switching efficiency is less than 100% is due
to the fact that the energy propagation is not solely due to coupling between nearest
neighbors. Even in the case where the waves interfere destructively at the junction rod,
there is still energy leaking into arm C due to coupling between rods which are further
apart. Such cross talk effects are strongly reduced in modulators with a symmetric source
arrangement.

Figure 2-11 shows the modulation characteristic of a three-terminal Yagi modulator

for both a non-symmetric (blue) and symmetric (red) source arrangement obtained using
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full-field electromagnetic simulations. The sources are 180 degree out of phase and

emit electromagnetic waves at 8.0 GHz, resulting in destructive interference at the

junction. This way, a variation in modulation power M causes a change in the transmitted

signal power T.
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Figure 2-11 (color): Power modulation characteristic of a three-terminal Yagi modulator
consisting of a tee structure and a signal source S and a modulation source M. Both
sources emit electromagnetic radiation at 8 GHz and are 180 degree out of phase, leading
to destructive interference at the tee intersection. A variation of the modulation power
results in a modulation of the transmitted signal T. Shown are results for a non-symmetric
(blue) and a symmetric (red) source arrangement obtained by simulations, and results of
an analytical point-dipole model calculation (akin to [17]).

Whereas a non-symmetric configuration does not allow for a complete nulling of the

transmission as discussed above, the symmetric case produces a perfect null if both

sources emit electromagnetic waves at the same power. This can be directly established

using the symmetry of the arrangement. Figure 2-11 also shows the results of point-

dipole model calculations taking only interactions between nearest neighbors into account

(akin to [17]). For small modulation powers, the simulation results for the symmetric case

and the point-dipole calculations are in reasonable agreement.
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Yagi tee structures thus show promise for applications as interferometer-based
modulators and switches if careful attention is paid to geometry requirements arising

from far-field interactions between individual rods.

2.5 The link to nanoscale plasmon waveguides

At this point, it is worthwhile to note a few analogies and differences between
centimeter-scale metal-rod Yagi arrays and plasmon waveguides, consisting of
nanometer-sized noble metal clusters. For the excitation of electromagnetic waves in
metal-rod Yagi arrays, a radio frequency dipole antenna was used. Arrays of metal
nanoclusters can be efficiently excited near their surface plasmon resonance frequency
[13]. For Au, Ag, and Cu clusters in air, this resonance occurs at optical frequencies and
is associated with resonantly enhanced absorption and scattering cross sections. Due to
the enhanced scattering cross section, a strong coupling between the metal particles can
be obtained even for cluster sizes that are small compared to the interparticle spacing s. It
was suggested that a strong guiding array can be realized using nanometer-size spherical
clusters with a diameter D for which D <s << A [17]. This is a necessary requirement for
near-field coupling between nearest neighbors to be the only contributor to the transport.
Since this condition is met in plasmon waveguides, far-field radiation at discontinuities
can be expected to be of a small magnitude. This situation cannot be obtained in the radio
frequency regime where the absorption and scattering cross sections of the rods are not

resonantly enhanced. For radio frequencies, strong guiding can only be obtained if the
height of the rods is a substantial fraction of ﬁ% , and thus % <s << A cannot hold. The

positive effect of an increase of the scattering cross section near the plasmon resonance
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frequency of metal clusters is counteracted by a concomitant increase in the
absorption due to resistive heating. This will limit the size of functional plasmonic
devices to size dimensions of a few Ar. It has been demonstrated theoretically that

functionality can indeed be obtained at this length scale [17].

2.6 Conclusions and outlook

Experiments and simulations have shown that in the radio frequency regime
electromagnetic waves can be guided along one-dimensional structures consisting of
closely spaced metal rods akin to Yagi arrays. Significant losses due to radiation into the
far field and reflections mainly occur when the waves change direction. Linear arrays,
90-degree corner and tee structures for the guiding and routing of electromagnetic energy
have been demonstrated experimentally, and an all-optical modulator has been analyzed
using full-field simulations.

For Yagi array-type waveguides to find an application niche in an area that is
dominated by metal stripe waveguides, the demonstration of the feasibility of functional,
active devices would be a next step. Simulations suggest that modulators and switches
can be built by employing interference between waves launched from different sources.
The incorporation of non-linear elements to produce the necessary phase-shifts between
the interfering waves could be a promising route for the fabrication of functional all-
optical radio frequency devices. Also, a characterization of the dispersion properties of
Yagi arrays for the guiding of electromagnetic pulses is necessary. Functional Yagi array
waveguide elements could be integrated into conventional Yagi antennas for the routing

of incoming or to-be-emitted information.
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On a last note, the incorporation of resonant circuits on the metal rods used in
Yagi waveguide arrays would allow the establishment of a “plasmon resonance”-type
behavior. This way, the scattering cross sections of the rods would be resonantly
enhanced, allowing for rods significantly smaller than the wavelength of the
electromagnetic radiation and a closer analogy of Yagi arrays to nanoscale plasmon

waveguides.
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Chapter 3 Going nanoscale: Point-dipole theory of

plasmon waveguides

3.1 Plasmon resonances in small metal clusters

It is well established that single noble metal nanoparticles interact strongly with
visible and near-infrared light when resonantly excited at their surface plasmon frequency
[13]. The resonant behavior is due to the confinement of the conduction electrons inside
the particle, which sets up an effective restoring force due to surface polarization upon a
light-induced displacement of the conduction electrons. For small particles (diameter
D <15nm for Ag and D <25 nm for Au particles), retardation of the driving light field
along the particle volume is negligible and all conduction electrons are excited in phase
in a collective dipole-like oscillation. At the resonance, the polarizability of the
nanoparticle is resonantly enhanced. Figure 3-1 shows the flow of electromagnetic energy
around a single spherical metal nanoparticle at two different excitation frequencies. When
the frequency of the light is far from the intrinsic plasmon resonance frequency of the
metal nanoparticle (Figure 3-1 a), the energy flow is only slightly perturbed. At the
plasmon resonance frequency, the strong polarization of the particle effectively draws
energy into the particle (Figure 3-1 b). The resonance in the polarizability leads to an
enhanced electromagnetic near field which is confined over distances d < A to the surface
of the nanoparticle. For Au and Ag nanoparticles, the near-field enhancement is typically

on the order of 10 and can only be detected in the near field of the particle or through the
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enhancement of secondary processes such as an increased nanoparticle

luminescence [44-46].

Figure 3-1: Energy flux (Poynting vector) around a metal nanoparticle under plane wave
excitation at two frequencies. a) When the excitation occurs far from the plasmon
resonance frequency, the energy flow is only slightly perturbed. b) When the excitation
occurs at the plasmon frequency, the energy flow is directed towards the particle. The
sketches show Poynting vector calculations for the absorption of electromagnetic energy

[14].

In the far field, the resonance can be observed as a strong enhancement in the
scattering and absorption cross sections in optical extinction measurements [13]. Quasi-
static Mie-theory [47] allows for the calculation of the far-field extinction cross section
O.: for a spherical nanoparticle of volume V, and dielectric function

£(w)=&,(w)+ie,(w) embedded in a non-absorbing medium with dielectric constant &,:

w : &, (o)
o =9—¢&V 2 .
#E e o)r2e, T e (o)

m

For small damping (82 (a)),?)i << 1], the resonance occurs when the Fréhlich
w

condition

is met.
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In case of small damping, the resonance position is only dependent on the real

part & of the metal dielectric function and can be shifted throughout the visible and near-
infrared spectral range by embedding the particle in hosts with different dielectric
constants &, [48]. For colloidal particles, the dipole plasmon resonance frequency can be
easily probed via extinction measurements of large amounts of particles in solution.
Figure 3-2 shows an absorption spectrum of 30 nm colloidal Au nanospheres immersed
in water, showing a distinctive absorption peak at 2.3 eV, in agreement with Mie-theory

calculations.
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Figure 3-2: Extinction of 30 nm Au colloids. a) Atomic force microscopy image of
30 nm Au colloids deposited on a glass slide. b) Absorption spectrum of 30 nm Au
colloids in water, obtained using a chemical spectrograph (black line) and Mie-theory
calculations (gray circles) using the dielectric function for Au obtained by [49].

For non-spherical particles in the dipole limit (D << A), the resonance condition is
modified to account for the change in boundary conditions at the particle surface. For
spheroids, this results in short-axis and long-axis dipole plasmon modes, which are

shifted with respect to the plasmon dipole resonance frequency of a spherical particle
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(Figure 3-3). Measurements of the far-field extinction of single noble metal

nanoparticles have allowed for the determination of the plasmon resonance frequencies

for a variety of particle shapes [50, 51]. It should be noted that only for free electron

metals does the dipole resonance frequency ay depend solely on the real part &(w) of the

dielectric function and the surrounding medium ¢&,, and the resonance width conversely

only on &(w). For realistic metals both resonance position and width in general depend

on & and &.

Figure 3-3: Dipole resonance position for spheroids with different aspect ratios for both
the long- and the short-axis mode of excitation [14].

The finite width of the dipole plasmon resonance of a metal nanoparticle is caused by

plasmon damping. The damping is due to the dephasing of the coherent conduction

electron motion with time. Figure 3-4 shows a schematic of the different processes

involved in the damping of a surface plasmon excited by a photon of energy /4 v.
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Figure 3-4: Energy relaxation of a surface plasmon. The relaxation takes place either via
radiative or non-radiative processes. The non-radiative relaxation channel leads to the
creation of electron-hole pairs and the subsequent relaxation into hot electrons and
phonons.

The damping of the plasmon resonance is in general described via a total dephasing
time 7> and an energy relaxation time 77 [52]. Both are related to the homogeneous

linewidth I" of the surface plasmon resonance via

T, is called the “pure dephasing time” which describes quasi-elastic electron
scattering events that change the electron wave vector but not its energy. Its contribution
to the total dephasing time 7, is often combined with the energy relaxation time 7,
yielding 7> =2T;. The damping of the plasmon resonance is thus determined by the

energy relaxation time 77, defined as
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The energy relaxation of a plasmon oscillation is composed of a non-radiative
decay channel with a time constant 7, and a radiative decay channel with a time constant
7. For metal nanoparticles with a diameter D << A the energy relaxation is mostly due to
non-radiative processes (7. >> T,) [52]. The oscillating electrons lose their energy via
inelastic scattering to single electron excitations (Landau damping), so-called electron-
hole states with a time constant 7, on the order of 10 fs. These transitions can be either
intraband or interband, and increase with the spectral overlap of the plasmon resonance
with the interband absorption edge. The electron-hole states subsequently relax via
electron-electron and electron-phonon scattering on the 100 fs and 1 ps time scale.

The plasmon damping of noble metal nanoparticles with diameters 5 nm <D <30 nm
is mostly due to non-radiative processes and can thus be expressed via the materials
parameters such as the optical conductivity or the dielectric function. Kreibig derived the
following analytical approximation for the linewidth I'(w) based on the optical

conductivity as the only damping mechanism [13]:

2¢, (w)

12V ()

Usually 7<<1 holds. For free-electron metals described via a Drude model, I"

F(a)): (1+77).

reduces to the Drude relaxation frequency y. Figure 3-5 shows calculated plasmon decay

times 77 for Au (a) and Ag (b) nanoclusters using literature values of the dielectric

functions [49, 53, 54].
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Figure 3-5: Plasmon decay time for Au (a) and Ag (b) nanoparticles using dielectric
functions of Ref. [49] (black squares), [53] (black circles) and [54] (gray diamonds).

For Au nanoparticles, there is a close agreement between the decay times calculated
using different sets of literature values for the dielectric function for wavelengths
A <700 nm. The strong damping of the plasmon resonance below 700 nm is due to the
absorption tail of the Au interband transitions, which extends from the band edge at
2.5eV (> 500 nm) down to 1.7 eV (725 nm). In this regime, a competition between
plasmon excitation and d-sp interband absorption prevents efficient plasmon oscillations.
Indeed, plasmon decay times of 4 fs have been reported for Au nanoparticles with a
resonance wavelength 4p =632 nm on a TiO, matrix [15], and similar values have been
found from temporal studies of third harmonic generation in femtosecond spectroscopy
experiments [55]. For Ag nanoparticles, there is a marked difference between the decay
times calculated using the bulk dielectric data by reference [49] and references [53, 54]
throughout the regime of optical wavelengths. Measurements of the decay time of silver

clusters with resonance wavelengths 400 nm < Ay < 630 nm yielded decay times between



32
2 and 4 fs [56], suggesting the use of the dielectric functions of references [53, 54]
for estimations of the plasmon damping. Note that the decay times reported here are
based solely on the optical conductivity (scattering of the electrons) as the damping
mechanism and give thus only an upper limit for the plasmon decay time due to
dephasing and interband transitions. Further decay processes such as Landau-damping
and radiation damping lead to a further decrease of the plasmon decay time 7). Radiation
damping leading to energy relaxation via the emission of photons [57] is of increasing
importance for larger particles (D > 50 nm) and leads to a red shift and broadening of the
dipole resonance and excitation of higher order multipoles [58]. For very small particles
(D <5nm), mostly elastic surface scattering events lead to significant resonance
broadening due to a decrease of the pure dephasing time [59]. For very small clusters on
substrates, chemical interface damping can be the dominating decay channel [60].
In summary, plasmon decay times 77 <10 fs can be expected for Au and Ag
nanoparticles throughout the visible and near-infrared regime. This will limit the
maximum size of waveguides based on plasmon-polariton excitations in noble metal

nanoparticles to the submicron regime [16, 17].

3.2 Near-field particle interactions in plasmon waveguides

Advances in particle synthesis and fabrication have enabled the study of
electromagnetic interactions between metal nanoparticles in ordered arrays with various
particle spacings d. Such nanoparticle arrays exhibit collective dipole resonances. For
d > A, the collective dipole resonance frequencies and the lifetime of the plasmon

oscillations are influenced predominantly by far-field dipole interactions with a d
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distance dependence [61, 62]. For closely spaced metal nanoparticles (d <A),
interactions mediated by the high electromagnetic fields near the particle surface
dominate with a ¢ distance dependence, as will be discussed below.

An intriguing application of the interaction between metal nanoparticles is the
construction of waveguides for electromagnetic energy at visible or near-infrared
frequencies. It was shown that far-field interactions between Au particles in a grating can
establish a surface plasmon-polariton band gap in analogy to photonic crystals, allowing

for the construction of line defect waveguides [63]. It has also been shown that the

minimum size of these defect waveguides is determined by the diffraction limit %n of

light due to the large spacing d between adjacent particles that is necessary for the
establishment of the band gap.

The strong near-field interaction of individual metal nanoparticles with light can be
used to fabricate waveguides for electromagnetic energy with a lateral confinement of the
guided modes below the diffraction limit of light if energy can be transferred between
nanoparticles. It has indeed been shown theoretically using both extended Mie-theory
[16] and a model that treats the particles as point-dipoles [17] that the dipole field
resulting from a plasmon oscillation in a single metal nanoparticle can induce a plasmon
oscillation in a closely spaced (interparticle spacing d << A) neighboring particle due to
near-field electrodynamic interactions. Interactions between adjacent nanoparticles in
such plasmon waveguides were shown to set up coupled plasmon-polariton modes, which
lead to coherent energy transport along the array [17]. The recent finding that ordered
arrays of closely spaced noble metal particles show a collective behavior under broad

beam illumination supports such an interaction scheme [64]. We proposed the name
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“plasmon waveguides” for structures operating on this principle and the name
“plasmonics” for the field of study to draw attention to the energy guiding mechanism via
surface plasmons.

In the following, the nature of the propagating modes will be discussed using the
analytical point-dipole model [17, 28]. When metal nanoparticles are spaced closely
together (separation a few tens of nanometers), as depicted in Figure 3-6, the strongly
distance-dependent near-field term in the expansion of the electric dipole interaction
dominates. The interaction strength and the relative phase of the electric field in
neighboring particles are both polarization and frequency dependent. This interaction

leads to coherent modes with a wave vector k along the nanoparticle array.

d
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Figure 3-6: Geometry of a plasmon waveguide consisting of a chain of noble metal
nanoparticles. The particles are modeled as point-dipoles with a nearest-neighbor spacing
d. Each point-dipole m is attributed with a dipole moment p,, polarized either in the
transverse or longitudinal direction (not shown).

One can calculate the dispersion relation aXk) for energy propagation along the
nanoparticle chain plasmon waveguide by modeling the chain as an one-dimensional
system of coupled damped harmonic point-dipole oscillators spaced a distance d << A
apart. Each point-dipole m is attributed with a dipole moment p,, polarized either along

(longitudinal polarization) or perpendicular (transverse polarization) to the chain axis.
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Taking only electromagnetic near-field interactions between adjacent point-dipoles
of polarization i (longitudinal or transverse) into account, the equation of motion of an

infinite chain of point-dipoles can be written as

r
. _ 2 . R e 2
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This equation of motion consists of four terms. The plasmon dipole resonance is
described by a harmonic oscillator term at frequency ay. Internal damping processes due
to the optical conductivity are incorporated via the damping constant I';, and radiation
damping due to the oscillation of the conduction electrons [65] is modeled via a damping
constant ['r. For Ag and Au nanoparticles in the point-dipole limit, ['r <<I'; holds, so the
radiating oscillator damping term can be neglected [17]. The interaction between adjacent
nanoparticles in the array can be taken into account via an interaction strength @, derived
from the electromagnetic near-field interaction term (oc d _3) and a polarization-dependent
constant .

Figure 3-7 shows the dispersion relation calculated using this point-dipole model for
modes with the electric field polarized along the chain (longitudinal modes L) and for
modes polarized perpendicular to the chain (transverse modes T). Calculations were done
including nearest-neighbor coupling only (solid lines) and including up to five nearest
neighbors in the coupling term (dotted lines) for an infinite linear array of point-dipoles.
The inclusion of up to five nearest neighbors has little effect on the dispersion curves,

confirming that in the point-dipole approximation the interaction is dominated by nearest
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neighbor coupling. For both polarizations, the propagation or group velocity of the

guided electromagnetic waves, given by the slope d%k of the dispersion relation, is

highest at the single particle resonance frequency ay, corresponding to a wave vector
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Figure 3-7 (color): Dispersion relation of a plasmon waveguide. The plot shows the
dispersion relation for plasmon modes in a linear chain of metal nanoparticles with a
twofold degenerate branch corresponding to transverse modes (red curves) and a branch
corresponding to longitudinal modes (blue curves). Results are shown for calculations
incorporating nearest-neighbor interactions only (solid curves), and including up to fifth-
nearest neighbor interactions (dotted curves).

Specifically, the maximum group velocities vmar v for both longitudinal (L) and
transverse (T) modes calculate to

BL,Txd

V —_——_—
maxL,T s
2

where Brr is the bandwidth of the dispersion relation. Calculations for 50 nm Au

spheres with a center-to-center distance of 75 nm in air show a maximum energy
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propagation velocity vmaxr = 0.3c. This is more than ten times faster than the
saturation velocity of electrons in typical semiconductor devices.

Aside from the dispersion relation, another important parameter in waveguide design
is loss. In plasmon waveguides, the loss can be due to radiation into the far-field and due
to internal damping of the plasmon resonance. Radiation losses into the far-field are
expected to be small due to the dominance of near-field coupling. Internal damping of the

plasmon resonance is mainly due to resistive heating described by the plasmon linewidth

I Atk = % d’ the plasmon amplitude decay lengths ¢4t can be calculated using

r
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For the example of an Au plasmon waveguide discussed above, the corresponding
energy decay length 200 amounts to 6dB/600nm for the longitudinal mode. This limits the

transmission of electromagnetic energy in plasmon waveguides to the micron regime.

3.3 Routing and switching of electromagnetic energy in plasmon
waveguides

The point-dipole theory of plasmon waveguides allows for the analysis of more
complex structures such as 90-degree corners and tee structures for the routing and
splitting of the electromagnetic energy flow [17]. Due to the strictly near-field nature of
the coupling in this model, signals can be guided around 90-degree corners and split via
tee structures with negligible radiation losses into the far-field at the discontinuity (see

Figure 3-8). Power transmission coefficients for the guiding of energy around corners and
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for signal splitting in tee structures were calculated by requiring continuity of the
plasmon amplitude and of the energy flux at the corner where the wave gets partly
transmitted and reflected. The transmission coefficients are a strong function of the
frequency of the guided wave and its polarization, and show a maximum at the single
particle dipole plasmon frequency ay. Transmission coefficients close to 100% are
possible for propagation around 90-degree corners for certain polarizations, and lossless

signal splitting was shown in tee structures [17].
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Figure 3-8 (color): Calculated power transmission coefficients 7 in plasmon waveguides
for a 90-degree corner and a tee structure. The black arrows indicate the direction of the
energy flow, the blue arrows indicate a longitudinal mode (L), and the red arrows indicate
a transverse mode (T). An 7 value of 1 corresponds to 100% transmission.

Due to the coherent nature of the propagation, it is also possible to design all-optical
modulators that rely on interference effects, such as Mach-Zehnder interferometers akin
to the Yagi modulators discussed in section 2.4. Figure 3-9 shows the power modulation
characteristic of an asymmetric modulator based on two guided waves interfering on a tee
structure. Note that the dipole model predicts a perfect nulling if the two waves are of

equal power and show a 180-degree phase difference.
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Figure 3-9 (color): A simulated nanoscale all-optical modulator. The plot shows the
power modulation characteristic of an asymmetric tee modulator akin to the structures
discussed in section 2.4 in the nearest-neighbor point-dipole limit. The signal and the
modulation source are 180 degree out of phase. The black arrows indicate the
polarization of the plasmon waves in the three arms of the tee.

Conclusions and limitations of the dipole model

39

The point-dipole model for energy transport in nanoscale plasmon waveguides

predicts a high speed of information transport of about 10’ m/s for waveguides consisting

of noble metal particles in air. The femtosecond-timescale damping of plasmon

oscillations in metal nanoparticles leads to high transmission losses due to resistive

heating of about 6dB/0.5um for Au nanoparticles in air, but small device dimensions for

functional devices seem possible. Transmission, splitting and switching of signals could

be potentially achieved in network structures consisting of linear plasmon waveguides.
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This suggests that plasmonic devices are potential candidates for the fabrication of
highly integrated optical circuits operating below the diffraction limit of light.

At the end of this chapter, two points regarding the point-dipole model deserve
special attention. The first regards defects and deviations of the perfect one-dimensional
translation symmetry of the nanoparticle arrays. Due to the strong distance dependence of
the interparticle interaction in the point-dipole model, particle displacement and size
variation lead to strong perturbations in the energy transport along the nanoparticle chains
[17]. This leads to stringent requirements regarding fabrication methods for functional
plasmon waveguides.

The second point that should be stressed is the fact that the point-dipole model for
energy transport in plasmon waveguides is only an approximation. While plasmon
oscillations of small metal nanoparticles with a diameter D << A indeed show a dipole-
like field profile, the finite extent D of the particles leads to spatially extended charge
distributions. Furthermore, the interparticle spacing d is of comparable magnitude to the
diameter D of the nanoparticles constituting a plasmon waveguide. Thus, the point-dipole
model of energy transport is likely to overestimate the interaction strength between
adjacent nanoparticles. It is therefore important to carefully examine the validity of the

results of a point-dipole analysis of plasmon waveguides.
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Chapter 4 FDTD simulations of plasmon waveguides

4.1 Introduction

Finite-difference time-domain (FDTD) simulations solve the full set of Maxwell’s
equations on a grid and are a powerful method to model light-matter interactions in
complex systems [66]. Using FDTD simulations, in this chapter an analysis of the near-
field interactions of regularly spaced Au nanoparticles in air with an interparticle spacing
d << A is presented. The dependence of the plasmon resonance frequency of the long-
wavelength collective modes of plasmon waveguides on different nanoparticle chain
lengths and interparticle spacings is discussed. Optical pulse propagation in plasmon
waveguides is demonstrated. The predictions of the point-dipole model for the dispersion
relation and pulse group velocities for energy transport in plasmon waveguides consisting
of spherical nanoparticles are confirmed. Local excitation of transverse plasmon modes
leads to anti-parallel group and phase velocities. Finally, the FDTD analysis is extended
to spheroidal particles with an aspect ratio of 3:1 to demonstrate the ability to tune and

improve the guiding properties of plasmon waveguides.

4.2 Collective far-field excitation of plasmon waveguides

In order to accurately model the material properties of Au, the dispersive behavior at

visible frequencies as expressed by the dielectric function &(w)= &,(w)+ie,(w) has to be

taken into account. Figure 4-1 shows literature values of & @) obtained using
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measurements on bulk films (gray circles and black squares) [49, 53] and on small

Au nanoclusters with a 30 nm diameter (light gray squares) [54].
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Figure 4-1: Real (lower curves) and imaginary (upper curves) part of the dielectric
function of Au from the literature. Shown are data obtained from bulk measurements
(gray circles [49], black squares [53]) and from measurements on Au clusters with a
diameter of 30 nm (light gray squares [54].

The close agreement between the datasets implies that the dielectric function of Au
nanoparticles with diameters D >30nm can be modeled using bulk values. Small
differences in the imaginary part & due to increased surface scattering for small particles
can be taken into account via an increased electron scattering time 7in numerical models.

Our FDTD simulation approach allows us to model the dielectric response of Au

nanoparticles using a Drude model with a dielectric constant
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The free parameters to model the dielectric response of Au are the bulk plasmon
frequency @), and the free electron scattering frequency I'. We chose @, = 6.79x10" rad/s
in order to obtain a close match between the Drude model and the measured data around
& =-2, which is the plasmon resonance condition of small spheres in air. In order to
model the typical plasmon decay time 7 of 4 fs for Au nanoparticles [15], we set the
scattering frequency I' = 2.5x10"* rad/s.

Figure 4-2 describes our simulation approach for the determination of the dipole
surface plasmon frequencies of Au nanoparticles for the case of a single Au sphere with a
diameter of 50 nm in air. The simulation volume consists of a rectangular box of
dimensions 1000 nm x 400 nm x 400 nm with the 50 nm Au sphere placed at the center
as shown in the inset of Figure 4-2 a. The particles are surrounded by a medium with
refractive index n = 1 (vacuum). The simulation box is overlaid with a rectangular grid of
1 million mesh points using a graded mesh density to ensure a high density of points near
the particle. The dipole surface plasmon resonance of the nanoparticle is then determined
using two simulation runs. In a first run, the nanoparticle is illuminated with a plane-
wave propagating in the z-direction with the electric field polarized in the x-direction as
shown in the inset of Figure 4-2 a. The frequency of the plane wave was chosen to be
6x10'* Hz (2.48 eV), as will be discussed below. The plane-wave illumination leads to

the build-up of an oscillating homogeneous electric field inside the nanoparticle. A



snapshot of the electric field distribution inside the simulation volume is used as

the initial field condition for a second simulation run without any external sources.
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Figure 4-2 (color): Determination of the single particle plasmon resonance frequency. a)
The inset shows the x-component of the electric field for a normal incidence plane-wave
illumination of the simulation volume with a 50 nm Au sphere at the center. The plane
wave sets up an enhanced electric field inside the particle (red color). The main graph
shows the oscillatory decay of the enhanced field E(7) at the center of the nanoparticle
after the plane wave is switched off. b) Fourier transform of E(¢) with the dipole surface
plasmon peak at 2.4 eV (red line). Also shown is the corresponding peak for a 10 nm Au
sphere at 2.53 eV (black dotted line).

Figure 4-2 a shows the time evolution of the field at the center of the nanoparticle.

The field decays in a damped harmonic oscillation E(f) with the damping constant

corresponding to the relaxation time 7 of the Drude model. The Fourier transform of E(7)

shown in Figure 4-2 b (red line) displays a single dipole peak centered at 2.4 eV. The

shoulder exhibited on the high energy side of the peak is an artifact caused by reflections

at the boundaries of the simulation volume, as was verified using volumes of different

sizes. The dipole peak corresponds to the position of the surface plasmon dipole

resonance of the 50 nm Au sphere in air. The resonance is red-shifted compared to the
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dipole resonance of a “small” Au particle at 2.58 eV obtained from quasi-static
Mie-theory [13]. This red-shift is caused by radiation damping of the plasmon resonance
since the particle diameter D of 50 nm is an appreciable fraction of the wavelength, so
that the condition D << A for the quasi-static approximation does not strictly hold
anymore. To verify our calculation method, we also calculated the resonance for a 10 nm
Au sphere (black dotted line). In this case the dipole resonance is centered at 2.53 eV,
close to the quasi-static value of 2.58 eV, demonstrating the validity of our model.

Two points regarding our simulation approach should be noted. First, the frequency
of the plane wave chosen for the build-up of the initial electric field in the first simulation
run is not required to be close to the plasmon resonance frequency of the investigated
nanostructure in order to obtain the right position of the resonance peak, as was
confirmed by a simulation run with a frequency of 3x10'* Hz (1.24 ¢V). However, a
frequency close to the resonance leads to the build-up of a higher field inside the
nanostructure than outside, which reduces surface polarization effects due to the initial
outside field. This was seen to improve the shape of the dipole peak obtained by Fourier
transform while not altering its peak position. Second, our model does not take into
account a decrease in the width of the dipole resonance due to peak shifts to lower
frequencies away from the onset of the interband transitions of bulk Au. This is due to the
fixed electron relaxation time 7 of the Drude model.

In order to determine the collective resonance energies £z r of plasmon waveguide
particle chains, the simulation volume is initialized with an electrostatic field chosen to
resemble the k = 0 mode profile polarized either parallel (L-modes) or perpendicular (T-

modes) to the chain direction. Figure 4-3 shows an example of the field distribution
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around a plasmon waveguide consisting of 5 Au nanoparticles obtained using
illumination with an x-polarized plane wave propagating in the +z direction. The field is
then allowed to evolve for 35 fs, and its time-dependence is analyzed to determine the

resonance energies as described above.

Figure 4-3 (color): Collective excitation of a plasmon waveguide. The contour plot
shows the distribution of the x-component of the electric field around a five particle
plasmon waveguide structure illuminated by an x-polarized plane wave propagating in
the +z direction. The frequency of the plane wave is close to the collective resonance
frequency of the particle array, hence the enhanced electric field inside and between the
nanoparticles.

Figure 4-4 shows the position of the plasmon resonances of 50 nm Au spheres in air
in nanoparticle chains of different lengths and inter-particle spacings for polarizations
along (longitudinal modes L, blue squares) and perpendicular (transverse modes T, red
circles) to the chain axis. Since all the particles constituting the chains are excited in
phase, the plasmon resonances correspond to collective longitudinal and transverse
modes of the chain as a whole. Figure 4-4 a shows the resonance energies for both
polarizations for particle chains with up to 6 particles with an interparticle center-to-
center spacing d of 75 nm, corresponding to 1.5D. These resonance positions are taken as

the averages of the resonance frequencies obtained for each nanoparticle in the chain. In
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the case of a single Au sphere, the longitudinal and transverse resonances coincide
at a resonance energy E, due to its spherical symmetry. For increasing particle chain
lengths, the plasmon resonance energy E; (for L polarization) shifts to lower and the

energy Er (for T polarization) to higher frequencies due to near-field interactions between

the particles. The peak splitting AE = |ET -F L| saturates for particle chain lengths of 5

particles at AE ~ 200 meV. The fact that the splitting has not yet saturated for particle
chains of 3 particles shows that the coupling is not governed by nearest-neighbor
interactions alone. Our results qualitatively agree with calculations for the interaction of
silver nanoparticles based on Mie-theory [67] and rigorous solutions of Maxwell’s

equations for aggregated metal spheres [68].
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Figure 4-4 (color): Collective resonance energies of nanoparticle chain arrays. The plots
show the position of the dipole resonance of 50 nm Au spheres in nanoparticle chains for
a polarization along (longitudinal mode L, blue squares) and perpendicular (transverse
mode T, red circles) to the chain axis, corresponding to the k=0 modes of the dispersion
relation. a) Dependence on particle chain length with an interparticle spacing of 75 nm. b)
Dependence on interparticle spacing for a chain length of 5 particles. Also shown is the
dependence calculated using the point-dipole model [17] for surrounding media with n=1
(black dotted lines) and n=2.5 (blue and red lines).
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Figure 4-4 b shows the dependence of the plasmon peaks E;, 7 for chains of

5 Au spheres with a diameter of 50 nm on interparticle spacing d. The peak splitting is
seen to decrease with increasing interparticle spacing as d ~, and for d = 175 nm (3.5D)
the peaks practically coincide (AE ~ 0). This strong dependence of the peak splitting AE
on the interparticle spacing is characteristic for near-field interactions, and similar trends
were observed in experiments using far-field spectroscopy of plasmon waveguides
fabricated using electron beam lithography on ITO coated glass slides [32, 33] as
described in Chapter 5. Figure 4-4 b also shows the functional dependencies for £ 7 on
the interparticle spacing as predicted by the point-dipole model for plasmon waveguides
[17] of our geometry (black dotted line). While the functional form of the peak splitting
decrease with increasing interparticle spacing can be well described via the point-dipole
model, the absolute magnitude of the splitting is clearly overestimated. However, the
experimental data is well fitted using a point-dipole model with a coupling strength
reduced by a factor 6.25 (corresponding to particles embedded in an effective medium
with n = 2.5, blue and red solid lines). This reduced coupling strength can be attributed to
the fact that the 50 nm Au spheres do not behave as perfect point dipoles due to their
extended charge distributions.

The peak splitting AE and the known functional form of the point-dipole dispersion

relation a(k) allow for the calculation of the maximum group velocities v, and the energy

decay lengths of the k =% d mode as described in section 3.2. For a peak splitting of

200 meV, we find vy, = 1.6x10” m/s for longitudinal and v,r = 6.6x10° m/s for transverse

excitations. Assuming a plasmon decay time 7=4 fs for a single nanoparticle [15], the
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corresponding energy decay lengths are o1 = 6dB/100nm and og = 6dB/40nm,
respectively. The magnitude of the calculated group velocity and energy decay length are
about one order of magnitude lower than the predictions of the point-dipole model [17],
due to the decreased near-field coupling strength as discussed above.

A use of plasmon waveguides as means for energy transport in nanoscale optical
circuits would require a reduction of the damping constant by one order of magnitude in
order to allow for guiding of electromagnetic energy over distances of several hundred
nanometers. This can be achieved either via an increase in the near-field coupling
strength or an increase in the particle plasmon damping time 7. It has recently been
shown that for Au nanoparticles a particle geometry change that red-shifts the plasmon
resonance away from the interband transition edge can increase the damping time up to a
factor 3 compared to nanospheres [69]. FDTD calculations of corresponding plasmon

waveguides will be presented in section 4.4.

4.3 Locally excited plasmon waveguides

The obtained values for the group velocities v, and energy attenuation lengths o rely
on the analytical but approximate point-dipole model of plasmon waveguides. In order to
determine the functional form of the dispersion relation aXk) with a more realistic model,
the propagation of electromagnetic energy through plasmon waveguide structures
consisting of 9 periodically spaced Au nanospheres with a diameter D =50 nm and a
center-to-center spacing d=75nm was simulated using FDTD calculations. The
waveguides were excited with an oscillating point-dipole placed at a distance d =75 nm

to the center of the first nanoparticle of the waveguide. In consecutive runs, the point-
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dipole source was driven continuously at various frequencies in the vicinity of Ey.
The field distribution along the nanoparticle chain structure, shown in Figure 4-5 for a
longitudinal excitation at Ey, was then analyzed to determine the wave vector k of the

propagating waves.

Figure 4-5 (color): Simulation of a locally excited plasmon waveguide. The contour plot
shows the distribution of the x-component of the electric field around a plasmon
waveguide excited by a local point-dipole source driven at E, with longitudinal
polarization. A spatial period of 4 particle spacings can be clearly seen, corresponding to
a k=7/2d mode.

Figure 4-6 a shows the thus computed dispersion relation for both longitudinal (blue
squares) and transverse (red triangles) excitations, as well as the results for the k=0
modes obtained by plane wave excitation (circles). The dotted lines indicate the
dispersion relation calculated using the point-dipole model. The obtained a(k) data are in
excellent agreement with the predictions from the point-dipole model despite the
limitations of the latter. Figure 4-6 b shows the electric field amplitude at the center of
the last nanoparticle for longitudinal excitations (blue squares). Note that the waveguide
loss is minimum at the center of the dispersion band, as expected since the group velocity

is maximum at this point [17]. The corresponding field amplitudes for transverse modes
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(red triangles) were monitored in particle 2 because of the relatively high loss

under transverse excitations, which makes a monitoring at the last particle difficult.
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Figure 4-6 (color): Dispersion relation of plasmon waveguides obtained using FDTD
simulations. a) Dispersion relation (k) for plasmon waveguides consisting of spherical
particles for both longitudinal (blue squares) and transverse (red triangles) modes
obtained by finite-difference time-domain calculations. Also shown are the positions of
the k=0 modes (circles) obtained from in-phase excitations and the functional
dependence predicted by the point-dipole model [17] (dotted lines). b) For both
longitudinal (blue squares) and transverse (red triangles) modes, the transmitted electric
field (shown on top axis normalized to the field inside the first particle) in a selected
particle is highest when the first particle is excited at the band center.

The previous analysis has produced an accurate description of the dispersion relation,
but provided no direct evidence for the possibility of information transport using optical
pulses. Therefore, the propagation of pulses through these plasmon waveguides was also

examined by driving the local dipole source with a pulse centered at the resonance energy
Ey=2.4 eV, corresponding to the k = % d mode with the highest group velocities. The
width of the pulses was chosen to be 95 % of the bandwidth of the dispersion relation for

each polarization in order to keep the pulse length of 30 fs well within the total

simulation time of 125 fs. The upper inset of Figure 4-7 shows a snapshot of the x-
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component of the electric field in the xy-plane for longitudinal polarization on a

linear color scale. The periodicity of the field distribution along the chain confirms that

the pulse is centered around the k :% d mode corresponding to a wavelength of 4
particle spacings. An analogous snapshot for the y-component of the electric field for
transverse polarization is shown in the lower inset. The main part of Figure 4-7 shows the
pulse position, defined as the location of maximum field amplitude, over time for both
longitudinal (black squares) and transverse (black triangles) excitation. Linear fits of the

datasets yield values for the group velocities of v; =1.7x10" m/s and
v;T =5.7x10° m/s, in good agreement with the estimates v,; and v,r from the point-

dipole model (v,, =0.94xv,, and v, =1.15xv_,).
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Figure 4-7 (color): Pulsed local excitation of plasmon waveguides. The plot shows the
pulse peak positions over time in a plasmon waveguide consisting of spherical particles
for both longitudinal (black squares) and transverse (black triangles) polarization. The
spheres along the ordinate indicate the position of the Au nanoparticles. Snapshots of the
x (y) — component of the electric field in the xy-plane for longitudinal (transverse)
polarization are shown in the upper (lower) inset.
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The energy decay lengths can be obtained from the pulse propagation

simulations by monitoring the pulse height expressed as the maximum field amplitude at
the center of each nanoparticle as shown in Figure 4-8 for longitudinal polarization (black
line). The energy decay lengths are &, =6dB/280nm and «, = 6dB/86nm, respectively.
Both are between a factor 2-3 higher than the energy decay lengths calculated using the
point-dipole model with a plasmon decay time 7= 4 fs. This discrepancy may be due to
the finite size of our waveguide, resulting in a discrete spectrum of allowed modes.
Nevertheless, these FDTD calculations quantitatively confirm the possibility of using

plasmon waveguides for information transport with v, > 0.01c.
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Figure 4-8 (color): Energy decay during pulse propagation in plasmon waveguides. The
plot shows the maximum field amplitudes of a longitudinally polarized pulse monitored
at the source position and at the center of each nanoparticle (black line) traveling through
a plasmon waveguide. Also shown is data for a plasmon waveguide with the first two
particles removed (red line), resulting in a decreased pulse height inside the last particle.
The initial drop after the source is partly due to the point-dipole-like nature of the source.

Figure 4-8 also shows results for a plasmon waveguide with the first two particles

after the source removed (red dataset), resulting in a decreased pulse height at the last
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particle by about a factor 10. This directly confirms that the guiding is due to
particle interactions.

The FDTD calculations clearly show the occurrence of negative phase velocities in
these plasmon waveguides when excited in a transverse mode. For the transverse pulse,
the group velocity and thus the direction of energy propagation and the phase velocity of
the individual wave components are anti-parallel. This is illustrated in Figure 4-9, which
shows three electric field snapshots spaced Af=0.166 fs (=10% of a cycle at Ej) apart.
The wave packet is seen to move away from the source while the individual phase fronts
travel towards the source. This is caused by the fact that for transverse modes a positive
group velocity, required for causality, occurs at negative wave vectors K, as seen in the
dispersion relation depicted in Figure 3-7. Plasmon waveguides could thus serve as a
relatively simple model system for the investigation of negative phase velocity systems
and be of value in the present discussions regarding the unique properties of these
systems [70, 71].

———» Pulse propagation

Phase propagation

Figure 4-9 (color): Negative phase velocity in plasmon waveguides. The plots show time
snapshots of the electric field for transverse pulse propagation showing negative phase
velocity with anti-parallel orientation of the phase and group velocities.
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4.4 Tailoring of the guiding properties by particle design

The previous analysis dealt exclusively with spherical particles. The energy guiding
properties of plasmon waveguides can be optimized by a change in particle geometry to
non-spherical particles as suggested by calculations based on extensions of the Mie-
theory to ellipsoidal particles [72]. Rod-shaped nanoparticles with their long axis oriented
perpendicular to the waveguide chain axis show an increased interparticle coupling
compared to spherical particles that have the same particle volume and center-to-center
spacing, as will be shown in the discussion of fabricated plasmon waveguides in section
5.4. Additionally, gold nanorods with an aspect ratio of 3:1 were shown to exhibit an
increase in plasmon decay time 7 by about a factor 2-3 due to a resonance shift away
from the interband transition edge [69]. In order to analyze the effects of the particle
shape on the group velocities for pulse propagation, we performed FDTD simulations
with pulsed local excitations as described above on two plasmon waveguides consisting
of spheroidal particles with an aspect ratio of 3:1 and their long axes oriented
perpendicular to the waveguide axis. In the first case, the spheroids were chosen to be of
the same volume and center-to-center spacing d =75 nm as the 50 nm Au spheres
described above, corresponding to a short axis @ =34.7 nm and a long axis ¢ = 104 nm.
The lower inset of Figure 4-10 shows a snapshot of the y-component of the electric field

in the xy-plane for the propagation of a transverse pulse centered at the resonance

frequency E, for this system, showing the k =7 5d periodicity.
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Figure 4-10 (color): Pulse propagation through spheroidal plasmon waveguides. The
plot shows the pulse peak positions over time in plasmon waveguides consisting of
spheroidal particles with an aspect ratio 3:1 for both longitudinal (squares) and transverse
(triangles) polarizations. Shown are data for particles with the same volume as the
spherical particles of Figure 4-7 (case I, black datapoints) and for particles with an
increased volume but the same short axis and surface-to-surface spacing (case II, blue
datapoints). The spheroids along the ordinate indicate the position of the Au
nanoparticles. The insets show field distributions of transverse pulse propagation through
the waveguides for case I (lower inset) and case II (upper inset).

The main part of Figure 4-10 shows the position of the propagating pulse peaks over
time for both transverse polarization (electric field polarized along the long spheroid axis,
black triangles) and longitudinal polarization (electric field polarized along the short
spheroid axis, black squares). Also shown are linear fits to the datasets, corresponding to
group velocities v3. ;1= 6.4x10° m/s and V3L = 5.1x10" m/s. These values are indeed
larger than observed for spherical particles. For the transverse mode, the relative increase
in the group velocity compared to the case of spherical particles is 12% only, even though
the bandwidth obtained from the k =0 in-phase calculations increases by about a factor
4.5, as will be discussed in section 5.4. Conversely, for the longitudinal mode the relative

increase in group velocity for the longitudinal mode is 300%, while in this case the
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bandwidth does not change appreciably when going from spherical to spheroidal
particles. The fact that v, is not linearly related to AE suggests that a(k) is strongly
affected by the aspect ratio of the nanoparticles. The observed behavior could be caused
by the increased radiation damping of transverse modes due to a non-homogenous
polarization along the long axis, which in this geometry is no longer small compared to
the wavelength A of the exciting light [73].

The second case we investigated concerned plasmon waveguides consisting of
spheroids with the same center-to-center spacing but with a larger volume (¢ = 50 nm and
¢ =150 nm) than the 50 nm diameter nanospheres. Note that these structures show an
interparticle surface-to-surface spacing of 25 nm, at the limit of current electron beam
lithography fabrication techniques. The results from FDTD calculations are also shown in
Figure 4-10. The upper inset of Figure 4-10 shows a snapshot of the y-component of the

electric field during the propagation of a transverse pulse on this structure. In this case,

the maximum group velocities increase to vy, =1.06x10" m/s (blue triangles) and

v;’ , =5.4x10" m/s (blue squares). The waveguide properties can thus be optimized by

tuning the particle geometry.

4.5 Conclusions and outlook

In summary, FDTD simulations show that plasmon waveguides consisting of closely
spaced Au nanoparticles allow for optical pulse propagation below the diffraction limit.
The shape of the dispersion relation @(k) for spherical particles obtained from FDTD
calculations closely agrees with that predicted by a point-dipole calculation [17]. For

spherical particles in air, the group velocities are about 0.02c¢ - 0.06¢ depending on
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polarization. The guiding properties can be optimized by changes in particle shape
and spacing, resulting in group velocities of up to 0.2¢ for geometries that can be
achieved using current fabrication techniques such as electron beam lithography.
Plasmon waveguides thus have the potential to be applied in future highly integrated
optical circuits, enable confinement and transport of electromagnetic energy below the
diffraction limit and can be used as a model system for the study of light-matter
interactions on the nanoscale.

Our FDTD simulations show that fabricated plasmon waveguides will show relatively
large losses with 6dB energy decay lengths on the order of hundreds of nanometers. This
will limit the size of plasmon waveguides for the propagation of electromagnetic energy
to the submicron regime. In order to assess the potential use for plasmon waveguides in
integrated optical devices, it is thus important to examine the possibility of attaining
optical functionality for the routing and switching of electromagnetic energy on this
length scale, as discussed in section 3.3. FDTD simulations can be a valuable tool for the
initial examination of such devices. Figure 4-11 shows an example of a short 90-degree
corner structure excited with an x-polarized pulsed point-dipole source. A comparison of
the field distribution of the complete corner structure (Figure 4-11 a) with the distribution
around an incomplete corner structure where one arm was removed (Figure 4-11 b)
allows for the estimation of the guiding effect of the 90-degree plasmon waveguide
corner. A rigorous analysis of the power transmission coefficients around the 90-degree
discontinuity is complicated due to the fact that both arms of the corner need to be short

to keep the simulation time manageable, leading to multiple reflections at the
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discontinuity and the ends of the waveguides. This initial analysis can thus at best

give estimates for the expected transmission coefficients.

e DOE 41 -3 =LY 0,00 L gt ) R LIt

Figure 4-11 (color): FDTD simulation of a 90-degree corner plasmon waveguide. a)
Time snapshot of the distribution of the x-component of the electric field around a short
90-degree corner plasmon waveguide excited by an x-polarized pulsed point-dipole
source on the bottom left. The effect of the horizontal arm on the field inside the vertical
arm can be assessed by comparison with a structure where the horizontal arm was taken
out (b).

The analysis of the field distribution in both arms of the corner structure of Figure
4-11 a allows the estimation of the power transmission coefficient for the case of a
longitudinal plasmon wave in the horizontal and a transverse plasmon wave in the
vertical arm. For the simulated pulse centered around the single particle resonance energy
Ey, the power transmission coefficient amounts to 12%, compared to a point-dipole
model prediction of 88% for a plasmon-polariton wave at Ey [17]. The corresponding
transmission coefficient for an out-of plane excitation, leading to transverse plasmon
modes in both arms, is 28%, compared to a point-dipole model prediction of 100%. The

reduced transmission coefficients are partly due to radiation losses into the far-field and

partly due to the finite extent of the corner arms, leading to reflections, which interfere
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with the original wave. In addition, the transmission coefficients of different wave
components of a pulse will in general be different. In order to assess the power
transmission coefficients more carefully, simulations of larger corner arms are clearly
called for, and the transmission coefficients of different pulse components have to be
analyzed using Fourier transforms of the original and transmitted pulse. It is nonetheless
interesting to point out the observation that the amplitude of the original pulse as it
reaches the last particle of the corner structure on the top right is larger for an incomplete
corner structure (Figure 4-11 b) compared to a complete corner (Figure 4-11 a). This is
due to the fact that the resonantly enhanced absorption of the horizontal arm leads to a
decreased amount of direct source radiation reaching the vertical arm.

In addition to passive corner and tee guiding structures for the routing of
electromagnetic energy, all-optical switches employing interference between different
plasmon waves could allow for the fabrication of active devices operating below the
diffraction limit of light. The operation of such devices will be based on the interference
of several plasmon-polariton waves with phase differences akin to a Mach-Zehnder
interferometer. Figure 4-12 shows results of FDTD calculations of the field distribution
around a linear plasmon waveguide consisting of nine spherical Au nanoparticles excited
from both ends with pulsed point-dipolar sources for a phase difference between the

sources of 180 degrees (Figure 4-12 a) and a phase difference of 0 (Figure 4-12 b).
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Figure 4-12 (color): Interference on plasmon waveguides. The contour plots show a time
snapshot of the distribution of the x-component of the electric field around a plasmon
waveguide structure excited by two x-polarized pulsed point-dipole sources placed on
both sides of the waveguide on the waveguide axis. The field strength at the center
particle differs for this particular snapshot by a factor 25 for sources driven 180 degree
out of phase (a) and in phase (b).

The interference of the launched waves leads to a difference in field strength of a
factor 25 between constructive and destructive interference at the center particle of the
waveguide for this particular time snapshot, demonstrating the principle. A more detailed
discussion would have to focus on time averages of the energy density for the
determination of interference effects on the power distribution in plasmon waveguides. It
is expected that FDTD simulations of more complex and larger plasmon waveguide

structures will enable the determination of device properties of all-optical modulators and

similar active devices.
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Chapter 5 Fabrication and far-field properties of

plasmon waveguides

5.1 Introduction

This chapter presents various approaches for the fabrication of plasmon waveguides
consisting of Au and Ag nanoparticles and their far-field optical characterization for an
estimation of the energy guiding parameters. Since the position and width of the plasmon
dipole resonance depend on the shape and size of the metal particle, the applied
fabrication methods should produce a narrow size distribution of the individual particles.
Furthermore, a regular particle spacing is crucial for the transport properties due to the
strong distance dependence of the electromagnetic near-field.

We have chosen Au and Ag nanoparticles with diameters between 30 and 100 nm as
building blocks for plasmon waveguides. Gold and silver particles in this size regime are
small enough to allow for an efficient excitation of the dipole plasmon mode only and
large enough to show no enhanced damping due to surface scattering of the conduction
electrons [13]. However, radiation damping can lead to an increased damping for
particles with diameters D > 50 nm. The resonances in particles with diameters below
100 nm are conveniently located in the visible and near-infrared part of the
electromagnetic spectrum for a variety of substrates and hosts (Figure 5-1). The center-
to-center distance between particles was chosen to be on the same order as the particle
diameter to ensure an efficient near-field coupling. The achievable minimum interparticle

distance is mostly determined by the fabrication method, as will be shown.
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Figure 5-1 (color): Extinction coefficients of spherical Au (a) and Ag (b) clusters of
diameter D embedded in non-absorbing matrixes of refractive index » calculated using
quasi-static Mie-theory [47].

5.2  Fabrication of plasmon waveguides

The ease of fabrication of colloidal Au and Ag nanoparticles suggests the use of
colloids as building blocks of plasmon waveguides. Colloidal particles that have been
randomly deposited on a glass slide covered with a sticky poly-lysine layer can be
manipulated using the tip of an atomic force microscope (AFM). Figure 5-2 shows
successive AFM images of 30 nm Au particles, which were pushed into a straight line
using a dedicated AFM system and manipulation software. The particles were assembled
in a straight line with the feedback of the AFM turned off, and subsequently imaged with

feedback in non-contact mode.
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Figure 5-2: Atomic force microscopy fabrication of plasmon waveguides (I). Atomic
force microscopy scans of 30 nm Au colloids deposited on a poly-lysine coated glass
slide. Starting out from a random deposition, successive scans (from left to right) show
the same 1x1 pm?® area as the particles are pushed into a straight line using the tip of the
atomic force microscope (courtesy of Sheffer Meltzer).

Figure 5-3 shows an AFM picture of the largest nanoparticle chain assembled using
this method consisting of 10 colloidal 30 nm Au spheres. The control of the particle
spacing is limited by the lateral resolution of the AFM, which makes the fabrication of
one-dimensional particle arrays with a strict periodicity difficult. Nevertheless, the
advantage of AFM manipulation lies in the fact that complex materials such as core-shell
particles can be used as building blocks for plasmon waveguides, allowing for the

possible fabrication of functional devices consisting of different materials.

Figure 5-3: Atomic force microscopy fabrication of plasmon waveguides (II). Atomic
force microscopy scan of a 10 particle plasmon waveguide consisting of 30 nm colloidal
Au particles. The scan shows a 1x1 pm? area after the randomly deposited particles were
pushed in place using the AFM tip (courtesy of Sheffer Meltzer).
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Another method for the fabrication of ordered arrays of noble metal
nanoparticles is electron beam lithography (EBL) [18]. A schematic of the steps involved
in this fabrication process is depicted in Figure 5-4. Structures can be fabricated using

any material that withstands the lift-off process, such as metals and various oxides.

Lift Off

Figure 5-4: Schematic of the steps involved in an electron beam lithography fabrication
process of metal nanoparticles.

Using EBL, plasmon waveguides consisting of up to 80 closely spaced Au and Ag
nanoparticles with diameters between 30 and 50 nm and center-to-center spacings
between 75 und 125 nm were fabricated. Examples are shown in the scanning electron
micrographs of Figure 5-5. EBL provides excellent size and distance control of the
nanoparticles constituting the waveguides. In order to minimize charging effects during
fabrication, the structures were fabricated on a quartz glass slide covered with a thin

indium-tin-oxide (ITO) layer. The layer thickness was chosen to be less than 10 nm to
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suppress guiding of EM energy at the frequencies of interest [74]. The height of the
fabricated nanoparticles was confirmed using atomic force microscopy. The following
section will describe the optical analysis of particle interactions in these plasmon

waveguides using far-field polarization spectroscopy.
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Figure 5-5: Plasmon waveguides fabricated using electron beam lithography. Scanning
electron micrographs of plasmon waveguides consisting of spherical 50 nm Au particles
taken at normal incidence of the electron beam (top row). The inset shows a micrograph
where the sample stage was tilted by 70 degrees to visualize the almost spherical shape of
the nanoparticles. Also shown is an example of a waveguide consisting of rod-shaped Ag
particles with an aspect ratio of 3:1 (bottom left) and a Ag nanowire (bottom right).
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5.3 Far-field characterization of interparticle coupling in
plasmon waveguides

In order to allow for an optical characterization with a high signal-to-noise ratio of the
fabricated plasmon waveguides using far-field spectroscopy, we fabricated large area
arrays in a 100 um x 100 wm grid with a grating constant of 1 um. Cross talk between
adjacent structures is expected to have a negligible effect on the dispersion relation since
it takes place via far-field scattering of the individual nanoparticles with a distance
dependence of d', whereas near-field interactions of adjacent particles in each
waveguide show a d > dependence and dominate at small distances [17]. Moreover, the
grating constant of 1.0 wm does not coincide with a grating order transition of increased
far-field scattering [75], which further minimizes the far-field dipolar interactions. Thus,
results from far-field spectroscopy on these arrays reflect the properties of individual
plasmon waveguides. Our experimental setup consisted of a white halogen light source, a
polarizer allowing for the selective excitation of the longitudinal or transverse modes and
a computer-operated microspectrometer attached to an inverted optical microscope,
which allowed for an easy localization of the plasmon waveguide structures.

The following discussion will center around the far-field optical characterization of
plasmon waveguides consisting of up to 80 Au nanoparticles with diameters D = 50 nm
and center-to-center particle spacings of 75, 100, and 125 nm, respectively. Figure 5-5
(upper left) shows a scanning electron micrograph of such plasmon waveguides resolving
individual particles. The image was taken at normal incidence of the electron beam and
confirmed a diameter of 50 nm (R =25 nm) and a center-to-center spacing d of 75 nm

(3R) of adjacent particles. Also, the grating constant of 1 um between neighboring
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structures was confirmed. Using atomic force microscopy, the height of the
nanoparticles was determined to be 50 nm. The inset of Figure 5-5 shows a scanning
electron micrograph of individual nanoparticles of the waveguide where the sample stage
was tilted by 70 degrees in order to allow for a determination of the shape and aspect
ratio of individual particles. We attribute the almost spherical shape of individual
particles to room temperature annealing processes after the metallization and lift-off. The
in-plane symmetry of the particles was confirmed by polarization spectroscopy on a
regular grating of individual particles with a grating constant of 250 nm, showing only a
small inherent single particle optical anisotropy (peak shift 2x10" rad/s between
longitudinal and the transverse modes).

Figure 5-6 shows a far-field extinction spectrum of plasmon waveguides with a
75 nm interparticle distance taken at normal incidence illumination with a spot size of
100 um diameter for a polarization either in the direction of the waveguide axis
(longitudinal polarization L) or perpendicular to it (transverse polarization T). Also
shown is the extinction spectrum for illumination with unpolarized light (U). The
extinction spectra show a dipolar plasmon peak for longitudinal and transverse
illumination at angular frequencies of E;=2.05eV and Er=2.12 ¢V, respectively,
corresponding to wavelengths of maximal extinction of 604 and 585 nm. The extinction
peak for unpolarized light lies between those two frequencies. The position of the dipole
plasmon resonance is influenced both by the substrate and interparticle interactions [13],
and this accounts for a shift of the resonance compared to single Au nanoparticles in air,
which lies at 2.58 eV [13]. However, the polarization dependence of the peak positions

indicates that near-field optical interactions are present between the nanoparticles
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constituting the waveguide, which is consistent with theoretical work on
electromagnetic interactions between closely spaced aggregates and chains of metal

nanoparticles [67, 68].
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Figure 5-6: Far-field extinction spectrum of plasmon waveguides for both the
longitudinal (thick line L) and the transverse (thin line T) mode of collective excitation.
The peak positions for the L and T modes (marked with straight dashed lines) are located
at different energies due to optical near-field interactions. Also shown is the extinction
spectrum for unpolarized light (dotted line U).

The polarization dependence of the collective plasmon resonance of the plasmon
waveguides can be understood from the point-dipole model presented in Chapter 3. The
inset of Figure 5-7 shows the dispersion relation (frequency w versus wave vector k) of
guided modes in plasmon waveguides consisting of an infinite linear array of point
dipoles spaced a distance d << A apart, the validity of which was confirmed in Chapter 4

using FDTD simulations. The solid lines show the dispersion relation assuming nearest-
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neighbor coupling only, and the dotted lines take interactions between five nearest
neighbors into account. The group velocity of the energy transport is given by the slope
of the dispersion relation and has a maximum at a resonance energy Ej of the waveguide.
In Chapter 3, it was shown that Ey corresponds to the surface plasmon resonance energy
of a single particle and that particle chains can be excited most efficiently at this
frequency using local excitation of single particles. In our experimental configuration all
particles are excited in-phase, corresponding to k = 0. In this case the group velocity is
zero for both the longitudinal and the transverse branch and no transport of energy takes
place. These collective modes occur at energies E; for longitudinal and at Ey for
transverse polarization. Both are shifted with respect to the energy Ey: The longitudinal
mode is shifted to lower energies, and the transverse mode is shifted to higher energies,
as seen in Figure 5-6. The ratio of the respective shifts is predicted to be 2:1 [17]. The
extinction maxima in the far-field extinction spectra shown in Figure 5-6 directly yield
values for £, and E7.

We fabricated plasmon waveguides with interparticle spacings of 75 nm (3R), 100 nm
(4R) and 125 nm (5R) to study the influence of the interaction strength on the energy
difference AE = E7— E;. Polarization spectroscopy experiments as outlined above gave
respective values E; and E7 for these interparticle spacings. A plot of the position of £}

and E7r versus the interparticle spacing is shown in Figure 5-7.
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Figure 5-7 (color): Collective resonance energy of plasmon waveguides versus
interparticle spacing. The plot shows the dependence of the plasmon peak energy on the
interparticle spacing d for both the longitudinal (blue squares) and the transverse
excitation (red circles) of the collective mode as obtained using far-field spectroscopy.
The dotted red and blue lines show the 1/d° dependence predicted by the point-dipole
interaction model. The inset shows the dispersion relation of plasmon waveguides
calculated using this point dipole model. Also shown are results from FDTD simulations
(stars).

As can be seen, the energy difference AE of the k = 0 modes is strongly dependent on
the interparticle spacing, and drops below our experimental accuracy for an interparticle
distance of 5R (the extinction peaks practically coincide (E; = Er = Ej)). The value of Ej
is deduced from the point of convergence of the extinction peaks. A fit of both curves for
the longitudinal and the transverse mode shows a d ~ dependence of the position of the
extinction peaks, which is consistent with the coupled point-dipole model for plasmon
waveguides [17]. Also, the peak shifts of the longitudinal collective modes with respect
to Ey are larger than the shifts of the transverse collective modes as predicted by our
dipole theory. For plasmon waveguides with individual nanoparticles spaced 75 nm apart,

the ratio of the peak shifts is 2.3:1, close to the predicted value of 2:1. The difference is
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attributed to particle interactions between next-nearest neighbors and the small
inherent optical anisotropy of individual particles outlined above. The strong dependence
of the peak shifts on interparticle spacing and the agreement with the dipole model of
plasmon waveguides shows that the observed effects are indeed the result of near-field
interactions between nanoparticles in plasmon waveguides. Figure 5-7 also shows the
results of FDTD simulations of the sample geometry (stars). In order to model the
presence of the glass substrate (n = 1.5) in the simulations, the medium surrounding the
particles was taken to have an effective refractive index n = 1.2 for the transverse mode.
The effective index for the longitudinal modes is slightly lower (n=1.15) due to a
stronger confinement of the optical near-field, which reduces particle-substrate
interactions. Experiment and simulations are in good agreement. The good agreement of
the experimentally probed k =0 points of the dispersion relation with predictions from
the point-dipole model suggests that the model is indeed valid and that plasmon
waveguides should allow for energy transport when locally excited in a mode with a
finite wave vector k as outlined in section 4.3.

To determine the maximum group velocity of information transport in plasmon
waveguides, the full dispersion relation for non-zero wave vectors k has to be known.
This can be determined using the point-dipole model and the experimentally obtained
energies £, and E7. We calculated the most efficient resonance energy for transport to be
Ey=2.105¢eV (590 nm) and a corresponding maximum group velocity v, = 4.0x10° m/s
for the longitudinal mode for plasmon waveguides with an interparticle distance of
75 nm. The bandwidth for this mode, which puts an upper limit to the rate of information

transfer that can be achieved, was calculated to be 95 meV (23 THz). This is in good
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agreement with point-dipole model calculations if the reduced interparticle
coupling is taken into account.

Energy transport in plasmon waveguides relies on the excitation of modes with a
finite wave vector k # 0. The functional form @(k), the group velocity and the energy
propagation loss all depend on the number of directly interacting nanoparticles. In the
remaining part of this chapter, this optical near-field interaction range is examined via
far-field extinction measurements on arrays of short plasmon waveguides fabricated
using electron beam lithography.

We fabricated multiple sets of samples consisting of Au nanoparticles with diameters
D =50nm and center-to-center spacings d =75 nm for chain lengths of 3, 5, and 7
particles using electron beam lithography on ITO coated glass slides. Extinction
measurements as described above allowed for the determination of the collective plasmon
resonance frequencies for both longitudinal and transverse modes. Figure 5-8 shows the
energies £ r of the collective modes for plasmon waveguides with 1, 3, 5, 7 and 80
particles for both L and T polarizations as obtained by far-field experiments (circles). The
peak splitting AE between the longitudinal and the transverse modes increases with
particle chain length and saturates at AE =65 meV for about 7 particles. The observed
trend in E;r is in qualitative agreement with Mie-theory calculations for silver
nanoparticle chains in air [67]. Figure 5-8 also shows the results of FDTD simulations
(stars) using the effective surrounding medium approach outlined above. Experiment and
simulations are in good agreement. Note that whereas the point-dipole model of plasmon
waveguides predicts that nearest-neighbor interactions dominate in plasmon waveguides,

the increase in peak splitting between particle chains with 3 and 5 particles suggests that
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also second nearest-neighbor interactions need to be taken into account to correctly

describe the waveguide properties.
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Figure 5-8 (color): Collective resonance energy of plasmon waveguides versus particle
chain length. The plot shows the dependence of the plasmon peak position on the particle
chain length for both longitudinal (blue circles) and transverse excitation (red circles) of
the collective mode as obtained using far-field spectroscopy. Also shown are results from
FDTD simulations (stars).

As discussed above, the peak splitting AE is a direct measurement of the particle
interaction strength, which in turn determines the bandwidth B, , =2|E, , — E,| available

for transport for L and T modes. In our case, B, =95 meV (23 THz) for the longitudinal
mode. As pointed out, the interaction strength also puts an upper limit to the group
velocity vgr 7 for energy transport, and this together with the resistive damping of the
oscillation determines the minimum energy loss of propagating waves in plasmon
waveguides. The plasmon wave attenuation coefficient ¢ 7, which describes the

exponential attenuation of the electric field of the propagating plasmon wave, is given by
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a, ;= %v , with I being the homogeneous linewidth of the plasmon dipole
gL,T

resonance. Using simple algebraic manipulations outlined in section 3.2, it follows that at

the point Kk =% d of maximum group velocity the attenuation coefficient

a, Xd = y . This quantity can be calculated using quantities obtained from far-field

BL,T

measurements alone. In the case of 50 nm Au spheres, I' = 180 meV, as obtained directly
from the far-field measurements and confirmed using near-field spectroscopy as
described in section 6.3, corresponding to a decay time 7 of 3.6 fs close to the decay time
of single Au nanospheres on TiO, [15]. We thus obtain o ~2.5x10’m™” for the
fabricated structures with an interparticle spacing d = 3R, corresponding to an energy loss
2 ¢4 of about 6dB/30nm, showing that the current geometry cannot produce long range

energy transfer for the selected materials.

5.4 Conclusion and outlook: Decrease of waveguide loss by particle
design

Far-field optical spectroscopy allows for the investigation of the interparticle coupling
strength in plasmon waveguides via the determination of the collective plasmon
resonance energies of the longitudinal and transverse k=0 modes of the dispersion
relation. For plasmon waveguides consisting of 50 nm Au particles fabricated using
electron beam lithography on ITO coated quartz substrates, the interparticle coupling is
reduced due to substrate polarization effects, and the far-field analysis suggests a large

energy attenuation on the order of 6dB/30nm.
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In order to allow for the application of plasmon waveguides in integrated

optical circuits, the attenuation losses must be decreased. This can be achieved either via
a reduction of the homogeneous linewidth I" of the plasmon oscillation or via an increase
of the interparticle coupling to increase AE and thus the group velocity v,. Both goals can
be achieved via a change to materials with a longer electron relaxation time 7 such as Ag
or a change in particle shape. For Au nanoparticles, it has recently been shown that Au
nanorods with aspect ratios of 3:1 show a decrease in homogeneous linewidth by a factor
2.25 due to a resonance shift away from the interband transition edge [69]. To illustrate
the effect of changing the particle shape, Figure 5-9 b shows FDTD simulation results
(blue diamonds) for the transverse collective mode of an array of nanorods approximated
with spheroids with their long axis perpendicular to the waveguide chain axis as
described in section 4.4 for the same particle volume and center-to-center spacing as in
the nanosphere case. The results show a maximum bandwidth By =360 meV for the
transverse mode, which is indeed larger than in the nanosphere case graphed for
comparison in Figure 5-9 a. Assuming that the dispersion relation predicted by the point-
dipole model still holds, the corresponding attenuation coefficient is o= 2.7x10° m™ and
the energy loss 6 dB/260 nm, a factor ~9 less than in the nanosphere case. As the results
of FDTD simulations of plasmon waveguides consisting of spheroidal particles in section
4.4 have shown, such waveguides indeed show higher group velocities and thus increased
attenuation lengths compared to waveguides consisting of spherical particles, but not to
the extent that the point-dipole model suggests. This is due to a change in the dispersion
properties as explained in the discussion around Figure 4-10. The stated energy

attenuation length of 6dB/260nm is thus an upper estimate of the attenuation length.
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Since in our FDTD simulations the dielectric response of metals is modeled using a
Drude type dielectric function and does thus not include interband processes, there is no

pronounced difference between plasmon bandwidths obtained for Ag and Au particles.
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Figure 5-9 (color): Collective resonance energies of chains of spherical and spheroidal
particles. a) Collective plasmon resonance energies for both longitudinal (Ep) and
transverse (Et1) excitations for Au nanoparticle arrays of different lengths obtained via
far-field spectroscopy (red circles) and finite-difference time-domain simulations (black
stars). b) Simulation results for the collective plasmon resonance energies for transverse
excitation of Au spheroids with aspect ratios 3:1 (blue diamonds)

Figure 5-10 (thick line) shows a far-field extinction spectrum for plasmon
waveguides consisting of rod-shaped Ag particles with an aspect ratio of 3:1,
corresponding to particle dimensions of 90 nm x 30 nm x 30 nm as shown in the inset.
The surface spacing between adjacent nanorods is 50 nm, which is the closest inter-rod
spacing achieved in our electron beam lithography setup, resulting in a center-to-center
spacing of 80 nm. Figure 5-10 also shows a far-field extinction spectrum with the rod-
shaped particles arranged in a grid with a grating constant 1 um (thin line), corresponding

to the long-axis plasmon mode of single particles. As can be seen, the transverse
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extinction peak is blue-shifted for the particle arrays compared to the single
particles, yielding a bandwidth By =340 meV for the transverse collective mode, in good
agreement with the FDTD results presented above.

In summary, rod-shaped nanoparticles enable the fabrication of plasmon waveguides
with an increased interparticle coupling. This is expected to result in increased group
velocities and energy attenuation lengths for energy transport. Further optimization of

waveguide geometry and material is expected to allow for energy propagation over

several hundred nanometers.
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Figure 5-10: Far-field extinction of rod shaped particles. The plot shows far-field
extinction spectra of plasmon waveguides consisting of rod-shaped Ag particles with a
3:1 aspect ratio for the transverse mode of excitation (thick line) and for single
nanoparticles (thin line).
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Chapter 6 Local excitation of plasmon waveguides

6.1 Introduction

In the preceding chapter, far-field spectroscopy allowed for the investigation of
interparticle coupling in plasmon waveguides and for an estimation of the group velocity
and energy attenuation length for energy transport in conjunction with the theory
presented in Chapter 3 and Chapter 4. However, as pointed out far-field spectroscopy

only allows for the in-phase excitation of the long-wavelength k=0 modes of the

dispersion relation (Figure 6-1 dotted circles). Since d%k and thus the group velocity is

zero for these modes, no energy can be transported in plasmon waveguides excited by

broad-beam illumination [64]. A direct observation of energy transport requires the

excitation of a finite k # 0 mode such as the k =7 5d mode of maximum group velocity

(Figure 6-1 solid circle). Thus, a local excitation source of plasmon waveguides is
required.

In recent years, the emerging field of near-field scanning optical microscopy has
revolutionized the investigation of localized electromagnetic fields such as evanescent,
non-propagating electromagnetic waves and the analysis of local optical properties of
materials below the diffraction limit [76]. Thus, a near-field scanning optical microscope
(NSOM) [77] was chosen as the tool of choice for localized excitation and analysis of

plasmon waveguides.
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Figure 6-1 (color): Dispersion relation of a plasmon waveguide consisting of spherical
nanoparticles. Only the long-wavelength modes with zero group velocity (marked by
dotted circles) can be probed using far-field excitation. Excitation of a finite wave vector
mode such as the mode of maximum group velocity (marked by solid circle) requires
local excitation of the waveguide.

The investigation of light-matter interactions occurring on the nanoscale below the
diffraction limit of light requires the probing and manipulation of evanescent fields. The
first manipulation of an evanescent electromagnetic field goes as far back as Newton in
the form of the optical tunneling effect, depicted in its modern form in Figure 6-2. In this
case, an evanescent field is created above a prism by total internal reflection of a light
beam. This field can be converted into propagating electromagnetic waves by placing a
second prism a distance d <A into the near-field of the first prism. Since evanescent
fields contain high wave vector components, the propagation of which into the far-field is
forbidden, the conversion of evanescent fields into propagating fields is necessary for the

study of optical interactions below the diffraction limit.
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Figure 6-2: The optical tunneling effect. a) A laser beam is reflected by 90 degrees due
to total internal reflection at the slanted side of prism A, resulting in an evanescently
decaying field perpendicular to the slanted side. b) A second prism B placed at a distance
d<Ato prism A frustrates total internal reflection by converting the evanescent field into
propagating electromagnetic waves. After [77].

While in the optical tunneling effect this is accomplished via the placement of a
second prism in the near-field of the first, in near-field optical microscopy a local
nanoscopic probe akin to the tip of an atomic force microscope is used for this purpose.
In a so-called apertureless NSOM [78], the probe itself is optically opaque, serving as a
mere perturbation of the evanescent near-fields under study, and both optical excitation
and detection are employed using simple diffraction-limited Gaussian beams. While
apertureless NSOMs often show superior optical resolution, for our purpose a localized
excitation source is necessary, requiring an aperture-type NSOM as depicted in Figure
6-3. Building on the theory of diffraction by small holes with a subwavelength diameter
[79-81], in an aperture-type NSOM the localized probe itself consists of a metal or
dielectric probe with an optically transparent part at the apex, enabling local illumination
with light fields (illumination mode, Figure 6-3 b) or local collection of evanescent light
fields (Figure 6-3 a and d). In illumination mode, the tip of an aperture-type NSOM
effectively serves as a localized light source, enabling near-field spectroscopy and

photoluminescence studies with collection in the far-field [82-85]. Theoretical studies
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have further shown that the near-field excitation process can be viewed as a special

example of a dipole-dipole energy transfer [86].
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Figure 6-3: Aperture-type NSOM geometries such as transmission collection (a),
transmission illumination (b) and total internal reflection collection mode (d). After [77].

In addition to near-field optical investigations and spectroscopic studies of a variety
of systems, near-field optical microscopes have also enabled the localized study of the
properties and propagation of surface plasmons both in metal films [87, 88] and
nanoparticles [89]. In addition, powerful theoretical tools such as the Green dyadic
technique have been developed to analyze the optical near-fields of the tip-substrate

system [90] and energy propagation in nanowires [91].
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In this chapter, an experimental study of plasmon waveguides using an
aperture-type illumination-mode NSOM will be presented. The NSOM tip is used as a
localized light source to excite finite k # 0 wave vector modes for energy propagation,

and experimental evidence for subwavelength scale energy transport is presented.

6.2 Transmission NSOM analysis of plasmon waveguides: Facts and
artifacts

Our NSOM system builds on a Nanonics NSOM-100 scanhead [92, 93] consisting of
a piezoelectric flatbed scanner and a head plate incorporating a diode laser and a
photodetector for the monitoring of the tip motion. The scanhead is placed on the stage of
a conventional inverted optical microscope (Figure 6-4). This way, the sample under
study placed on the flatbed scanner can easily be examined, and the light scattered by the
sample in NSOM illumination mode can be collected using an objective with a large

working distance for analysis.

Figure 6-4 (color): The Nanonics NSOM-100 scanning head, integrated into a
conventional inverted optical microscope system.
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Figure 6-5 shows a picture of a typical Nanonics NSOM tip used in our

experiments. The tip is drawn from a conventional optical fiber that is tapered down and
bent at an angle to enable a normal force type AFM feedback control where light
emanating from the diode laser incorporated in the head plate is reflected from the
cantilever and monitored with the photodiode. This way, sample topography information
can be collected both in contact and non-contact mode together with the optical image as
the sample is scanned underneath the tip. In contact mode, the deflection of the otherwise
stationary cantilever is used as the feedback signal, while in non-contact mode changes of
the amplitude of the oscillating tip caused by topography-dependent shifts in the
resonance frequency of the tip-sample system are employed for the same purpose. During
scanning, the feedback loop ensures that the gap between the tip and the sample is held

constant using the z-motion of the flatbed scanner (constant gap mode).

Figure 6-5 (color): Nanonics NSOM tip drawn from a conventional optical fiber that has
been tapered down and bent to enable an AFM-type normal force feedback. The light
emanating from the aperture in illumination mode can be seen (courtesy of Nanonics
Imaging Ltd).

During the tip production process, the end part of the optical fiber is coated with a
thin aluminum coating, and a small aperture at the end of the bent tip is created. In our

experiments, we typically used NSOM tips with a 100 nm aperture fabricated using
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multi-mode optical fibers with a 50 um core diameter to ensure a large optical
transmission through the aperture in illumination mode.

The investigation of the electron beam fabricated plasmon waveguides with our
NSOM system requires the use of non-contact mode feedback for scanning. This way,
tip-sample interactions can be minimized. Figure 6-6 shows the results of a contact mode
scan of plasmon waveguides consisting of spherical nanoparticles. The large tip-sample
interactions led to a complete destruction of the scanned area (a). A scanning electron
microscope analysis of the tip after scanning revealed that the tip had picked up some of

the particles from the substrate (b).

Figure 6-6: Fragility of plasmon waveguides prevents contact mode scanning. a)
Scanning electron micrograph of nanoparticle plasmon waveguide structures after a
contact mode NSOM scan. The particles have been swept aside by the tip. b) Scanning
electron micrograph of the tip used. The aperture is blocked by nanoparticles that have
been picked up during the sweeping. Some of the particles apparently fused.

Figure 6-7 shows both the topography (a) and transmitted light image (b) of a NSOM
scan of plasmon waveguide structures consisting of 50 nm spherical Au particles with a
center-to-center spacing of 75 nm obtained using a 100 nm aperture NSOM tip. Laser

light from an Argon-pumped dye laser at the surface plasmon resonance frequency of
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590 nm was coupled into the fiber tip for a local excitation of the sample. The
topography image clearly shows single nanoparticles despite tip convolution effects.
Compared to the topography image, the transmitted light image (b) is far more complex

and shows a wealth of interesting features.
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Figure 6-7 (color): Topography (a) and transmitted light (b) NSOM image of plasmon
waveguides consisting of spherical Au nanoparticles. During scanning, the sample was
locally illuminated at 590 nm with a 100 nm aperture tip.

For each plasmon waveguide, at least three features can be distinguished in the upper
part of Figure 6-7 b: a dark straight line, single black dots, and a bright line. While the
dark straight lines were seen to be the typical feature of all transmission NSOM scans of
plasmon waveguides for closely spaced nanoparticles, the black dots and the bright lines
did not occur in all images. The emergence of a dark line can be attributed to a
shadowing effect of the nanoparticle structure. Part of the light emanating from the tip is
blocked by the particle structure, resulting in decreased transmission into the far-field.

Theoretical studies of the tip-nanoparticle system support this interpretation [94, 95]. The
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fact that our scan shows a straight line instead of single nanoparticles can be
explained by the poor optical resolution of the system that prohibits the detection of
single closely spaced nanoparticles. On the other hand, the dark black dots next to the
straight dark line in the upper part of Figure 6-7 b can be interpreted as shadows of single
particles. This degree of optical resolution is extraordinary, since the nanoparticles
constituting the waveguides show a surface-to-surface spacing of only 25 nm. This
superior optical resolution could be due to a local nanometer-sized scattering center in the
vicinity of the tip aperture which fell off the tip during the scan, explaining the lack of
single particle optical resolution in the lower part of the image.

While the dark features are direct optical signatures of the Au nanoparticles, the
straight bright lines are signs of topography artifacts induced by the sample motion. Such
height-induced artifacts are typical for constant-gap NSOM systems [96-99] and do not
show in constant-height images. These artifacts can usually be detected by their rigorous
spatial overlap with the topography image. In contrast, purely optical features are usually
slightly displaced from the topography structures due to the fact that topography images
usually occur at the point of largest protrusion of the tip which does not coincide with the
center of the aperture. Figure 6-8 shows a clear example of this effect for an NSOM scan
of solid 50 nm Au nanowires in the form of a three-dimensional surface plot. The
topography of the plot reflects the sample topography, and the transmitted NSOM image
is encoded in the color of the surface. The dark optical signatures of the nanowires are
seen to be displaced from the topography protrusions, in agreement to the qualitative

theory outlined above.
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Figure 6-8 (color): Topography and transmitted NSOM image of solid Au nanowires
combined into a three-dimensional surface plot. The topography represents the height
information, and the color scale the optical transmission. The optical shadow of the
transmitted light image is slightly displaced to the topography image.

The last point in the discussion of transmission NSOM scans of metal nanoparticle
plasmon waveguide structures concerns the dependence of the optical image on the
wavelength of the exciting light. As noted in the preceding discussion, in a usual
transmission NSOM scan nanoparticle arrays appear as dark areas of decreased
transmission due to absorption and shadowing. In fact, it was shown both theoretically
and experimentally that the detailed structure of the transmission NSOM image for Au
nanoparticles is mainly influenced by the thickness of the metal coating of the tip used
for scanning [94, 95]. It is therefore difficult to see wavelength dependent effects on the
optical transmission and thus signs of a plasmon-enhanced absorption for excitation at the
plasmon resonance frequency of the particles. In fact, transmission scans of Au plasmon
waveguide structures similar to the one discussed above did not show a discernable
dependence on the wavelength of the exciting light. This could partly also be due to the
fact that single particle optical resolution was not achieved in most scans. Nevertheless,
in the scan that achieved single particle optical resolution depicted in Figure 6-7 b, bright,

dot-like areas are seen to surround some of the dark single nanoparticle images. This
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could be due to a field enhancement effect in the vicinity of the nanoparticles
caused by the excitation of the plasmon resonance. Similar observations of a “bright
halo” surrounding metal nanoparticles excited at the plasmon resonance have recently
been reported [82].

In summary, transmission NSOM scans of metal nanoparticle plasmon waveguide
structures show decreased transmission compared to scans of the ITO glass substrate.
Due to tip convolution and the complicated optical interaction between the metal-coated
tip and the nanoparticles, wavelength dependent effects on the optical transmission
spectra cannot easily be verified. While typical optical resolutions are in the range of a

couple of 100 nm, in one case an optical resolution of <25 nm has been achieved.

6.3 Molecular fluorescence as a probe for localized electromagnetic

fields

As described in the previous section, the tip of an illumination-mode NSOM can be
used as a localized excitation source of nanoparticles in plasmon waveguide structures. In
addition, a local detector that is sensitive to electromagnetic fields is necessary in order to
obtain experimental evidence for energy transport from the excitation source along the
waveguide. We used fluorescent molecules that can be excited at frequencies around the
surface plasmon frequency of the nanoparticles constituting the waveguides for this
purpose.

The effects of localized electromagnetic fields occurring at surfaces on the
spectroscopic properties of molecules have been under intense investigation for the last

decades, both from a fundamental point of view and for applications such as surface
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enhanced Raman spectroscopy [100]. More recently, the effects of electromagnetic
near-fields on molecular fluorescence have been under study, and thin films of
fluorescent molecules have been used to determine the influence of nanoscopic probe tips
on the fluorescence yield [101]. While fluorescent molecules usually show a quenching
of the total fluorescence in the vicinity of metal surfaces due to non-radiative transitions,
it has been shown that the field enhancement due to surface plasmons can reduce this
quenching [102] and in fact lead to a net increase in fluorescence for certain distances
between the molecule and the metal surface [103]. This effect has been employed in the
study of the spatial profile of propagating surface plasmons on a metal film coated with a
thin layer of fluorescent molecules [104, 105].

For an application of fluorescent molecules as detectors for transport of
electromagnetic energy in plasmon waveguides, a placement of the molecules at specific
positions in the vicinity of a plasmon waveguide is desirable. For this purpose,
fluorescent polystyrene spheres with a diameter of 100 nm were used. These nanospheres
are commercially available with a number of fluorescent dyes covering the visible and
near-infrared range of the electromagnetic spectrum. It has recently been shown that such
dyes can be excited with the tip of an illumination-mode NSOM and the fluorescence be
collected in the far-field [106], and fluorescent nanospheres have allowed for the
topographical and optical characterization of NSOM tips [107].

Figure 6-9 shows a far-field spectrum of a thin film of aggregated nile-red fluorescent
nanospheres excited with an Argon laser at 514 nm. The power of the exciting laser light
was 50 uW and the spot size around 1 mm. The exciting laser light was blocked with a

520 nm long pass filter in the detection path of the photoluminescence setup. This way, a



91
clear fluorescence spectrum peaking around 610 nm was obtained. Significant
bleaching of the fluorescence on a time scale of minutes occurred for the laser power and

spot size used.
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Figure 6-9 (color): Far-field spectrum of the fluorescence of a thin film of aggregated
nile-red fluorescent nanospheres obtained using a photoluminescence setup. The spheres
were excited using the 514 nm line of an Argon laser, and the fluorescence was collected
between 520 and 930 nm. Significant fluorescent bleaching occurs for far-field
excitation.

In order to investigate the nanosphere fluorescence using the tip of our NSOM as the
excitation source, the setup was modified with a variety of filters in the far-field detection
path as depicted in Figure 6-10 to allow for the blocking of the exciting laser light and
fluorescent detection. Additionally, for nanospheres fluorescing above 620 nm, the red
laser of the NSOM topography-feedback system was additionally exchanged for an

infrared laser emitting at 908 nm.
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Figure 6-10 (color): Fluorescent NSOM setup. Using a variety of filters in the far-field
detection path, the exciting laser light can be blocked and the fluorescence of the sample
under study collected and analyzed using a CCD camera, spectrometer or an avalanche
photo diode.

Figure 6-11 shows both the topography (a) and the fluorescence NSOM image (b) for
a sample consisting of 100 nm nile-red fluorescent nanospheres randomly deposited on a
glass slide coated with a sticky poly-lysine layer. Despite considerable tip convolution
effects visible in the topography image (a), single-particle resolution is achieved in both
the topography and fluorescent NSOM channel. The optical image (b) shows the
fluorescence of single particles for three different excitation powers expressed as the
number of photons emanating from the tip measured by an avalanche photo diode
without blocking the excitation beam in the detection path. Excitation powers around
40 MHz are necessary for good signal-to-noise ratios. For these excitation powers, the
typical dye peak fluorescence was found to be about a factor five to ten above the electric
dark noise of the avalanche photo diode. Note that high excitation powers > 10 MHz are
already close to the damaging threshold of the metal-coated NSOM tips. The efficient

excitation of fluorescent nanospheres requires thus excitation powers close to the limit of
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our NSOM system. Similar power requirements were found for nanospheres

fluorescing in different parts of the visible regime of the electromagnetic spectrum.
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Figure 6-11 (color): Topography (a) and fluorescent NSOM image (b) of 100 nm
polystyrene nanospheres deposited on a poly-lysine-coated glass slide. The fluorescence
image shows the dye intensity for different excitation counts of 20, 40 and 80 MHz as
measured on an avalanche photo diode.

The topography and the fluorescent NSOM image of the fluorescent nanospheres
typically show different resolutions due to tip geometry effects. Figure 6-12 a shows an
additional example of a topography scan of the nile-red nanospheres discussed above.
Due to tip-convolution effects in the topography channel, the lateral width of a single
100 nm sphere is about 500 nm, while the optical width displayed in the fluorescent
NSOM image of Figure 6-12 b is on the order of 250 nm. For typical NSOM tips with an
aperture of 100 nm, the full width at half maximum of a single fluorescent sphere is on
the order of 200-400 nm. Contrary to far-field excitations of the fluorescent nanospheres
described above, no significant bleaching of the spheres occurred during successive

NSOM scans of the same area, despite the fact that each scan took about 1 h to complete.
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Figure 6-12 (color): Topography (a) and fluorescent NSOM scan (b) of 100 nm
fluorescent nile-red nanospheres. The topography and optical resolution are clearly
different due to tip-convolution effects.

The fluorescent spheres described above can be used as local probes for the
electromagnetic field around the metal nanoparticles constituting plasmon waveguides.
This way, the plasmon resonance frequency and decay time can be determined in a near-
field spectroscopy experiment using the dye fluorescence as an indicator of the
electromagnetic field enhancement around the metal nanoparticle structures as the
excitation frequency is varied in the vicinity of the plasmon resonance.

Figure 6-13 a shows a schematic of this near-field fluorescence spectroscopy
experiment. The NSOM tip is used as a local excitation source to probe the properties of
the nanoparticles constituting the plasmon waveguides. An excitation laser frequency in
the vicinity of the single particle dipole resonance leads to the build-up of an enhanced
electromagnetic field proportional to the plasmon decay time [15] around the particle

structure. This local field is probed via fluorescent molecules attached to the tip, and the
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radiation of these molecules is detected in the far-field. The fluorescent molecules
chosen show a constant absorption in the vicinity of the dipole resonance frequency. The
emitted intensity of fluorescent radiation is thus a direct measurement of the local field
[103]. Figure 6-13 b shows the enhancement of the fluorescent intensity as the excitation
frequency is scanned through the dipole resonance frequency for plasmon waveguides
consisting of spherical Au particles. The obtained intensity data can be fitted with a
Lorentz line shape with a full width at half maximum of about 180 meV, corresponding
to a decay time of 3.6 fs, which is in close agreement with measurements of the

homogeneous linewidth for single Au nanoparticles on a TiO; substrate [15].
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Figure 6-13 (color): Fluorescence near-field spectroscopy of plasmon waveguides. a)
The Au nanoparticles are excited with the tip of a scanning near-field optical microscope
(NSOM) in the vicinity of their plasmon resonance. The enhanced field around the
particles is probed via fluorescent molecules attached to the NSOM tip. b) Fluorescence
intensity versus excitation energy of the laser light, showing the homogenous line shape
of the plasmon resonance. The inset shows the fluorescent intensity variation in a scan
over 4 plasmon waveguides spaced 1 micron apart.

In summary, fluorescent nanospheres can be used as a tool for the local probing of

electromagnetic fields in the vicinity of plasmon waveguide structures. In the next
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section, the spheres are employed as local probes for the detection of energy

transport in a locally excited plasmon waveguide.

6.4 Local excitation and detection of energy transport in plasmon
waveguides

The plasmon waveguides used in this analysis of energy transport consist of rod-
shaped Ag nanoparticles with dimensions of 90 nm x 30 nm x 30 nm and a surface-to-
surface spacing of 50 nm between adjacent particles. The long axes of the individual
nanoparticles were oriented perpendicular to the waveguide chain axis in order to allow
for an increased near-field coupling between the particles as described in section 5.4. The
structures were fabricated using electron beam lithography with lift-off on ITO coated
quartz slides, which allowed for a good control over particle size and spacing. The inset
of Figure 6-14 shows a scanning electron micrograph of a plasmon waveguide of this
geometry. In order to determine the plasmon resonances of the fabricated structures with
a high signal-to-noise ratio using far-field spectroscopy, a large number of plasmon
waveguides were arranged in a 100 wm x 100 um grid with a grating constant of 1 um as
depicted in Figure 6-15 b. As described in section 5.3, cross talk between different
waveguides is negligible for this grating constant. This way, far-field extinction spectra
on these arrays probe the near-field coupling between the nanoparticles comprising each

waveguide only and reflect thus the properties of individual plasmon waveguides.
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Figure 6-14 (color): Far-field extinction spectrum of Ag nanoparticle chains and single
particles. The far-field extinction spectrum of a plasmon waveguide consisting of Ag
nanorods with a 3:1 aspect ratio and a surface-to-surface spacing of 50 nm between
adjacent particles shows a plasmon resonance peak shift to higher energies (red triangles
and Lorentz fit) compared to the extinction spectrum of isolated, non-interacting particles
(black squares and Lorentz fit). The exciting light was polarized along the long axis of
the nanorods, perpendicular to the particle chain axis. The inset shows an SEM
micrograph of the plasmon waveguide under study.

Figure 6-14 shows the far-field extinction spectrum of the fabricated plasmon
waveguides taken under normal incidence white light illumination with a spot size of
100 um and a polarization along the long axis of the nanoparticles and thus perpendicular
to the waveguide chain axis (red data points). Also shown is the extinction spectrum of a
grid of single Ag nanoparticles of the same geometry with an interparticle spacing of
1 um, for which the interparticle coupling is negligible (black data points). The single
particle extinction spectrum peaks at 2.18 eV for a polarization along the long particle
axis, corresponding to a resonance wavelength of 570 nm. The extinction spectrum of the
plasmon waveguide shows a resonance shift of about 100 meV to higher energies due to

near-field coupling between the particles, in agreement with the numerical simulations
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presented in section 4.4. According to these simulations, a resonance shift of
100 meV should translate into a maximum energy attenuation length on the order of
6 dB/200 nm for an excitation at the single particle resonance at 2.18 eV, at which the
energy transfer in a plasmon waveguide is most efficient.

In order to directly observe signs of energy transport in the fabricated plasmon
waveguides, a local excitation of a non-zero wave vector k is necessary as opposed to an
in-phase excitation of the particle arrays as a whole at k = 0 using far-field illumination.
To accomplish this, the tip of an illumination mode near-field optical microscope
(Nanonics NSOM-100) was used as a local excitation source for nanoparticles in plasmon
waveguides. Light from a dye laser at a wavelength of 570 nm, corresponding to the
single particle resonance, was used in order to excite the mode of least damping. The
light was coupled into a multimode optical fiber attached to the Al-coated NSOM tip
used for excitation. Figure 6-15 a shows a schematic of our principle of excitation and

energy transport detection.
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Figure 6-15 (color): Near-field optical microscopy excitation and energy transport
detection of plasmon waveguides. a) Sketch of the experiment. Light emanating from the
tip of an illumination-mode near-field optical microscope (NSOM) locally excites a
plasmon waveguide. The waveguide guides the electromagnetic energy to a fluorescent
nanosphere, and the fluorescence intensity for varying tip positions is collected in the far-
field. b) SEM micrograph of a 100 x 100 um grid consisting of Ag plasmon waveguides.



99
Power transport away from the directly excited nanoparticles of the plasmon

waveguide is probed via the placement of polystyrene nanospheres filled (Molecular
Probes Fluospheres F-8801, diameter 110+8 nm) with fluorescent molecules in close
proximity to the waveguide structure. For this, the electron beam fabricated plasmon
waveguide sample was coated with a thin poly-lysine layer, and the nanospheres were
subsequently randomly deposited from an aqueous solution. The fluorescent dyes used
show a strong absorption peaking at 580-590 nm near the plasmon resonance wavelength
of a single fabricated Ag particle and emit radiation peaking at 610 nm, which is detected
in the far-field using a band pass filter and an avalanche photo diode. This scheme
enables the observation of energy transport in the following way: first, energy is
transferred from the illuminating tip to the plasmon waveguide. The excitation
subsequently propagates along the nanoparticle structure and excites a fluorescent
nanosphere placed on top of a waveguide at a sufficient distance from the excitation
source. Energy transport would result in dye emission even when the tip is located away
from the dye, and thus would manifest itself in an increased spatial width of the
fluorescence spot of a nanosphere attached to a plasmon waveguide compared to a single
free nanosphere.

Figure 6-16 a and b show simultaneously obtained topography and fluorescent
NSOM scans of the control area outside the grid (Figure 6-15 b, red box) with single
nanospheres only and of the plasmon waveguide grid (Figure 6-15 b, green box) together
with fluorescent nanospheres, respectively. The samples were illuminated at the single
particle resonance at 570 nm using a NSOM tip with a 100 nm aperture. The scan

direction was perpendicular to the plasmon waveguides, and images were built up from
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left to right. The fluorescence NSOM spots of nanospheres located on top of
plasmon waveguides were examined. In addition, NSOM scans of isolated nanospheres

were used as a reference.
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Figure 6-16 (color): Topography and fluorescent NSOM scans. The images show
topography and fluorescent NSOM scan of a 6x6 um’ area consisting of single
fluorescent nanospheres (a, area highlighted by red box in Figure 6-15 b) and an area
consisting of fluorescent nanospheres in the vicinity of plasmon waveguides (b, area
highlighted by green box in Figure 6-15 b). The fluorescent intensity of two single
nanospheres (gray circles) can be compared to the intensity distribution of nanospheres
on top of plasmon waveguides (red circles) using data cuts (gray and red lines) of the
fluorescent intensity along the waveguide axis.

Figure 6-16 a shows the scan of the control area consisting of single nanospheres
only, which was taken immediately before the scan of the plasmon waveguide area.
Single nanospheres are clearly resolved in both the topography and the fluorescent

NSOM image, with an arbitrary control particle highlighted (gray circle). Intensity
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variations are observed between different fluorescent nanospheres, which are
attributed to slight variations in the nanosphere diameter, and the elongation of the
fluorescent spots is due to a tip artifact. Figure 6-16 b shows the subsequent scan of a
sample area comprising 4 plasmon waveguides in the left part of the image and
fluorescent nanospheres. Two nanospheres (highlighted by red circles) are found to be
located on top of plasmon waveguides, while one nanosphere at the right side of the scan
area (gray circle) is positioned at a distance from a waveguide structure and can thus
serve as a further control to ensure that the tip characteristics did not change during the
scans. The widths of the fluorescence spots of both the two control nanospheres of Figure
6-16 a and Figure 6-16 b, respectively, and of the nanospheres attached to waveguides of
Figure 6-16 b were examined by taking cuts through the NSOM data parallel to the
plasmon waveguide direction as highlighted in the fluorescent images.

Figure 6-17 shows averages of five parallel cuts through fluorescent nanosphere
spots A, B, WG1 and WG2. Gaussian fits to the data for both the control spheres (black
and red lines and data points) and the two spheres attached to plasmon waveguides (green
and blue lines and data points) are included. The control nanospheres A and B were
scanned before and after scanning the waveguide structures, and in both cases show
similar fluorescent full widths at half maximum (FWHM) of 174+17 and 193423 nm.
Analyses of additional control spheres yielded similar widths of 160+£12, 205+13, and
188+17 nm, respectively. This confirms that the tip profile did not change appreciably
during the scans. By contrast, the fluorescent spots WG1 and WG2 of the nanospheres
attached to the plasmon waveguides show a FWHM of 329+14 and 3434+27 nm,

respectively. The resulting average fluorescence spot FWHM of control spheres is
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185+38 nm, while the average width of nanospheres on waveguides is 336+30
nm. The broadening of the fluorescence spots due to the presence of the plasmon

waveguide is thus 151+48 nm.
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Figure 6-17 (color): Evidence for energy transport in plasmon waveguides via the width
of the fluorescence intensity of fluorescent nanospheres. Shown are averages of five
parallel cuts along the plasmon waveguide direction through the fluorescent spots
highlighted in Figure 6-16 a and b for both single nanospheres (control A and B, black
and red datapoints) and nanospheres located on top of plasmon waveguides (WG 1 and
WG2, green and blue datapoints) as depicted in the inset. Gaussian line shape fits to the
data show an increased width for nanospheres located on plasmon waveguides.

If the observed broadening of the fluorescent width of waveguide nanospheres is due
to transport of electromagnetic energy along the waveguide, no difference in FWHM
between control and waveguide nanospheres is expected in the direction perpendicular to
the waveguide axis. Indeed, the fited FWHMSs in this direction are found to be equal
within the fit error, giving 364+36 nm for control A and B and 352440 nm for the
waveguide nanospheres WG1 and WG2. Note that these values are rather large due to the

shape of the tip aperture (see NSOM scans in Figure 6-16).
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The increase in the width of the nanosphere fluorescence of about 150 nm

for spheres attached to a plasmon waveguide structure can be attributed to local
excitation of the plasmon waveguide followed by energy transport along the waveguide
toward the fluorescent dye particle. This type of excitation is known to dominate over
excitation by direct scattering of the exciting radiation from individual nanoparticles [30].
From Figure 6-17 it is clear that for a free standing nanosphere the fluorescence signal
decreases below the dark noise level if the tip is located approximately 200 nm away
from the sphere center, while a fluorescent nanosphere attached to a plasmon waveguide
can be excited from distances up to 500 nm via the plasmon waveguide. Our results thus
provide direct evidence for energy transport over this distance. To obtain quantitative
information on the energy decay length we have performed exponential fits on the tails of
the fluorescence intensity of the waveguide nanospheres at distances >200 nm away from
the nanosphere center. At this distance excitation via the plasmon waveguide dominates
over direct dye excitation. These fits yield a decay length of 6 dB/1954+28 nm, which is in
excellent agreement with the estimate of 6 dB/200 nm obtained from our far-field

measurements and theoretical predictions.

6.5 Conclusions and outlook

Using the tip of an illumination-mode NSOM and fluorescent dye nanospheres as
detectors, we have shown experimental evidence for energy transport in plasmon
waveguides over distances of about 0.5 um. A number of points regarding the

development and the execution of this experiment should be noted.
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The detection of energy transport relied on the placement of the fluorescent

nanospheres in the near-field of the plasmon waveguide structures. While in the
foregoing experiment this was achieved using a random deposition of fluorescent spheres
from an aqueous solution, a more controlled placement of the fluorescent nanospheres is
desirable. We investigated the feasibility of this using the AFM pushing technique
described in section 5.2. Figure 6-18 shows an example of this technique for fluorescent
nanospheres with a diameter of 100 nm. Starting with a random deposition of the
nanospheres from an aqueous solution as outlined above (Figure 6-18 a), selected
particles in close proximity to a plasmon waveguide are pushed to the desired positions,
in this case the end of a waveguide (Figure 6-18 b). This way, the energy transport
properties of plasmon waveguides could in principle be examined in more detail.
However, this technique was found to be only of limited use due to the fact that the
nanospheres deformed during the manipulation. The damaged nanospheres further
showed considerable smearing during NSOM scans akin to the ones outlined above. In
most cases, fluorescent molecules started to stick to the tip, thus making an unambiguous
detection of energy transport difficult for the manipulated nanospheres. Nevertheless, the
AFM pushing technique could prove to be of value for the manipulation of more rigid

detector units such as II-VI semiconductor nanocrystals.
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Figure 6-18: Placement of fluorescent nanospheres along plasmon waveguide structures
using the tip of an atomic force microscope. Starting from a random deposition (a), the
highlighted particles are pushed to the end of two plasmon waveguides (b) using the
atomic force microscopy technique described in section 5.2 (courtesy of Sheffer Meltzer).

The second point that should be noted regards the suitability of an NSOM tip as a
local excitation source for plasmon waveguides and fluorescent nanospheres. As noted
above, our ability to detect energy transport in plasmon waveguides over larger distances
than 0.5 um was severely limited by the fact that even the direct excitation of the
fluorescent nanospheres required optical power densities at the damage threshold of the
aluminum coated NSOM tips. Furthermore, the detection of subtle differences in the
width of the dye fluorescence required the use of a tip with a superior optical resolution
for relatively large tip apertures of 100 nm that had to be used to ensure a high
throughput for fluorescence excitation. It was found that only a small fraction of the
nearly one hundred tips used in our experiments were suitable. Thus, the design of high-
throughput NSOM tips is a desireable, and a significant amount of effort is spent to
determine tip designs optimized for efficient localized excitations of nanostructures [108,

109]. This together with phase-sensitive fluorescent NSOM detection techniques [110]
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could allow for energy transfer detection experiments akin to the one outlined
above with a larger dynamic range.

A further complication was caused by the fragility of both our electron beam
fabricated plasmon waveguide structures and fluorescent dye nanospheres, which
rendered most tips unusable due to the pick-up of fluorescent nanospheres during a single
scan. This did not allow for a detailed study of the frequency-dependence of energy
transport in plasmon waveguides, which would have required that the area under study be
scanned multiple times at different wavelengths. As noted above, the use of more rigid
semiconductor nanoparticles as detectors could circumvent this problem and allow for a
more detailed study.

As a last point, it should be noted that the tip of an illumination-mode NSOM is
clearly not the most efficient way to locally excite plasmon waveguides. Due to the
highly divergent beam emerging from the aperture, several propagating modes at
different wave vectors k will be excited simultaneously, rendering the experimental
determination of the dispersion relation difficult. In addition, the analysis of pulsed
excitations of plasmon waveguides will be complicated by pulse distortions occurring at
the aperture of the tips [111]. Furthermore, light emerging from an NSOM tip aperture is
in general not perfectly polarized, leading to the excitation of both longitudinal and
transverse plasmon-polariton modes. In fact, even a perfectly polarized point-dipole
excitation source would excite differently polarized plasmon modes in a nanoparticle
chain when the source is located above the nanoparticle structure as in the NSOM
excitation geometry. Figure 6-19 shows snapshots of electric field distributions for this

excitation geometry obtained using FDTD simulations where the tip is approximated as
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an x-polarized point-dipole located above a plasmon waveguide consisting of nine
closely spaced spherical Au nanoparticles oriented along the x-direction. Figure 6-19 a
shows the x-component and Figure 6-19 b the z-component of the electric field,
respectively, on the same linear color scale at a time t = 26 fs after the pulse-driven point-

dipolar source is turned on.

Figure 6-19 (color): Polarization effects of NSOM excitations of plasmon waveguides.
The plots show the distribution of the x-component of the electromagnetic field around a
plasmon waveguide structure consisting of 9 closely spaced Au nanoparticles. The
particle structure is locally excited by an x-polarized point-dipole source located above
the particle structure. Shown are time-snapshots of the x- (a) and z-component (b) of the
electric field, respectively, showing that the dipole source excites plasmon oscillations of
several polarizations in the nanoparticles constituting the waveguides.

As Figure 6-19 b shows, this excitation geometry leads to a significant plasmon
oscillation in the z-direction for the nanoparticles adjacent to the particle located
underneath the source. It was found that this leads to a significant perturbation of the
near-field coupling between the particles in the chain and a lowering of the group
velocity of about 25% compared to an excitation geometry where the source is placed on
the plasmon waveguide axis as described in section 4.3, which minimizes the excitation

of off-axis plasmon oscillations.
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In summary, despite theoretical and experimental caveats, the use of the tip of
an illumination-mode NSOM as a local excitation source for plasmon waveguides
allowed for the direct detection of energy transport in plasmon waveguides over distances

of about 0.5 um.
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Chapter 7 Conclusions and outlook

The optical properties of plasmon waveguides consisting of ordered arrays of closely
spaced metal nanoparticles were analyzed both theoretically and experimentally. For
small spherical particles with a diameter D << A, the analytical point-dipole model
presented in Chapter 3 allows for the determination of the dispersion properties and
group velocities for the transport of electromagnetic energy. However, a strictly point-
dipolar interaction model overestimates the interparticle coupling, as was confirmed
using FDTD calculations presented in Chapter 4 and far-field polarization spectroscopy
on fabricated plasmon waveguides presented in Chapter 5. For spherical Au nanoparticles
with a diameter D = 50 nm and an interparticle spacing d =75 nm in air, the maximum
group velocity for longitudinal excitation is 0.06¢, corresponding to an energy attenuation
length of about 6dB/100nm. The guiding properties can be optimized by a change in
particle shape and material. As an example, it was shown that spheroidal particles with a
3:1 aspect ratio show up to a threefold increase in group velocity.

For plasmon waveguides fabricated using electron beam lithography as presented in
Chapter 5, the polarizability of the substrate leads to a reduced interparticle coupling
strength, resulting in an energy decay length estimate of 6dB/30nm for plasmon
waveguides consisting of spherical Au particles with the geometry discussed above. In
this case, the high loss renders this particular plasmon waveguide geometry of limited use
for practical applications. In order to obtain a plasmon waveguide with a larger energy
attenuation length, a change in particle material to silver and particle shape to spheroidal

particles is necessary. This allows for the fabrication of a plasmon waveguide with
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increased interparticle coupling, which together with the reduced plasmon
damping of silver nanoparticles allows an energy attenuation length estimate on the order
of 6dB/200nm. Indeed, local excitations of these structures using the tip of an
illumination mode NSOM together with localized energy detectors in the form of
fluorescent nanospheres confirmed energy transport over a distance of about 0.5 um.

Using FDTD simulations as a design tool, it should be possible to further optimize the
energy guiding parameters of plasmon waveguides. For Ag nanoparticles, the increase in
interparticle coupling with aspect ratio has to be balanced with a concomitant increase in
radiation damping in order to maximize the energy attenuation length. For Au
nanoparticles, rods of an aspect ratio of at least 3:1 will ensure an increased plasmon
decay time due to a resonance shift of the long axis mode to the near-infrared away from
the interband transition edge [69]. At the same time, the volume of the spheroids has to
be kept small in order to minimize radiation damping. This way, plasmon waveguides
based on Ag and Au nanoclusters with energy attenuation lengths of a couple of hundred
nanometers should be possible throughout the visible and near-infrared part of the
electromagnetic spectrum. In addition, the use of specially designed substrates for the
increase of interparticle plasmon interactions should be explored.

The defining factor concerning the applicability of plasmon waveguides in future
highly integrated optical circuits is their submicron energy attenuation length. Plasmon
waveguides will thus not be the waveguides of choice for energy transfer over several
microns, but could serve as functional end-structures and routing devices operating below
the diffraction limit. In the remainder of this thesis, potential applications of plasmon

waveguides will be discussed.
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In order for plasmon waveguides to find useful applications despite their short

energy attenuation lengths it is useful to restate the two properties that render them
superior over conventional waveguides. First and foremost, plasmon waveguides allow
energy localization and mode sizes on the nanoscale below the diffraction limit of light.
In addition, functional devices such as routing structures and all-optical modulators based
on interference between phase-shifted plasmon-polariton waves seem feasible. This
possibility of attaining a high degree of functionality over distances of a few hundred
nanometers would ensure a reasonably high number of functional elements per unit of
energy attenuation, which is a more important device characteristic than energy loss per
unit length. In this thesis, we have at best hinted at the possibility of functional devices in
the form of routing structures such as 90-degree corners and all-optical modulators
(sections 2.3, 2.4, 3.3, 4.5). The fabrication of such guiding geometries using electron
beam lithography poses no additional challenges, and Figure 7-1 shows an example of a

tee structure consisting of spherical Au nanoparticles.

eooB21

Figure 7-1: A plasmon waveguide tee structure fabricated using electron beam
lithography.
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The determination of the power transmission coefficients of routing structures

and the modulation characteristics of tee interferometers will require a refined excitation
and energy transfer detection mechanism using multiple local excitation sources and
detectors. Clearly, the tip of an illumination-mode NSOM does not provide the best
localized excitation mechanism due to the relatively large aperture and highly divergent
beam which leads to an excitation of multiple plasmon-polariton modes as discussed in
section 6.5. In integrated optical chips, a coupling of plasmon waveguides to more
conventional guiding structures such as dielectric slab waveguides is necessary. The
design of subwavelength optical excitation sources is an active field of study at the
moment, and promising techniques which could be used as excitation mechanisms for
plasmon waveguides such as the beaming of light from subwavelength apertures [112] or
the plasmon coupling between a metal nanowire and nanoclusters have been
demonstrated [113]. Using the later method, a plasmon waveguide could be excited via
the diffraction limited far-field excitation of a metal stripe that is subsequently tapered
down to ensure a high spatial overlap between the nanowire and the nanoparticle plasmon
modes. In fact, the recent demonstration of composite plasmon resonant nanowires [114]
will allow for the fabrication of functional subwavelength nanowire guiding structures
which could be combined with metal nanoparticle plasmon waveguides in integrated
optical components. The advantage of nanoparticle chains over nanowires is due to the
fact that the plasmon resonances of metal nanoparticles are highly tunable, and the
controlled excitation of multipolar plasmon excitations in nanoparticles [115] could be
employed for mode design. In addition to optical excitation techniques such as apertures

and nanowires, the possibility of electrical excitation of plasmon oscillations in metal
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nanoparticles is intriguing from the viewpoint of integrated electro-optical
devices. However, this particular field of study is still in its infancy [116].

In addition to localized excitation sources, a more robust detection scheme for energy
transport than the fluorescent nanospheres described in Chapter 6 is necessary for the
optimization of the guiding properties and the investigation of interference effects in
modulating structures. As mentioned in section 6.5, rigid semiconductor nanocrystals in
combination with AFM pushing techniques show significant promises.

On a last note, a few potential applications of plasmon waveguides will be presented
in the hope of stimulating further interest and research in the fascinating field of
nanoscale metal optics. Recently, two-dimensional optical elements such as mirrors,
beam splitters and interferometers based on plasmon-polaritons on patterned metal films
have been demonstrated [117], and nanoscale plasmon waveguides should allow for the
fabrication of similar elements operating on the nanoscale.

As an example, the high spatial localization of energy in plasmon waveguides
suggests their use as end-structures attached to dielectric waveguides for the channeling
of electromagnetic energy to nanoscale or molecular detectors as sketched in Figure 7-2.
The large absorption and scattering cross section of metal nanoparticles excited at their
surface plasmon resonance frequency should allow for a rather efficient coupling to
conventional dielectric slab waveguides. Plasmon waveguides would thus be of interest
as energy concentrators, e.g., for Raman or fluorescence spectroscopy or other lab-on-a-

chip applications.
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Figure 7-2 (color): Application of a plasmon waveguide as an energy collimator at the
end of a conventional dielectric waveguide. The enhanced absorption cross section at
resonance leads to a collimation of the beam energy and channels it to a molecule.

Figure 7-3 shows an envisioned application of an all-optical plasmon waveguide
switch where a modulation signal is used to control the degree of coupling between two
resonant cavities that evanescently couple to the plasmon waveguide. Note that the whole

coupling structure could be of lateral dimensions of a few hundred nanometers.
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Figure 7-3 (color): Application of a plasmon waveguide as an all-optical modulator
linking two resonant cavities. The coupling between the cavities is mediated by a short
plasmon waveguide and can be controlled via a modulation source akin to the discussions
in Chapter 3.3.

As a last example, Figure 7-4 shows a sketch of plasmon waveguide arrays that
evanescently couple two dielectric slab waveguides. The metal nanoparticles are

embedded in a photo-addressable birefringent polymer matrix. This way, the dielectric
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environment and thus the position of the plasmon resonance can be controlled
optically, which in turn allows for an optical control of the coupling between the two
dielectric waveguides. Electrical control of the plasmon resonance using electro-optical
materials such as liquid crystals has recently been demonstrated [118], which would
allow for the fabrication of integrated plasmon waveguide devices with electrically

controllable guiding properties.

Birefringent polymer
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Figure 7-4 (color): Application of a plasmon waveguide as an optically tunable
waveguide coupler. Nanoparticle arrays are embedded in an optically addressable
birefringent polymer matrix. A far-field illumination of the waveguides changes the
refractive index of the surrounding polymer matrix and thus the coupling between the
two dielectric waveguides.

In summary, future applications of plasmon waveguides as highly integrated optical
coupling and switching devices seem possible. Further research into the amount of
optical functionality that can be achieved using metal nanoscale structures should enable

a wealth of interesting applications.
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