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Introduction

Life as we know it would not be possible without light. Ever since the history of
mankind began, people have been intrigued by the creation, and later on, manipu-
lation of light. Already before the start of the first century people found out how to
make simple lenses, which were mainly used to magnify small letters in a book or
as primitive glasses. What started with simple improvements in daily life, extended
soon in much more exotic and complex devices enabling the discovery of many
phenomena which could have never been detected without the manipulation of
light. It was the invention of the laser in 1960 [1] that boosted light research, leading
to widely used applications in telecommunication, optical data storage and pro-
cessors. Soon after this, the desire grew to observe and control light on the nano-
scale, which would enable new possibilities such as imaging beyond the diffraction
limit [2], the realization of small optical integrated circuits [3], light emitting diodes
(LEDs) and high efficiency solar cells, to mention just a few examples.

The key towards controlling light inside a medium is harnessing of the refractive
index n of the material, which describes how light interacts with a (bulk) mate-
rial. Convential media have a positive value for the refractive index, which has
the consequence that inside the medium light is always traveling slower than the
speed of light in vacuum, and energy refracts in a positive direction at an inter-
face between two materials, away from the surface normal. The refractive index
of a material originates from the polarizability of the material, which describes the
coupling strength of the electro-magnetic fields of light with the charge distribution
of the atoms used to build the material. For visible wavelengths, A1 =400-700 nm,
the wavelength of light is much larger than the inter-atomic distances, which is
typically several Angstroms. Because of this large length scale difference, a material
is usually considered as a homogeneous slab with an effective refractive index.



1 Introduction

The field of metamaterials explores the possibilities to build materials out of
‘artificial atoms’, which are sub-wavelength building blocks designed to have a par-
ticular electro-magnetic response. Proper design of these building blocks can lead
to new effective material properties which are not found in naturally occurring ma-
terials. Because of the sub-wavelength size of the building blocks, metamaterials
can still be effectively described as a bulk material with an effective refractive index.
Interestingly, for metamaterials the index can be designed to have extreme values,
like n < 1, in which case the wavelength of light is larger than in vacuum, including
the special case of n approaching zero [4], where the wavelength inside the material
diverges. Another interesting class of metamaterials are negative-index metamate-
rials, as already considered by Veselago in 1968 [5]. In such materials light refracts in
‘the wrong’ direction and phase fronts travel backwards inside the material. Nega-
tive index materials are predicted to find applications in polarization-independent
flat lenses [6], novel (micro-)optical components, superradiant light sources, trans-
formation optics, and optical cloaking [7, 8], to mention a few examples [9].

One important class of optical metamaterials is composed of noble-metal
resonant structures with a magneto-electric response (e.g. split ring resonators),
embedded in a dielectric material. The interplay between the magnetic and
electric resonances can lead to an effective negative index. Negative refraction
using such geometries was first experimentally demonstrated in the microwave
spectral range [10], and more recently in the near-infrared [11, 12]. However, the
realization of negative-index metamaterials in the ultraviolet and visible spectral
range using this concept has proven impossible, because it requires scaling of the
resonator geometry to dimensions that cannot reliably be reached using electron
beam lithography techniques [13, 14]. Furthermore, these designs rely on localized
resonances which strongly absorb light [15] and only show a negative index for a
very narrow bandwidth.

To circumvent the fundamental fabrication and Ohmic dissipation problems
associated with nano-resonator metamaterials operating in the UV/visible, a differ-
ent approach is needed to control light on the nanoscale. The design discussed in
this thesis is based on surface plasmon polaritons (SPPs), optical waves of coherent
electron oscillations that travel along the interface between a dielectric and metal
to which light can couple efficiently [16-23]. The mode index of the SPP can be
designed by choosing the proper materials and system geometry. It can have values
which are not found in naturally abundant bulk materials because part of the field
of the SPPs overlaps with the metal regions, thereby interacting with the negative
permittivity of the metal [24]. By creating SPP waveguides in a three-dimensional
architecture a metamaterial can be realized in which the effective index is deter-
mined by the complex interplay of the plasmonic waveguide modes.
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1.1 Single planar metal/dielectric interfaces

1.1 Single planar metal/dielectric interfaces

The simplest geometry in which an SPP can exist is a single planar metal/dielectric
interface. The dispersion diagram of an SPP traveling on such an interface can be
found by solving Maxwell’s equations in each metal and dielectric slab separately
and then connect the solutions by using continuity of the tangential E and normal
D fields at the metal/dielectric interface as boundary conditions [25-28]. The result

is given by
w [€méq
[Ny . L
cVem+eq

where k, is the wavevector in the propagation direction of the SPP, w the fre-
quency, c the speed of light and ey, 4 the complex permittivities of the metal and
dielectric material respectively. Because the solutions for ky can be found in the
absence of any incident field, SPP modes are the eigenmodes of a metal-dielectric
interface in the case of a lossless system.

(1.1)
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Figure 1.1: Dispersion diagram of a SPP traveling on a metal-dielectric interface.
(a) Real and (b) imaginary part of ky for a SPP on a single planar silver/air and
silver/glass interface traveling in the x-direction. The light lines (dashed lines) of
vacuum and glass are plotted as well. The inset shows the Re(Hy) dependence
in the z-direction, perpendicular to the SPP propagation axis. The diagrams were
calculated using experimentally measured values for the optical constants of silver.

The calculated dispersion diagrams for a SPP traveling on a planar sil-
ver/vacuum and a silver/silica interface are shown in Figure 1.1, together with
the light line in glass and air (ky = w/(c\/€q)). We can distinguish three different
regions in Figure 1.1(a): the bound mode, which is the region on the right side
of the light line which asymptotes to the light line for small frequencies and to
the surface plasmon resonant frequency wsp at large values of the wave vector.
In this region the SPP wavelength is smaller than the corresponding free space
wavelength. From this figure we observe that by approaching the surface plasmon
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1 Introduction

resonance frequency, the SPP mode index increasingly deviates from the free space
wave vector indicated by the light line. However, the imaginary part of the wave
vector, which indicates the energy losses, does increase significantly as well upon
approaching the surface plasmon resonance.

The dispersion on the left side of the light line, above the bulk plasma frequency
of the metal, is called the radiative mode, and asymptotes to the light line for large
frequencies. Above the bulk plasma frequency the metal behaves as a dielectric
causing the SPP mode to be not a truly bound eigenmode of the system in this
region. The region in between the bound and the radiative mode is the quasi-
bound mode. This region is also referred to as the stop gap, due to the absence of
any modes in this region if the free electron gas model of Drude is used to describe
the metal optical constants [27]. The inset in Figure 1.1 shows Re(H,) near the
metal/dielectric interface; it falls off exponentially in the direction transverse to the
SPP propagation direction. In the example shown here, the field is mainly located
in the dielectric, and only a small fraction is located in the metal.

Figure 1.1(a) shows that both the frequency and magnitude of the maximum
wave vector are dependent on the used dielectric. The magnitude is determined
by the losses in the metal which causes the dispersion diagram to bend back (the
maximum wave vector goes to infinity in case of a lossless system) [29], and the SPP
resonance frequency (wsp) is given by

“Wp
Wep = ,
i v1+eq
with wp, the bulk plasma frequency of the metal and ¢4 the dielectric constant

of the dielectric material. This equation shows that wsp can be tuned by the choice
of metal and dielectric material.

(1.2)

The losses of the SPP in the direction of propagation determine the propagation
length Lgpp of an SPP (where we only take into account dissipation losses, not the
out coupling from the bound interface into free-space or other directions). Lspp is
defined as the distance which the SPP can travel until its intensity is decayed to 1/e
of its original value and is given by

1
2Im(ky)’

with Im(k,) the imaginary part of the SPP wave vector in the direction of prop-
agation. As seen in Figure 1.1(b), the SPP losses of the bound mode of a single di-
electric/metal interface become significantly higher when approaching the surface
plasmon resonance. The reason is that, in order to conserve momentum, k, and k,
are connected through

Lspp = (1.3)

eko =k + k5 + k2, (1.4)
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1.2 Coupled SPPs in a planar metal-dielectric-metal geometry

where € is the dielectric constant of the bulk material, k is the free space wave
vector in vacuum and ky, is zero for an SPP traveling in the x-direction as in the
geometry discussed in Figure 1.1. Then

wz
kzam,a) =i kgzc - ?em,d (1.5)

follows, where m, d is the metal or dielectric, respectively. From Equation 1.5 it
can be seen that an increase in ky can only occur with an increase in k;, and thus
larger confinement in the z-direction [30]. The increase of the losses is the result of
the fact that a larger fraction of the transverse field is located in the lossy metal.

1.2 Coupled SPPs in a planar metal-dielectric-metal
geometry

The dispersion of SPPs can be controlled further by using geometries where dif-
ferent SPPs interact. In this section we will discuss the behavior of planar stacks
of metal-dielectric-metal (MDM) layers in which the SPPs traveling on each metal-
dielectric interface couple if the dielectric channel thickness is thin enough to get
overlap of the fields of the different SPPs. This coupling gives rise to new modes:
one which has a symmetric and one with an anti-symmetric mode profile of H),
and E; in the transverse propagation direction [25, 28, 30], to which we will refer as
the ‘symmetric’ and ‘anti-symmetric’ mode in the rest of this thesis.

Although the anti-symmetric mode can show very interesting dispersion behav-
ior, such as a negative mode index, we will only discuss the symmetric mode in this
section because this is the only propagating mode for the geometry and wavelength
range discussed here [28].

The equations for the wave vector can be found using the same method as for a
single metal/dielectric interface as discussed in Section 1.1. In this case, however,
it is not possible to obtain a simple direct relation for ky, but the dispersion for
a three-layer MDM multilayer geometry with the structures centered at z = 0 and
dielectric thickness ¢ can be found by solving [28]

—i kz,d r
€qkzm +€mkzqcoth — =0 (1.6)
with k, following from momentum conservation (Equation 1.4):

W 2
kz(d,m) = €d,m(;) - k)zc (1.7)

Equation 1.6 solves for the transverse magnetic (TM) mode with a symmetric
field profile of Hy and E; in the transverse direction as can be seen in the inset of
Figure 1.2(a).
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Figure 1.2: Dispersion diagram of a SPP traveling in a MDM structure. (a) Real and
(b) imaginary part of ky for silica waveguide channel thicknesses of 5, 20, 50 and
100 nm, surrounded by silver. The SPPs are traveling in the x-direction. The light
line (black dashed line) of glass is plotted as well. The inset shows the Hy field
in the z-direction, perpendicular to the SPP propagation direction. The diagrams
were calculated using experimentally measured values for the optical constants of
silver.

Figure 1.2 shows the dispersion diagrams of Ag/SiO,/Ag MDM waveguides with
different dielectric thicknesses. Qualitatively, the same behavior is found for the
symmetric mode as for the dispersion of a SPP traveling on a single metal-dielectric
interface. However, with a MDM geometry much more extreme values of the wave
vector are found, especially for small thicknesses of the dielectric channel. Al-
though a higher value of the wave vector is accompanied by an increase of the
losses, as for the single interface planar metal/dielectric structures, with the MDM
waveguide geometry a more extreme mode index can be obtained with a larger
propagation length. For example, a SPP with a Re(k,) of 50 um ™! has a propagation
length of about 100 nm at a single Ag/SiO interface, compared to 500 nm for a
MDM geometry with a 20 nm channel. The reason is that for this MDM geometry
the fields extend less into the lossy metal [28].

So far, we considered the optical behavior of SPPs traveling along the direction
of the waveguides. However, these metal-dielectric building blocks can also be
used to build three-dimensional metamaterials, in which light can propagate in al
three directions. In order to do so the waveguides have to be stacked close enough
to get coupling, and the coupling of adjacent waveguides needs to be designed
carefully [31]. In this way a three-dimensional negative index of refraction can be
realized for the transverse magnetic (TM) mode.

14



1.3 Coaxial plasmonic waveguides

1.3 Coaxial plasmonic waveguides

A further advanced way to control the dispersion of SPPs is to fabricate coaxial
MDM waveguides, in which the SPP dispersion is determined by the complex inter-
action of the electro-magnetic field in three dimensions. A sketch of an hexagonal
array of coaxial MDM waveguides is shown in Figure 1.3, where dielectric coaxes
are embedded in metal. In contrast to the planar waveguide geometry, the dis-
persion of a single coaxial waveguide is polarization independent for light incident
from the top due to its cylindrical symmetry. Considering a cross-section of the
proposed material along the coaxial channels (indicated as the xz and yz planes
in Figure 1.3), it is clear that this material too consists of alternating layers of metal
and dielectric material [32, 33].

dielectric

Figure 1.3: Sketch of the coaxial plasmonic metamaterial. The coaxial waveguides
consist of thin (10-30 nm) cylindrical dielectric channels (purple) having a
diameter of 150-200 nm embedded in metal (grey).

Like for the planar geometries, the dispersion diagrams can be calculated for
individual cylindrical MDM structures, but now the equations need to be solved
in cylindrical coordinates [32]. A double-periodic stacking needs to be taken into
account since the SPPs on each interface can not only couple through the dielectric
channel, but also through the metal core [31]. This double periodicity leads to a
very interesting feature, namely that the mode which is anti-symmetric over the
dielectric channel, can be designed to be the propagating mode for wavelengths
above the plasmon resonance frequency [31]. This anti-symmetric mode can have
very interesting dispersion properties, such as a negative index of refraction (see
Chapter 3,4) and an index near zero [34].

The dispersion diagrams, together with a cross section of the mode profiles of
the Hy, fields in the transverse direction of both the symmetric and anti-symmetric
modes in a single coaxial waveguide embedded in metal are shown in Figure 1.4.
The symmetric, positive index, mode shows very large mode indices for frequen-
cies below the plasmon resonance frequency. Above wgsp the anti-symmetric mode
shows lower losses than the symmetric mode, meaning that this is the dominant
(propagating) mode in this frequency range. This anti-symmetric mode has a op-
posite sign of Re(k;) and Im(k;) in a frequency range for which the mode is domi-
nant. Since an opposite sign of Re(k;) and Im(k;) is the requirement for a negative
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mode index, it is noticed that the geometry in Figure 1.4 has a region where the
dominant mode has a negative mode index.
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Figure 1.4: Dispersion diagram of a SPP traveling inside a single Ag/Si coaxial
waveguide channel. (a) Real and (b) imaginary part of the SPP dispersion of a Si
coaxial channel having an outer diameter of 150 nm and an inner diameter of 120
nm, embedded in silver. The solid lines represent the symmetric mode and the
dashed lines the anti-symmetric mode, with the dominant regions denoted by a
bold line. The inset in (a) shows a sketch of the top view of the considered coaxial
geometry, the inset in (b) shows a cross section through the xy-plane of the Hy, field
through the center of the coaxial channel for the two modes.

The inset of Figure 1.4(b) shows the Re(H,)) fields inside the coax channel for a
single, infinitely long coaxial channel for both the symmetric and anti-symmetric
mode. We observe that the symmetric mode does not change sign across the coax
channel, whereas the anti-symmetric mode does. The overall mode profile across
both channels is symmetric for both modes.

A three-dimensional metamaterial can be built by careful designing an array
of coaxial MDM building blocks [32, 33]. For this, it is important to design the
ring-to-ring distance such that the coaxes are close enough to achieve coupling
between the individual rings. Furthermore, the coupling of the individual coax-
ial waveguides gives an extra degree of freedom to control the dispersion of the
metamaterial. In order to compare the performance of this plasmonic waveguide
metamaterial to the geometries based on resonant antennas, we define a figure-of-
merit (FOM) as |[Re(n)/Im(n)|. A maximum FOM= 18 has been predicted for the
negative-index mode of the plasmonic-waveguide based material [32], compared
to FOM= 3 for negative-index split ring resonator based metamaterials [15].
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1.4 OQutline of this thesis

In this thesis we present the experimental realization of a three-dimensional coax-
ial, plasmonic metamaterial in the visible spectral range. The goal of this research
is to successfully fabricate these metal/dielectric structures in order to get funda-
mental insight in the optical properties, supported by experiments. Furthermore,
we use the plasmonic nanocoaxes as apertures to enhance optical trapping forces.
The results of this research is presented in the following chapters.

Chapter 2 describes the many-step fabrication process of the coaxial metama-
terial, consisting of Si or hydrogen silsesquioxane (HSQ) hollow cylinders with di-
ameters down to 100 nm and channel thicknesses as small as 7 nm which are em-
bedded in silver or gold. We present detailed description of all steps required for the
fabrication process. We demonstrate the successful fabrication of these structures
on a Si substrate, a 1 ym thick Si membrane and a SiO, substrate.

In Chapter 3 the optical properties of the plasmonic coaxial metamaterial are
described in detail. We investigate the modal electric and magnetic fields and dis-
persion behavior of a single coaxial channel of different geometries and material
choices. Furthermore, we study the coupling of coaxes arranged in a hexagonal
array and investigate for which ring-to-ring distance interaction occurs. The Fabry-
Pérot modes of a finite thickness slab are measured using cathodoluminescence
spectroscopy, and explained by extracting the mode index from FDTD simulations.

In Chapter 4 we perform interferometry measurements in the visible spectral
range to measure the mode indices of a Si/Ag plasmonic coaxial metamaterial.
The data are consistent with a negative mode index in the range of 1 =440-500
nm, and are in very good agreement with FDTD simulations. Furthermore, we ex-
perimentally demonstrate the polarization independence of the coaxial plasmonic
metamaterial.

Chapter 5 describes how the exponentially decaying evanescent fields just out-
side the dielectric channels of coaxial plasmonic waveguides can be used to en-
hance optical trapping forces. The coaxial geometry has the capability to enhance
the trapping force, and geometrically confines the optical force field. We perform
FDTD simulations to calculate the trapping force for different coax dimensions and
show atomic force measurements (AFM) of the optical force experienced by an AFM
tip using HSQ/Au coaxial geometries.

In Chapter 6 we investigate the geometrical resonances in hollow Si cylinders.
We show both numerically and experimentally that the magnetic dipole (MD)
mode supported by high-index sub-wavelength scatterers is conserved inside
cylinders with an air gap in the center. These MD modes are characterized by a
displacement current loop which induces a high magnetic field intensity in the
center of the gap. Furthermore, the trends upon changing the particle dimensions
are investigated, paving the road towards experiments where a MD transition in a
luminescent material inside the scatterer can be controlled by the cavity.

17



1 Introduction

Overall, this thesis describes the fabrication process and optical properties of
a three-dimensional coaxial plasmonic metamaterial. The coupling of alternat-
ing layers of metal and dielectric materials can lead to effective optical proper-
ties which are not found in natural materials. We experimentally demonstrate a
negative mode index in the visible region using phase-sensitive measurements.
The coaxial structures are used to enhance and spatially confine optical forces in
the near field of the waveguides. Furthermore, the resonant behavior of hollow
dielectric cylinders is described.

18



Fabrication process of a coaxial plasmonic
metamaterial

We report, in full detail, the experimental fabrication process of a
coaxial plasmonic metamaterial operating in the UV/visible part of
the spectrum. This metamaterial is predicted to exhibit an effective
negative index in the blue/UV spectral range or can be designed
to optically trap sub-10-nm dielectric particles. The metamaterial
consists of ultra-thin wall (13-15 nm) dielectric (Si or HSQ) coaxial
cylinders with a well defined diameter (> 100 nm) embedded in silver
or gold. We demonstrate the fabrication process on both a SiO, and
Si substrate, where fabrication on a 1 pm thick Si membrane results
in nearly freestanding structures. The process starts with creating an
HSQ etch mask, using electron beam lithography. The structures are
then transferred into the substrate with reactive ion etching, followed
by metal infilling using a newly developed physical vapor deposition
technique. Finally, the metamaterial surface is polished and made
optically accessible with focused ion beam milling under grazing
angles.

2.1 Introduction

Optical metamaterials are artificial materials composed of sub-wavelength
building blocks which can be engineered to have optical properties which are

19



2 Fabrication process of a coaxial plasmonic metamaterial

not found in nature, such as a negative index of refraction [5, 31] or an index
near zero [4]. An important class of optical metamaterials is composed of sub-
wavelength metal resonant structures with a magneto-electric response (e.g.
split ring resonators), embedded in a dielectric material. These resonant-based
metamaterials have been demonstrated experimentally in the infra-red and longer
wavelength regime [10-12]. However, realizing these antenna-based metamaterials
for shorter wavelengths has proven to be very difficult because the resonator
size scales with the operating wavelength [13]. These fabrication difficulties,
together with the narrow bandwidth and relatively high losses at the resonance
frequency [15] can be circumvented by using plasmonic metamaterials. This
class of metamaterials does not rely on localized resonances, but are built up
from alternating metal/dielectric layers that support surface plasmon polaritons
(SPPs) [35]. Properly designing the SPP coupling traveling on the metal/dielectric
interfaces by tuning the dimensions of these metal/dielectric stacks can, as in case
for the resonance-based metamaterials, also result in special optical properties as
negative and near-zero refractive index [4, 31]. However, these planar geometries
only work for TM polarized light and are thus highly polarization dependent.

Here, we present the fabrication process of a polarization independent geome-
try, consisting of hollow Si or hydrogen silsesquioxane (HSQ) cylinders embedded
in metal. In order to obtain successful coupling of the SPPs on each metal/dielectric
interface we need to realize extremely thin cylinder sidewalls, in the order of 15—
30 nm and an outer diameter in the order of 100-180 nm. We show the succesful
fabrication process of Si coaxes on a Si chip, almost freestanding structures on 1 yum
thick membranes as well as the fabrication of HSQ coaxes, which has a refractive
index very similar to glass [36], on a SiO, substrate. The silicon structures were
infilled with Ag, the HSQ on glass samples both with Ag and Au.

Figure 2.1 shows a sketch of the total fabrication process. We start with electron
beam lithography (EBL) using the negative high-resolution resist HSQ. The HSQ
patterns can be used as etch mask to transfer the structures into the substrate using
reactive ion etching (RIE). Next, we infill the structures with metal using a newly
developed electron beam physical vapor deposition (EBPVD) method followed by
a polishing step with a focused ion beam (FIB) to smoothen the surface and make
the coaxes optically accessible. Each of these steps will be explained in detail in the
next sections of this chapter.

2.1.1 Resolution in electron beam lithography

In order to obtain feature sizes as small as 10 nm, we need a very high resolution in
the EBL process. The resolution of the EBL process is determined by the properties
of the used resist, the lithographic system and processing conditions. An important
aspect which limits the resolution is the scattering of electrons in the resist itself
and the substrate underneath the resist. There are two types of elastic scattering:
forward and back-scattering. Forward scattering is the small-angle deflection of
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N

Figure 2.1: Fabrication process of the coaxial metamaterial. (a) Sketch and (b) SEM
images of the individual steps: 1. EBL on Si, Si membrane or SiO2 substrate, 2. RIE
etching to transfer the structures into the substrate, 3. Metal deposition using a
newly developed EBPVD method, and 4. Polishing the surface with the FIB under
grazing incidence.

electrons that enter the resist. This leads to an overall increase of the beam diame-
ter, resulting in the exposure of a larger area in the resist. This effect can be reduced
by using thinner resist films, a resist with small atomic weights, or increasing the
beam energy. In back-scattering the electrons are deflected at large angles, where
areas far from the incoming beam can be exposed. This effect occurs mostly in
the substrate. This phenomenon is also known as the proximity effect, which is
especially a problem for dense arrays where certain areas of a resist receive a larger
dose than intended due to backscattered electrons from neighboring areas. Back-
scattering can be reduced by using a very thin substrate or a substrate with a low
atomic weight, or using electrons with lower energy.

Since the majority of the resist is transformed by secondary electrons rather
than the direct electron beam, it is important to consider these electrons as well in
order to determine the optimal resolution of the EBL process. Secondary electrons
originate from inelastic collisions with the electrons in the molecules of the resist
or substrate and lead to an effective widening of the beam diameter. Secondary
electrons do not contribute to the proximity effect since their range in the resist is
only a few nanometers.

Interestingly, both increasing and decreasing the electron voltage can result in
a higher resolution. As the electron energy is increased, less forward scattering
results in more vertical wall profiles and thus better resolution. However, higher
electron energy also results in more back-scattering which increases the proxim-
ity effect. For thin or low atomic weight resists and substrates, a high electron
energy (>20 keV) will generally lead to the highest resolution. Using low energy
electrons (<5 keV) can also result in higher resolution since the generation rate of
back-scattered electrons is decreased [37]. Here, we use a 30 or 100 keV electron
beam, where 100 keV results in the highest resolution EBL process.
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2 Fabrication process of a coaxial plasmonic metamaterial

High resolution resists typically have a small molecule size, small atomic weight
and require a relatively high exposure dose (low sensitivity). The smaller size of
the molecules allows cross-linking or chain scission to happen at a smaller scale,
while the low atomic weight reduces the electron scattering in the resist. The lower
sensitivity typically leads to less proximity effects, which increases the resolution
especially for dense arrays. However, a lower sensitivity requires a larger exposure
dose, which results in a more time consuming process.

The sensitivity of the resist depends on several factors. In general, a larger
molecule requires a smaller exposure dose since it has a larger cross section and
hence a higher probability of electron interaction. The sensitivity is also affected by
the electron energy, where the sensitivity is increased for lower energy electrons
(as long as the electron energy is still large enough such that the electrons can
travel to the bottom of the resist layer). This is due to an increased probability
of the electrons to interact with the resist rather than the underlying substrate.
On the other hand, using a low atomic weight or thin membrane substrate results
in a higher required dose due to the decreased generation rate of back-scattered
electrons.

The inorganic negative high resolution resist hydrogen silsesquioxane (HSQ),
meets the requirement of consisting of relatively small molecules. It requires a
relatively high exposure dose compared to most (organic) resists and has a high
etch resistance which is needed to transfer the patterns into the Si substrate [38].
HSQ consists of cubical-shaped molecules with the chemical formula HgSigO1>.
The Si atoms are positioned at each cubic corner, with the corners being linked
via oxygen atoms. The hydrogen atoms are attached on the other sides of the Si
atoms (Figure 2.2). The cages open and form into a linear network under influence
of the electron beam.

A disadvantage of HSQ is its low contrast, defined as the sharpness of the transi-
tion between exposed and unexposed, as a function of electron dose. The contrast
of HSQ can be changed by adjusting the development and baking procedure [38,
40-44]. This tunability is convenient, but it also reflects the extreme sensitivity of
HSQ to environmental changes and pollution. A change of just 1 °C in the devel-
oping temperature leads to a variation of 11% in contrast, 5% in the saturation and
49% in the on-set dose [42]. Exposure to air for only 1 hour can increase the feature
size by 66% [45].

2.1.2 Reactive ion etching

For the fabrication of coaxial Si cylinders, the HSQ pattern is transferred into the
substrate using RIE. RIE is a dry-etching technique which is based on two princi-
ples: plasma, or radical, etching and physical sputtering of the substrate with ions
provided by the plasma. The first is characterized by minimal ion bombardment
and purely chemical etching, leading to very selective and fast, but isotropic etches.
This process is usually dominant for very low bias and high gas pressure. However,
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Figure 2.2: Schematic representation of the molecular structure of HSQ. (a) Cage-
like structure before exposure, which appear as (b) partly formed cages of various
sizes in solution. Image taken from Ref [39].

for many substrate materials there is no chemical etchant available. In these cases
the sample can be etched using sputtering with a directed ion flow. The latter
technique is usually very slow (1-30 nm/min), but can also be very anisotropic and
is in principle applicable to any substrate. By combining both techniques by adding
a few well-chosen reactive chemicals to the etch mixture while using a relatively
large bias and/or low density, the etch rate, selectivity and isotropy of the etch can
be controlled.

Although there are some general guidelines for the etching behavior, it is im-
portant to keep in mind that the interplay between chemical etching and physical
sputtering of the substrate is very complex and not straightforward. To mention
an example, the etch rate of Si exposed to both XeF, and Ar" ions is much greater
than the sum of the etch rates for exposure to the Ar, and XeF, separately [46]. The
reason is that the reactive XeF, does not only enhance the etch rate by reacting
with the substrate to form volatile molecules, but adding Ar* ions also modifies the
surface reactions in such a way that radicals can react stronger with the substrate.
Adding reactive chemicals to the etching mixture can not only enhance the etch
rate but can also inhibit the etching by forming a passivation layer with a high
etch resistance. This technique is often used in etch mixtures containing both ions
and reactive chemicals to make the etch more directional. Sidewalls that are not
exposed to the ions are then covered by the resistive layer, while normal to the ion
path this layer will be removed by ion bombardment.

Clearly, in order to develop an etch recipe we have several parameters to opti-
mize, which have a complex interplay with each other [47, 48]. It is not straight-
forward to predict a priori which chemicals should be used in which (relative) con-
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2 Fabrication process of a coaxial plasmonic metamaterial

centrations and how changing the chemicals influences the etch rate, anisotropy
and selectivity. However there are some general guidelines that can be used when
developing an etch recipe. Increasing the radio frequency (RF) power generally
leads to more sputtering and a higher etch rate, while increasing the inductively
coupled plasma (ICP) power generally leads to more lateral etching and thus less
anisotropy. Lastly, increasing the temperature promotes chemical reactions, but
can also increase lateral etching because surface radicals become more mobile. Us-
ing cryogenic temperatures can enhance the forming of a passivation layer because
the low temperature prevents compounds from escaping the surface.

For our fabrication process there are two main criteria which determine the
succes of the etch recipe: selectivity and anisotropy. Due to the very thin side walls,
our structures are very sensitive to slightly isotropic etching which results in holes
in the side walls and collapsing of the rings. Therefore we cannot compromise on
the anisotropy of the etch, which for most etch recipes results in a limited maxi-
mum height of the Si coaxes. To fabricate larger aspect ratios while maintaining the
anisotropy, one could either use a thicker HSQ mask or switch to different etching
chemicals. However, increasing the resist thickness will decrease the resolution of
the EBL process, resulting in thicker side walls (Section 2.1.1).

In this chapter, we develop two anisotropic etch recipes which successfully
transfer HSQ cylinders into the Si substrate. The first is based on CHF3 and SFg, the
second on HBr. For both etch recipes we use a low pressure recipe and relatively
high ion energies, such that the lateral movement of the ions is minimized.

2.2 Electron beam lithography using HSQ

2.2.1 Method

The first step in the many-step fabrication process is patterning the substrates with
hollow cylinders of the negative high resolution resist HSQ. The metamaterial was
fabricated on three different kinds of substrates: SiO, slides (1 mm thick borosil-
icate glass slides from Menzel), 500-550 um thick Si(100) chips (WRS Materials)
and 1 pum thick 1.3 x 1.3 um? Si(100) membranes supported by a 300 um thick
10 x 10 mm? Si frame (Norcada). Before the fabrication is started, the samples
are first base-piranha cleaned (5:1:1 solution of dH,O:NH,OH:H,0>) at 75 °C for
about 20 minutes. The samples are rinsed in demi-water and blow-dried with N».
The silicon membranes were used fresh from the packaging without any cleaning.
Before spin coating, all substrates were baked for 5 minutes at 200 °C to completely
dry the surface. To be able to spin coat the membranes, we stuck them on top
of a Si chip using copper tape or a thin layer of acetone dissoluble glue. After
baking, the samples are cooled to room temperature with a N,-flow for about 10
s. Then the samples were immediately spin coated with, depending on the desired
resist thickness, (dilutions of) HSQ Fox-12, FOx-14 or FOx-15 (Dow Corning) for
45 seconds at 2000 rpm, with a closed lid. If thin resist layers were desired, the
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2.2 Electron beam lithography using HSQ

standard HSQ solutions were diluted with MIBK. To obtain a higher resolution the
samples were baked at 90 °C for 45 minutes, instead of the typical two-step baking
procedure of 120 s at 150 °C followed by 120 s at 220 °C [43]. Baking at lower
temperatures increases the resolution, but decreases the sensitivity, meaning that a
higher dose is needed when exposing the HSQ to the electron beam [44]. In case of
the SiO, substrates the samples were made conductive by spin coating a thin layer
of an aqueous solution with a conducting polymer (Espacer 300Z, Showa Denko)
for 45 s at 3000 rpm with a closed lit. After spin coating the samples were dried at
room temperature for 2 minutes before a 5 minutes bake at 180 °C. The HSQ layer
thickness was measured by scratching the sample and using a height profilometer.
The resist thickness was typically 200 nm (using undiluted HSQ FOX-14 or FOX-
15), but could be varied between 50-500 nm depending on the HSQ concentration
and age, type and treatment of substrate and spinning conditions.

Depending on the desired resolution, either a 30 keV beam, using a Raith e-
LINE EBL system, or a 100 keV from a Vistec EBPG5000Plus HR 100 system with
a small aperture was used to write rings into the HSQ. Because the sensitivity of
HSQ is very dependent on the exact spinning, storing and baking conditions (e.g.
thickness of the resist, baking temperature and time [44], substrate, writing voltage,
age of the HSQ, time between spin coating and baking, time between baking and
writing [41]) the optimum exposure dose varies between different samples. Typ-
ically, for a resist thickness of 200 nm and a 1 pm thick Si membrane substrate,
we used ~300 uC/cm? for 30 keV EBL, and ~14000 uC/cm? for the 100 keV e-
beam writing. In general, membrane samples require a higher dose compared to
thicker substrates, due to the reduced amount of back-scattered electrons in case of
thinner substrates. Also, thicker resist layers require a higher dose. Longer waiting
times between spin coating and exposure or exposure and developing will both lead
to lower writing doses (higher sensitivity) but slightly lower resolution due to partly
cross-linking of HSQ over time [41].

After writing, the structures are developed in tetramethylammonium hydroxide
(TMAH) for 1 minute at 50 °C, rinsed in dH»O for 30 s and dipped into isopropanol
(IPA). The samples were dried in a critical point dryer to prevent collapsing or dis-
placement of the structures. For the non-membrane samples we used a 25% TMAH
solution, for the membranes we diluted this to a 5% solution to improve the adhe-
sion of the structures onto the substrate, however, this results in a slightly lower res-
olution. Developing at 50 °C instead of room temperature increases the resolution
and decreases the feature roughness [42, 43]. In Figure 2.5 we show SEM images
of developed HSQ coaxes on different substrates, where (a,b) show structures on
a SiO; substrate and (c-f) shows the successful fabrication on a Si substrate. As
shown in Figure 2.3, the described process results in very conformal fabrication of
larger areas (typically 20 x 20 um? fields were written, but in principle the field size
is limited by the write field area for which no stage movement is needed, which is
typically a few mm). In Figure 2.7(e,f) we show that it is possible to fabricate very
high aspect ratio coaxes having a height of over 400 nm, with a diameter of 80 nm
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2 Fabrication process of a coaxial plasmonic metamaterial

and a wall thickness of about 20 nm.

2.2.2 (Critical point dryer

As described in Section 2.2.1, all samples were dried in a critical point dryer after
development. Figure 2.4 shows a patterned sample after development that was
dried in air instead, i.e. without critical point dryer. In this case, coaxes with rel-
atively low aspect ratio (having a height of typically <150 nm for >100 nm diameter
rings) are displaced over the sample surface (Figure 2.4(a,b), whereas longer coaxes
(with a height of typically >150 nm for <300 nm diameter rings) collapse and cluster
together by the pressure of the liquid droplet. The interfacial tension between the
liquid/air interface of the drying solvent droplet can be prevented by using a critical
point dryer which replaces the solvent (usually isopropanol) with liquid CO,, after
which the pressure and temperature inside the sample chamber is increased to go
to the critical point of CO,. Then, the CO, is vented out of the chamber, resulting
in drying the sample without any liquid/air interface. For this reason, all samples
described in this thesis are dried after development using a critical point dryer.
However, a critical point dryer is not necessary after the HF dip later on in the
fabrication process. The reason is that the adhesion of the rings is much stronger
during this drying process because the rings are etched into the Si before the HF
dip, resulting in more rigid structures which are stably attached to the surface.

2.2.3 HSQ adhesion on Si membranes

For both the silicon and SiO, substrates the samples were developed in a 25%
TMAH solution in water at 50 °C. As can been seen in Figure 2.5, this results in
structures with extremely thin side walls (<10 nm), with good adhesion on both Si
and SiO;. Clearly, the minimum feature size is increased if the resist thickness is
increased.

However, developing the Si membrane samples with this high concentration of
TMAH causes adhesion problems, as shown in Figure 2.6(a,b). Due to bad adhesion
of the HSQ after development, the individual rings are washed away and the over-
exposed fields, where the individual rings are all merged together due to proximity
effects, are displaced over the substrate after development. The over-exposed fields
release from the substrate during imaging with a 5 keV beam, demonstrating the
bad adhesion.

Clearly, a 25% TMAH solution is too aggressive on Si membranes. Several sur-
face treatments, such as charging the surface with an RIE oxygen descum or ther-
mal annealing before applying the HSQ did not improve the adhesion sufficiently.
Figure 2.6(d,e) shows the effect of spincoating HDMS primer underneath the HSQ
for 1 min. at 4000 rpm and baking at 180 °C before applying the HSQ. Although
it does improve the adhesion somewhat, the rings are still displaced over the sub-
strate. The adhesion problems can be solved by using a 5% TMAH solution instead
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Figure 2.3: (a) Top and (b) tilted view of a hexagonal array of HSQ coaxes, having an
outer diameter of 150 nm, a wall thickness of 5-10 nm and a height of 220 nmona 1
pm thick Si membrane after exposure of a 100 keV electron beam and development
in a 5% TMAH solution in water. SEM images are taken using a 5 keV electron beam.
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200 nm

Figure 2.4: Examples of HSQ coaxes where the samples are dried in air after
development instead of using the critical point dryer. Short coaxes (a,b) (typically
<150 nm) are displaced over the sample, whereas long coaxes (c,d) (typically >150
nm) collapse and cluster together by the surface pressure of the drying liquid
droplet. The HSQ coaxes in this Figure are 80 nm (a,b) and 335 nm (c,d) nm in
height. All SEM images are taken using a 5 keV electron beam.

of the 25%. The result is shown in Figure 2.6(e,f). The resolution is slightly de-
creased by developing with lower concentrations, but this can be compensated by
using 100 keV EBL instead of 30 keV. Figure 2.3 shows the result of HSQ coaxes on
top of a 1 um thick membrane after exposure with a 100 keV electron beam and
development in 5% TMAH solution in water at 50°C. Using 100 keV EBL on 200-250
nm thick HSQ on a Si membrane results in a wall thickness as small as 10-15 nm
is achieved. This resolution is similar to the results we obtained in Figure 2.5(b,c),
where a 30 keV beam was used to write structures in a 50-80 nm thick HSQ layer on
a thick Si substrate.

2.2.4 Limits of EBL using HSQ

The optimized procedure as discussed in Section 2.2.3, using 100 keV EBL, leads
to HSQ rings with a wall thickness of 10 nm and a height up to 250 nm on a Si
membrane. Figure 2.7 summarizes some other limiting factors that we found in
writing HSQ rings on Si, Si membranes and SiO, substrates using thick HSQ layers
0f 200-250 nm.

Basically, there are no limits on the maximum ring diameter as long as they fit
within one write field of the EBL system which is 2 mm for the Raith system used to
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Figure 2.5: HSQ coaxes after exposure to a 30 keV electron beam and development
in a 25% TMAH solution in water on a (a,b) SiO» and (c-f) Si substrate. (a,c,e) show
a top view, whereas (b,d,f) show a tilted view. The structures in (c,d) are ~80nm in
height, the structures in (b,f) are ~200 nm tall. SEM images are taken using a 5 keV
electron beam.

write the 20 and 30 keV samples. We have successfully fabricated rings with a 1 ym
diameter (Figure 2.7(a)). The minimum outer ring diameter is defined by proximity
effects and the sensitivity and resolution of the resist, the first being determined by
the voltage of the electron beam, the latter by the aging and handling of the HSQ
before writing (see Section 2.1). We found a minimum outer diameter of 100 nm
(see Figure 2.7(b)). Decreasing the diameter further results in solid rings where the
gap in the center is completely filled.

Limitations in the closest ring-to-ring distance are also determined by proxim-
ity effects and sensitivity and resolution of the resist. We successfully fabricated
a ring-to-ring distance of about 30 nm (Figure 2.7(c)). Decreasing this distance
further results in bridges between the rings at their closest spacing position. (Fig-
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Figure 2.6: Adhesion problems of HSQ on Si membranes. (a-d) Development with
25% and (e,f) 5% TMAH solution in water at 50 °C. The darker area in (a) is a
500 x 500 ym Si membrane, surrounded by thick Si (lighter grey) to support the
membrane. The smaller squares are 20 x 20 um fields of exposed and developed
HSQ. A zoom of one of these fields is shown in (b), where the bottom left corner
is lifted from the substrate under influence of the electron beam during imaging
with the SEM. In the experiments shown in (c,d) a HDMS primer was spincoated
underneath the HSQ, where (c) shows an 20 x 20 um field of exposed and developed
HSQ rings, and (d) is a zoom where the individual rings can be seen. The squares
in (e) are fields of exposed and developed HSQ rings developed using a 5% TMAH
solution. In these fields the dose is increasing from top to bottom, while from left
to right different geometries are written. A close up of a hexagonal array of coaxes
is shown in (f). SEM images are taken using a 5 keV electron beam.
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500 nm 100 nm

Figure 2.7: Limitations in resolution of EBL with HSQ. (a) There are basically no
limits on the maximum diameter. This ring is 1 pm in diameter. (b) The minimum
ring diameter is about 85 nm for 100 nm tall rings. Decreasing the radius further
results in completely filled rings. (c) If the ring-to-ring distance is smaller than ~30
nm the coaxes start to merge. The ring-to-ring distance was designed here to be 20
nm. In (d) the ring-to-ring distance is 30 nm. (e,f) Top and tilted view of 410 nm
tall coaxes on a Si membrane (100 keV). The ring diameter is 130 nm and the wall
thickness is 16 nm. SEM images are taken using a 5 keV electron beam.

ure 2.7(d)).

The maximum height of the coaxes is not well defined, but a trade off between
resolution and height. We fabricated 410 nm tall HSQ coaxes with a wall thickness
of 16 nm.
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2.3 Reactive ion etching

2.3.1 Reactive ion etching of Si using SF; and CHF3

For the next step in the fabrication process of Si coaxes, the HSQ structures are
used as etch mask to etch the Si substrate with a very anisotropic reactive ion etch.
In this section we discuss the RIE etching of Si using SFs and CHF3, which is a well
known mixture to anisoptropically etch Si [49-51]. Both chemicals form radicals in
the plasma (F*, SF; and CF3) which can etch Si by forming the volatile products
SiF4, HF and SiFy, or form the etching inhibitors Si,S,F, (only if cryogenic cool-
ing is used) and Si,CyFs, which protect the side walls of the structures during the
etching process [52]. At room temperature SFg is used as etchant, whereas CHF3
mainly acts as inhibitor to enhance the anisotropy by forming a polymer layer on
the surfaces. The ion bombardment need to be optimized such, that it is efficient
enough to be able to break through the protective layer on the substrate without
damaging the polymer on the side walls of the structures. The relative efficiencies
of the chemical etching, protecting and ion bombardment processes can be tuned
by changing the plasma conditions, as explained in Section 2.1.2.

Small amounts of O, (<5%) in the plasma are known to increase the etch rate
by reacting with CF} radicals to form CO, and COF,, which increases the reactive
F-ion concentration [53]. We found that for our recipe the addition of O, also in-
creases the Si:HSQ selectivity, which increases the maximum height of the Si struc-
tures that can be achieved. However, due to consumption of the CF}, the formation
of the protective polymer layer is suppressed which leads to a more isotropic etch.
Increasing the O, concentration (>7.5%) results in the formation of an inorganic
passivating Si; O, F, film on the surface. In this regime the etch rate is not longer de-
termined by the concentration of the reactive F-ions, but is limited by the thickness
of the passivation layer which needs to be etched through with ion bombardment
in order to acces the Si surface [52]. In this regime the etch rate is highly dependent
on the ion energy. Increasing the O, concentration even further (>15 %) results
in dilution of the F-ion density and thus a lower etch rate. The anisotropy usually
increases in the latter regime due to fast formation of the protective oxide layer but
decreased side-wall attack from the F-ions [48].

As explained before, not only the pressure and the presence of O, determines
the selectively and anisotropy of the etch. We observed that the CHF3:SF¢ ratio
turned out to be very critical as well, and can be tuned to make the etch recipe
more selective for Si. However, we found that this, for all cases we tried, always
results in a more anisotropic etch. The reason is that the highest selectivity can be
reached if there is no protecting layer formed on the surface, increasing the Si etch
rate (and thus the selectivity) and making it unnecessary to use high energy ions to
remove this protective layer which also etches the SiO, mask. Decreasing the bias
generally also increases the selectivity since the etching of SiOy is ion induced, and
thus dependent on the bias. However, changing the bias will also change the Si and
protective oxide layer etching, resulting in a change of anisotropy.
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The optimum anisotropic etch recipe we found consists of 35 sccm CHF3, 5
sccm SFg, a pressure of 7 mTorr and 125 W forward power. This results in a DC-
bias of about 400 V and an etch rate of ~18 nm/min. Because the plasma becomes
more difficult to ignite with such low pressures and no ICP power, a strike pressure
of 20 mTorr was used during the first 70 s of the etching procedure. In general, we
found that a lower pressure results in more anisotropic etching, but using a too low
pressure results in an unstable plasma.

Figure 2.8 shows the results of the RIE etching process after different etching
times. It can clearly be observed that the etch depth into the Si increases, while
the HSQ mask is decreasing in height if the etching time increases (Figure 2.8(a,b)).
The disappearance of HSQ is a result of the limited selectively, which is about 1:1.
Therefore the mask will be completely gone after a certain etching time (typically
after 7-10 min. of etching, depending on the HSQ thickness). This is shown in Fig-
ure 2.8(c). With the 200-250 nm HSQ layers as described in Section 2.2, we typically
obtain Si coaxes of 150-200 nm in height. Etching further when the HSQ mask has
disappeared results in etching of the Si rings, resulting in crown-like structures as
can be seen in Figure 2.8(d).

Figure 2.8: RIE using SFg and CHFj after different etching times. (a) After 1 minute
etching time: very short rings of Si can be distinguished underneath the HSQ mask.
(b) After 5 minutes etching time: the etch depth in Si is increased, while the HSQ
mask thickness is decreasing. (c) After 8 minutes etching time: the Si coaxes are 150
nm tall, there is almost no HSQ left on top of the structures. (d) After 10 minutes
etching time: the Si coaxes are transformed into crown-like structures and there is
no HSQ left on top of the structures. SEM images are taken using a 5 keV electron
beam.
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The etch is usually stopped before all the HSQ has disappeared to prevent the
crown-like structures as shown in Figure 2.8(d). This has the consequence that
there is still a thin remaining layer of HSQ on top of the Si structures. To remove
these remainders of the resist, the RIE was followed by a 1% HF dip of 10 minutes.
Figure 2.9 shows SEM images of the structures after the HF dip. After etching, the
coaxes have a wall thickness of 20-30 nm, depending on the wall thickness of the
HSQ mask, as shown in Figure 2.9(a,b). Figure 2.9(c) shows that the etch is very
uniform over larger areas. Typically we etch fields of 20 x 20 ym.

Although the minimum wall thickness obtained with the above described pro-
cedure is about 20 nm, it can be decreased further by thermally oxidizing the sam-
ples at 950 °C for a short time (1-3 minutes) in the presence of an O, flow of 1 L/min.
After the oxidation the oxide is removed with an HF dip. Using this method, we
obtained rings of about 6 nm in thickness, as shown in Figure 2.10.

2.3.2 Reactive ion etching of Si using HBr

Although we obtained very smooth and anisotropic results with SFg and CHF3 RIE
etching, the maximum etch heights are limited due to the limited etch selectivity
for HSQ. To increase the maximum etch depth in Si, we explored etch recipes using
HBr, which is known to selectively and very anisotropically etch Si [54, 55]. The Si
reaction rate with HBr to form the volatile SiBry and H> is very small compared to
other Si etchants [56], which implies that ion bombardment is necessary to obtain
acceptable etch rates. The low reaction rate results in almost no side-wall etching
and thus no undercutting, allowing highly anisotropic profiles to be etched without
protecting the sidewalls with a passivant [57].

Because ion bombardment plays a major role in HBr etching of Si, the choice of
ion flux is very important, which is not only determined by the used etched parame-
ters, but also by the shape and material of the mask and the etched structures itself.
The ion flux is dependent on the mask and etched structures since ions can scatter
from the features. Furthermore, the ion flow and ion-sidewall interaction can be
altered due to charging of the mask if a non-conductive mask is used. These effects
can cause different results for different coax dimensions and pitches. The only
way to eliminate these effects completely is to use a more radical-based etching
recipe (as described in Section 2.3.1). However, the impact of these effects can be
minimized by optimizing the etching parameters.

We found an optimized three-step recipe, where the first step is a 15 s 50 sccm
Cl, etch at 60 °C, a pressure of 7 mTorr, 30 W FP and 750 W ICP power. This results in
a bias of ~110 V. This step is less selective than the HBr etch and removes the native
oxide on the Sisurface. The second step is a 2 minutes waiting time to pump out the
Cl, gas. Then the actual HBr etch is started, using 48 sccm HBr, a low (2.6 mTorr)
pressure and 100 W forward power. The resulting DC bias is ~310 V. Images of the
resulting structures can be seen in Figure 2.11. The deeper areas surrounding the
structures in (a) are the result of ions which are scattered off the structures, hitting
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Figure 2.9: SEM images of Si rings after RIE using SFg and CHF3, followed by a
10 min. 1% HF dip. (a) Using an HSQ etch mask with a small and (b) a larger
wall thickness. The obtained wall thicknesses after etching are 20 and 40 nm
respectively. (c) The etch is uniform over the entire 20 x 20 um? coax field. SEM
images are taken using a 5 keV electron beam.
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Figure 2.10: Ultra-thin Si coaxes. (a) Top view SEM image of Si rings after RIE
etching, having a height of 140 nm. Wall thickness is 35 nm. (b) After first oxidation,
1 minute 950 °C 1 L/min O3 and a 5 min. 5% HF dip. The wall thickness is reduced
to 15 nm. (c) Top and (d) tilted view of the Si coaxes after second oxidation for 30
s at 950 °C 1 L/min Oy and HF (10 min. 1%) dip. The remaining wall thickness is 6
nm. SEM images are taken using a 5 keV electron beam.



2.3 Reactive ion etching

the substrate just next to the coaxes. We etched structures as deep as 500 nm by
using a mask of 80 nm, resulting in wall thicknesses of only 10-20 nm. The HBr
etch rate of Siis about 1 nm/s, while the mask etch rate is about 0.1 nm/s. However,
the Cl, etch removes about 25 nm of HSQ in the first 15 s of the etching process,
resulting in a lower overall selectivity, which is determined by the relative etch times
of the two etching steps.

Figure 2.11: SEM images of reactive ion etched Si using HBr after a 10 minutes 1%
HF dip to remove the HSQ mask. (a) 250 nm tall and (b) 500 nm tall cylinders,
having a wall thickness of 10-20 nm. SEM images are taken using a 5 keV electron
beam.

In general, the ion impact power increases with increasing RF power and de-
creasing pressure. Furthermore, increasing the pressure results in a higher angular
distribution of the ion flow, resulting in less anisotropy [55]. For these reasons we
chose a recipe with low pressure and relatively low RF power. This agrees with our
results as shown in Figure 2.12, where an increase in pressure indeed leads to more
isotropic etch profiles. Changing the RF power to either smaller or larger values
both results in less anisotropy. This result is more difficult to predict a priori since
the effect of the RF power is a balance between an enhanced etch rate by back-
scattered ions upon increasing the RF power, and an increased sensitivity of the
ions to charged surfaces for lower RF powers. Both effects lead to lateral etching,
and thus less anisotropy.

As explained before, a sidewall passivant is not always needed using an HBr-
based etch, since the etch is dominated by ion bombardment. However, espe-
cially in the case of closely packed structures, the sidewalls of the structures can
be attacked by ions which are scattered off neighboring structures [57]. To protect
the sidewalls from the bombardment with these off-axis ions, O, can be added
to form a protective SiO, layer on the side walls [54]. However, O, also increases
the halogen atom density by reacting with HBr to form water and Br* radicals.
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Figure 2.12: Influence of changing the pressure (a,b) and the RF power (c,d)
compared to the standard etch recipe for which the lowest pressure possible (2.7
mTorr) and a RF power of 100 mTorr was used. (a) P=7 mTorr, (b) P=8 mTorr. For
both cases the etch was more isotropic compared to the standard etch, where the
deeper etched regions surrounding the coaxes are more pronounced in the case of
higher pressures. This is due to increased ion scattering from the structures. The
RF power was decreased to (c) 80 W and increased (d) to 125 W. Both results in a
more isotropic etch. All SEM images where taken using a 5 keV electron beam, after
a 10 minutes 1% HF dip.

These radicals can enhance lateral etching by attacking the sidewalls. We found
increased isotropic etching for small O, concentrations, resulting in holes in the
coax sidewalls as can be seen in Figure 2.13. Thicker sidewalls are observed for
higher O, concentrations, due to the formation of a protective SiO; layer. Increas-
ing the O, concentration even more can lead to the formation of grassy surfaces, as
observed in [58]. This effect is the result of micro-masking by HSQ particles which
are scattered on the substrate.

Not only the anisotropy can be altered by adding O,, the selectivity can be
changed as well. O, binds to C-atoms which are often present as contamination in
the chamber. The selectivity is altered by adding O, since carbon contamination
leads to enhanced SiO, etching, by forming CO», which results in a less selective
etch if a SiO, containing resist is used.

Changing the temperature changes the relative ion/radical induced etching
rates. Increasing the temperature increases the surface mobility of desorbed
Br-atoms and lowers the activation energy needed for the reaction of Si with Br.
Both effects change the etch rate and anisotropy. Figure 2.14 shows the effect of
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Figure 2.13: The effect of adding (a) 1 sccm and (b) 10 sccm Oy to the standard
HBr etching recipe. For small Oy concentrations the anisotropy is decreased due
to increased halogen atom density, whereas for larger concentrations the sidewalls
are protected with SiO, resulting in thicker sidewalls. The SEM images are taken
after a 1% 10 minutes HF dip to remove the HSQ mask and protective oxide layer.
SEM images are taken using a 5 keV electron beam.

changing the temperature by 10 °C compared to the optimized recipe.

Figure 2.14: The effect of (a) decreasing and (b) increasing the temperature with 10
degrees compared to the standard HBr etching recipe at 60 °C. Both SEM images
show increased isotropy compared to the standard recipe. The SEM images are
taken after a 1% 10 minutes HF dip to remove the HSQ mask. SEM images are taken
using a 5 keV electron beam.

Lastly, we consider the influence of adding ICP power during the etching pro-
cess. Generally, using ICP power results in a higher plasma density and more lateral
movement of the ions. Both results in higher isotropy as can be seen in Figure 2.15.

2.4 Metal infilling

The next step in the fabrication process is to infill the samples with metal. We
demonstrate the infilling of HSQ coaxes with Ag and Au, but we successfully used
the same procedure to infill Si coaxes with Ag as well.

Figure 2.16(a,b) shows SEM images of a sample composed of HSQ cylinders on
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Figure 2.15: SEM images of etched coaxial structures with both RF and ICP power.
In (a) the standard 100 W RF power is used together with 400 W ICP power. As
observed, this combination leads to micro-masking which is probably the result of
HSQ sputtering in between the coaxes. In (b) the micro-masking is prevented by
lowering the RF power to 30 W, in combination with an increased ICP power of 750
W. Etching with almost only ICP power results in side wall etching and thus less
anisotropy. Image (a) was taken before, and (b) after an HF dip to remove the oxide.
SEM images are taken using a 5 keV electron beam.

top of a silica substrate, where the silver was thermally evaporated. The sample was
aligned to be straight above the metal crucible and a metal evaporation rate of 5 A/s
was used. As can be seen from this image, there is a metal layer growing on top of
the coaxes during the evaporation. This metal mushroom shadows the near sur-
roundings of the rings, resulting in air gaps inside the metamaterial layer. Evapora-
tion of a thin Ge wetting layer before Ag deposition to improve the metal/dielectric
adhesion does not improve the infilling sufficiently (Figure 2.16(c,d)).

In order to obtain fully infilled structures, we developed a new electron beam
physical vapor deposition (EBPVD) method (Figure 2.17). The sample is mounted
at the center of a rotation stage, with the sample surface tilted slightly off-normal
with respect to the silver crucible and an Ar" ion beam tilted 15° with respect to the
sample surface. After every 15 nm of metal deposition the evaporation is stopped
and a 2 mA 300 eV Ar* ion beam is switched on for 200 s to shave off the excess of
metal growing on top of the coaxes. The sample is rotated during the entire process
with 30 rpm. To reduce the grain size, which gives better infilling, but slightly worse
optical properties of the metal, we used relatively high evaporation rates of 1-5 A/s.

Figure 2.18 demonstrates the effect of the new method. Clearly, a significant
reduction of air gaps surrounding the coaxes is observed using this new technique
compared to Figure 2.16. The better infilling is due to minimization of shadowing
effects from metal deposited on top of the semiconductor cylinders during the
metal deposition. There is still some excess of metal on top of the structures. This
could be avoided by further tuning of the evaporation:milling rates.

Although this evaporation method works well, it is not straightforward to align
the sample correctly with respect to the metal vapor and the argon beam. Fig-
ure 2.19 shows SEM images of samples which were aligned differently during the
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Figure 2.16: Thermally evaporated silver on top of dielectric coaxial structures. (a)
The Ag grows as mushrooms on top of the coaxes, shadowing the near surroundings
of the rings. (b) After polishing the surface using the FIB, clear air gaps surrounding
the dielectric rings are found. (c,d) A 2 nm layer of germanium was evaporated
before the metal was deposited. Sample before (c) and after (d) polishing the
surface with the FIB. SEM images are taken using a 5 keV electron beam.
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Figure 2.17: Sketch of the EBPVD setup used for the metal infilling: the sample
is mounted on a rotation stage above the metal crucible, with the sample surface

a few degrees off-normal with respect to the metal crucible. An argon ion gun is
mounted with an angle of 15° with respect to the sample surface.

41



2 Fabrication process of a coaxial plasmonic metamaterial

42

Figure 2.18: Results of the newly developed EBPVD method. SEM images of
dielectric coaxes embedded in metal before (a) and after (b) polishing the surface
with the FIB. (c) Cross section of the same sample shown in (a). These samples
show a significant reduction of air voids compared to the SEM images shown in
Figure 2.16. SEM images are taken using a 5 keV electron beam



2.4 Metal infilling

metal infilling process. The infilling is optimal if the metal vapor is slightly tilted
off-normal with respect to the sample surface. This means that it is important
to rotate the sample during evaporation as otherwise the resulting samples show
asymmetric infilling, as can be seen in Figure 2.19(a,b). Figure 2.19(c,d) shows
the result if the sample surface was normal to the metal vapor. In between the
rings (for larger pitches), the structures are nicely infilled. However, an air ring is
seen between the coax center and the inner side of the dielectric ring. This can be
explained by considering the non-polished image, where can be seen that the metal
grows on top of the rings and thereby shadows the core.

In Figure 2.19(e,f) the sample was tilted to the other direction, such that the
angle between the sample surface and the metal crucible was increased. In this
configuration the coaxes shadow each other, resulting in metal accumulations in
between the coaxes, at the positions where the shadowing is minimal. The infilling
of the center of the coaxes show the opposite behavior as in Figure 2.19(c,d). In
this case the rings are completely covered with metal, but an air gap appears in the
center of the rings on the bottom of the coaxes. This is the result of the oblique
evaporation, the metal deposits on the cylinder walls, thereby covering and closing
the gap. In this case careful investigation of the result is required, because after a
shallow polish of the cylinder the infilling seems to be very conformal. However,
if the polishing is continued an air gap underneath the completely infilled center
is revealed. Figure 2.19(g) shows the effect of changing the angle of the argon ion
gun with respect to the metal vapor. Lastly, Figure 2.19(h) shows that there is an
upper limit on the evaporation rate. Evaporating too fast results in metal sputtering,
where large spheres of metal are deposited all over the sample surface.

As explained above, the alignment of the sample with respect to the ion beam
and metal crucible is crucial in order to get metal infilling without any air voids.
It is essential to slightly tilt the sample surface with respect to the metal crucible,
which limits the maximum aspect ratio of the coaxes that we can infill. A SEM
image of a high aspect ratio coax is shown in Figure 2.20(a). We found similar
trends as in Figure 2.19(c,d); the side walls are completely covered with metal, but
air gaps are found inside the center of the cylinders due to the excess metal on top
of the coaxes which close the gap. In order to investigate this in a more controlled
way, the metal infilling of cylinders with slightly different aspect ratios is considered
(Figure 2.20(b-d)). In case of the smallest aspect ratio (largest ring diameter), both
the walls are covered with metal and the center areas are infilled. Increasing the
aspect ratio results in air gaps underneath filled coaxes, whereas decreasing the
ring diameter further results in filled coaxes again. In case of the latter, the coaxes
are too small in order to evaporate metal on the inner side walls of the cylinders.
However, due to the rotation of the sample during the evaporation process, there
is metal deposition in the center of the coax. Due to the small inner diameter,
the metal in the center does reach the inner walls, resulting in full infilling of the
sample. The latter process only works successfully in case of shallow coaxes, since
the center of the coax will be shadowed after a while by the excess of metal growing
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Figure 2.19: Alignment issues during the metal infilling process. (a,c,e,gh) Are
taken before and (b,d,f) after polishing with the FIB. (a,b) The gold infilling is
performed without rotating the sample during the evaporation process. (c,d) The
sample was rotated during the infilling process, with the sample surface tilted
normal with respect to the gold crucible. (e,f) The sample as rotated, but tilted
too far with respect to the metal crucible, such that the angle between the sample
surface and the metal vapor was larger then in the optimal case. (g) Ion gun was
mounted under 45° instead of 15° with respect to the sample surface. (h) The
evaporation rate was too high (>5 A/s), resulting in large metal spheres which are
sputtered over the sample surface. SEM images are taken using a 5 keV electron
beam.
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on top of the coaxes.

Figure 2.20: Sample limitations for the metal infilling process. (a) Cross section of
a 350 nm tall coax having a diameter of 180 nm. The ring itself is covered with gold,
but the inner core is completely empty. (b-d) 260 nm tall coaxes with a diameter of
200, 150 and 100 nm respectively. Images of (b-d) taken after polishing the surface
with the FIB. SEM images are taken using a 5 keV electron beam.

2.5 FIB polishing

Although we do mill the excess of metal growing on top of the coaxes during the
metal deposition process, the sample surface is still fully covered with metal after
the deposition, as discussed in Section 2.4. To smoothen the surface and make the
samples optically accessible we use the gallium ion beam of the FIB as shown in
Figure 2.21(a): we come in with the ion beam under very grazing angles (4-5° with
respect to the sample surface) and ideally only mill the excess of metal. For the Si
membrane samples, determination of the exact angle with respect to the ion beam
is difficult, due to the bending of the stressed silicon which varies with position on
the sample.

To align, we tilted the stub to the point where the sample surface could just be
seen with the ion beam and the square coax arrays (20 x 20 um? typically) appear
as thin lines (the side walls of the fields). Then, a rectangular box was drawn of
typically x = 20 um? (which was usually the length of the coax field), y = 200 nm.
Here, we defined x as the horizontal axis, along the base of the coax field, and y will
now define how much the beam will scan in height over the sample. The voltage
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Figure 2.21: FIB polishing process. (a) Sketch of the setup inside the SEM: a special
stub was used to be able to mount the sample such that is is tilted with respect
to the ion beam such that the ions come in under an angle of a few degrees. (b)
Top view SEM image halfway the polishing process: the dark rings are the Si coaxes
which are revealed as the silver is milled away. SEM images are taken using a 5 keV’
electron beam.

was 30 kV, and typically we used a current of 48 pA. In this way, we succeeded in
making smooth surfaces of about 20 x 20 um? within several minutes. SEM images
of the resulting samples can be seen in Figure 2.22. Figure 2.21(b) shows a SEM
image halfway during the shaving process: the top half of the coax field is exposed,
whereas the lower half in the image is still fully covered with metal.

For this procedure the right alignment of the sample with respect to the ion
beam is crucial. Firstly, we consider the shaving angle. If the angle is too steep, the
resulting fields show a large gradient in thickness, as can be seen in Figure 2.23(a).
The dark grey area on the top of the SEM image is Si, meaning that all the silver is
removed, while on the bottom side there is almost no Si visible, meaning that we did
not polish deep enough. In order to get the gradient as small as possible, we need to
tilt the sample to more grazing incidence angles. However, if the angle is too small,
we find sharp grooves in between the coaxes (see Figure 2.23(a)). These grooves
are the result of shadowing effects. Coaxes in the path of the ion beam shadow
the coaxes in front of them. As expected, this effect becomes more pronounced
the further away we polish from the first row in the field, which can be seen in
Figure 2.23(b). Also other objects in the ion path can give this problems, like dust
or sputtered metal in front of the coax fields.

The y-size of the box is an important parameter to consider. If it is too small
only a small stroke is polished, if it is too big we find again the pronounced grooves
due to shadowing of other parts of the sample. The y-value defines the height of
the ion beam compared to the sample surface, if the range for this value is too
big, we start scanning at low positions of the ion beam, meaning that the beam
is not grazing over the surface, but hits the side wall of the field. The rings are more
resistant to the ion beam than the metal in between, resulting in grooves in between
the rings, as can be seen in Figure 2.23(c).
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appear as dark lines embedded in the lighter colored metal. (a) Top view ofa 15x15
using a 5 keV electron beam.

Figure 2.22: SEM images of the final metamaterial sample: the dielectric coaxes
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Figure 2.23: FIB polishing alignment problems. (a) Top view of a 20 x 20 um? coax
field after FIB polishing. The dark area on the top side is bare Si, where all coaxes
have been shaven away. On the bottom fully metal covered coaxes are observed.
(b,c) Shadowing of the coaxes: pronounced grooves appear during the polishing
process. The ions come in from the top side. (d) Very short (<2 s) exposure of the
ion beam under normal incidence. SEM images are taken using a 5 keV electron
beam.

Milling under normal incidence results in a very rough surface and doesl not
selectively etch the excessive metal. Figure 2.23(d) shows a SEM image of a field
which was very shortly exposed to the ion beam under normal incidence. The metal
immediately deforms, resulting in very rough surfaces.

2.6 RIE backside etch

Finally, in case of the Si membrane samples, we perform a backside etch to thin the
substrate, using the same etch recipe as for etching the silicon coaxes into the sili-
con substrate. Figure 2.24(a,b) shows the result if the etch was too long. As can been
seen in Figure 2.24(c), the metamaterial was not made completely free-standing,
since the etch rate, and therefore the Si thickness, varies over the sample due to
the bending of the membrane. Furthermore, we cannot measure the thickness
while etching, making it very difficult to stop precisely at the back-surface of the
metamaterial; all Si is etched away and only the metal remained. The coaxes have
fallen out of the metal template. Typically 50-100 nm of the Si membrane remains
to support the metamaterial.
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Figure 2.24: Back side etching of the Si membrane samples. (a,b) The Si was etched
for too long, only the metal remained. The black square on (a) is a reference hole for
the measurements. (c) Cross section of a finished 91 nm thick metamaterial sample
on a Si membrane of only 17 nm. Pt was deposited to make a better cross section.
SEM images are taken using a 5 keV electron beam.

2.7 Conclusions

In conclusion, we have described the fabrication process of a coaxial plasmonic
metamaterial using a combination of electron beam lithography, reactive ion etch-
ing, electron beam physical vapor deposition and focused ion beam milling. Using
this process we successfully fabricated the metamaterial both on glass and silicon
and infilled the waveguides with either silver or gold. Freestanding structures were
fabricated starting with a 1 ym thick silicon membrane. In the next chapters we will
discuss the optical properties of this coaxial metamaterial and discuss its applica-
tions as negative index metamaterial in the UV/visible part of the spectrum and the
usage of the plasmonic waveguides to enhance optical trapping forces.
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Surface plasmon polariton modes in coaxial
metal-dielectric-metal waveguides

In this chapter, we explore the optical properties of a coaxial plasmonic
metamaterial consisting of hollow dielectric cylinders with a diameter
of 100-250 nm and a ring wall width of 10-50 nm, embedded in
metal. We investigate the modal electric and magnetic fields and
dispersion relation for different geometries and material choices
of a single coaxial channel by using realistic values for all design
parameters. The Fabry-Pérot modes of a finite thickness slab are
investigated with cathodoluminescence spectroscopy, and explained
by extracting the mode index from FDTD simulations. Furthermore,
we investigate the coupling behavior of adjacent coaxes inside an
hexagonal array. We find a change from the single-ring dispersion
relation for coaxes with a smaller ring-to-ring distance than 20 nm.

3.1 Introduction

The refractive index n of a material determines how an electromagnetic wave in-
teracts with the material. Conventional media always slow down the light, and
consequently shrink the wavelength, with a factor determined by the refractive
index. In the field of metamaterials, where materials are designed by using sub-
wavelength building blocks, materials can be realized with effective optical proper-
ties beyond what is possible with natural materials. One important class of optical
metamaterials is composed of noble-metal resonant structures with a magneto-
electric response (e.g. split ring resonators), embedded in a dielectric material. The
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interplay between the magnetic and electric resonances can lead to an effective
refractive index that is negative [5], which implies that the phase velocity of light is
negative and light shows negative refraction at an interface [10-12]. However, using
small resonant building blocks has several major limitations. These designs suffer
from high Ohmic dissipation losses [15] and work for a limited bandwidth. Fur-
thermore, in order for them to operate in the visible spectral range, the structures
must be scaled down [13] to length scales where fabrication is hardly possible using
current available nano-fabrication techniques.

An alternative way to modify the wavelength of a traveling electromagnetic
wave is to couple the light into a bound mode on a metal-dielectric interface.
The mode index of such a traveling surface plasmon polariton (SPP) can have a
value much larger than found in naturally homogeneous materials, enabling high
confinement and hence a very high local field intensity [16-23, 27]. Proper design
of these plasmonic waveguides can even result in extreme cases, for instance a
negative index of refraction [31] or an index near zero [4]. This would enable new
application such as a flat lens [6], novel (micro-)optical components, superradiant
light sources, transformation optics, and optical cloaking [7, 8].

The electromagnetic fields of an SPP decay exponentially in the direction
perpendicular to the propagation direction, with a typical tail of several hundreds
of nanometers in the surrounding dielectric, and a few tens of nanometer in the
metal [27]. As a result, if we bring a second metal-dielectric interface within this
range, thereby creating a metal-dielectric-metal (MDM) geometry, the fields of
both SPPs will overlap. The coupling of the two SPPs leads to two new modes:
a mode with a symmetric mode profile, and one with an anti-symmetric mode
profile where fields change sign inside the dielectric waveguide channel. The latter
mode can be designed to have a negative mode index, with backwards propagating
phase fronts, by tuning the distance between the interfaces and the employed
materials [25, 28, 30]. Interestingly, properly designing the geometry of a double
periodic stacked metamaterial leads to a mode with backwards propagating phase
fronts, and, due to the overall symmetric profile of this coupled mode, negative
refraction behavior of the plane of the waveguides [31, 59].

Using this coupled SPP principle, a coaxial design was proposed where the dou-
ble periodically stacked MDM SPP waveguides are wrapped into a coaxial geom-
etry [32, 33]. This design is predicted to have the same properties as the planar
geometry, but its response will be polarization independent. A sketch of the design
is shown in Figure 3.1, where the coaxial waveguides are placed in a hexagonal ar-
ray. If we consider a cross section of the structure we notice the double periodically
stacked waveguide channels as discussed in [31]. Placing the cylinders in an array
leads to an enhanced transmission over larger areas, compared to a single coax in
a metal slab. Furthermore, the coupling of adjacent cylinders gives an extra degree
of freedom to tune the SPP mode profiles, and thus the optical properties of the
metamaterial. Interestingly, the coaxial design show a non-zero field overlap with a
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plane wave for the negative index mode, enabling coupling to this mode from free
space without the use of special gratings or wavefront shaping.

Here, we explore the optical properties of a coaxial plasmonic metamaterial. We
use realistic values for all design parameters, paving the road towards experimental
realization and characterization of such a metamaterial. We show the trends in
wavelength for different material and geometry choices and investigate the coup-
ling behavior between adjacent coaxial channels. Our theoretical and numerical
work is supported by high resolution cathodoluminescence measurements on ex-
perimentally fabricated coaxial waveguides.

Figure 3.1: Sketch of the coaxial plasmonic metamaterial. The coaxial waveguides
consist of thin (10-30 nm) dielectric channels (purple) having an outer diameter of
100-200 nm embedded in metal (grey) and supported by a dielectric bulk material.

3.2 Waveguide dispersion inside plasmonic coaxial
channels

The mode dispersion of coupled SPP waveguides is the result of a complex field
overlap between the different SPPs on each interface, where only small changes in
the coax geometry or used material properties can significantly change this over-
lap, and subsequently the modal dispersion. Therefore it is difficult to intuitively
predict the dispersion behavior of the modes present in the coaxial waveguides.
Instead, we explore some general trends for using different materials and coax ge-
ometries by calculating the mode dispersion diagrams of single plasmonic coaxial
waveguides with different geometries and material choices. For this we use the
method described in [32, 33], where Maxwell’s equations are solved in cylindrical
coordinates for a single infinitely long coax embedded in an infinitely large metal
slab. Only the first azimuthal mode number is considered, since these are the
lowest order modes that can couple to free space radiation.

Figure 3.2 shows a cross section and top view of the H), fields (where the coor-
dinates are defined as in Figure 3.1) of the two modes which have the lowest loss,
in a single coax (with azimuthal mode order 1). These are the two modes we will
consider in the rest of this chapter. Figure 3.2(a,b) shows a symmetric mode, where
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the H) field does not change sign across the dielectric channel. The mode shown
in Figure 3.2(c,d), represents the field of an anti-symmetric mode, of which the H,,
field does change sign across the waveguide. If we consider the time dependence
of both fields, we find that the symmetric mode is characterized by a positive phase
velocity, and thus a positive mode index, and the antisymmetric mode shows a
negative phase velocity, which is characteristic for a negative mode index.
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Figure 3.2: Plots of the H), fields of the two modes with the lowest losses inside an
infinitely long, single Si coax channel embedded in Ag, having an outer diameter of
150 nm and a channel thickness of 20 nm. (a) Cross section through the xz and (b)
xy plane of the Hy fields of the symmetric and (c,d) the anti-symmetric coupled
SPP mode. The dashed lines represent the contours of the coaxial channels. Both
modes are calculated at a wavelength where the depicted mode is dominant, (a,b)
at a wavelength of A =673 nm and (c,d) at A = 524 nm.
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3.2.1 Dielectric material and metal choice

Next, we explore how the dispersion behavior of the two modes shown in Figure 3.2
depends on the used metallic and dielectric materials. Figure 3.3 shows the dis-
persion of an infinitely long, 20 nm wide coaxial channel of vacuum (n = 1), SiO»
(Re(n) ~ 1.5) and Si (Re(n) ~3.5-6.5) embedded in either silver or gold. For the
calculations we used the complex optical constants as determined by Palik [60]
and Johnson and Christy [61] for the dielectric and metal, respectively. Both the
real and the imaginary part of the wave vectors in the direction of traveling (z) are
plotted, where the absolute value of the real part determines the SPP wavelength
and the imaginary part represents the losses from which the propagation length
Lgspp = 1/(2Im(k;)) can be easily calculated. In order to have a negative index, the
direction of the Poynting vector S must be opposite to the wave vector k (k-S < 0)
[31, 35, 62]. Since we only consider modes with a positive energy velocity, which
corresponds to a positive imaginary part of the wave vector, the positive or negative
nature of the mode is determined by the sign of the real part of the wave vector. In
the rest of this chapter we use the term ‘negative index mode’ for the lowest loss
mode which is described by a negative mode index in a part of the investigated
frequency regime.

Figure 3.3 shows the existence of both a positive and negative index mode in
the UV/visible regime for all material combinations explored in the figure. How-
ever, not all material combinations show a dominant region of the negative index
mode in the considered wavelength regime, where the dominant mode is defined
as the mode with the lowest imaginary part of k,. From (a) we notice that the
material choice of both the dielectric and the metal determine the spectral posi-
tion and the magnitude of the maximum absolute value of k,. The frequency at
which k, has its maximum is defined as the SP resonance frequency (wsp). For a
single metal/dielectric interface, the SP resonance frequency is proportional to the
plasma frequency (wp) of the metal and the dielectric permittivity of the dielectric
material via

Wgp ~ ] )
VI+éq

Considering the different dielectrics, the waveguides built from the high index
material Si show the highest confinement, lowest losses and largest negative in-
dex frequency region of the considered materials, which is in agreement with [32].
Furthermore, we find that, in accordance with Equation 3.1, the dielectrics with
the smallest real values of their refractive indices have their SP resonance at higher
frequencies. Interestingly, if we consider the losses of the different waveguide mate-
rials we conclude that for the positive-index mode SiO» has the lowest losses, while
for the negative-index modes Si, of which the refractive index intrinsically has the
highest losses, results in the lowest SPP losses. This indicates that in the case of
SiO, the field profile of the negative-index mode is relatively more localized inside
the metal, which results in increased dissipation losses.

(3.1)
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Figure 3.3: Mode dispersion diagrams of coaxial waveguide channels in the visible
spectral range. The outer coax diameter is 150 nm with a 20 nm wide dielectric
channel. The dispersion is calculated for three different dielectric materials (air,
SiO2 and Si) and two different metals (Ag and Au) for SPPs traveling in the positive
z-direction. Both the real (a) and imaginary (b) part of the wave vector k, are
shown. The negative index modes are indicated with a dotted line, the positive
index modes with a solid line. The regions in which the modes are dominant
(determined by the lowest losses) are represented as bold lines. (c-f) Show the
real part of the normalized Hy fields on a cross section through the center of the
cylinders. Again, the solid lines represent the positive index mode and the dashed
lines the negative index mode. The frequency of the plotted figures is represented
by the dot in Figure (a). The scale bar represents 50 nm.
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For the metals we find similar trends for the SP resonance frequencies as for
the dielectrics, where the geometries with the plasma frequency at the shortest
wavelength, Ag, result in the most blue shifted SP resonances. The absolute value
of Re(k;) at the SP resonance frequency, however, is larger for the lowest permit-
tivity metal Ag. If we consider the losses we find lower losses for the Ag containing
structures, in line with the lower losses of bulk Ag compared to Au in the considered
spectral regime.

Figure 3.3 (c-f) shows the Hy, fields on a cross section through the center of
the cylinders. We find that for all positive modes (solid lines) the Hy, field does
not change sign, and the overall mode profile across the channels is symmetric.
The negative index mode changes sign across the waveguide channel, but shows an
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3.2 Waveguide dispersion inside plasmonic coaxial channels

overall symmetric profile over both waveguide channels. The sign change across
the dielectric channel results in a relatively large part of the field being localized
inside the metal. As a result, this mode can have a negative mode index, where
both the phase fronts propagate backwards and refraction is negative.

In the rest of this chapter, we will consider Ag/Si coaxes because of their large
negative index frequency region, the possibility to obtain the most extreme mode
index and the relatively low losses. However, depending on the applications of in-
terest, in other parts of this thesis we occasionally use Au/Si or Au/SiO, for practical
reasons.

3.2.2 Tuning the cylinder outer diameter

Next, we investigate the influence of changing the diameter and channel width of
the coaxial waveguide channels. Figure 3.4 shows the dispersion diagrams of Si/Ag
coaxes with a fixed channel width of 20 nm and a varying outer diameter. Firstly
we notice that all considered geometries show strong confinement around the SP
resonance frequency, with values above 400 um™! for the real part of k,. However,
for the geometry in this figure, an increase of the absolute value of k, always results
in increased losses as well. The SP resonance is at the same wavelength for all con-
sidered geometries, since it is determined by the optical constants of the materials
(Equation 3.1) rather than by the geometry. Interestingly, the waveguides all show
a negative-index mode which is dominant for wavelengths shorter than ~630 nm.
We note, however, that there exists a third, positive-index mode which is dominant
above 4 x 10'° rad/s (corresponding to wavelengths smaller than A = 470 nm) in
case of the 100 nm and 300 nm diameter coaxes (not shown here).

Considering the positive-index waveguide modes in Figure 3.4(a), we observe
an increase of Re(k;) at frequencies near the SP resonance frequency, which is
most pronounced for the coax with the smallest diameter. The change in k; is
due to a different mode coupling through the metal cladding, as seen from the
Hy, field plots in Figure 3.4(c-f). For the largest two considered diameters, the H,
field goes to zero in the center for the positive index mode, resulting in an almost
unaffected relative field distribution inside the dielectric channels, and very similar
dispersion behavior of these two modes. For smaller diameters, however, the fields
on both sides of the channels do overlap in the coax core, giving rise to a change
in the dispersion. The negative-index mode on the contrary, does show non-zero
field intensity in the center region of the metal for all diameters. The relative field
distributions inside the dielectric channels however, are almost unaffected which
results in an almost equal k; for the negative-index mode for all shown diameters.

The losses show small variations for the different investigated diameters. In
general the losses of the positive mode index are slightly larger for smaller diame-
ters. In case of the negative mode index all shown coax dimensions show similar
losses up to ~470 nm. For shorter wavelengths, however, the modes inside the
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Figure 3.4: (a) Real and (b) imaginary part of the dispersion diagrams of Ag/Si
coaxial waveguides with a 20 nm wide channel and varying diameter. The negative-
index modes are indicated with a dashed line, the positive-index modes with a solid
line. The dominant regions of the modes are emphasized with a bold line. In case of
the smallest and largest outer diameters there is another, positive index, dominant
mode above 4 x 1019 rad/s (not shown here). (c-f) Show the Hy field profiles for
the different coax geometries, where again the positive-index mode is represented
by the solid line and the negative-index mode with a dashed line. The positive-
index mode was plotted at A = 673 nm, the negative-index mode at A = 524 nm.
The colors corresponds to the same material combinations as indicated in (a). The
scale bars in (c-f) represent 50 nm.

largest and smallest diameter coaxes show significantly higher losses than the 150
and 200 nm diameter coaxes.

We conclude that within the outer diameter range of 150-200 nm, while keeping
the channel width and materials unchanged, the waveguide modes in the plas-
monic coaxes are very similar over the investigated wavelength range. Within this
range both the trends and the absolute values of the real and imaginary parts of the
wave vectors are the same within a few percent. Although a smaller diameter, of 100
nm, does result in a more extreme mode index near the SP resonance frequency,
this geometry shows higher losses and a smaller wavelength range for which the
negative index mode is negative. Therefore we study the 150-200 nm diameter
coaxes in the remainder of this chapter.
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3.3 Cathodoluminescence spectroscopy on a plasmonic coaxial metamaterial

3.2.3 Tuning the dielectric waveguide width

Lastly, we explore the influence of the channel width on the dispersion of the coax-
ial waveguides, as shown in Figure 3.5(a,b). We observe a large difference in both
the real and the imaginary parts of the wavevector for changing channel widths in
the range 5 — 50 nm. Using very thin channels on the order of < 10 nm, extremely
high absolute values of both the positive and the negative mode indices can be
obtained. However, as for the other considered SPP designs, increasing the absolute
value of the mode index goes together with a decreased propagation length.

In order to understand the trends observed in Figure 3.5(a,b), we consider the
H, fields on a cross section of the waveguide channels in Figure 3.5(c-f). We ob-
serve that the field profile inside the metal, indicating the coupling between the
SPPs in both dielectric channels, changes for different channel thicknesses. Fur-
thermore, the field profiles inside the channels also change for different channel
thicknesses. For small channel thicknesses, relatively more field is confined inside
the metal. This enhanced interaction with the negative permittivity of the metal
explains the more negative values of the mode index for smaller waveguide thick-
nesses. Furthermore, the increase in losses for thinner coax channels is also due to
increased dissipation losses as result of the field localization in the metal.

In conclusion, an optimum geometry to obtain coaxial waveguides with a clear
negative mode index and relatively low losses, has a channel width of 10 — 30 nm
and an outer diameter of 150 — 200 nm.

In the previous sections we investigated the optical response of the plasmonic
cylindrical metamaterial by considering a single, infinitely long coax. In the next
sections, we will consider a hexagonal array of coaxes. We investigate if a single,
infinitely long coax is indeed a valid approximation for a finite-thickness hexago-
nal array of coaxes, both experimentally using cathodoluminescence (CL) imaging
spectroscopy, and numerically using Finite-Difference Time-Domain (FDTD) sim-
ulations.

3.3 Cathodoluminescence spectroscopy on a
plasmonic coaxial metamaterial

In this section we perform cathodoluminescence (CL) spectroscopy measurements
on a hexagonal array of coaxial waveguides. From the measured spectra we deduce
the mode indices by matching the peaks in measured intensity to Fabry-Pérot os-
cillations inside the metamaterial slab.

3.3.1 Cathodoluminescence spectroscopy method

In CL spectroscopy an electron beam of a scanning electron microscope (SEM) is
used to locally excite the sample with very high spatial resolution. The electric field

59



3 Surface plasmon polariton modes in coaxial metal-dielectric-metal waveguides

Wavelength (nm) Propagation length (nm)
10 31 31 10 05
Wl t=5nm
5 a g \Wh 375 1
‘ ' o
0 R it
B R 5
S 4 SO 50 nm 470 8
© L b @
=) v |
e -7 ': . ~ §
3 3 - 630 o
f= 4 il
@ =1
=] «©
g 5
r 2 940 =5
32
1 X H h
-800 -400 0 400 800 100 10 102 10°
Wave vector Re(k,) (um™) Wave vector Im(k ) (um™)

normalized Re(Hy)

x {nm) x {nm) x {nm) x {hm)

&
)

Figure 3.5: (a) Real and (b) imaginary part of the dispersion diagrams of Si/Ag
coaxial waveguides with an average diameter of rout — rip = 130 nm and varying
channel width. The negative-index modes are indicated with a dashed line, the
positive-index modes with a solid line. The dominant regions of the modes are
emphasized with a bold line. In case of the smallest and largest outer diameters
there is a second positive dominant mode above 4 -10'° rad/s. (c-f) Shows the H. y
field profile for the different channel geometries, where again the positive-mode
is represented by the solid line and the negative-mode with a dashed line. The
positive-mode was plotted at A = 673 nm, the negative-mode at A = 524 nm. The

scale bars in (c-f) represent 50 nm.

generated by the electron beam coherently excites resonant modes supported by
the coaxial waveguides with an excitation efficiency dependent on the out-of-plane
component of the local density of optical states [63, 64]. The light emitted from
excited modes radiating in the far field is collected by a parabolic mirror placed
between the sample and the electron column and is directed onto a spectrometer.

A sketch of the setup is shown in Figure 6.3.

We laterally raster scan the electron beam in steps of 5 nm over a single coax
and collect the spectrum for each excitation position. At the same time the sec-
ondary electron signal is collected, such that we can match the obtained radiation
spectrum with the excitation position on the sample. After correcting for the sys-
tem response we spatially average the spectrum over all positions of a single ring
(including the center area) and normalize to its maximum intensity.
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Figure 3.6: Sketch of the setup used for the CL measurements. The sample is
excited using a 30 keV electron beam inside a conventional SEM. The emitted light
is collected by a parabolic mirror placed between the sample and the electron
column and focused to an optical fiber which guides the signal to a spectrometer.

3.3.2 Sample fabrication

The sample for the CL experiment was fabricated using the fabrication method
as described in Chapter 2, where rings are written into the negative high resolu-
tion resist hydrogen silsesquioxane (HSQ) on a Si substrate, with a 30 keV electron
beam. The HSQ is developed by two 30 s dips into a 25% solution of tetramethyl
ammonium hydroxide (TMAH) solution in water at 50°C. Then, the hollow cylin-
ders are transferred into the substrate using an HBr reactive ion etch (RIE). After
etching the sample was dipped in a 1% HF solution for 10 minutes to remove the
resist remainders. Next, the metal was evaporated using a technique where the
excess of metal was shaved off using an argon ion beam after every 10-15 nm of
metal deposition. Lastly, the sample surface was polished and the rings were made
optically accessible using focused ion beam (FIB) milling under grazing angles.
Figure 3.7(a) shows an SEM image of the sample fabricated for the CL experiment,
where the inset shows a cross section of the measured sample. The rings have an
outer diameter of 175 nm and a dielectric channel width of 30 nm, which is in the
optimum range for having a negative-index mode as defined in Section 3.2. The
pitch, defined as the center-to-center distance, is 230 nm.

3.3.3 Cathodoluminescence spectroscopy results

Figure 3.7(b) shows the normalized measured CL spectrum averaged over a single
coax of the array shown in (a). We observe a clear, large peak at a wavelength of
A =856 nm, and several smaller peaks which overlap in the wavelength region of
400-700 nm, with peak values at A = 461,541 and 603 nm. At A = 706 nm there is a
dip in the spectrum.

The large peak at A = 856 nm in the CL spectrum shown in Figure 3.7 can be
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Figure 3.7: (a) SEM top view image of the 20 x 20 um? Ag/Si coaxial array on a
Si substrate used to measure the CL spectrum, where the dark rings represent the
Si which is embedded in Ag. The rings have an outer diameter of 175 nm and a
dielectric channel width of 30 nm. The pitch is 230 nm. The inset shows a SEM
image of a cross section of the sample, where Pt was deposited in order to make a
clean cross section. The measured CL spectrum is shown as the blue solid line in
(b), corresponding to the normalized averaged spectrum over a single ring. The
red dashed line shows the simulated 1-reflection spectrum, for a 100 nm thick
metamaterial on a n = 4 substrate and experimentally measured coax dimensions.

understood by considering the finite thickness of the metamaterial, giving rise to
Fabry-Pérot oscillations inside the metamaterial slab. Therefore, cross sections
were made at different positions on the 20 x 20 um? metamaterial field. We found a
thickness in the range of 73-140 nm, where the gradient in slab thickness originates
from the FIB polishing step in the fabrication process, since the sample is milled
under grazing angles. Since this uncertainty in thickness is too large to determine
the wavelength of the expected Fabry-Pérot resonances based on the dispersion di-
agram (Figure 3.8), we simulated the transmission and reflection spectra for a range
of thicknesses (70-150 nm) using Lumerical [65]. For the simulations a plane wave
is used to excite the metamaterial sample under normal incidence. The metamate-
rial dimensions were as measured from the SEM image and we used values for the
optical constants from Palik [60] for Si and Johnson and Christy [61] for Ag. Since
the phase shift upon reflection depends on the refractive index of the supporting
material, we included a dielectric slab with index 4 as substrate, approximating the
Si substrate used in the experiment.

The simulated results are shown in Figure 3.8(a). We observe a dip at A ~ 800
nm for the smallest thickness, which shifts to larger wavelengths for increasing
slab thickness. This thickness dependence of the dip position indicates that the
dip in reflection reflects coupling of light into a Fabry-Pérot resonance, a standing
wave inside the material which is the result of interference with the incoupled light
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3.3 Cathodoluminescence spectroscopy on a plasmonic coaxial metamaterial

and waves reflected from both interfaces. Another indication that the peak at the
red side of the spectrum represents a Fabry-Pérot oscillation is that the peak is
absent in case the same simulations are performed without a substrate (not shown
here). As in case of the measured spectrum, we observe multiple features on the
blue side of the spectrum in the simulated spectra shown in Figure 3.8(a), in the
range of A =400-600 nm. These features, however, do not show a significant shift
for a different slab thickness, which indicates that these dips are not Fabry-Pérot
oscillations.

We observe that for a slab thickness of 100 nm the simulated spectrum matches
the experimental spectrum best. We plotted the simulated data of 1-reflection for
a 100 nm thick slab in Figure 3.7(b), together with the experimentally measured
spectrum. The simulated reflection data was subtracted from 1 in order to make a
better comparison with the CL data. We observe good agreement for both spectra
in Figure 3.7(b), in both peak position and spectral shape. However, the peak inten-
sities are different, which can be explained by the different excitation mechanisms
used in the experiment (electron beam) and simulations (plane wave).

a b
t=150 n 5 T 375
5 Re(k ) single ring o
\V\f“m = Re(K/) array 8
g [ 3 i’
£4 A ;E 4 1 Im(k ) single ring 470 3
Q2 = Im(k,) array 2
L3 ——— — = P Q
© ~ o . é
O c . (03
N 3 v 2
© 2 T 3 N 630 3
£ g \ 5
5 —
Z 1\/\/—\\/_\ \\ 3
\l\\/_/“—\h \ =
=75 nm 2y “. s 1940
400 600 800 -200 -100 0 100 200
Wavelength (nm) Wave vector (k,) (um")

Figure 3.8: (a) Simulated reflection spectra for a coaxial metamaterial slab with
rings with an outer diameter of 175 nm, a ring width of 30 nm and a 230 nm pitch
for varying slab thicknesses from 75-150 nm. The spectra are offset for clarity. In
(b) the dispersion diagram of a single, infinitely long coax (red and blue lines) is
shown, where the real part is represented in red and the imaginary part in blue.
The dashed lines are the negative-index mode, whereas the solid lines represent
the positive-index mode. The data points on the dispersion diagram are the fitted
wave vectors from FDTD simulations of a 5 um thick metamaterial slab.

The simulated and experimentally measured spectra can be further understood
by considering the dispersion diagram, as shown in Figure 3.8(b), where both the
real and imaginary part of the mode dispersion is calculated for an infinitely long
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single coax. The dots in the figure represent dispersion data extracted from FDTD
simulations of a coaxial array with the experimentally measured dimensions (ex-
cept for the thickness, which was 5 um for these simulations to avoid Fabry-Pérot
oscillations). The wave vector is extracted by fitting a wave of the form Aexp(ik;z)
to the simulated field inside the coaxes along the propagation direction. Here, A is
the complex amplitude, k, the wave vector in the propagation direction, and z the
propagation distance along the z axis. From the good agreement we conclude that
the dispersion of a single coax does coincide with that of a coaxial array. Due to the
high losses in the region near the SP resonance frequency, no reliable fits could be
made in this region. The fit can only be performed on the propagating mode in the
system, which explains the jump from the positive to the negative mode for higher
frequencies. This is in agreement with the mode with the lowest losses.

From Figure 3.8 we find very high losses in the spectral range 1=600-750 nm,
which explains why the CL spectrum shows a dip in the signal at A = 700 nm. From
the dispersion diagram (calculated for azimuthal mode number 1) we find a mode
index of n~7 at A = 856 nm, corresponding to a wavelength inside the material of
123 nm, close to the 100 nm thickness of the slab as assumed from the simulations
of the Fabry=Pérot resonance spectra. This difference can be due to the phase shift
introduced at reflection and transmission at each interface. In the simulations this
phase shift is inherently accounted for. This phase shift, however, is difficult to
calculate due to the multimode nature of the system which is not accounted for
in using for example the transfer matrix method [66]. Another explanation for the
mismatch of the SPP wavelength and the slab thickness is a (small) error in the
measured cylinder dimensions, as the mode index is especially sensitive to the
width of the dielectric channels. The mode we observe here is very similar to a
n =0, m = 1 whispering gallery mode, where 7 is the number of field antinodes in
the z-direction and m the azimuthal mode number, as reported earlier in literature
for larger plasmonic rings [67, 68].

Next, we consider the smaller peaks at A = 461,541,603 nm in the measure-
ments shown in Figure 3.7. The dispersion diagram in Figure 3.8(b) shows that
these peaks are in the highly dispersive regime of the spectrum. Since the peak po-
sitions do not shift with changing the thickness of the metamaterial (Figure 3.8(a)),
it suggests that these modes are not Fabry-Pérot resonances. However, it is diffi-
cult to prove this with certainty, due to the complicated dispersion behavior of the
metamaterial. It also seems unlikely that these peaks represent coupling to sur-
face modes in the lateral direction, which was verified by repeating the simulations
with a pitch of 300 nm instead of 230 nm (not shown here). The results of these
simulations show dips in the reflection spectrum at the same wavelengths as the
simulations with a 230 nm pitch, indicating that the shorter-wavelength peaks are
not sensitive to the coax spacing. The nature of these peaks in the spectra is subject
for further research.

64



3.4 Coupling of adjacent cylinders

3.4 Coupling of adjacent cylinders

Figure 3.8(b) already showed that the dispersion calculated for a single waveguide
matches the dispersion extracted from FDTD simulations well for the considered
metamaterial dimensions in this figure. This indicates that the coupling of adjacent
waveguide channels is not sufficient to alter the mode index significantly. However,
when the coaxial channels are brought closer to each other, we expect to find a
distance for which the modal fields of the adjacent channels start to overlap which
will result in a change of the mode index. In this section, we explore at which
ring-to-ring distances the coaxes start to couple by investigating coaxial arrays with
different coax spacings.
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Figure 3.9: Transmission spectra of Si coaxes embedded in Ag, with an outer
diameter of 168 nm and a dielectric channel width of 15 nm, where the ring-to-ring
distance is systematically varied from 1 nm to 200 nm. The spectra were obtained
from FDTD simulations, where a 200 nm thick free-standing metamaterial was
illuminated by a plane wave under normal incidence.

Figure 3.9 shows the simulated transmission spectra for coaxial hexagonal ar-
rays where the ring-to-ring distance is systematically varied from 1 nm to 200 nm.
Here, the ring-to-ring distance is defined as the closest distance between the near-
est neighbor. We used the coax dimensions for the geometry discussed in Chapter
4, with an outer diameter of 168 nm and a dielectric channel width of 15 nm. We ob-
serve identical spectra for ring-to-ring distances of 75-200 nm. For closer spacings
the spectrum clearly changes; new peaks arise over a broader spectral range.

This behavior is further investigated by considering the field profiles inside the
metamaterial, along the waveguide channels. Figure 3.10(a) shows the H), field
intensities inside the waveguide channel along z, the propagation axis. For inter-
mediate propagation distances (~150-500 nm from the metamaterial surface), an
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Figure 3.10: (a) Real (red) and imaginary (blue) Hy fields inside a Si waveguide
channel in the propagation direction z, of coaxes with an outer diameter of 168
nm, a dielectric channel width of 15 nm and a ring-to-ring distance of 100 nm,
embedded in Ag at A = 500 nm. The interface of the metamaterial is positioned
at z = —400 nm. The dashed orange and black lines represent the fits of the real
and imaginary field respectively. The vertical black dashed lines indicate the region
where the fit is performed, for smaller z-values multiple modes are present, and for
larger propagation distances the field has decayed to very small values. (b,c) Show
the Hy fields perpendicular to the propagation direction inside the waveguide
channel at (b) z = —300 nm (100 nm from the metamaterial surface) and (c) —200
nm (200 nm from the metamaterial surface). The scale bar represents 100 nm.

oscillating behavior is observed from which a single wavelength can be derived.
At longer propagation distances (> 500 nm) the field has decayed to very small
intensities, and near the surface (< 150 nm) we find a different behavior of the field
as function of propagation distance. The latter observation is explained by multi-
modal behavior, resulting in interference and thus alternated field profiles. There-
fore, we obtain k, by fitting the fields for z-values large enough that only the dom-
inant mode was present, but small enough that the fields are not decayed to such
small values that no accurate fit could be made. In Figure 3.10(a) we show both the
H,, intensity as function of propagation distance z and the fitted curves. We observe
very good agreement between the simulated and fitted curves. Figure 3.10(b,c)
show plots in the xy plane, perpendicular to the propagation direction, of Re(H,)
at different heights in the coax. The field profile in (b) is at 100 nm underneath the
interface, showing a profile which is different than the expected field profile for the
anti-symmetric mode as shown in Figure 3.2. The plot in Figure 3.10(c), however,
shows the field profile of the propagating negative index mode. These results shows
that indeed multiple modes compete with each other near the metamaterial sur-
face, resulting in a field profile which is the result of interference of multiple modes,
whereas after a certain distance only the propagating mode survives, resulting in
the characteristic mode profile of only the anti-symmetric mode.

Figure 3.11(a-f) show the dispersion calculated for a single coax, together with
the dispersion extracted from fits to the H), field inside the waveguide channel of
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Figure 3.11: (a-f) Dispersion diagram of a single, infinitely long coaxes (red and
blue lines) with an outer diameter of 168 nm and a dielectric channel width of 15
nm, where the real part is represented in red and the imaginary part in blue. The
dashed lines are the negative-index mode, the solid lines represent the positive-
index mode. The ring-to-ring distance is 1, 2, 5, 20, 50 and 100 nm for (a-f). The
data points on the dispersion diagrams are the fitted wave vectors on field plots
from FDTD simulations of a 800 nm thick metamaterial slab, which was thick
enough to prevent back reflection interference. The error bars on the data points
show the 95% confidence intervals obtained from the fitting procedure. Around
the SP resonance frequency the error was so large due to strong absorption, that
no reliable data could be derived. (g-1) Show the Hjy, fields for a cross section of the
metamaterial at A = 460 nm. The distance between the black dashed lines represent
the ring-to-ring distance.
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a coaxial array, as shown in (g-1) for ring-to-ring-distances of 1-100 nm. We find
almost perfect agreement with the single coax case for 50 and 100 nm ring-to-
ring distance. Decreasing the distance to 20 nm, however, does result in a small
deviation of the dispersion diagrams as calculated for the single coax (d). Further
decreasing the ring-to-ring distance leads to a more distinct deviation from the
single coax dispersion, where for the 1, 2 and 5 nm distance (a-c) the negative index
mode has disappeared. This observation agrees well with the Hy, mode profiles
plotted in (g-1). At a ring-to-ring distance of 50 and 100 nm, we observe a typical
mode profile of the anti-symmetric mode, where the field changes sign across the
dielectric channel. At smaller ring-to-ring distances, however, we find that the field
does not change sign across the channel.

Comparing the results observed from Figure 3.11 with the simulated transmis-
sion spectra in Figure 3.9, we conclude that there exists a range where we observe
deviations in the transmission spectra, indicating coupling of the coaxes, but the
dispersion is still similar to the single-coax dispersion. This is the case for ring-
to-ring distances of 50-75 nm. For ring-to-ring distances of 20-50 nm we observe
indications for coupling in both the transmission spectra and the dispersion dia-
grams, but in this region a negative index mode can still exist. These observations
are important if the coaxial building-blocks are used to design a three-dimensional
metamaterial, since this can only be achieved if the coaxes are coupled with each
other.

3.5 Conclusions

We investigated a coaxial plasmonic metamaterial consisting of dielectric rings em-
bedded in metal. We show that the dispersion is very sensitive to the choice of
material and geometry, and find that Si rings embedded in Ag with a diameter of
150-200 nm and a dielectric channel width of 10-30 nm have a negative-mode
index with relatively low loss in the visible spectral range. Furthermore, we in-
vestigate the coupling behavior of adjacent coaxes inside an hexagonal array. We
show that the transmission spectrum deviates from the spectrum of a single-coax
embedded in metal for ring-to-ring distances smaller than 50-75 nm, while the
dispersion changes significantly for distances smaller than 20-50 nm. In very dense
arrays (ring-to-ring distance <5 nm), we observe that the negative index mode can
no longer exist. These findings are important for designing a metamaterial with
a three-dimensional response. Our work is supported by cathodoluminescence
measurements on a experimentally fabricated coaxial array with a channel width
and diameter of 30 and 175 nm, respectively. The measurements show that we are
able to excite Fabry-Pérot resonances inside a 100 nm thick metamaterial slab.
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Experimental realization of a
polarization-independent ultraviolet/visible
coaxial plasmonic metamaterial

We report the experimental realization of an optical
metamaterial composed of a hexagonal array of coaxial
plasmonic metal/insulator/metal waveguides that shows strong
polarization-independent optical mode index dispersion in the
ultraviolet/blue. The metamaterial is composed of silicon coaxes with
a well defined diameter in the range of 150-168 nm with extremely
thin sidewalls (13-15 nm), embedded in a silver film, fabricated
using a combination of electron beam lithography, physical vapor
deposition, reactive ion etching and focused ion beam polishing. Using
a Mach-Zehnder interferometer the phase advance is measured on
several metamaterial samples with different dimensions in the
UV/visible part of the spectrum. For all geometries the spectral
features as well as the geometry dependence of the data correspond
well with numerical finite-difference time domain simulations and the
calculated waveguide dispersion diagram, showing a negative mode
index between A =440-500 nm.
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4 Experimental realization of a polarization-independent ultraviolet/visible
coaxial plasmonic metamaterial

4.1 Introduction

Optical metamaterials are materials built from sub-wavelength-scale dielectric,
semiconductor and/or metal building blocks that, together, lead to effective optical
properties that do not exist in natural materials. One important class of optical
metamaterials is composed of noble-metal resonant structures with a magneto-
electric response (e.g. split ring resonators), embedded in a dielectric material. The
interplay between the magnetic and electric resonances can lead to an effective
refractive index that is negative [5], implying that the phase velocity of light is
negative and light shows negative refraction at an interface. Negative refraction
using such geometries was first experimentally demonstrated in the microwave
spectral range [10], and more recently in the near-infrared [11, 12]. However, the
realization of negative-index metamaterials in the ultraviolet and visible spectral
range using this concept has proven impossible, because it requires scaling of
the resonator geometry [13] to dimensions that cannot reliably be reached using
electron beam lithography techniques. Furthermore, these designs relying on
localized resonances strongly absorb light [15] and only work for a very narrow
bandwidth. Yet, the realization of a UV/visible metamaterial with a refractive index
designed by geometry is of great interest, because it may enable the realization
of a polarization-independent flat lens [6] and would find applications in novel
(micro-)optical components, superradiant light sources, transformation optics,
and optical cloaking [7, 8], to mention a few examples [9].

To circumvent the fundamental fabrication and Ohmic dissipation problems
associated with nano-resonator metamaterials operating in the UV/visible, we
have proposed an alternative metamaterials architecture [31], in which the
metamaterial is built up from arrays of metal/insulator/metal waveguides that
support surface plasmon polaritons (SPP). The dispersion of these coupled
plasmonic waveguides is tunable by the dimensions of the metamaterial, and as
shown before, two-dimensional SPP waveguides can show a negative mode index,
over a relatively large wavelength range, for the asymmetric in-plane plasmonic
waveguide mode [35]. As we have subsequently shown, a specially designed three-
dimensional array of SPP waveguides can act as a three-dimensional metamaterial
with an isotropic negative index for the fundamental harmonic, due to out-of-plane
coupling between the parallel planar metal/insulator/metal waveguides [31, 34].
Negative refraction of energy has recently been demonstrated experimentally in
such structures [69]. However, this geometry only works for TM-polarized light.
To create a polarization-independent metamaterial, we have proposed that SPP
waveguides can be ‘Tolled-up’ to form an array of coupled coaxial plasmonic
waveguides (see Figure 4.1) [33]. This geometry is composed of Si cylinders with a
wall thickness of 10-20 nm, which are embedded in a metal film. The asymmetric
SPP mode that results from coupling of SPPs across the Si cylinders is tuned by
geometry to have a negative mode index. Coupling between the cylinders will
then lead to a negative index out of the plane of the waveguides, which is the

70



4.2 Sample fabrication

result of the key fact that the asymmetric modes are coupled [31]. As we have
shown by numerical simulations [33], the propagation of light in these rolled-up
structures is still described by the coupling of plasmonic waveguides with an
effective mode index that is negative, but due to the symmetry the effective index
is nearly independent of angle and polarization. This coaxial plasmonic waveguide
(CPW) design thus provides another advantage over the split-ring geometry for
which the index depends on the polarization of the incoming light. Moreover, the
loss figure-of-merit of the CPW design, describing the propagation length in the
material relative to the free-space wavelength, is higher than that for the split-ring
design (FOM<3 for split ring resonators [15], compared to a FOM<18 for the CPW
design [32]). The figure of merit for the metamaterial discussed in this paper is
shown in Figure 4.5(b). Furthermore, the CPW isotropic metamaterial design can
be tuned to possess a broad variety of refractive indices n, including very large
negative or positive values of n including the special cases of n =0 and n = -1.

Figure 4.1: Coaxial plasmonic metamaterial geometry. Coaxial plasmonic
hexagonal metal (grey)/insulator(purple)/metal waveguide array. The smallest
arrow defines the inner diameter (dg), the largest arrow the outer diameter (dp).
The coaxial Si wall thickness is defined as (dj, —dg)/2.

While the CPW design has thus been theoretically and numerically predicted
to show the desired negative-index behavior, its experimental realization so far has
remained elusive. Here, we present the experimental demonstration of a hexagonal
Ag/Si CPW geometry fabricated using a combination of electron-beam lithography
(EBL), reactive ion etching (RIE), metal infiltration using electron beam physical va-
por deposition (EBPVD) and focused ion beam (FIB) polishing. We perform optical
interferometry to measure the phase evolution of light inside the coaxial metama-
terial in the ultraviolet/blue/green spectral range (1=351-515 nm). The measured
phase is highly dispersive, and in agreement with numerical simulations and the
calculated waveguide mode dispersion diagram, showing a negative mode index
for A=440-500 nm.

4.2 Sample fabrication

The fabrication process is described in full detail in Chapter 2, but we will shortly
describe the fabrication process for these particular samples. The fabrication of
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the hexagonal coaxial metamaterial (see Figure 4.2(a)) starts with patterning a
1 pum thick Si(100) membrane with 100 keV EBL, using the high-resolution resist
hydrogen silsesquioxane (HSQ). After development in a 5% tetramethylammonium
hydroxide (TMAH) solution at 50 °C we obtain hollow pillars of HSQ with a height
up to 250 nm and wall thickness as small as 7 nm. Using these rings as etch
mask, the coaxial structure is transferred into the Si membrane with anisotropic
RIE (SFg/CHF3). After an HF dip to remove the remains of the resist we infill the
structures with Ag, using a newly developed EBPVD method in which the sample
is mounted at the center of a rotation stage, with the sample normal to the silver
vapor and tilted 60 °C with respect to an Ar* ion beam. The sample is rotated
with 30 rpm during the entire process. After every 15 nm of metal depositing we
shave off the excess of Ag growing on top of the Si coaxes with a 2 mA 300 eV Ar*
ion beam for 200 s. During the ion shaving the evaporation is stopped. This new
technique leads to fully conformal infiltration of Ag, minimizing shadowing effects
of Ag deposited on top of the Si cylinders. The sample surface is then polished and
made optically accessible with 30 keV Ga* FIB milling under grazing incidence.
Finally, a RIE back etch is performed to reduce the thickness of the supporting Si
layer.

SEM images of the metamaterial after different steps of the fabrication process are
shown in Figure 4.2(b). The final metamaterial samples, with dimensions of 20*20
pm, consist of Si rings with a well-defined diameter in the range of 150-168 nm and
a wall thickness of <15 nm, embedded in Ag (Figure 4.2(b-4)). Table 4.1 lists the
dimensions of each of the different CPW metamaterials that was made, measured
using SEM. Both top-view SEM images and cross-sections using focused-ion beam
milling were made. The outer diameter of the Si cylinders is varied from 150-168
nm while the pitch ranges from 200-300 nm in steps of 50 nm. The key feature, and
the experimentally most challenging one to realize, is the Si cylinder wall thickness;
itranges from 13-15 nm. It is this small thickness that leads to strong SPP coupling
across the wall thickness of the Si cylinder, and hence a negative mode index for
SPPs propagating along the cylinders.

Table 4.1: Dimensions of the fabricated metamaterial fields as measured from SEM
images. Layer thicknesses were measured with SEM after making a FIB cross-
section. The corresponding SEM images of Samples 1-5 are shown in Figure 4.4(b),
a cross-section of Sample 6 is shown in the inset of Figure 4.6.

Sample Coaxial outer Coax Coaxial wall Metamaterial  Silicon support
# diameter (nm) pitch (nm) thickness (nm) thickness (nm) thickness (nm)
1 168 250 15 91 49
2 168 250 13 43 88
3 163 200 13 40 105
4 166 300 13 52 74
5 168 250 15 66 66
6 150 300 15 137 40
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N

Figure 4.2: Coaxial metamaterials fabrication. (a) Schematic overview of the
fabrication process: 1. EBL of HSQ on Si membrane, 2. Transfer structures into
Si substrate with RIE, 3. Evaporate silver using a combination of EBPVD and Ar*
irradiance, 4. Polish the surface with FIB. (b) SEM images taken after different steps
in the fabrication process. 1. Hollow pillars of HSQ after the EBL process. The
walls are almost transparent for 5 keV electrons which were used to take this image.
2. Sirings after RIE and HF dip. 3. Conformal deposition of evaporated silver.
4. Top view SEM image of the final metamaterial: Si appears as dark rings and is
surrounded by silver. The inset shows a cross-section of the final metamaterial.
The Si ring walls appear as very narrow dark lines in between the silver. Platinum
was deposited in order to make the cross-section. The scale bar represents 500 nm.

4.3 Interferometry at visible/UV wavelengths

The effective optical properties of the fabricated metamaterial are investigated
by measuring its optical path length with a Mach-Zehnder interferometer. A
schematic of the setup is shown in Figure 4.3(a). Monochromatic laser light from
an Argon ion laser (1=351, 364, 458, 477, 488, 496, 515 nm), is split into a sample
beam and a reference beam. The light in the sample beam is focused on the sample
with a 0.45 NA objective. The transmitted light is collected by a second 0.45 NA
objective and let to interfere with the reference beam on a photo diode. A piezo-
electrically driven mirror in the reference arm is continuously moving back and
forth over time using a saw tooth driving function. The intensity at the photodiode
is then measured as function of time. The inset of Figure 4.3(a) schematically
shows the measurement procedure: first a measurement is done without the
sample and the absolute phase is deduced by fitting a sine function through the
interference signal. Next, the metamaterial sample is placed in the sample arm
and the absolute phase is determined again by fitting a sine function through
the interference signal. The relative phase shift is then deduced by subtracting
the absolute phase of the metamaterial sample from the absolute phase of the
reference measurement. For every sample this procedure is repeated 300 times for
each of the different wavelengths. Figure 4.3(b) shows histograms of the measured
relative phase shift for all measured wavelengths for the sample with 168 nm outer
diameter, pitch 250 nm and Si wall thickness 15 nm (Table 4.1, Sample 1). Since
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all measured data points are degenerate over 27, all data is plotted within a phase
range of 0-360 degrees, which results in the discontinuities in Figure 4.3(b). The
width of the histograms is mainly due to a ~25 nm uncertainty in the position of
the piezoelectric mirror, consistent with the fact that the phase histograms are
broader at shorter wavelengths.
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Figure 4.3: UV/VIS Mach-Zehnder interferometry on coaxial metamaterial. (a)
Schematic representation of the Mach-Zehnder interferometer used to determine
the optical properties of the coaxial metamaterial. (b) Histograms built up from the
collection of 300 measurements, for 6 different wavelengths for the sample with 168
nm Si cylinder outer diameter, pitch 250 nm and Si wall thickness 15 nm (Table 4.1,
Sample 1).

Figure 4.4(a) (red dots) shows the measured average phase shifts for 5 different
coaxial metamaterial samples (Table 4.1, Samples 1-5). The error bars in the data
represent the standard deviation of the collection of 300 consecutive phase mea-
surements. Top-view and cross-section SEM images of the 5 samples are shown
in Figure 4.4(b,c). Figure 4.4(a) shows several notable trends. First, for all five
samples the measured phase shift strongly depends on wavelength, demonstrating
the highly dispersive nature of the metamaterial. Secondly, small variations in the
sample geometry lead to distinctly different phase shifts.

Next, we compare the measured phase shifts with numerical Finite-Difference
Time-Domain (FDTD) simulations, performed with the experimentally measured
dimensions of the different metamaterial samples as input. In the simulations
the samples were illuminated with a plane wave pulse of linearly polarized broad
band (A =300-700 nm) light under normal incidence. We extracted the relative
phase shifts by taking the argument of the complex transmitted electric field and
subtracting the phase of the reference (n = 1). The results are shown as solid lines
in Figure 4.4(a). Comparing the simulations with the experimental data we find
very good agreement for all measured metamaterial samples. The trends of phase
shift with wavelength are clearly reproduced in the simulations. Also, the differ-
ent behavior measured for different sample geometries is clearly represented by
the simulations. The slight differences between experiment and simulations can
originate from a difference in the optical constants of the silicon and silver of the
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4.4 Mode dispersion of coaxial waveguides

fabricated metamaterials and those used as input for the simulations. Also, errors
in the determination of the thickness of the metamaterial or in the metamaterial
dimensions would give rise to a difference between simulations and experiment,
as does the fact that there is a small thickness gradient (~10 nm) over the fields,
originating from the final FIB polishing step. Simulations show that a thickness
difference of about 10 nm in either the metamaterial thickness or the supporting
Si layer thickness leads to a difference of 5-20 degrees in the relative phase shift
in the measured wavelength range. Finally we note that the measurements were
performed using a numerical aperture of 0.45, causing an angular distribution of
the incoming light, whereas the simulations are for normal incidence.

[u—
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Figure 4.4: Coaxial metamaterial phase measurements and geometries. (a)
Experimentally measured phase shifts for different wavelengths on 5 metamaterial
samples (Table 4.1, Samples 1-5, red dots), derived from phase histograms as in 4.3.
Phase shifts obtained from FDTD simulations for the corresponding geometries are
shown as solid lines. (b) top-view SEM, and (c) cross-section SEM images of the
sample. A layer of Pt is deposited on the metamaterial samples to make the cross-
sections in (c).

4.4 Mode dispersion of coaxial waveguides

To further investigate the light propagation in the metamaterial we calculated the
dispersion diagram for a single coaxial waveguide and compare it to FDTD simu-
lations of a hexagonal array of coaxes. The dispersion diagram calculations were
performed by solving Maxwell’s equations in cylindrical coordinates for a single,
infinitely-long coaxial silicon waveguide embedded in silver and are shown in Fig-
ure 4.5(a). As expected, the cylinder exhibits both positive and negative mode in-
dices; for both modes the real and imaginary values of the wave vector are plotted
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as drawn and dashed lines, respectively. As can be seen, the negative-index mode
(blue curves) shows lowest loss for wavelengths below 580 nm; the positive mode
(red line) has lowest loss above 580 nm. From Figure 4.5(a) we conclude that the
negative-index mode for individual coaxial waveguide is dominant in the wave-
length range 440-600 nm. For the hexagonal array of coaxes we fitted a function
of the form A-exp(ik.z) to the time-averaged real part of the Hy, field distribution
for 6 different wavelengths (400, 440, 460, 500 and 700 nm), obtained from FDTD
simulations under normal incidence. This allowed us to extract the wave vector
(kz) of the light inside the metamaterial. The refractive index is then calculated by
the ratio of the free space wave vector (ko) and the wave vector inside the metama-
terial (kpsps) derived from the field profiles. Table 4.2 shows the refractive indices
deduced from the FDTD simulations together with the effective indices calculated
from the dispersion diagram for single coaxial waveguide using the geometry of
Sample 1 (Table 4.2). As the analytical calculations and the numerical simulations
use the same optical constants as input values, we ascribe the difference between
the indices to the coupling between the waveguides. Using FDTD we also studied
the time-dependence of the H,-field and observed a negative phase advance of
light in the metamaterial at A = 460 and 500 nm, again confirming the negative-
index behavior of the metamaterial in this spectral range.

Table 4.2: Refractive indices of coaxial metamaterial (Table 4.1, Sample 1) for 6
different wavelengths. Data are derived from calculated single-coax dispersion
and Hy-field plots obtained with FDTD simulations. At A = 600 nm the index
is undefined since there is no propagating mode at this wavelength, making it
impossible to extract the index using the method described above.

Wavelength (nm) Waveguide mode index from

single-coax dispersion hexagonal array of coaxes

400 2.35 2.17
440 0.11 -0.12
460 -1.63 -1.49
500 -4.67 -4.74
600 - -
700 10.54 13.61

FDTD simulations were also used to simulate the transmission spectrum of
the fabricated hexagonal coaxial metamaterial geometry (Sample 1). Figure 4.5(c)
shows simulated spectra for the experimental metamaterial geometry (red line), as
well as simulations for the silicon supporting layer only (black), and the metamate-
rial film only (blue). The metamaterial-only simulation shows a transmission max-
imum around A = 430 nm which is consistent with the fact that the lowest losses
are expected in this spectral range and that impedance matching between air and
sample (with n ~1) is optimal (see Figure 4.5(a)). At the transmission maximum the
calculated propagation length is 1.6 um. For the metamaterial/Si-support geom-
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etry (red curve) a sharp drop in transmission is observed for shorter wavelengths;
this is mainly due to absorption in the Si support layer (black curve). For longer
wavelengths the transmission decreases, even though the losses of the positive-
index mode are small in this wavelength region. The low transmission in this spec-
tral range is attributed to very inefficient coupling to the positive-index mode due
to the poor field overlap of the (symmetric) modal field distribution of the positive-
index mode with the incoming plane wave.
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Figure 4.5: Single-coax SPP dispersion. (a) Calculated SPP dispersion diagram of
an infinitely long, single Si cylinder embedded in silver, with outer diameter 168
nm, and cylinder wall thickness 15 nm (as in Sample 1). Both the real (solid line)
and imaginary (dotted line) parts of the positive (red) and negative (blue) index
mode are plotted. (b) Figure-of-merit (FOM) of the positive (red) and negative
(blue) index mode. The FOM is defined as |n'/n|, with n’ and n” the real and
imaginary part of the mode index shown in (a) respectively. The black dots show
the FOM calculated from the refractive index extracted from FDTD simulations
(Table 4.2) (c) FDTD simulation of the transmission spectrum of the experimental
metamaterial Sample 1 (red), the 49-nm-thick silicon membrane only (black), and
the 91-nm-thick metamaterial only (blue).
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4.5 Polarization insensitivity

Finally, we measured the polarization dependence of the metamaterial index. We
used interferometry as described above and used a half-wave plate to rotate the
polarization of the incoming light in 10 steps over a range of 0-60°, where the 0°
orientation corresponds to along the y-axis in the SEM image of Figure 4.2(c). Mea-
surements were done on Sample 6, with dimensions as given in Table 4.1. Figure 4.6
shows the measured phase shift at A = 488 nm for each polarization. As above, the
error bars correspond to the standard deviation of the collection of 300 consecutive
phase measurements. Within the error bars we find no dependence of the phase
shift on input polarization.
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Figure 4.6: Phase shift as function of polarization. Experimentally measured phase
shift for different incident polarization angles at A = 488nm for Sample 6 (see
Table 4.1). Error bars correspond to the standard deviation of the collection of
300 consecutive phase measurements. Inset: cross-section SEM image of the
metamaterial sample.

4.6 Conclusions
In conclusion, we have experimentally demonstrated a polarization-independent

optical metamaterial composed of coaxial plasmonic waveguides. Using interfer-
ometry, the phase evolution of light inside the metamaterial was measured in the
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351-515 nm spectral range. The data are in good agreement with numerical simu-
lations showing a negative phase advance in the 440-500 nm spectral range.
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Enhancing optical forces using plasmonic
coaxial apertures

Micrometer scale particles and molecules can be investigated non-
vasively by using optical traps consisting of focused laser beams. For
smaller particles, however, stable trapping in a nano-sized potential
well is much more challenging. Plasmonic structures can be used
to overcome the limitations for small particles, where the high
confinement and exponential decay away from the surface of SPPs are
used to enhance the trapping force. Here, we investigate plasmonic
coaxial apertures consisting of dielectric rings embedded in metal. We
numerically investigate the effects of changing the aperture geometry
and arranging the apertures in a hexagonal array. After designing
the optimum aperture geometry we show the first steps towards
experimentally measuring optical trapping forces on both single
apertures and hexagonal arrays.

5.1 Introduction

Optical trapping is a very powerful tool to investigate small particles and their in-
teractions. Conventional optical traps consists of a focused laser beam, where the
particle is pulled towards the high intensity region of the laser spot [70]. In this
way, the particles can be held in place without physically attaching them to a sub-
strate or support. This method has proven to work very well to trap and manipu-
late particles nonvasively in the micrometer range, such as dielectric particles [71],
bacteria [72], semiconductor nanowires [73] and graphene flakes [74]. However,
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since the needed trapping potential scales with the particle size to the third for
small particles in the Rayleigh limit [75], trapping of sub-wavelength sized particles
remains challenging. In order to stably trap a ~10 nm diameter dielectric particle a
laser beam of more than 1 Wis needed [70]. Such high laser powers quickly damage
the particle. Furthermore, conventional traps are limited by the diffraction limit,
resulting in nanoparticles being trapped in a potential well which is much larger
then their own size. One solution is to connect the small particles to micrometer
sized colloids which can be stably trapped [76], but this will greatly influence the
dynamics of the nanoparticle.

A different solution to overcome the limitations of trapping sub-wavelength
particles using optical forces is using plasmonic traps, where surface plasmon pola-
ritons (SPPs) are used to confine light to the nanometer scale. SPPs are character-
ized by exponentially decaying fields away from the surface. Since optical trapping
forces scale with the gradient of the fields, plasmonic traps can have very high
trapping potentials. Recently a variety of plasmonic structures has been proposed
for enhancing optical trapping forces, such as single and double nanoholes in a
metal slab [77, 78], nanoparticle clusters [79] and bowtie antennas [80] to mention
a few expamples.

Here, we consider a coaxial plasmonic geometry to enhance optical trapping
forces, as sketched in Figure 5.1. The structure consists of dielectric cylinders em-
bedded in metal. A laser is used to illuminate the structure from the bottom side,
exciting surface plasmon polaritons (SPPs) in the coaxial channel. The gradient of
the decaying fields on the top side of the structure leads to strong optical forces.
This geometry was first proposed by Saleh et al in 2012 [81]. Numerical data show
that only ~ 15 mW of transmitted power per aperture is needed to stably trap 10 nm
diameter dielectric particles.

‘ . | dielectric

Figure 5.1: Sketch of the geometry used to enhance optical trapping forces,
composed of dielectric coaxial apertures embedded in metal. The apertures are
illuminated from the bottom, creating strong optical forces on the top side of the
apertures.

In this chapter we investigate the trapping forces and potentials for different
aperture dimensions. We show that arranging the apertures in a hexagonal array
does not significantly disturb the optical trapping forces. This enables possibilities
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to design surfaces with a force gradient, that can direct particles to a certain posi-
tion on the surface. Furthermore, we show the first steps towards experimentally
measuring the optical trapping force using coaxial apertures.

5.2 Simulating optical forces on a 10 nm diameter
dielectric particle

The optical forces acting on an object can be determined by calculating the
momentum transfer to the object by the local electromagnetic fields. A well known
method to do so is using the Maxwell stress tensor formalism [82, 83]. In this
method the time averaged flux momentum across an area containing the particle
is first calculated, as given by the Maxwell stress tensor (T,

1 * * 1 2 2
(T) = 5 Re|cEE" + iHH" — - (c|E + p/H] )1). (5.1)

Here, € and pu are the permittivity and permeability of the medium, E and H
the electric and magnetic fields, respectively, and I the identity matrix. The total
optical force exerted on the object can be found by integrating the momentum flux
flow over a closed surface that encloses the particle:

F= f (THdS, (5.2)
S

where (T) is the time averaged stress tensor as given by 5.2. From these equa-
tions we find that the optical force on a particle is fully determined by the electric
and magnetic fields over a closed surface that encloses the particle. Here, we use
Finite-Difference Time-Domain (FDTD) simulations [65] to numerically find these
fields, by placing a box of field monitors surrounding the particle of interest.

Figure 5.2(a,b) shows the transverse components (Fy and Fy) of the optical
forces on a 10 nm diameter dielectric particle with refractive index n = 2, placed
25 nm away from a coaxial aperture. The aperture consists of 150 nm long, 30 nm
wide SiO, channels with an outer diameter of 170 nm embedded in Ag. The particle
was scanned over the xy plane, where a complete simulation was performed for
each particle position.

Considering F, (Figure 5.2(a)), we find non-zero forces on both the inner and
outer side of the SiO, channel, which change sign across the channel. At the po-
sition of the sign change the nett force is zero, which is where the electric field
intensity has its maximum (not shown here). The forces are localized around a
horizontal line through the center of the coax, which is the result of the horizontally
polarized plane wave used to excite the apertures. Since a positive or negative force
indicates that the particle is pulled to the right or left, respectively, we observe that
the particle will find an equilibrium position above the aperture where the net force
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is zero. From F, in Figure 5.2(b) we find again regions with positive and nega-
tive forces close to each other, where the force changes sign above the dielectric
channel. Here, a negative force indicates pulling downwards, and a positive sign
upwards (in the xy plane). The magnitude of F,, however, is generally slightly lower
than F,. This is due to weaker confinement, and thus a smaller gradient, of the
fields in the y-direction. Since we observe a position above the dielectric channel
where both Fy and Fy change sign and are thus zero, this will be the equilibrium
position of the particle. This is the position where the electric field intensity has its
maximum. These results are in agreement with [81].
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Figure 5.2: Simulated transverse components of optical forces exerted on a 10 nm
dielectric particle with n = 2, at a distance 25 nm away from the coaxial aperture.
The aperture consists of a 150 nm long SiO» channel embedded in Ag, and has
an inner and outer diameter of 120 nm and 170 nm respectively. (a,b) Fx and Fy
Forces extracted from Maxwell’s stress tensor, where the particle was scanned over
the xy plane in steps of 8 nm. (c,d) Optical forces calculated from the gradient
of the electric and magnetic field in the absence of a particle. All simulations are
performed at the transmission peak wavelength (1 = 692 nm), and the forces are
normalized to 100 mW of transmitted power. We used a plane wave under normal
incidence, linearly polarized along the horizontal axis.

Although the Maxwell stress tensor formalism can be used for a variety of par-
ticle dimensions and refractive indices, it is very computationally time consum-
ing to perform a full simulation for each particle position. Therefore, we explore
an alternative approach where the optical forces are calculated directly from the
electromagnetic field in the absence of a particle. This method is not based on de-
termining the flux across the particle boundary, but by calculating the local Lorentz
force density by considering the particle as a point dipole. Therefore, this method is
valid for small particles in the Rayleigh regime (with d < A/20), where the particles
are assumed to be sufficient small such that the field is constant over the entire
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particle, and the field is not distorted by the particles. In the Rayleigh limit the time
averaged gradient force is given by

F 9 3m2—1
grad = TN5€0 A =

)V|E(r)|2, (5.3)

where n, is the index of the medium surrounding the particle, ¢, the vacuum
permitivity, a the radius of the particle and m the refractive index ratio of the parti-
cle n;/ny with n; the index of the particle [82, 84]. We note that the total force exists
of the gradient force and the scattering force. However, for the case of a particle
with a 10 nm diameter, the transverse scattering forces are negligibly small for the
geometry considered here.

Figure 5.2(c,d) shows the transverse components of the optical forces 25 nm
away from the aperture, calculated with Equation 5.3. The particle and aperture
geometry is the same as considered in (a,b), and the electric field used in the calcu-
lation was extracted from FDTD simulations. Clearly, both methods agree very well
with each other in both shape and magnitudes of the force fields.

Next, we investigate the potential of the optical forces in the xy plane, which
is a measure of the stability of the trap. The potential can be found by simply
integrating the trapping force from infinity to the point of interest (ry) [81, 85]:

U(ro)zf OF(r)dr. (5.4)

(e}

Figure 5.3 shows the potential in the xy plane, for the same particle and aper-
ture as considered in Figure 5.2. The potential was calculated at different distances
from the aperture and normalized to kT, where k is the Boltzmann’s constant and
T the temperature. We define a stable trap as having a potential of more than 10
kT, which is enough to overcome the thermal energy and Brownian motion of the
particle [70, 81, 86].

In Figure 5.3(a) we observe two potential wells per aperture, for all shown dis-
tances from the aperture. Figure 5.3(a) shows that with a transmitted power of 100
mW through a single ring, the particle can be trapped at a distance 30 nm from
the aperture. Decreasing the distance results in exponentially increasing trapping
forces, with a potential of -180 k7/100 mW for a particle at the surface. Since we
need 10 kT for a stable trap, this means that we only need 5.6 mW transmitted
power to trap a particle at the surface. Not only the magnitude of the potential well
changes for changing distances, also the full-width at half maximum (FWHM) of
the potential well decreases if the particle approaches the aperture.
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Figure 5.3: Simulated transverse component of the optical trapping potential for
a 10 nm dielectric particle with n = 2. The potentials are calculated for different
distances between the particle and the coaxial aperture, at the transmission peak
wavelength (A = 692 nm). The aperture consists of a 150 nm long SiO, channel
embedded in Ag, and has an inner and outer diameter of 120 nm and 170 nm
respectively. The potentials are normalized to kT/100 mW of transmitted power.

5.3 Trends in optical forces for different aperture
geometries

In the section above we showed that we can calculate the optical forces acting on a
small particle directly from the electric field in the absence of the particle. In this
section we use this method to investigate the behavior of the optical forces for a
different metal choice and aperture geometry and investigate the effect of placing
the apertures in a hexagonal array.

First, we investigate the forces in case we replace the Ag, as used in Figure 5.2,
with Au. Using Au would be preferable for experimental work since Au is much
more stable upon oxidation than Ag. Figure 5.4(a,b) show the optical forces 25
nm away from a coaxial aperture in Au. The aperture has the same dimensions
as considered in Figure 5.2. From the force maps we observe that the force does not
change significantly upon changing the metal from Ag to Au. However considering
the simulated transmission spectra of both apertures (Figure 5.5), we find that the
transmission spectrum of the apertures in gold is about half that of the apertures in
Ag. This is due to the higher losses of the SiO2/Au SPP as shown in Chapter 3. As a
result of the lower transmission in case of gold, the input laser power needs to be
almost twice as high for the gold apertures to reach the same trapping force.

Next, we consider a hexagonal array of apertures with a pitch, defined as the
center-to-center distance, of 300 nm (Figure 5.4(c,d)). Placing the coaxes in an
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Figure 5.4: Simulated transverse components of optical forces exerted on a 10 nm
dielectric particle with n = 2, at a distance 25 nm away from the coaxial aperture.
The aperture consists of a 150 nm long SiO2 channel embedded in Au, and has an
inner and outer diameter of 120 nm and 170 nm respectively. (a,b) Forces for a
single aperture in a metal slab; (c,d) results for a hexagonal array of apertures with
a 300 nm pitch. All simulations are performed at the transmission peak wavelength
(A =733 and 724 nm for (a,b) and (c,d) respectively), and the forces are normalized
to 100 mW of transmitted power. We used a plane wave under normal incidence,
linearly polarized along the horizontal axis.

array has several advantages over the single apertures. Practically, it is easier to
fabricate an array of apertures. Furthermore, it is difficult to find a single nano-
coax in the AFM measurements. Also, an array gives the ability to design a surface
with an engineered force gradient, by using different coax geometries, such that the
particles could be directed to a certain position on the sample. The results shown
in Figure 5.4(c,d) demonstrates that the forces of a coax in an array are only slightly
reduced in magnitude compared to the single coaxes in (a,b). In case of the arrays
the forces are normalized to 100 mW of transmitted power through a single coax.

Lastly we investigate the trapping potential for different aperture diameters and
channel widths. Figure 5.6(a) shows the transmission spectra for channel widths of
75 nm (no metal core) to 0 nm (no channel) for a coaxial aperture with a 75 nm outer
radius. We observe that for channel widths smaller than ~35 nm the transmission
significantly decreases. Also, the transmission peaks shift and split for decreasing
dielectric wall width. Both observations are a result of the changing mode index,
which is very sensitive to the dielectric wall thickness (see Chapter 3). Figure 5.6(b)
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Figure 5.5: Simulated transmission spectra of a single aperture SiO» in an Ag (blue
line) or Au (red line) slab. The aperture consists of a 150 nm long channel, and has
an inner and outer diameter of 120 nm and 170 nm respectively. The transmission
was normalized to the area of the coax (7 r2, with r the outer radius of the coax).
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Figure 5.6: (a) Simulated transmission spectra for single coaxial SiOy apertures
embedded in gold, for different dielectric wall widths from 65 nm (red), to 0 nm
(pink). The aperture outer radius was 75 nm. The transmission is normalized to
the area of the coax and offset for clarity. (b) Trapping potential as a function of
channel width (red) and outer radius (blue) of the apertures. The outer diameter
was fixed at 75 nm for the varying channel widths. For the varying outer diameter
the channel width was fixed at 25 nm.

88



5.4 Method to measure optical forces

shows the trends of varying channel widths and outer radius of the apertures on the
trapping potential. Since apertures with a channel width smaller than 15 nm have
a very low transmission, we only consider larger apertures. We observe a deeper
potential well for smaller widths, which is the result of increasing field confinement.
For the outer radius we observe a minimum for a radius of ~70 nm. A larger radius
results in less confined fields, resulting in a larger potential. However, a too small
aperture results in distortion of the fields since the fields above the channels start
to overlap through the aperture center. This results in a reduced trapping force, and
thus potential.

5.4 Method to measure optical forces

In the remainder of this chapter we will discuss how we can experimentally mea-
sure optical forces using an AFM, and show the first measurements on a single coax
and a coaxial array. Figure 5.7 shows a sketch of the setup. The sample is excited
from the bottom side with a supercontinuum laser source, which is focused with
a 50x objective on the sample. The transmitted light induces optical forces, which
can be measured with the tip of the AFM. A diode laser is reflected from the tip,
of which the light is detected by a two quadrant photo detector. The position of
the diode laser light on the photo diode determines the tip deflection, which can
be directly translated into a force if the spring constant of the tip is known. In
order to be able to measure small signals, the excitation laser light is chopped with
a frequency of 1 kHz and the deflection signal is processed by a lock-in amplifier.
The AFM is a commercial setup from Asylum Research, in which a filter was built to
prevent interference of the force excitation light with the signal of the diode laser.

The measurements can be performed in either tapping mode or contact mode.
The advantage of using contact mode is that it is less time consuming in case of
measuring a surface map, since the surface topography is scanned first in contact
mode, which is then used to keep the tip at constant distance above the surface
to measure the force. The downside is, however, that a contact mode scan can
only be performed using a tip with a small spring constant since a stiff tip would
scratch the sample. Using a tip with small spring constant has the problem that
it is strongly attracted by the adsorbed water layer on the surface. This strongly
limits the minimum height at which the forces can be measured. Therefore, we
use the tapping mode, where a stiffer tip can be used. In this method the tip is
approached to the surface for each position on the sample. From the deflection
signal as function of sample height the position of the surface can be determined.
A typical single-point measurement is shown in Figure 5.8. First, the sample is
approached to the tip (red line). Since the tip is not interacting with the surface
at large distances, the deflection signal is constant. At a certain point, about 10
nm in this case, the deflection signal suddenly drops. At this position the tip is
snapped into the adsorbed water layer on the surface. Bringing the sample closer
to the tip results in a reduced tip deflection, where at a certain point the deflection
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Figure 5.7: Sketch of the setup. The optical forces above the sample surface
are measured with a conventional AFM where a supercontinuum laser is used to
illuminate the sample from the bottom side. An optical filter is used to prevent
interference of the diode laser with the excitation beam. The deflection signal is
processed by a lock-in amplifier in order to be able to measure small signals.

is equal to the deflection in the region where the tip was not interacting with the
sample. This point is defined as the surface of the sample. Decreasing the distance
between the tip and the sample further results in a deflection of the tip in the op-
posite direction. Next, we move the sample away from the tip (blue line). For small
distances between the sample and the tip, the trace and retrace signals overlap, but
the retrace signal still interacts with the sample at longer tip-sample distances than
was the case for approaching the sample. The reason is that the tip has to overcome
a large energy barrier to be released from the water on the surface. This happens
at about 25 nm, where the tip suddenly releases and the deflection restores to zero.
In case of the force measurements, the tip can now be parked at a certain position
above the surface to measure the optical forces. This position is labeled as the dwell
position in Figure 5.8.

5.5 Measuring optical forces on single coaxial
apertures

Here, we discuss the first optical force measurements on coaxial apertures. For
these measurement we used single apertures with a relatively large diameter (~400
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Figure 5.8: AFM measurement used to determine the position of the sample
surface. The red line is measured while the sample is moved towards the tip, the
blue line for increasing tip-sample spacing. At the position indicated by the purple
arrow the tip is parked at constant distance for a set time. During this time the
optical force can be measured. The surface is defined at height=0.

nm), consisting of air rings in gold. These structures are chosen because of their
relatively simple fabrication process, which only involves gold evaporation on a
glass substrate followed by milling the rings in the metal using a FIB. Since gold
is milled much faster then glass with the FIB, the substrate acts as an etch stop.
Therefore, the length of the aperture channels is very well controlled. SEM im-
ages of these structures are shown in Figure 5.9. Due to the milling process the
aperture channels are slightly tapered. The tapering enhances the trapping forces,
compared to apertures with a channel width as measured from the top part, due to
the increased confinement of the fields [81].

Figure 5.10(a) shows the forces measured at a constant height of the sample,
using a Si cantilever with a spring constant of ~2nN/nm. The position of the
sample surface was first determined using the method shown in Figure 5.8, after
which the force was measured during the dwell time. During the dwell time the
laser light was switched on and of several times. The measurements were per-
formed using two different excitation wavelengths: A = 750 nm, which is at the
transmission peak, and A = 620 nm, off resonance. We observe two interesting
trends in Figure 5.10(a): first, the force is clearly higher if the excitation laser is on,
and the signal is reproducible if the light is switched on and off. Second, the forces
excited at the peak wavelength of the transmission clearly have a larger magnitude
then the forces excited off resonance.
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Figure 5.9: SEM images of the fabricated single apertures. (a) Shows a top view
and (b) a cross section of a vacuum aperture embedded in gold, where Pt was
evaporated to make a better cross section. The outer diameter of the aperture is
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Figure 5.10: Force measurements on single coaxial apertures using an AFM. (a) The
tip is positioned at a constant height above a coaxial aperture. The laser is switched
on and off several times while the optical force is measured as function of time. (b)
Measured force for different wavelengths, together with the measured transmission
spectrum of the single aperture. Both the transmission spectrum and the forces are
normalized to their maximum.

Figure 5.10(b) shows the measured force, normalized to the maximum mea-
sured force, measured at four different wavelengths. We also plot the measured
normalized transmission of the measured coaxial aperture. We observe very good
agreement with the trends in the force with respect to the transmission spectrum.

Although the trends in the measured forces are in good agreement with the
simulations, the absolute measured values are significantly (about ten times) larger
than the simulated values. A possible explanation is that heating of both the tip and
the sample plays a significant role if laser powers of several mW are used. This will
be subject for further research.
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5.6 Towards measuring optical forces on coaxial
aperture arrays

As discussed in Section 5.3, the optical forces increase significantly if the diameter
and channel width of the apertures is decreased. Here, we will show the first steps
towards experimentally measuring the optical forces above a hexagonal array of
coaxes in Ag with an outer diameter in the range of 100-200 nm and a channel
width of 20-30 nm. Here, we use glass apertures instead of air. This would pre-
vent particles or the tip to be attracted into the channels. Furthermore, the higher
refractive index of glass enhances the optical forces.

5.6.1 Sample fabrication

Decreasing the ring diameter and wall width to the desired small sizes requires the
use of electron beam lithography instead of FIB milling. We use the fabrication
method as described in Chapter 2, where we use the negative high resolution resist
hydrogen silsesquioxane (HSQ) to infill the channels; it has a refractive index very
similar to SiO» [36].

We start the fabrication process by writing rings into the HSQ on a SiO; sub-
strate with a 30 keV electron beam. The HSQ is developed by two 30 s dips into
a 25% solution of tetramethyl ammonium hydroxide (TMAH) solution in water
at 50°C, resulting in hollow cylinders of HSQ. Next, gold was evaporated using a
technique where the excess of metal was shaved off using an argon ion beam after
every 10-15 nm of metal deposition. Lastly the sample surface was polished and the
rings were made optically accessible using the FIB under grazing angles. Figure 5.11
shows SEM images of a fabricated coaxial aperture array. We fabricated a variety of
outer diameters (100-250 nm), dielectric ring width (15-30 nm) and pitch (200-500
nm).

Due to the FIB polishing step in the above described fabrication method, we
have the difficulty that the sample thickness is difficult to determine without mak-
ing a cross section, and thus destroying the sample. In order to get a feeling of
the sample thickness we measured the transmission spectrum of the sample and
compared that to the spectrum from FDTD simulations, where different sample
thicknesses are simulated. For the simulations we used the experimentally mea-
sured aperture dimensions. Figure 5.12 shows the measured transmission spec-
trum, as well as the simulated spectrum that matches the experimental data best.
We find a slab thickness of 150 nm, which is exactly the thickness we aimed for. The
broadening observed in the experimental data can be explained by a gradient in the
thickness of the aperture field. This is due to the polishing step, and can be in the
order of several tens of nm. For comparison, we also show the simulated transmis-
sion spectra for a 12.5 nm thicker and thinner metamaterial slab in Figure 5.12.
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consisting of HSQ

Figure 5.11: SEM images of the fabricated nanoaperture arrays,

channels embedded in gold. (a,b) Top view and (c) cross section of the sample.
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Figure 5.12: Normalized transmission spectra of a hexagonal array of coaxial
apertures. The red line was experimentally measured, the other lines represent the
spectra of simulated data for slab thicknesses of 137.5 (green dashed line), 157.5
(dashed purple line) and 150 nm (blue solid line). The inset shows a SEM image of
the measured sample. The apertures have an inner diameter of 105 nm, an outer
diameter of 155 nm and a pitch of 300 nm.

5.6.2 Optical forces on coaxial arrays

Before measuring optical forces on the experimentally fabricated aperture arrays
we investigate the expected forces on a small partically numerically. Figure 5.13
shows the simulated electric field intensity and transverse components of the trap-
ping forces using a coaxial array with dimensions as experimentally fabricated. We
again observe that the particles will be trapped above the dielectric channels, where
the electric field shows an intensity maximum. Also, the forces are in the same order
of magnitude as the arrays considered in Section 5.3

In Figure 5.14 shows the measured deflection signal of the AFM tip for excitation
wavelengths of A = 733 nm, which is at the transmission maximum, and A = 580
nm. As for the single arrays, we find a larger tip deflection in case of excitation
at the transmission peak wavelength. However, to be able to extract the absolute
value of the trapping forces it is crucial to understand thermal effects due to the
excitation laser. This is subject of further research.
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Figure 5.13: (a) Simulated normalized electric field intensity 20 nm from an array
of coaxial apertures with dimensions as measured from the fabricated sample (105
and 155 nm inner and outer diameter, respectively, a 300 nm pitch and a slab
thickness of 150 nm). (b,c) Transverse components of the optical forces exerted on a
10 nm dielectric particle with n = 2 20 nm away from the apertures. All simulations
are performed at the transmission peak wavelength (A = 733 nm), and the forces are
normalized to 100 mW of transmitted power. We used a plane wave under normal
incidence, linearly polarized along the horizontal axis.
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Figure 5.14: Deflection signal of a tip at a constant distance above a coaxial array
as function of time. The sample is illuminated from the bottom side, with a
wavelength of A =733 and 580 nm.
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5.7 Conclusions

5.7 Conclusions

In this chapter we investigate the optical trapping forces and potentials for different
dielectric cylinders in metal. We show that both apertures in Ag and Au lead to
strong trapping forces, enabling stable particle trapping (Uyy > 10kT/100 mW)
with a transmitted optical power of ~ 5.5 mW. Placing the apertures into a hexago-
nal array does not significantly disturb the optical trapping forces. Furthermore, we
investigate the trends of the trapping potential on changing the aperture diameter
and channel width. We find that the optimal channel width is a tradeoff between
transmission through the channels and field confinement. The largest trapping
forces are found for an outer radius of 50-70 nm. After designing the optimum
aperture geometry we show the first steps towards experimentally measuring the
optical trapping force with an AFM on both single apertures and hexagonal arrays.
We fabricated a SiO,/Au coaxial array with apertures of 155 nm outer diameter and
a dielectric wall width of 25 nm. Numerically calculated maximum trapping forces
are ~1 pN per 100 mW transmitted power per aperture for the fabricated apertures
geometries. The measured forces show wavelength and power dependent trends
which match the numerical results. The measured signal is about 10 times larger
than the expected forces, suggesting that the measurements are significantly af-
fected by thermal effects.
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Magnetic and electric dipole modes in hollow
Sinanocylinders

We propose a dielectric nanoresonator geometry consisting of hol-
low dielectric nanocylinders which support Mie-like resonances. We
fabricate the hollow Si particles with an outer diameter of 108-251
nm on a Si substrate, and determine their resonant modes with
cathodoluminescence (CL) spectroscopy and optical dark-field (DF)
scattering measurements. Furthermore, we systematically investigate
the scattering behavior as a function of wavelength and particle
geometry numerically. We find that the additional design parameter
as a result of the introduction of a center gap can be used to
control the relative spectral spacing of the resonant modes, which
enables additional control over the angular radiation pattern of the
scatterers. Furthermore, the gap offers direct access to the enhanced
magnetic dipole modal field in the center of the particle.

6.1 Introduction

High-index nanoscale dielectric particles have recently attracted attention because
of their ability to strongly confine and scatter light [87, 88] with relatively low ab-
sorption losses, in a way that is highly tunable by the particle material and geome-
try [89]. The ability to concentrate, redirect and manipulate light at the nanoscale
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provides the ability to couple and trap light in various applications. Nanoparticles
are for example used in solar cells, where they efficiently absorb and preferentially
scatter light into the cell [90-95]. Alternatively, dielectric nanoparticles can be used
for sensors and photo detectors of which the wavelength and polarization sensitiv-
ity can be tuned by the particle geometry [96-98].

Previous work has demonstrated that such nanoscale high-index dielectric par-
ticles support magnetic dipole (MD) and electric dipole (ED) resonances in the
visible spectral range [89, 99, 100]. Interference between different resonant modes
can be used to engineer the angular radiation pattern [101-103], including the case
of Kerker-type interference [104], where the scattered light is highly directional and
the ratio of forward to backward scattering can be controlled [101-103]. Because
of above mentioned properties, these particles can be used as dielectric building-
blocks for low-loss metasurfaces [105]. The interference of the MD and ED mode
can be controlled by tuning the relative spectral position of the two modes, which
can be done by changing the aspect ratio of the scattering particles [100, 103].

Here, we introduce a nanoscale resonant scattering geometry that is composed
of hollow dielectric nanocylinders. In this geometry the diameter of the gap pro-
vides an additional parameter to control the wavelength and spectral distance of
the MD and ED resonant modes. Furthermore, the gap provides direct access to
the enhanced magnetic field of the MD mode in the center of the particle, enabling
studies of the effect of the magnetic LDOS on spontaneous emission from magnetic
dipole emitters [30, 106, 107].

We systematically investigate the behavior of the MD and ED modes upon in-
troducing a center gap into small dielectric Si scatterers. Careful examination of
the field profiles inside the particles reveals that the MD mode is very robust when
opening a 20-40 nm diameter gap in the center of a 100-150 nm diameter silicon
cylinder. We experimentally study the resonant modes of hollow Si particles using
cathodoluminescence (CL) spectroscopy and optical dark-field (DF) scattering. We
numerically simulate the scattering spectra as a function of particle geometry. The
results presented here pave the road towards designing scatterers with a highly
tailored radiation pattern.

6.2 Optical modes in a solid dielectric nanoparticle

Before considering hollow scatterers, we will first briefly review the scattering
modes in solid dielectric particles. It has been shown that small dielectric scatterers
support resonant eigenmodes of which the fields are confined inside the particles,
rather than on the surface, as in the case for metallic nanoparticles [89, 99, 108-
111]. For spheres and infinitely long cylinders in a homogeneous medium
these modes can be found from the analytical Mie solutions to Maxwell’s
equations [87, 112], whereas for other geometries no exact solutions can be
found. These kind of resonances are also referred to as geometrical resonances.
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Figure 6.1: Sketch of the MD and ED modes inside a solid dielectric nanoparticle.
(a) The MD mode is characterized by a magnetic dipole moment as result of
an electrical displacement current loop, indicated by the red circle. (b) The
ED mode is the result of collective polarization of the particle material, which
induces a magnetic current loop, indicated by the blue circle. The polarization
of the corresponding incident plane-wave is sketched above the structures. (c)
Numerically simulated scattering cross section of a 100 nm tall Si cylinder with
a 150 nm diameter in air. The particle is excited by a plane wave under normal
incidence, as shown in (a) and (b).The MD, ED and magnetic quadrupole (MQ)
modes are labeled.

The optical modes supported by small dielectric particles can be either mag-
netic or electric in nature, where the lowest order resonances are the magnetic and
electric dipole (MD and ED) modes [89, 99, 100]. The MD mode is characterized by
an electric displacement current loop inside the dielectric particle, which induces
a magnetic dipole moment orthogonal to the current loop (Figure 6.1(a)). Since a
current loop requires opposite orientation of the electric field in the top and the
bottom of the particle, this MD mode can only exist in particles with sufficient
retardation throughout the particle [89]. Typically, in case of Si particles, 50-100
nm particles are tall enough to couple to the opposing fields at top and bottom of
the particle.

The ED mode originates from the collective polarization of the particle material
in response to the external driving field. The oscillating ED induces a magnetic
current loop. In this case however, the current loop can also extend outside the
dielectric particle, enabling the ED mode to exist in particles which are too short to
support a MD mode. The reason is that the magnetic permittivity u = 1 in both the
cylinder material and the vacuum surrounding the cylinder. Figure 6.1(b) shows a
sketch of the ED mode together with the plane wave that can couple to this mode.
High index dielectric particles with a spherical geometry have a well defined modal
hierarchy, where the ED mode is found slightly blue shifted with respect to the MD
mode [100]. In other geometries the relative position of the two modes can be tuned
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by the aspect ratio, which can even be designed such that the modes cross and the
ED mode is found at longer wavelengths than the MD mode [103]. Introducing
a gap in the center of the resonators results in an additional degree of freedom
to design the spectral separation of the MD and ED mode resonances. A typical
scattering spectrum of a cylindrical scatterer in air, extracted from a numerical
simulation, is shown in Figure 6.1(c). The peak on the red side of the spectrum
represents the MD mode position. The ED mode appears as a shoulder on the blue
side of this peak. The peak at A = 450 nm is characterized as a magnetic quadrupole
(MQ) mode [89].

In the remainder of this Chapter, we focus on particles and substrates com-
posed of Si, because of its high refractive index (and thus large mode confinement),
relatively low absorption losses in the visible and near-IR, and well-established
fabrication processes (see Chapter 2). A cylindrical particle shape is chosen be-
cause such a geometry can scatter light effectively [89], can be readily fabricated
using electron beam lithography (EBL) and dry etching techniques and the reso-
nant wavelengths can be tuned by changing the aspect ratio. We consider particles
which are taller than 100 nm to be sure that the MD mode is effectively supported.
Only the lowest order magnetic (MD) and electric (ED) modes are considered in the
remainder of this chapter. Since the field profiles of the first order electric mode in
cylinders with a gap do not represent an ED mode (see Section 6.6), we refer to this
mode as a ‘distributed electric (DE) mode’.

6.3 Sample fabrication

We fabricated a sample with different coax geometries on top of a Si substrate using
electron beam lithography (EBL) and reactive ion etching (RIE). First we spincoat a
thin layer of the negative tone high resolution resist HSQ, for which we use a 1:2
solution of HSQ fox-12:MIBK. Next, circles with the desired outer diameters are
written with a 30 keV EBL system using a 10 um aperture. The gap widths are
controlled by changing the dose of the electron beam in the 250-1000 uC/cm?
range, where an increased dose results in a thicker cylinder wall. After e-beam
exposure, the HSQ is developed by dipping the sample two times for 30 seconds
in a 25% TMAH solution at 50°C and dried in a critical point dryer, resulting in HSQ
cylinders on top of a Si substrate.

Next, the HSQ patterns are transferred into the substrate using an HBr-based
RIE, which is known for its anisotropy and high selectivity for Si (for details see
Chapter 2). After etching the samples are dipped in a 1% HF solution for 10 min-
utes to remove the remainders of the HSQ mask. This process results in hollow Si
cylinders on a Si substrate, with a varying inner diameter in the range of 20-235 nm
and outer diameter in the range of 80-250 nm. Figure 6.2 shows SEM images of the
smallest and largest coaxes. Both particles clearly show a cylindrical shape, with
only minor tapering due to the highly anisotropic RIE process.
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6.4 Cathodoluminescence spectroscopy

Figure 6.2: SEM images of the (a) largest and (b) smallest Si particle on a Si substrate
measured in the CL experiments. The smallest particle has an inner and outer
diameter of 20 and 108 nm, and the largest particle of 76 and 251 nm respectively.
The scale is the same in both figures.

6.4 Cathodoluminescence spectroscopy

Next, we study the optical scattering spectra of the fabricated cylinders using CL
imaging spectroscopy. In CL, a 30 keV electron beam inside an SEM is used to
locally excite the sample with a very high spatial resolution. The electric field gen-
erated by the electron beam passing through the nanoparticles coherently excites
resonant modes supported by the Si nanocylinders. Since CL couples to the out-
of-plane component of electric fields, the excitation efficiency is sensitive to the
out-of-plane component of the local density of optical states [63, 64]. The excited
modes radiate into the far field, and the light is collected by a parabolic mirror
placed between the sample and the electron column and directed to a spectrome-
ter. A sketch of the setup is shown in Figure 6.3.

In the experiment the electron beam is raster-scanned in steps of 5 nm over
a single cylinder and the spectrum for each pixel is collected. At the same time
the secondary electron signal is collected, such that we can match the obtained
radiation spectrum with the excitation position on the sample. After correcting for
the background, which is measured on an unpatterned Si surface, and the system
response, we spatially average the spectrum over all positions of a single ring (in-
cluding the center area). All spectra are then normalized to their maximum value.

Figure 6.4(a) shows the excitation as function of position on the sample at A =
500 nm for a coaxial cylinder with an outer diameter of 170 nm and an inner di-
ameter of 71 nm. The corresponding secondary electron image, which was taken
simultaneously with the excitation map, is shown in (b). We observe a bright CL
ring matching with the outer circumference of the Si ring, and a dark region in the
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Figure 6.3: Sketch of the setup used for the CL measurements. The sample is
excited using a 30 keV electron beam inside a conventional SEM. The emitted light
is collected by a parabolic mirror placed between the sample and the electron
column and focused on an optical fiber which guides the signal to a spectrometer.

center, at the position of the gap. This pattern is representative for all measured
wavelengths and cylinders. The center is dark because the vacuum in the gap is not
polarizable by the electron beam. Experimentally measured CL spectra for 122 nm
tall particles are shown in (c), where the outer diameter of the ring is systematically
increased from 108 to 251 nm. Corresponding SEM images of the smallest and
largest measured rings are shown in Figure 6.2(a,b). For all geometries we find clear
peaks in the visible part of the spectrum. First, we observe a broad peak on the
red side of the spectrum, which red shifts, broadens and decreases in intensity for
increasing particle size. Second, we find two sharper peaks at shorter wavelengths,
which also red shift and decrease in intensity for larger particle sizes. The red shift
for these smaller peaks is less pronounced than for the broad resonance.

We use Finite-Difference Time-Domain (FDTD) simulations to obtain insight
into the trends observed in Figure 6.4(c) (see Section 6.5 for details about the sim-
ulation setup). Figure 6.4(d) shows the simulated scattering spectra, where the
modes are excited with a plane wave under normal incidence and the scattering
in all directions is collected. As in the experiments, we find a broad resonance on
the red side of the spectrum which shifts to longer wavelengths and decreases in in-
tensity for increasing particle size. For small particle sizes we observe a shoulder on
the blue side of the broad resonance, and for larger particles a sharp peak which red
shifts at the blue side of the broad resonance. Both the shapes of the observed peaks
and trends as function of particle size of the experiments are thus well reproduced
by the simulations. Since the simulations match the experiments very well we will
investigate the nature of the resonances and the trends as a function of particle
dimensions by considering the mode profiles extracted from the simulations in the
next sections.
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Figure 6.4: CL measurements and FDTD simulations for different cylinder sizes.
(a) CL excitation map of a single Si particle with an outer diameter of 170 and
an inner diameter of 71 nm at A = 500 nm. (b) Secondary electron image taken
simultaneously with the CL excitation map. (c) Spatially averaged CL spectra of a
Si cylinder with a height of 122 nm, for 13 different coax geometries. The particle
inner and outer diameters for each spectrum is indicated by the numbers in (d),
where the first number denotes the inner and the second the outer diameter,
respectively. (d) FDTD simulation results of the resonant spectra in the visible,
excited with a plane wave under normal incidence, using experimentally measured
particle dimensions. All spectra are normalized to their maximum value, and
vertically offset for clarity.

6.5 FDTD simulation setup

To resolve both the resonance wavelength and the nature of the resonant modes
we use Finite-Difference Time-Domain (FDTD) simulations [65]. Depending on
which modes we want to excite, the particle is illuminated with a broad-band (400-
750 nm) plane wave under normal incidence or at 90° incidence (by rotating the
particle around the y-axis). Perfectly matching layers are used at the boundaries
to prevent any unphysical backscattering from the simulation box boundaries. A
refined mesh is used over the region of the structures with a mesh size of 1-2.5 nm,
depending on the dimensions of the cylinder. For the optical constants of Si we use
the values determined by Palik [60]; the refractive index of the surroundings is set
to 1.

A broad-band total-field scattering-field source is used to excite the sample.
Power transmission monitors surrounding the particle selectively measure the
power of the scattered light. The normalized scattering cross section Qscat can
be calculated from the scattered power, defined as the scattering cross section
as measured by the power monitors divided by the area enclosed by the outer
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6 Magnetic and electric dipole modes in hollow Si nanocylinders

diameter of the particle. The normalization factor is thus insensitive to the size of
the air gap inside the particles. The nature of the modes is resolved by using field
monitors both inside and outside the particle to detect the electric and magnetic
field intensities and associated current loops.

6.6 Modes in Si coaxes surrounded by air

In this section we numerically study the resonances supported by coaxial Si
nanoparticles by considering a completely filled cylinder in which we introduce
a gap with systematically increasing diameter. Here, we only consider in-plane
modes of hollow cylinders in air, which are excited with a plane wave under normal
incidence, as shown in the configuration in Figure 6.1.

6.6.1 Simulated scattering cross section

Figure 6.5(a) shows the simulated normalized scattering cross section as function
of wavelength for a Si cylinder in air, with a 150 nm outer diameter and a height of
100 nm. The gap width is increased from 0 to 150 nm in steps of 10 nm. Spectra
for the case of no gap (solid particle) and gap widths of 40 and 120 nm are shown
in Figure 6.5(b), where we find the ED resonance as a shoulder on the blue side
of the MD resonance. For larger gap sizes the spectral distance between the two
resonances decrease. Clearly, the peak intensities decrease for larger gap sizes.

As the gap inside the solid cylinders is opened, the resonant peaks gradually
blue shift as result of the lower effective index experienced by the field inside the
particle. The relative spectral position of both modes also changes with gap size.
The shifting of the ED mode seems to saturate at a wavelength of ~400 nm and an
inner diameter of about 100 nm, whereas the MD mode continues to shift to shorter
wavelengths for increasing gap width in the entire diameter range. This behavior is
explained in Section 6.6.2. The resonance amplitude decreases gradually for larger
gap widths, which is most pronounced for the MD resonance. This is a result of
the reduced refractive index contrast as result of the reduced effective index of the
particle.

6.6.2 Electric and magnetic field profiles

Next, we resolve the nature of the different modes inside hollow cylindrical Si parti-
cles in more detail by exploring their electric and magnetic field profiles. Figure 6.6
shows the time-averaged electric and magnetic field intensities in the xz and yz
plane, as defined in Figure 6.1, at the resonance wavelengths for the two lowest
order modes, for the same three geometries as considered in Figure 6.5(b). The
electric (in case of the MD mode) and magnetic (for the ED mode) field lines are
plotted as well in order to identify the corresponding current loops.
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Figure 6.5: Normalized scattering cross section (Qscat) of a 150 nm diameter and
100 nm tall Si cylinder in air as function of wavelength and gap width in the
visible wavelength range. The modes were excited with a horizontally polarized
plane wave at normal incidence. In (a) the gap (inner) diameter is systematically
increased from 0 (no gap) to 150 nm (no wall) in steps of 10 nm. In (b) we plot the
scattering cross section as function of wavelength for three different gap sizes (0
(red), 40 (green) and 120 nm (blue)). The MD and ED modes of the particle without
a gap are indicated in the spectrum. The cross sections in (b) are indicated by the
dashed lines with corresponding color in (a).

First we consider the MD mode of a solid cylinder without gap (a,b). We find
the electric displacement current loop characteristic for the MD mode (a) and the
associated enhanced magnetic field intensity in the center of the current loop (b)
for the most red shifted peak in Figure 6.5(b). Next, we investigate the fields inside
the cylinders with a 40 nm diameter gap in the center (c,d). Again we find a clear
electric currentloop (c) with an enhanced magnetic field at the center of the current
loop (d). Although the nature of the mode is still that of a MD mode, we notice
several characteristic differences compared to the fields of the particles without a
gap; first, the current loop is slightly deformed at the Si/air interfaces resulting in
a slightly elongated shape of the magnetic field hot spot. Second, the maximum
intensity of the magnetic field is about half the intensity of the enhanced field inside
the particle with no gap, as can be seen from the intensity bars in Figure 6.6. This
is attributed to the weaker field confinement due to the lower effective refractive
index of a particle with a gap.

Interestingly, if we increase the gap size even more (e,f) we can still clearly dis-
tinguish an electric current loop (e) which indicates that the electric displacement
current loop can bridge a gap as large as 120 nm (the remaining Si wall thickness
is just 15 nm). Considering the intensity scale bar in (f) however, we observe that
the associated magnetic field intensity is only a small fraction of the enhancement
observed in (b), due to the further reduced effective index of the coax.
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Figure 6.6: Simulated electric and magnetic field profiles inside a Si nanocylinder
in air. The normalized field profiles (|E |2 and |H |2) are plotted as cross sections
through the center of the particles in the xz (parallel to the electric component of
the driving field) (a-f) and yz (parallel to the magnetic component of the driving
field) (h-1) planes for three different gap widths, 0, 40 and 120 nm, for the same
dimensions as simulated in Figure 6.5 at the wavelengths where the first two
maxima in the scattering cross section are found. The peak on the red side of the
spectrum is labeled the magnetic dipole, whereas the peak on the blue side of the
MD is labeled as DE mode. The lines inside the field plots indicate the electric or
magnetic field lines, enabling the recognition of the displacement current loops.
All field intensities are normalized to the field intensities found for a solid cylinder
without gap. The particle boundaries are plotted as white dashed lines. The scale
bar in (k) represents 100 nm.
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6.7 Influence of a Si substrate on the optical modes

Next, we consider the ED mode. For the particle without gap we find an en-
hanced electric field intensity (g) with a magnetic current loop around its center
(h) as expected for the ED mode [89]. If we open the gap to 40 nm (i,j), we find
two intensity maxima closely spaced next to each other inside the Si ring walls.
The magnetic field lines have two centers located at the positions of the electric
field maximum. This indicates a coupled electric mode, where the electric field
is distributed over both sides of the cylinder walls. For the case where the gap
is opened more (k1), the electric field hot spots are further distributed over the
particle walls. In this case the two electric field intensity maxima are so far apart
that the electric fields only weakly overlap and no clear dipolar field profile can be
recognized. A similar, hybridized, mode is described in two closely spaced dielec-
tric nanoparticles [113]. We will refer to this mode with ‘distributed electric (DE)
mode’ in the remainder of this chapter.

If we now again consider Figure 6.5, we can understand why the DE mode does
not shift with the same trends as the MD mode upon changing the inner diameter.
Upon opening the gap the mode intensity is decreased less for the DE mode, be-
cause most of the electric field remains in the high index material of the particle.
In case of the MD mode the electric current loop does extend into the gap of the
particle, and is thus less confined due to a lower effective index. The magnetic field
is insensitive to the field position with respect to the particle since the magnetic
permeability u = 1 both inside and outside the particle. The saturation of the fre-
quency shift upon changing the gap width of the DE mode, can be explained by the
coupling of the two electric hot spots observed in the cylinder walls. For small gap
sizes they strongly couple due to their small spacing. In this region the resonance
wavelength of this mode is strongly dependent on gap size. At a certain distance,
there is a transition from a strongly coupled regime to a weakly coupled regime. In
the latter case the coupling is less dependent on the distance between the electrical
hot spots, resulting in a saturation of the resonant wavelength shift.

6.7 Influence of a Si substrate on the optical modes

The experimental data in Figure 6.4 show significantly broader peaks than in sim-
ulated spectra discussed in Section 6.6. This is caused by the influence of the Si
substrate, which is not considered in the simulation. Simulations of the scattering
cross section for Si cylinders with the same dimensions as the particles discussed
in Figure 6.5 and 6.6, but now on a Si substrate are shown in Figure 6.7. As can be
seen for the particle without gap (red line in (b)) the addition of a substrate results
in a spectral broadening of the resonances, which causes the MD and ED modes to
spectrally overlap, in agreement with the experiment. The broadening is attributed
to leakage of the field into the substrate, resulting into increased radiation losses
and thereby lower quality factor of the resonant modes [93]. The broadening and
spectral overlapping of the ED and MD mode can be tuned by choosing a different
refractive index substrate (not shown here). Furthermore, we observe a red shift of
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6 Magnetic and electric dipole modes in hollow Si nanocylinders

the MD resonance, which is due to the fact that a large fraction of the near-field of
the resonant particle is now in the high index substrate.
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Figure 6.7: Simulated normalized scattering cross section (Qscat) of @ 150 nm
diameter and 100 nm tall Si cylinder on a Si substrate, as function of wavelength
and gap width in the visible wavelength range. The modes were excited with
a horizontally polarized plane wave at normal incidence. In (a) the gap (inner)
diameter is systematically increased from 0 (no gap) to 150 nm (no wall) in steps of
10 nm. In (b) we plot the scattering cross section as function of wavelength for three
different gap sizes (0 (red), 40 (green) and 120 nm (blue)). The peaks indicating the
MD and ED resonances for the particle without gap are labeled. The geometries of
the spectra in (b) are indicated by the dashed lines with corresponding color in (a).

To demonstrate this, Figure 6.8 shows the fields inside the Si coaxes on a Si
substrate, similar to Figure 6.6. Like for the particle in air, we observe an elec-
tric displacement current loop with a magnetic field intensity hot spot for the MD
mode, and a magnetic current loopt with an enhanced magnetic field intensity for
the ED mode, as in Figure 6.6. However, the MD current loops are slightly distorted.
For the MD mode the current loops are shifted downwards, in agreement with the
spectral broadening of the MD mode due to the extension of the mode profile into
the substrate, thereby increasing the resonance linewidth. As a result, the magnetic
field hot spot is also shifted into the substrate. This is important when designing
an experiment where one would like to use the enhanced magnetic field intensity
inside the accessible gap. Unlike for the MD mode, the high field intensity regions
of the DE mode are not shifted downwards. The reason is that the in-plane DE
mode is less confined in the vertical direction since the magnetic current loop can
extend outside the cylinder, regardless of the substrate.

We can now label the modes of the measured resonance peaks in the CL spectra
(Figure 6.4(c)). Since CL can excite both the electric current loop of the MD mode
and the horizontally polarized DE mode [110], as both modes have out-of-plane
electric field components, we identify these modes as the broad peak on the red
side of the spectrum. Due to the presence of the substrate, the MD and DE mode
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Figure 6.8: Simulated electric and magnetic field profiles inside a Si nanocylinder
on a Si substrate. The normalized field profiles (IEI2 and |H |2) are plotted as
cross sections through the center of the particles in the xz (parallel to the electric
component of the driving field) and yz (parallel to the magnetic component of the
driving field) for three different gap widths, for the same dimensions as simulated
in Figure 6.7 at the wavelengths where the first two maxima in the scattering cross
section are found. The lines inside the field plots show the electric or magnetic
field lines, enabling the recognition of the displacement current loops. All field
intensities are normalized to the field intensities found for a solid cylinder without
a gap. The particle boundaries and substrate surface are plotted as white dashed
lines. The scale bar (in k) represents 100 nm.
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broaden and overlap. The small peaks on the blue side of the spectra are attributed
to higher order modes.

6.8 Dark field spectroscopy

To demonstrate the same resonant behavior under plane wave excitation, rather
than electron beam irradiation, we performed DF scattering spectroscopy. The
sample is excited under oblique incidence using a 50x 0.8 NA dark-field objective
and a halogen lamp, and the light scattered to the top is collected by the objective.
As a reference, a Lambertian isotropic scatterer is used. The measured spectra of
hollow cylinders with outer diameters in the range of 138-163 nm are shown in
Figure 6.9(c). The measured cylinders have almost equal gap sizes.
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Figure 6.9: DF measurements and FDTD simulations for hollow Si cylinders with
different sizes. SEM images of (a) the largest and (b) smallest measured Si particle
on a Si substrate. The scale bar represents 100 nm. (c) DF scattering spectra of
a Si nanoparticle for 5 different coax geometries. The corresponding inner and
outer diameters are given by the numbers indicated in (d), the first number denotes
the inner and the second the outer diameter. The cylinders have a height of 138
nm. (d) FDTD simulations of the scattering spectra in the visible spectral range,
excited with a plane wave under normal incidence of a coaxial Si particle on a Si
substrate. Experimentally measured values for the particle geometries were used
for the simulations. All spectra are normalized to the maximum peak value of the
MD mode, and vertically offset for clarity.

Similar to Figure 6.4(c), we find a broad resonance peak which red shifts with
increased particle size, which is attributed to a decreased effective index of the
particle. Figure 6.9(d) shows the simulated scattering cross section for the same
sample geometries. The simulations show the same trend as the measurements
upon changing the outer diameter, but we observe that the simulated spectra are

112
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red shifted compared to the measured spectra. We attribute this to small tapering
of the particles, resulting in a larger diameter on the bottom of the particles. For the
simulations we used the dimensions measured on the bottom side of the cylinders.

6.9 Designing optical modes by controlling particle
dimensions

The results of the previous sections show that small hollow Si cylinders support
both magnetic and electric resonant modes, which can be excited experimentally
with both plane waves and an electron beam. In the this section, we will control
several design parameters systematically in order to further understand the trends
observed in the CL and DF measurements. Furthermore, the results of this section
can be used to design experiments for which it is important to control the relative
or absolute wavelength of the MD and DE resonant modes.

6.9.1 Optical modes as function of outer diameter with constant
gap width

Here, we explore the behavior of the resonant modes upon changing the outer
diameter of the resonators, while keeping the gap size constant. Figure 6.10(a)
shows the normalized scattering cross section of a 100 nm tall Si particle in air
as function of wavelength and outer diameter, while keeping the gap width at a
constant value of 40 nm. As expected for geometric resonances, we find a red shift
for both the MD and DE mode and higher order modes shifting into the visible
spectral range for increasing outer diameters [88]. For increasing particle diameters
the spectral separation of the MD and DE mode decreases, overlap, and ultimately
these modes cross at infra-red wavelengths outside the investigated wavelength
range [103].

6.9.2 MD and ED modes as function of particle height

In Figure 6.10(b) we explore the scattering cross section as function of the height
of the hollow Si cylinders in air. We find similar trends as for the solid particles,
where both the MD and ED modes are red shifted, the peak intensity is increased,
and higher order modes are supported by the resonators upon increased particle
height [89]. The red shift is explained by the fact that a larger fraction of the electric
displacement current loop can fit inside the high dielectric Si particle for increasing
particle height. As seen in Figure 6.10(b) the red shift starts to saturate for particles
taller then ~200 nm, which is the result of the current loop now fully fitting inside
the particle. If the particle is too short (<50 nm), the current loop does not fit and
no MD mode is observed. Since the MD and DE modes do not shift according to the
same trends, changing the height and/or outer diameter of the cylinders, enables
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Figure 6.10: Simulated normalized scattering cross section as function of
wavelength for different cylinder geometries in air. The rings are excited with a
plane wave under normal incidence. In (a) the outer diameter is systematically
increased from 40 nm to 300 nm while keeping the height and inner diameter
constant at 100 and 40 nm respectively. In (b) the height is systematically increased
from 10 to 300 nm while keeping the inner and outer diameter constant at 40 and
150 nm respectively.

control over the spectral distance between the two dipole modes. The increased
scattering cross section for increasing coax height is due to the increased volume of
the particle, which increases the polarizability.

6.9.3 MD and ED modes as function of outer diameter with
constant wall thickness

In Section 6.9.1 we systematically increased the outer diameter while keeping the
gap width constant. This results in similar trends as increasing the diameter for
solid cylindrical particles without a gap. In this section we explore the modal be-
havior upon changing the outer diameter while keeping the wall thickness (de-
fined as the outer radius minus the inner radius) at a constant value of 40 nm.
The corresponding scattering cross section as function of wavelength and outer
diameter is shown in Figure 6.11 where we observe several noticeable trends. For
relatively small outer diameters (<150 nm) we observe a red shift of the MD mode
for increased outer diameter, which is a result of the reduced confinement due
to the larger cavity diameter. Interestingly, it seems that the MD and DE mode
cross at an outer diameter of ~320 nm. Careful investigation of the mode profiles
(f,g), however, shows that the field profiles at the two resonances present for a
500 nm outer diameter cylinder do not resemble the MD profile as studied before
(Figure 6.6(a-f)). Instead, we find a mode profile that represents the DE mode in (f),
while the mode profile shown in (g) shows a higher order electric mode, with two
displacement current loops in each Si wall. Considering the magnetic field profiles
for a cylinder with a diameter where the modes cross (e), we find the profile of a DE
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mode.

Since neither of the resonances in Figure 6.11(f,g) are identified as a MD mode,
it suggests that this mode cannot exist for large diameter sizes, and we should thus
be able to find a transition range where the MD mode dissapears. Indeed, by look-
ing at three closely spaced diameters (b,c,d) we see a gradual deformation of the
displacement current loop, until the electric field lines do not form a closed loop
and the MD mode disappears. This happens at a particle diameter of ~250 nm,
corresponding to a gap width of about ~170 nm.

6.10 Lowest order out-of-plane electric and magnetic
modes

For completeness, we also consider the vertically oriented dipolar modes. Fig-
ure 6.12 shows the scattering cross section of a Si cylinder in air excited with a
plane wave of which the electric field is oriented along the axis of the particle. We
observe two resonances, where the resonance on the red side of the spectrum is
broader than the one on the blue side. Both resonances blue shift with increasing
gap width. The mode on the red side of the spectrum shifts exactly the same way
as in Figure 6.5, indicating that this is the in-plane magnetic dipole which can be
driven by both a vertically and horizontally polarized plane wave under normal
incidence. Indeed, plotting the field profiles inside the particle (not shown here)
reveals that this is the in-plane MD. We note that this mode can also be driven
in the CL experiments, since the electron beam can couple to the out-of-plane
component of this mode.

The nature of the peak on the blue side of the MD resonance is revealed by
plotting the corresponding field profiles at the resonant wavelength in the xy plane,
as shown in Figure 6.12(b,c). We observe a magnetic current loop and enhanced
electric field in the center, indicating an DE oriented along the long axis of the
particle.

In Figure 6.13 we explore the scattering behavior upon excitation with a plane
wave with the magnetic field oriented along the long axis of the particle (see inset
in Figure 6.13(a)). For this polarization we cannot excite the in-plane MD modes
as discussed in the former sections. Indeed we find that the resonance on the red
part of the spectrum behaves differently upon changing the inner diameter than
the MD resonance discussed in Figure 6.5. Investigating the field profiles (b,c) of
this mode reveals that this mode is a vertically oriented MD dipole mode, with the
displacement current loop in the xy-plane. In Figure 6.13 (a) we see that opening
the gap the first 50 nm does not significantly change the MD resonance wavelength.
This is explained by the fact that the electric field is mainly positioned on the outer
part of the ring, as seen in (b). Opening the gap further does result in distortion of
the electric field, and therefore a shift in resonance wavelength. We note that with
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Figure 6.11: Simulated normalized scattering cross section (Qscat) and correspond-
ing mode profiles of a 150 nm diameter Si cylinder on a Si substrate, having a
height of 100 nm and a wall thickness of 40 nm as function of wavelength and
outer diameter in the visible wavelength range. The modes were excited with a
horizontally polarized plane wave at normal incidence. In (a) the outer diameter
is systematically increased from 0 (no gap) to 500 nm in steps of 10 nm. (b-
d) Show the electric fields with the corresponding magnetic field lines in the xz-
plane through the center of the particles, for the wavelengths and outer diameters
indicated by the red, green and blue dots in (a), representing an outer diameter
of 227, 248 and 269 nm, respectively. (e-g) Show the magnetic field intensity and
corresponding electric field lines on resonance are plotted in the yz-plane through
the center of the particle, for outer diameters of 332 (crossing point) and 500 nm.
The colors of the dashed lines drawn in (a) indicate the geometries of the plotted
fields in (b-g). The scale bar in (g) represents 150 nm.
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Figure 6.12: Simulated normalized scattering cross section (Qscat) of @ 150 nm
diameter and 100 nm tall Si cylinder in air, as function of wavelength and gap width
in the visible wavelength range. The modes were excited with a vertically polarized
plane wave (with the E-field along the long axis of the particle), as seen in the inset
of (a). The normalized electric (b) and magnetic (c) field intensity profiles for a solid
particle with no gap with the corresponding electric field lines are shown for the
xy-plane in the center of the particle on resonance, where the particle contour is
plotted as white dashed lines. The field intensities are normalized to its maximum
values. The scale bar in (c) represents 50 nm.

oblique incident angles as used in the DF scattering experiment, this out-of-plane
MD mode may be excited. However, the excitation efficiency is much lower than
for the in-plane MD mode [113].

On the blue side of the MD in Figure 6.13 we observe an in-plane DE mode
which has the same scattering behavior as in Figure 6.5, as confirmed by investi-
gating the field profiles (not shown here).

6.11 Designing a scatterer to enhance the MD
transition in Eu®*

Since we explored all lowest order magnetic and electric resonances which can be
excited inside small cylindrical scatterers in the previous sections, we will use this
information to design the optimal scatterer geometry in order to interact with the
MD transition of an emitter. We use Eu®* as an example, which has a MD transition
at A = 590 nm. From Figure 6.5 we realized that opening the gap results in a blue
shift of the MD mode, however it also results in a reduced magnetic field intensity.
Therefore we will consider a gap size which is as small as possible, but large enough
to fabricate and to successfully place a nanoparticle inside. We found that a gap size
diameter of ~40 nm is feasible to fabricate reproducibly, so we assume this value
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Figure 6.13: Simulated normalized scattering cross section (Qscat) of a 150 nm
diameter, 100 nm tall Si cylinder in air, as function of wavelength and gap width in
the visible wavelength range. The modes were excited with a vertically polarized
plane wave (with the H-field along the long axis of the particle), as seen in the
inset of (a). The electric (b) and magnetic (c) field intensity profiles at A = 628 nm,
for a particle without gap with the corresponding electric field lines are shown for
the xy-plane in the center of the particle, where the particle contour is plotted as
white dashed lines and the fields are normalized to the maximum. The scale bar
represents 50 nm.

for the inner diameter. From Figure 6.10(a) we conclude that an outer diameter in
the 100-200 nm range results in the strongest scattering amplitudes, but particles
with a diameter larger than ~150 nm have a resonance wavelength which is too
far red shifted. Furthermore, increasing the height (Figure 6.10(b)) results in a red
shift of the MD resonance as well as an increased scattering strength. Lastly, we
need to take into account the red shift of the resonances due to the influence of
a substrate, which is in the order of 1 = 50 nm in the considered geometry range.
Taking all these factors into account, for an optimal interaction of the MD mode
of the scatterer with the MD transition in Eu®*, we propose a Si particle on a Si
substrate with an inner diameter of ~40 nm, an outer diameter of 100-150 nm
and a particle height of 100-150 nm (depending on the used outer diameter). The
measured spectrum of the second smallest particle in the CL experiment shown
in Figure 6.4 is for a particle very close to these dimensions, indeed showing a
resonance wavelength of 1 =590 nm.

6.12 Conclusions
We systematically explored the geometrical optical resonances supported by hol-

low Si nanocylinders. We show that introducing a gap in the center of a 100-250 nm
outer diameter silicon cylinder results in only small deviations from the well known
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6.12 Conclusions

ED and MD geometrical resonances of solid cylinders, where the nature of the MD
mode is preserved up to gap widths as large as 190 nm for a wall thickness of just 40
nm. The resonant modes are measured using CL spectroscopy and DF scattering
spectroscopy. Using numerical simulations, we show how the resonant wavelength
can be controlled by changing the outer diameter, height and gap size of the par-
ticles. We find that the gap size can be used as additional parameter to tune the
relative spectral spacing between the ED and MD modes. Furthermore, we show
that the introduction of a Si substrate significantly broadens the resonances and
influences the position of the magnetic field intensity hotspot of the MD mode. We
investigate the trends upon changing the cylinder geometry with CL spectroscopy,
DF scattering measurements and FDTD simulations. Systematic variation of the
geometry of the scatterers shows that the resonances can be designed such that the
MD or DE mode matches the MD transition in Eu*.
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Summary

Optical metamaterials are materials built from sub-wavelength building blocks,
and can be designed to have effective optical properties that are not found in natu-
ral materials. A much-studied class of metamaterials uses small noble-metal reso-
nant structures as building blocks, which have a magneto-electric response. These
metal structures, however, suffer from high Ohmic losses near the metal plasma
frequency and only work for a limited bandwidth. Furthermore, operation in the
visible or UV spectral range requires scaling down of the structures to dimensions
which are impossible to experimentally realize using todays available fabrication
techniques.

In this thesis, we consider a different approach, that circumvents these limita-
tions, in which the effective refractive index of the metamaterial is controlled by
the coupling of surface plasmon polaritons (SPPs) on thin metal-dielectric-metal
(MDM) waveguides. In particular, we consider a polarization-independent geom-
etry consisting of a hexagonal array of dielectric coaxial waveguides, embedded in
metal. The dispersion of the metamaterial can be controlled by tuning the geom-
etry of the individual coaxes and designing the coupling with neighboring coaxial
waveguides. In this thesis we describe the fabrication process and determine the
optical properties of such a three-dimensional coaxial plasmonic metamaterial.

In Chapter 2, we describe the many-step fabrication process of the coaxial
metamaterial in full detail. The fabrication process is a combination of electron
beam lithography, reactive ion etching, metal infilling and polishing of the surface
using a focused ion beam. We demonstrate successful fabrication of Si and
hydrogen silsesquioxane (HSQ) hollow cylinders embedded in either silver or gold.
We realize cylinders with an outer diameter in the range of 100 nm to 1 ym, and
various dielectric channel widths, of which the smallest was ~7 nm.

In Chapter 3 we explore the optical properties of the coaxial metamaterial, both
theoretically and experimentally. We calculate the dispersion of a single coaxial
plasmonic waveguide for different material and geometry choices, and we find that
the dispersion is particularly sensitive to the dielectric channel width. With these

127



Summary

insights we design an optimal geometry for which a negative mode index can be
achieved, consisting of Si cylinders with an outer diameter of 150-200 nm and a
dielectric channel thickness of 10-30 nm, embedded in Ag. Furthermore, we study
the coupling of the coaxial waveguides placed inside a hexagonal array. We find
that the transmission spectrum changes at a ring-to-ring distance smaller than 75
nm, while the dispersion is significantly altered for distances smaller than 50 nm.
To support our theoretical findings, we measure the Fabry-Pérot resonances inside
a 100 nm thick metamaterial slab with cathodoluminescence spectroscopy.

In Chapter 4 we perform interferometry measurements on a coaxial metamate-
rial in the visible spectral range. We show that both the measured and numerically
simulated data are consistent with a negative mode index in the range of 1 =440-
500 nm. Furthermore, we experimentally demonstrate that the metamaterial has a
polarization independent optical response.

Chapter 5 demonstrates how the plasmonic coaxial structures can be used as
nano-apertures to trap small particles. The strong confinement of light inside the
coaxial structures results in large optical trapping forces and geometrically con-
fined potential wells in the near fields of the coaxial apertures. We numerically
investigate how the optical forces are influenced by the geometry of the apertures,
and find that 10 nm diameter dielectric particles with n = 2 can be stably trapped
at the surface of the apertures, using a transmitted power of only ~6 mW. Further-
more, we show that the trapping forces are very similar if Au is used instead of Ag.
Arranging single apertures in a hexagonal array with a center-to-center distance of
300 nm leads to similar trapping characteristics as for single coaxes. We describe
how the optical forces can be measured using an AFM, and demonstrate the first
experimental results.

We investigate the geometrical resonances supported by hollow Si cylinders in
Chapter 6. We show that introducing a gap in the center of a 100-250 nm outer
diameter silicon cylinder results in relatively small deviations from the well known
electric dipole (ED) and magnetic dipole (MD) resonances of solid cylinders. The
nature of the MD mode is preserved up to gap widths as large as 190 nm for a wall
thickness of just 40 nm. We fabricate hollow nanocylinders with an outer diame-
ter in the range of 108-251 nm using electron beam lithography and reactive ion
etching, and measure their cathodoluminescence and dark field scattering spectra.
Furthermore, we systematically explore the trends of the scattering cross-section
numerically by changing the cylinder geometry. The gap provides an interesting
additional parameter to further tune the resonant wavelengths and the radiation
pattern in the far field. We find good agreement between theory and experiment.

Overall, this thesis provides insight in the optical properties of coaxial plas-
monic metamaterials, both theoretically and experimentally. We show that this
metamaterial can be designed to have a negative refractive index in the visible
spectral range and explore the use of coaxial plasmonic structures as optical traps
for nanoscale particles.
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Optische metamaterialen zijn kunstmatige materialen opgebouwd uit elementen
die typisch kleiner zijn dan de golflengte van licht. Deze materialen kunnen op-
tische eigenschappen bezitten die niet bestaan in natuurlijke materialen. Vaak
worden metamaterialen gemaakt uit bouwelementen bestaande uit kleine, reso-
nante structuren van edelmetaal die interactie kunnen hebben met de electrische
en magnetische componenten van licht. Voor toepassingen in het zichtbare gebied
hebben deze metamaterialen echter een aantal beperkingen. Ten eerste worden ze
in dit golflengtebereik gekenmerkt door hoge verliezen, en ten tweede is het bijna
onmogelijk om deze resonante structuren te fabriceren op de vereiste nanometer
schaal.

In dit proefschrift beschouwen we een alternatief metamateriaalontwerp, een
zogenaamd plasmonisch metamateriaal, dat bestaat uit ultra-dunne lagen van af-
wisselend metaal en dielectrisch materiaal. De effectieve brekingsindex wordt in
dit metamateriaal bepaald door de koppeling van oppervlaktegolven (plasmonen)
die propageren op de grensvlakken van het metaal en dielectrisch materiaal. In dit
proefschrift bestuderen we de optische eigenschappen van een driedimensionale
geometrie die polarizatie-onathankelijk is. Deze bestaat uit holle Si cylinders die
zijn gerangschikt in een hexogenaal rooster, ingebed in metaal. De dispersie van
dit metamateriaal kan worden gecontroleerd door de geometrie en de koppeling
tussen de coaxiale lichtgeleiders aan te passen. In dit proefschrift laten we zien hoe
dit metamateriaal kan worden gemaakt en bepalen we de optische eigenschappen.

In Hoofdstuk 2 beschrijven we het fabricageproces van het coaxiale metama-
teriaal in detail. Het proces is een combinatie van electronenbundellithografie,
plasma-etsen, metaalinvulling en het polijsten van het oppervlak met een ionen-
bundel. We demonstreren hoe dit metamateriaal succesvol gerealiseerd kan wor-
den met cylinders bestaande uit Si of waterstof silsesquioxane (HSQ), verzonken
in goud of zilver. We hebben cylinders gemaakt met een buitendiameter variérend
van 100 nm tot 1 um en verschillende dielectrische kanaalbreedtes, de kleinste was
slechts ~7 nm.
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In Hoofdstuk 3 onderzoeken we de optische eigenschappen van het metama-
teriaal, zowel experimenteel als theoretisch. We berekenen de dispersie van een
enkele plasmonische coaxiale lichtgeleider, waarbij de materialen en de dimensies
worden gevarieerd. Hieruit concluderen we dat de dispersie met name erg gevoelig
is voor de dielectrische kanaalbreedte. Met de verkregen inzichten ontwerpen we
een geometrie die een negative mode index kan hebben. Deze geometrie bestaat
uit Si cylinders met een buitendiameter van 150-200 nm en een kanaalbreedte van
10-30 nm en is verzonken in Ag. Ook bestuderen we koppeling tussen de coaxiale
lichtgeleiders die in een hexagonaal rooster zijn gerangschikt. Hierbij vinden we
dat het transmissiespectrum verandert voor ring-tot-ring-afstanden van minder
dan 75 nm, terwijl de dispersie significant gaat afwijken voor afstanden kleiner dan
50 nm. Om deze bevindingen te ondersteunen, meten we de Fabry-Pérot resonan-
ties in een 100 nm dik metamateriaal met cathodoluminiscentiespectroscopie.

Hoofdstuk 4 beschrijft optische interferometriemetingen op een coaxiaal plas-
monisch metamateriaal in het zichtbare spectrale gebied. We laten zien dat zowel
de gemeten als gesimuleerde data consistent zijn met een negatieve mode-index
in het golflengtegebied A =440-500 nm. Ook bewijzen we experimenteel dat het
metamateriaal zich polarizatie-onafhankelijk gedraagt.

Hoofdstuk 5 laat zien hoe de plasmonische-nanoaperturen in het metamateri-
aal gebruikt kunnen worden om door middel van de lichtkracht kleine deeltjes vast
te houden. De opsluiting van het licht in het kleine gebied binnen in de coaxen
resulteert in grote optische krachten en geometrisch kleine potentiaalputten in het
nabije-veld van de aperturen. We onderzoeken numeriek hoe de optische krachten
afhankelijk zijn van de coaxgeometrie en vinden dat nanodeeltjes met een diameter
van 10 nm en een brekingsindex van n = 2 stabiel kunnen worden vastgehouden
met een laserpower van slechts ~6 mW. Ook laten we zien dat de optische krachten
nauwelijks veranderen als Au gebruikt wordt in plaats van Ag. Het plaatsen van de
aperturen in een rooster heeft ook slechts een kleine invloed op de lichtkracht. We
beschrijven hoe de optische krachten kunnen worden gemeten met een AFM, en
laten de eerste experimentele resultaten zien.

In Hoofdstuk 6 bestuderen we de geometrische resonanties van holle Si cylin-
ders. We laten zien dat het introduceren van een gat in het midden van een Si
cylinder met een buitendiameter van 100-250 nm slechts een kleine invloed heeft
op de electrische dipool (ED) en magnetische dipool (MD) modes zoals die be-
kend zijn in Si cylinders zonder gat. We vinden dat de MD mode kan bestaan tot
een gatdiameter van 190 nm, wat overeenkomt met een Si wanddikte van slechts
40 nm. We fabriceren holle nanocylinders met een buitendiameter van 108-251
nm, waarbij we gebruik maken van electronenbundellithografie en plasma-etsen.
Het spectrum van de gefabriceerde deeltjes is gemeten met cathodoluminescentie-
en donkereveldspectroscopie. Verder onderzoeken we op systematische wijze de
trends van de verstrooiingsdoorsnede voor verschillende cylindergeometrieén. De
gatgrootte is een interessante aanvullende parameter waarmee de resonantiespec-
tra, en het stralingspatroon in het verre veld, kunnen worden gecontroleerd. We
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vinden goede overeenkomsten tussen theorie en de experimenten.

Samenvattend geeft dit proefschrift inzicht in de optische eigenschappen van
coaxiale plasmonische metamaterialen op een experimentele en theoretische
wijze. We laten zien dat dit metamateriaal zo kan worden ontworpen dat het een
negative brekingsindex heeft. We exploreren het gebruik van de plasmonische
structuren als optisch pincet waarmee nanoschaaldeeltjes kunnen worden
gevangen.
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