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1
Introduction

1.1 Light at the nanoscale

Light is ubiquitous and plays a very important role in our daily lives. The light we
receive from the sun or light that we produce using artificial sources is invaluable
for the perception of our surroundings. Light refracts as it enters the lens in our
eye, forming an image on the retina. Using lenses and mirrors in microscopes,
telescopes and other optical equipment, humans have managed to improve the
control of light. The manipulation of light by a medium is governed by the refrac-
tive index. For this reason, in order to further increase the control of light, it is
important to control the refractive index, or more precisely, the dispersion, which
is the relation between the temporal and spatial frequency of light. Conventional
optical materials have a refractive index that is roughly independent of frequency
over the visible wavelengths.

A special form of light, a so-called surface plasmon polariton (SPP) [1], is light
that is bound to the surface of a metal. SPPs are fluctuations in the density of
the electron plasma with electromagnetic fields that are strongly confined to the
metal-dielectric interface. The dispersion relation of SPPs (black curve in Fig. 1.1)
shows a nonlinear dependency between the spatial and temporal frequency. For
low frequencies, SPPs behave much like ordinary light, showing a linear dispersion.
However, for higher frequencies, the dispersion bends, meaning that SPPs have
k-vectors that are much larger, or wavelengths that are much shorter, than those
of ordinary light.

The strong confinement of SPPs and the strong dispersion concurrent with very
short wavelengths give SPPs the potential to control light at very short length scales,
much shorter than what is possible with conventional optics [2–4]. By using SPPs
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Figure 1.1: Dispersion relation of SPPs for frequencies below the surface plasmon
resonance. Dashed line: light line in glass. Black curve: SPP on a Ag-glass interface.
Blue curve: TM SPP in a Ag-glass-Ag waveguide with a 200 × 85 nm core.

it becomes possible to confine light to a nanoscale volume, which is important to
bridge the gap in length scales between optical fibers (µm scale) and integrated
circuits (10s of nm scale) and to enable applications in light sources [5], sensors [6],
solar cells [7], and in many other areas.

The concentration of light by SPPs at a metal surface can be further increased
when SPPs are laterally confined in a surface plasmon waveguide based on struc-
turing of the metal surface [8, 9]. Waveguides allow us to tune the dispersion of SPPs
over a wide range of energies and k-vectors. Recent advances in nanolithography
techniques have enabled waveguides based on wedges [10–12], grooves [13–19],
stripes [20–22], wires [23–26], dielectric claddings [27, 28], slots [29, 30], coaxial
arrangements [31, 32], periodic corrugations [33, 34], particle chains [35, 36] and
multilayer stacks [37, 38]. The blue curve in Fig. 1.1 shows the dispersion of such
a multilayer geometry consisting of a SiO2 core surrounded by a Ag cladding. This
geometry supports a plasmon mode that is confined to the 200 × 85 nm waveguide,
with fields that decay evanescently in the metal cladding. The dispersion relation
has several features that set it apart both from light in vacuum and a planar SPP.
At high frequencies, the k-vector for the waveguided plasmon is very high, due to
the interaction between plasmons on the top and on the bottom metal interfaces.
At lower frequencies, the dispersion of the plasmon waveguide levels off, crossing
the dispersion of planar SPPs, the light line and even the y-axis. The propagation
of visible light in this geometry thus shows behavior corresponding with very small
wavelengths up to very long wavelengths all in a single waveguide (discussed in
more detail in chapter 7). Exploiting the tunability of the dispersion, other SPP
waveguides were found with mode indices ranging from record-high values [38] all
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1.1 Light at the nanoscale

the way to a negative index [39–45] depending on the waveguide geometry. The
tunable dispersion can also be exploited for plasmon focusing using a tapered ge-
ometry [26, 46–53].

SPPs can be successfully confined to three dimensions in a waveguide of finite
length that operates as a plasmon resonator. The termination of the waveguide
leads to standing plasmon waves due to reflection at the waveguide ends. Such
plasmon resonators were demonstrated based on strips [54, 55], wires [56–58], mul-
tilayer stacks [38, 59], voids [60–62], particle arrays [63–65] and other geometries.
Resonances in these geometries can be excited by incident light that is captured
with an effective cross section that is larger (up to 10×) than the geometrical cross
section. In this process, plasmon resonators couple light from the far field to a
very small volume. For this reason they are often referred to as optical nanoanten-
nas [66]. Using this coupling, optical nanoantennas can be used to efficiently excite
an optical emitter or to enhance nonlinear effects [51, 67–70]. Optical nanoanten-
nas not only operate in receiving but also in transmitting mode, in which antennas
transform a near-field excitation into a far field angular emission pattern. The
shape of this pattern is determined by the field distribution in the nanostructure
and can be tuned to, for example, a high degree of directionality [71–73]. The strong
near-field coupling of a nanoantenna resonance to an optical emitter such as a dye
or quantum dot can be used to enhance the spontaneous emission rate [46, 74–
85]. Exploitation of the strong coupling between light and matter in plasmonic
nanoantennas has lead to applications in sensing [86], detectors [87–89], solar cells
[90–92], microscopy [93–95] and photothermal cancer treatment[96].

In the exciting field of plasmonics, in which the first applications have now
appeared but many more are expected to follow, there are several open questions.
Plasmonic devices can often be optically addressed from the far field using a mi-
croscope. However, due to the intrinsically small length scales it remains difficult
to probe the near field and answer the question: where is the light? And: how well is
the plasmon confined? What is its dispersion? To answer these questions, we need
characterization techniques at high spatial resolution.

When optimizing devices, more questions arise: how can we further control
the confinement? How do we control the dispersion? How does a surface plasmon
interact with emitters? Answering these questions relies on a thorough understand-
ing of the behavior of light at the nanoscale. We also require accurate fabrication
techniques to make structures with feature sizes much smaller than the wavelength
of light.

The next sections describe the techniques used for accurate fabrication as well
as the experimental techniques employed to resolve and control the field of surface
plasmons in resonant nanoantennas.

11



1 Introduction

1.2 Fabrication at the nanoscale: focused-ion-beam
milling

Materials can be structured in one dimension by making thin films with techniques
such as thermal evaporation, e-beam assisted evaporation or sputtering. Struc-
turing a thin film in the other two dimensions is possible with techniques such as
electron beam lithography or nanoimprint lithography, offering a resolution down
to the nanometer range. These techniques use a mask as an intermediate step. The
mask allows for selective etching or selective deposition of materials using evapo-
ration and subsequent lift-off. Structures can be fabricated with features down to
the 10 nm range. Metals deposited using this technique are always polycrystalline;
they possess a crystal-grain-induced roughness with a magnitude and length scale
determined by the evaporation technique. As an example, Fig. 1.2(a) shows a scan-
ning electron micrograph image of a 1-µm-long, 100-nm-wide Au nanowire on a Si
substrate fabricated using electron beam lithography, thermal evaporation of Au,
and liftoff.

Although these masked techniques provide valuable samples in many cases,
a technique that allows for processing single-crystal metals with consequently a
smaller roughness, operated in a single step is often preferred. Focused-ion-beam
milling is such a technique.

Focused-ion-beam (FIB) milling is a maskless, one-step process for sculpting

(a) (b)

(c) (d)

Figure 1.2: SEM images of polycrystalline and monocrystalline Au nanostructures.
(a) Polycrystalline nanorod fabricated by electron beam lithography, evaporation
and lift-off. (b) FIB-fabricated square in a 50-nm-thick evaporated Au film on
glass, showing roughness and partial removal of the Au layer due to varying crystal
orientations. (c) FIB-fabricated ridge on a polished single-crystal Au (111) pellet.
(d) FIB-fabricated ring in a template-stripped Au surface. Scale bars: 500 nm

12



1.2 Fabrication at the nanoscale

materials on the nanometer scale. FIB is an ideal tool in scientific research because
it allows for rapid fabrication of new prototypes. In a FIB system, a tightly focused
30 keV Ga+ ion beam is directed to a sample surface. Due to atomic collisions with
the incoming ions, atoms are sputtered away from the surface and by scanning
the beam a pattern is milled into the substrate. FIB systems typically operate with
currents ranging from a few pA to several nA, which give rise to milling rates of
10−4 to 1µm3 s−1 strongly dependent on the material at the sample surface. The
milling rate increases for shallower angles between the ion beam and the surface.
The milling rate of a particular crystal is also dependent on lattice orientation.

FIB is often used to create cross sections of multilayer structures, a method that
is also used in this work. However, the most important application of FIB here is
the structuring of metal surfaces. Figure 1.2(b) shows a square area milled in a 50-
nm-thick polycrystalline Au film using a 28 pA ion beam current for 5 s. The figure
shows that FIB allows for sculpting of the metal surface at a very small length scale.
As a result of the lattice-orientation-dependent milling rate, the ion beam mills fully
through the layer in some sections, while in other regions it does not, which is an
undesired effect. As is also apparent from the figure, the Au surface roughness on
the bottom of the square is greater than on the unirradiated surface.

Throughout this thesis, we use single crystal substrates for FIB fabrication
of well-controlled, smooth plasmon resonator structures that do not suffer from
grain-induced roughness. As an example, Fig. 1.2(c) shows a FIB-fabricated ridge
on a single-crystal Au substrate made by milling away the Au around the ridge
to a depth of 100 nm. A 10 pA beam current was used. The substrate is a 1-cm-
diameter cylindrical Czochralski-grown Au pellet that is polished on the (111) plane
to ∼1 nm roughness. The figure shows a smooth surface without grain-induced
defects. The FIB milling shapes the ridge in a well-controlled fashion only possible
on monocrystalline materials.

As a result of Ga+-irradiation of the surface, the underlying layers can be al-
tered, for example by implantation of ions or a change in the crystal structure. It is
known that this leads to undesired optical effects in dielectrics such as quartz [97],
Si3N4 [98] or silicon [99]. However, there are no reports suggesting that the optical
properties of metals are affected by FIB milling. Indeed, theoretical modeling of
plasmonic resonators using tabulated materials constants provides an excellent
comparison with experiments on FIB-milled metal structures as will be shown in
this thesis (chapters 3 and 4).

A focused ion beam also allows for deposition of materials. Precursor gasses
flown into the chamber of a FIB system decompose under ion-irradiation, leading
to material deposition on the surface at the position of the ion beam. For example,
using a Pt-containing precursor, protection layers are routinely deposited before
FIB milling exposes the cross section of a multilayer stack.

The spatial resolution of FIB milling depends on the application. Cross sections
can be made with high quality (cross section roughness < 5 nm), positioned with
nm-accuracy only limited by drift. FIB milling on surfaces typically gives features
down to ∼30 nm in size. Here, the resolution is strongly dependent on the beam
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1 Introduction

current. Also, redeposition of sputtered material determines the final structure. Re-
deposition occurs close to the beam impact position, predominantly on structures
in direct line-of-sight of the milled surface. Redeposition can be used to create nar-
row channels with widths below 20 nm [100] in metal layers. The channels become
narrow due to redeposition of material from one sidewall onto the other sidewall.
Redeposition can also lead to tapering of ion milled grooves as will be shown in
chapter 4.

When FIB fabrication steps are combined with evaporation, sputtering, or other
deposition techniques, complex three-dimensional structures become possible.
Examples are the plasmon waveguides presented in chapter 7.

A Czochralski-grown single-crystal is expensive; in some cases it is desirable to
work with low-cost substrates. Plasmonic structures are small, and therefore the
substrate does not need to be monocrystalline over the entire surface. In many
cases, crystal domains of 10µm diameter are sufficient. Template stripping [101–
104] is a technique that provides such a surface, with large (30µm) crystal grains
and a roughness within one grain that is small. Freshly cleaved mica sheets are
atomically flat over large (mm) distances and are used as substrates for the template
stripping procedure. Using thermal evaporation, a 3µm thick Au layer is grown
onto the mica. Subsequently, the sample is annealed at 500◦ C. This temperature
is limited by the delamination of mica layers, which occurs at higher temperatures.
Due to the anneal, the crystal domains initially present after evaporation merge
and form large single-crystalline domains. While the top surface is relatively rough,
the bottom Au layer is atomically flat. Using an epoxy resin, a Si wafer is then glued
to the Au surface. Silicon is practical because it is conductive and available as thin,
flat wafers, but other materials can potentially also be used. After curing, the Au is
bonded to the epoxy with higher affinity than it is attached to the mica substrate,
and the Au layer can therefore be stripped off from its template. The stripping
reveals a smooth Au surface. This substrate can now be used for FIB milling in the
same way as the Czochralski-grown substrate. Figure 1.2(d) shows a FIB-fabricated
plasmon resonator fabricated in a template-stripped Au surface, demonstrating the
high quality surface that this technique provides.

1.3 Imaging and spectroscopy at the nanoscale:
optical excitation by an electron beam

The resolving power of an optical microscope is limited by diffraction, allowing it
to distinguish objects separated by not less than about half an optical wavelength.
The study of optical properties at higher resolution is possible with techniques
such as near-field scanning optical microscopy (NSOM), which provides access to
features smaller than the wavelength of light using a scanning tip [105]. NSOM is
widely used to detect the flow of light through nanophotonic structures. However,
the spatial resolution in practical applications is usually not higher than 100 nm.
Furthermore, interaction of the tip with the light in the structure often affects the

14



1.3 Imaging and spectroscopy at the nanoscale

experiment in an undesired way [106].
A scanning electron microscope (SEM) using a tightly focused electron beam

has a resolution down to the 1 nm range. The use of SEM is widespread for char-
acterization of small structures. A process so far unexplored for characterization
of nanophotonic structures is the detection of light in the SEM. This mode of op-
eration, cathodoluminescence imaging spectroscopy, allows us to perform optical
experiments on plasmonic structures using the spatial resolution of the electron
beam. In this way, the resolution can be enhanced up to 100-fold, compared to
optical techniques.

An SEM employs an electron beam with an energy of 1 to 40 keV and a beam
current of up to tens of nA. Electrons impinging on the sample surface generate
secondary electrons, which are emitted from the surface. The detection of these
secondary electrons (SE) as well as backscattered primary electrons forms the op-
erating principle of the microscope, due to their material-dependent emission rate.
There is a multitude of other processes that occur when electrons bombard a sam-
ple, some of which are associated with optical excitations [107]. The process of light
emission as a result of electron beam irradiation is called cathodoluminescence
(CL), a term originating from early cathode ray tube experiments. Both coherent
and incoherent processes give rise to CL emission. Incoherent emission occurs
when electron-hole pairs or other electrical excitations caused by the incoming
beam radiatively decay. These excitations potentially give rise to the emission of
thousands of photons per electron. This incoherent CL, which is material-specific,
was used to generate different colors in the phosphors of cathode ray tube televi-
sion screens. It is also widely used in mineralogy for the characterization of mate-
rials.

Coherent emission of CL occurs through three channels. First, when the elec-
tron velocity exceeds the velocity of light in the medium, Cherenkov radiation is
produced. This is not a relevant process in an SEM due to the relatively low energies
used. Second, the transition of an electron across an interface between materi-

TR

SPP

e-

Figure 1.3: Generation of transition radiation and SPPs by an impinging electron
beam.
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1 Introduction

als with different dielectric constants gives rise to so-called transition radiation
(TR) [108]. The TR occurs in angular lobes similar to that of a point dipole at the
surface. Third, an electron impinging on photonic nanostructures gives rise to the
generation of light according to the modes of the structure. When an electron
impinges on a metal surface it excites SPPs. SPP waves are bound to the surface,
and far-field emission occurs when SPPs are coupled out, for example by surface
roughness or by nanostructures that are engineered to provide this coupling.

For 30 keV electrons, the typical excitation probability of TR and SPPs at optical
frequencies is 10−3 per electron, which is 6 orders of magnitude less than the typical
emission probabilities in incoherent processes. Coherent CL is nevertheless very
important, because the excitation probability of TR and SPPs is governed by the
local density of optical states (LDOS) [109]. A tightly focused electron beam can
therefore be used as a probe of photonic properties at a subwavelength scale.

It was realized in the late 1950s that electrons can be used to excite surface
plasmon polaritons and that a measurement of the energy loss of electrons incident
on a thin metal film provides proof of this excitation [110]. The first observation
of CL from metal structures was reported on metal films patterned with a grating,
required to provide a means of outcoupling of the SPPs [111, 112].

Advances in electron microscopy enabled the use of an electron beam focused
to a small spot (1–10 nm) to study the properties of SPPs at very small length scales.
Recent experiments demonstrated a direct measurement of the propagation length
of plasmons [113, 114] by scanning an electron beam over a metal surface in the
vicinity of a grating. CL was used at even smaller length scale in a study of the
plasmon resonance of a silver particle [115]. By scanning a tightly focused beam
over the particle, the resonant surface plasmon field was probed, for the first time
exploiting the deep subwavelength resolution of electron beam excitation. This
work inspired many experiments that use the nanoscale size of the electron beam
to resolve localized plasmon resonances in a wide range of resonator structures [12,
19, 58, 116–120].

In imaging CL spectroscopy, the incident electron and its image charge in the
substrate form a point dipole that then effectively couples to the modes of the plas-
monic structure, probing the local optical density of states. As the electron beam
can be accurately placed (using the secondary electron image that is collected in
parallel), it provides a unique tool to perform optical experiments at the nanoscale.
So far, the potential for this technique in nano-optics has been only exploited to a
very limited extent.

In this thesis we investigate cathodoluminescence imaging spectroscopy on
plasmonic nanostructures. The setup is based on an FEI XL30 electron microscope
and detects the light that is emitted near the impact position of the electron beam.
Figure 1.4(a) shows a schematic of the microscope chamber and the detection
system. Inside the vacuum chamber of the microscope, the electron beam emerges
from the pole piece, the final part of the electron beam column. The electron
beam typically has an energy of 30 keV and a current of several nA. The sample
under study is positioned below the pole piece at a working distance of 13.5 mm.
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1.3 Imaging and spectroscopy at the nanoscale

This working distance allows for light collection using an 11-mm-high off-axis
parabolic mirror positioned between the pole piece and the sample; the electron
beam is allowed to pass through the mirror by a 600µm diameter hole. The mirror
is made of 6061 aluminum and is diamond-turned with a ∼300 nm precision to
a paraboloid with parameter a = 1/10 mm−1. The angular range covered by the
mirror is 1.46π sr. The focus of the paraboloid is at a distance of 0.5 mm from the
lower side of the mirror. Light that is generated in the focus is collimated by the
mirror into a beam that leaves the SEM vacuum chamber through a quartz window.
The beam falls onto a flip mirror (see Fig. 1.4(a)) that allows the collection setup to
operate either in spectroscopic mode or angle-resolved mode.

In spectroscopic mode, the CL is focused by an achromat lens onto an optical
fiber. The fiber is fed into a 30 cm spectrometer, using the fiber core diameter as the
effective slit width. The spectrometer uses a 150 lines/mm grating blazed at 800 nm.
In most cases, the moderate spectral resolution offered by a 600µm core diameter
fiber (∼12 nm) is sufficient while at the same time the relatively large diameter al-
lows for accurate alignment. The spectrometer is equipped with a liquid-nitrogen-
cooled CCD array detector that acquires the emitted cathodoluminescence from
the sample with typical exposure times for each pixel ranging from 0.1 to 10 s. The
overall detection efficiency of the setup in spectroscopy mode is in the range 5–10%.
A software program is used to synchronize a scan of the electron beam with the
acquisition of CL spectra on the CCD. Spectral data is corrected for system response
using a measured transition radiation spectrum from a Au surface normalized to
the theoretical spectrum. In this way a two-dimensional image of absolute CL
emission spectra can be made, at a resolution determined by the electron beam
spot size (typically 10 nm). Images as large at 1000 × 1000 pixels can be routinely
acquired. The collection efficiency of the system developed for this thesis is approx-
imately 50× better that that of commercial CL systems, due to a 4-axis piezoelectric
mirror alignment system that allows for precise placement of the mirror focus at

spectrometer

 3
0 

ke
V 

e-
be

am

lens

sample
polarizer

imaging
CCD

fiber

flip mirror filter

CL

(a) (b)

1

2

3

Figure 1.4: (a) Schematic of the cathodoluminescence imaging spectroscopy setup
(not to scale). Cathodoluminescence emission from a sample, caused by an
impinging 30 keV electron beam, is collected by a parabolic mirror placed above the
sample. The light is guided towards a detection system that includes a camera to
directly monitor the beam and a spectrometer equipped with a CCD array detector.
(b) Mirror manipulation stage using a Ti leaf spring system (1), piezo motors (2) and
an aluminum mirror (3).
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Figure 1.5: Angle-resolved CL emission recorded on a 1024 × 1024 pixel CCD array
detector. (a) Image showing the light emerging from the parabolic mirror. The
emission originates from a 30 keV electron beam incident on an unstructured Au
surface, giving rise to transition radiation. (b) Angular distribution of the transition
radiation, obtained by transformation of the CCD image in (a). Polar (θ) and
azimuthal (ϕ) angles are indicated.

the electron beam position (Fig. 1.4(b)).
A second, and entirely new, feature of the cathodoluminescence imaging sys-

tem is the angle-resolved mode. By switching the flip mirror in Fig. 1.4(a) the beam
emerging from the SEM chamber is now detected on a thermoelectrically-cooled,
1024 × 1024 pixel CCD array detector. A filter is used to select a spectral bandwidth.
Figure 1.5(a) shows the transition radiation emitted by an unstructured Au surface
irradiated with 30 keV electrons emerging from the parabolic mirror recorded on
the CCD through a filter transmitting at 800 ± 20 nm. In this image, every pixel
corresponds to a unique emission angle from the sample. Taking into account the
ray optics of the parabolic mirror, the image is transformed to a plot of the polar
(θ) and azimuthal (ϕ) emission angles, using the proper Jacobian for this geometry
(Fig. 1.5(b)). The figure shows a symmetric angular distribution as is expected for
transition radiation and testifies of the good alignment of the system.

The achromat lens used to focus the light into the fiber in spectroscopy mode
is also used in angle-resolved mode (see Fig. 1.4(a)). The lens images a plane to
the right of the parabolic mirror (indicated by a dashed line) onto the CCD. The
lens allows for demagnification of the image and also reduces the sensitivity of the
angular detection to imperfections in the mirror.

Efficient detection in spectroscopic mode and accurate angular detection in
angle-resolved mode critically depend on the alignment of the mirror, the sam-
ple and the electron beam. Figure 1.6 shows the beam profile at 30 cm from the
parabolic mirror with a light source that is either aligned with the mirror focus
or misaligned by 10µm perpendicular to the optical axis. The images were ob-
tained using a ray tracing calculation of an isotropic emitter, ignoring diffraction.
The figures show that a small misalignment leads to large distortions in the image,
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Figure 1.6: The beam leaving the parabolic mirror. (a) Calculated beam profile at
50 cm from the mirror for perfect alignment of an isotropic emitter in the focus of
the parabolic mirror. (b) Situation as in (a), for a light source that is displaced by
10µm perpendicular to the optical axis. (c) Polarization at different positions in the
beam for a dipole emitter in the focus of the parabolic mirror aligned with the axis
of the paraboloid (dipole perpendicular to the plane of the figure). Dashed lines
indicate the area selected by a slit in polarized-spectroscopy mode. (d) Same as
in (c), for a dipole emitter with horizontal orientation perpendicular to the optical
axis (dipole pointing from left to right in the figure). Scale bar: 5 mm

potentially reducing the CL detection efficiency or the accuracy of angle-resolved
measurements.

The alignment of the mirror thus has to be within µm precision. For this pur-
pose, the setup is equipped with a stage that controls the mirror position using a
Ti leaf spring system and piezo motors (see Fig. 1.4(b)) that allow the mirror to be
translated in two orthogonal directions in the horizontal plane and rotated over
two orthogonal axes. Alignment in the vertical direction is done by controlling
the height of the sample stage of the microscope. During the alignment proce-
dure, a strongly luminescent YAG:Ce phosphor or a Au surface is used to generate
cathodoluminescence. The achromat lens is removed and the CCD used for angle-
resolved measurements images the beam emanating from the SEM chamber. While
monitoring this CCD view, calculated images such as in Fig. 1.6(b) provide an aid in
reaching perfect alignment.

In addition to spectrally and angularly resolving the CL emission, the setup also
allows for detection of the polarization of the emitted light. To do so, rotation of
the polarization by the parabolic mirror has to be taken into account. Reflection of
CL at the mirror surface occurs under different angles depending on the emission
direction. As a result, the polarization after reflection by the mirror does not have
a one-to-one relationship with the polarization before reflection. We illustrate this
by considering the emission from a dipole source that is aligned with the axis of the
paraboloid. When observed from the top, the light emitted from this dipole has a
polarization that is independent of the emission direction. However, as Fig. 1.6(c)
shows, after reflection by the parabolic mirror the polarization strongly depends
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1 Introduction

on the position in the beam. Figure 1.6(d) plots the polarization direction in the
reflected beam for a horizontal dipole emitter perpendicular to the optical axis,
showing a similar effect.

In angle-resolved mode, the polarization state in the beam can be determined
for every pixel in the image by positioning a polarizing plate in the setup (see
Fig. 1.4(a)) and by collecting several images for different polarizer orientations.
However, in spectroscopy mode, all light is focused into one fiber and the signals
from different emission directions are mixed. Therefore, using only the polarizer
does not select one polarization. This problem can be solved by using a slit in
conjunction with the polarizer. The slit selects the central part of the beam,
indicated by the dashed lines in Fig. 1.6(c) and (d). For this part of the beam, the
effect of the parabolic mirror is identical, independent of emission angle. The
polarizer can now be turned to a desired orientation and a single polarization is
selected. This method allows for polarized detection of CL in spectroscopy mode.

1.4 Contents of this thesis

In this thesis, each of the chapters 2–7 presents an advance in the understand-
ing of resonant modes in plasmonic nanoantennas, enabled by advances in the
focused-ion-beam technique and the angle- and polarization-resolved cathodolu-
minescence imaging spectroscopy technique developed in this thesis.

Chapter 2 contains the first report of standing plasmon waves on Au nanorods
observed by CL imaging spectroscopy. It is shown that polycrystalline nanorods
behave as waveguides for plasmons, confining them to the nanowire through re-
flection at the end facets. As a result of crystal grain-induced irregularities, the CL
emission also shows features that are not related to standing waves.

In chapter 3, fabrication using FIB milling on a single-crystal Au surface yields
a plasmon cavity without irregularities. The CL emission can be fully explained by a
superposition of 5 resonances, each with a distinct spatial and spectral profile. Cal-
culations using the boundary element method confirm that a propagating plasmon
mode is bound to the top of the ridge.

Accurate milling using FIB in a single-crystal substrate is further exploited in
chapter 4 in order to fabricate plasmonic whispering gallery cavities with tunable
plasmon resonances. An excellent agreement between experiment and a theoreti-
cal analysis of the resonance orders is obtained.

Calculations in chapter 5 show that based on the plasmonic whispering gallery
cavity presented in chapter 4, plasmon cavities with a very small mode volume can
be constructed. These cavities possess a moderate quality factor Q, providing a
broadband coupling to emitters. Due to the nanoscale mode volume spontaneous
emission can be greatly enhanced in these cavities.

Chapter 6 builds further onto the ring cavity results, showing that they are ver-
satile optical antennas. The near- and far-field properties of the ring antennas
are analyzed using optical scattering spectroscopy, angle-resolved CL, fluorescence
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spectroscopy and photoelectron-emission microscopy, showing great tunability of
transmission and reception of these antennas through control over the local mode
symmetries.

In chapter 7, CL is used to probe a plasmon mode inaccessible to other tech-
niques that is buried in a metal-insulator-metal waveguide. By engineering the
waveguide geometry, a dispersion relation is found that gives at the same time rise
to subwavelength confinement, enhanced density of states and an effective index
of refraction of 0.

Finally, chapter 8 describes five possible applications that are inspired by the
experimental work presented in chapters 2–7: a nanoscale plasmon laser, a sen-
sitive plasmon sensor, a template-stripping technique to fabricate single-crystal
plasmon structures, in in-situ monitor technique during FIB, and a new single pho-
ton source.
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2
Direct observation of plasmonic modes in Au
nanowires using high-resolution
cathodoluminescence spectroscopy

We use cathodoluminescence imaging spectroscopy to excite and
investigate plasmonic eigenmodes of Au nanowires with lengths of
500–1200 nm and ∼100 nm width. We observe emission patterns along
the Au nanowire axis that are symmetric and strongly wavelength
dependent. Different patterns correspond to different resonant modes
of the nanowire. From the observed patterns, we derive the spatial
and spectral properties of the wire eigenmodes and determine the
dispersion relation for plasmonic Au nanowire modes.

2.1 Introduction

The ever-increasing speed and decreasing size of electronic circuits will meet fun-
damental limits in the near future. Integration of electronics with optics is promis-
ing because optical components can provide a very high bandwidth. However,
a simple downscaling of conventional optics to nanometer scale is not possible
due to the diffraction limit, hindering true nanoscale applications. Surface plas-
mon polaritons (SPPs) are electromagnetic waves that are strongly coupled to elec-
tron plasma oscillations at a metal-dielectric interface. They are characterized by
a dispersion below the light line, enabling reduced wavelengths at optical frequen-
cies [1, 3]. Moreover, they are strongly bound to the metal surface, leading to high
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2 Observation of plasmon modes in Au nanowires using CL spectroscopy

lateral confinement. SPPs propagating along metal nanowires therefore allow pho-
tonic manipulation below the diffraction limit.

At small length scales, metal nanowires with finite length behave as plas-
monic cavities with resonant eigenmodes [24]. Properties of metal nanowire
plasmon resonances have been investigated by extinction measurements on
large ensembles [24, 121]. To study the nature of the resonances in greater
detail, individual wires have been investigated using near-field scanning optical
microscopy (NSOM) [56, 122]. With NSOM however, one is still limited in resolution
by the size of the tip (> 50 nm). Furthermore, the tip proximity can have a very
strong influence on the optical behavior of the sample [106, 123].

Here we study photonic properties of metal nanowires at high resolution
using electron radiation. The electron beam generates a broad spectrum of SPPs,
which can subsequently generate radiation that can be detected [113–115]. In
this chapter, we use CL imaging spectroscopy for direct observation of plasmonic
nanowire modes and determine both spectral and spatial properties of plasmonic
eigenmodes. Based on the data, we determine the dispersion relation of SPPs on
the Au nanowires.
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Figure 2.1: (a) Scanning electron micrograph of a 725-nm-long Au nanowire on
a Si substrate, fabricated using e-beam lithography. (b) Cathodoluminescence
images of the Au nanowire, at wavelengths of 592, 640 and 730 nm. The
light emission pattern is strongly wavelength dependent, indicating excitation of
different plasmonic modes. Scale bars: 200 nm
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Figure 2.2: (a) SEM image of the Au nanowire. (b) Cathodoluminescence spectral
line scan along the axis of a 725-nm-long and ∼100-nm-wide Au nanowire on Si.
For every beam position (vertical axis), a spectrum is plotted (horizontal axis). The
lines X and Y indicate the position at which the spectra that are plotted in Fig. 2.3
are taken. (c) Reconstruction of the line scan image from the fit results, showing
that the four resonant mode spectra that have been used, represent all resonances
of the wire. The artifact in (b) around 730 nm was removed before fitting, because
it does not correspond to a geometric resonance.

2.2 Methods

Au nanowires were fabricated on a doped silicon substrate using electron beam
lithography and lift-off. Fig. 2.1(a) shows a scanning electron micrograph of a
nanowire specimen. The nanowire width is ∼100 nm and the length is 725 nm.
Additional nanowires were fabricated with lengths in the 500–1200 nm range.
The nanowires were separated by 5µm, so that no interaction between wires is
expected. The silicon provides a highly conductive substrate avoiding charging
during electron beam irradiation, but does give a weak CL background signal that
is subtracted from the data.

CL spectroscopy was performed in a scanning electron microscope (SEM)
extended with a Gatan ParaCL cathodoluminescence system. The electron beam
(30 kV, waist < 5 nm) is sent through a hole in a parabolic mirror that is mounted
above the substrate. The mirror collects light that is emitted from the sample
within a large opening angle (1.4π sr), and collimates it into a spectrometer that is
equipped with a CCD detector with a 1340 × 100 pixel array, recording spectra in
the 390–950 nm wavelength range.

2.3 Results

Fig. 2.1(b) shows the result of spectral collection during an electron beam scan of a
725-nm-long Au nanowire. The electron beam was scanned in seven rows and 30
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2 Observation of plasmon modes in Au nanowires using CL spectroscopy

Electron beam position (μm)
In

te
ns

ity
 (c

ou
nt

s) 592 nm

540 nm

640 nm

690 nm

In
te

ns
ity

 (c
ou

nt
s)

500 650600 800750700550450

Wavelength (nm)

0.0 0.60.2 0.4 0.8
0

20

160

140

120

100

80

60

40 50

0

250

200

150

100

(a) (b)

Y

X

Figure 2.3: (a) CL spectra taken at two different positions along a 725-nm-long Au
nanowire (black curves). X and Y correspond to positions as indicated in Fig. 2.2(b).
Also plotted in the figure are fits (green and red curves) to these data by a set
of four Gaussian resonances at center wavelength of 540, 592, 640 and 690 nm,
respectively, indicated in the figure by vertical dotted lines. (b) Fitted intensity of
each resonance plotted as a function of electron beam position. The 640 nm and
690 nm modes show three maxima, the 592 nm mode shows four maxima, and five
maxima are vaguely observed for the 540 nm mode.

columns and for every pixel a spectrum was collected. The figure shows emission in
three wavelength windows from this scan, around 592, 640, and 730 nm. For 592 nm
we observe a pattern of four maxima, while for 640 and 730 nm, three maxima are
observed. These images demonstrate that the electron beam can excite multiple
resonances on the wire, that each have a specific spatial profile.

For a more detailed investigation of the data in Fig. 2.1, the electron beam was
scanned along the wire axis, and for every beam position spaced by 14 nm, a spec-
trum was collected (see Fig. 2.1(a) for an SEM image). The result of this scan is
shown in Fig. 2.2(b). The spectral axis is plotted horizontally and beam position is
plotted vertically. The color scale indicates the recorded intensity. Before further
analysis, we removed from the dataset the peak around wavelength 730 nm and
position 0.53µm using a two-dimensional Gaussian fit.∗

Fig. 2.3(a) shows the CL spectra for two positions on the wire, which are indi-
cated by X and Y in Fig. 2.2(b). Gaussian fits are performed on these data and show
for spectrum X predominant contributions of the resonances peaking at 540 nm
and 592 nm, while spectrum Y is made up mostly by the 540 nm and 640 nm res-
onance. The fitted spectral widths are in the range 40–70 nm, corresponding to a

∗We assume that this spot originates from a resonance that is related to an irregularity on the wire,
rather than a geometric plasmon resonance. Indeed, this irregularity is observed in the SEM image (see
Fig. 2.1(a)).
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Figure 2.4: Experimentally determined dispersion of surface plasmon modes on Au
nanowires with different lengths (circles). Dotted line: light line in vacuum. Solid
line: dispersion relation of an SPP on an infinite Au film.

characteristic cavity Q of ∼10.
Fig. 2.3(b) plots relative contributions of each resonance at each position on

the nanowire. Three clear maxima are observed along the wire for the 640 nm and
690 nm resonances; four maxima are observed for the 592 nm resonance, and, less
pronounced, five resonances are observed for the shortest-wavelength resonance
at 540 nm. To verify the quality of the analysis, the line scan data in Fig. 2.2(b) were
reconstructed by convoluting the four resonance spectra with the spatial profiles.
This reconstruction is drawn in Fig. 2.2(c) and shows that the four resonances pro-
vide a good representation of the data.

For a further analysis, we treated the nanowire resonances as organ-pipe-like
modes, i.e., interfering SPPs travelling in opposite directions that reflect at the wire
ends. Furthermore, we assume that the CL emission spectrum from the sample is
directly related to the intensity of different eigenmodes at the spot of the electron
beam [115, 124, 125].

In this picture, the distance between two intensity maxima in the profiles of
Fig. 2.3(b) corresponds to λp /2, where λp is the SPP wavelength. For a wave in a
dispersive medium, with complex index of refraction, there is a nontrivial phase
shift upon reflection from the wire end that can be wavelength-dependent. For this
reason, we only determine λp from peaks within the wire, to avoid the effect of this
phase shift.

From the data in Fig. 2.3(b), and additional measurements on Au nanowires
with different lengths in the 700–1200 nm range, several values for λp were deter-
mined for the corresponding resonance wavelength.

Combining the resonance energy with the corresponding SPP wavelength (λp )
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2 Observation of plasmon modes in Au nanowires using CL spectroscopy

yields a data point of the dispersion relation of SPPs on a Au nanowire. Dispersion
data for all measurements are plotted in Fig. 2.4. The SPP dispersion for a planar
Au film as well as the vacuum light line has also been plotted. As can be seen in
Fig. 2.4, the wire modes are close to the dispersion relation for SPPs on a Au-vacuum
interface.

Finally, we note that the spatial profiles in Fig. 2.3(b) for 640 and 690 nm are
quite similar. This is possibly due to the fact that the wires were not embedded in
a homogeneous medium, but were fabricated on top of a silicon substrate, which
may cause splitting of wire resonances. More work is required to investigate this
further.

2.4 Conclusions

In conclusion, we have used cathodoluminescence imaging spectroscopy to ob-
serve the plasmonic behavior of gold nanowires. We show that Au nanowires be-
have as plasmon resonators, with eigenmodes with distinct spatial profiles. The
simultaneous measurement of spectral and spatial characteristics of the modes
allowed us to determine the dispersion of SPPs on Au nanowires.
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3
Plasmon resonances in a
focused-ion-beam-fabricated single-crystal Au
ridge

We use focused-ion-beam milling of a single-crystal Au surface to
fabricate a 590-nm-long linear ridge that acts as a surface plasmon
nanoresonator. Cathodoluminescence imaging spectroscopy is then
used to excite and image surface plasmons on the ridge. Prin-
cipal component analysis reveals distinct plasmonic modes, which
proves confinement of surface-plasmon oscillations to the ridge.
Boundary-element-method calculations confirm that a linear ridge
is able to support highly-localized surface-plasmon modes (mode
diameter < 100 nm). The results demonstrate that focused-ion-beam
milling can be used in rapid prototyping of nanoscale single-crystal
plasmonic components.

3.1 Introduction

Surface plasmon polaritons (SPPs) are electromagnetic waves confined to a metal-
dielectric interface. As shown in recent experiments, SPPs can be manipulated
using waveguides [3, 21] and resonators [38, 56]. Surface plasmon polaritons hold
promise for application in sensing, photovoltaics, telecommunications, and opto-
electronic circuit integration, due to their ability to concentrate and guide electro-
magnetic energy at the nanoscale.
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3 Plasmon resonances in a FIB-fabricated single-crystal Au ridge

Fabrication of components that guide and confine SPPs involves structuring of
metals, typically using methods such as electron beam lithography, nano-imprint
lithography, self-assembly or templating techniques. These methods offer high
spatial resolution, but require complex multi-step processing. Moreover, the metal
films, most often obtained by thermal evaporation, typically have a polycrystalline
structure. Grain boundaries and surface roughness in polycrystalline films are
known to cause undesired scattering of SPPs.

A single-step method to structure metals for plasmonic applications, that is
gaining widespread acceptance, is focused-ion-beam (FIB) milling [126, 127]. In
a typical FIB system, Ga+ ions are extracted from a liquid-metal ion source, ac-
celerated to 30 keV, and focused by an electrostatic lens system to a spot size with
diameter as small as 5 to 10 nm.

In this chapter we show how FIB milling of a single-crystal Au substrate can
be used for highly-reproducible, maskless fabrication of a smooth plasmonic res-
onator, with minimum lateral dimensions of 50 nm, and surface roughness on the
scale of only a few nm. We use cathodoluminescence (CL) imaging spectroscopy
to generate SPPs [107, 110] and image resonant modes within the metal nanos-
tructures. The data demonstrate that FIB is an ideal tool for fabrication of nano-
scale plasmonic components, in particular when single-crystal metal substrates are
employed. Our conclusions are supported by boundary-element-method (BEM)
calculations of the local fields at the metal nanostructures [128, 129].

3.2 Methods

Nano-plasmonic device fabrication consisted of focused-ion-beam milling a pol-
ished (111) single-crystal Au substrate, grown using the Czochralski process. A
10 pA, 30 keV Ga beam from an FEI Nova 600 dual-beam workstation was rastered
in 40 passes over a 4× 5 µm area, using a 1000 pixel× 1250 pixel grid using a variable
dwell time per pixel. Subtractive milling left behind a linear ridge, approximately
590 nm long, 95 nm high and 80 nm wide. Fabrication of such a ridge takes roughly
one minute and is very reproducible. Resulting ridge roughness is on the order of a
few nm.

Figure 3.1 shows scanning-electron-microscope (SEM) images of the ridge,
taken at large azimuthal angle with respect to the normal. Views of the structure
at two different polar angles are presented, respectively several degrees off (a), and
along (b) the ridge axis. The images reveal rounded features at the top of the ridge
and at the base. We attribute this rounding to redeposition of Au during milling
as well as the finite diameter of the ion beam (∼10 nm). The features visible in the
milled area around the ridge are attributed to roughness that was initially present
on the substrate, and enhanced under ion milling. We have investigated the
crystalline structure of the ridge by scanning ion microscopy, employing focused-
ion-beam-imaging from secondary electrons. The absence of contrast within the
ridge excludes that a polycrystalline structure was formed.

30



3.3 Results

0

1

air
Au

(a)

(b)

(c) E 2 2.13 eV| |

Figure 3.1: (a) Scanning electron micrograph of a 590-nm-long linear ridge
fabricated in a single-crystal Au substrate using focused-ion-beam milling. The
ridge is approximately 95 nm high and 80 nm wide. (b) The same ridge from a
different angle. (c) Boundary-element-method calculation of the field intensity
|E |2 near an infinitely long bell-shaped Au ridge. This calculation, performed at a
photon energy 2.13 eV and k∥ = 1.14ω/c, shows that propagating surface plasmons
at this energy are well confined to the top of the ridge and do not couple to the
planar-surface plasmons, for which k∥ = 1.07 ω/c. Scale bars: 100 nm

CL measurements were done using a FEI XL30 SEM equipped with a parabolic
mirror that collects (with a solid angle of 1.4π sr) light generated when the electron
beam impinges on the sample. The mirror directs the CL emission into a spectro-
meter that is equipped with a CCD array detector. Spectral data are corrected for
system response. The electron beam is scanned across the sample and for every
position of the electron beam a spectrum is collected.

3.3 Results

Figure. 3.2(a) shows a CL image of the ridge, acquired at a center wavelength of
585 nm and a spectral bandwidth of 10 nm. The emission from the ridge is strongly
dependent on position: clear maxima are observed at the ends and center of the
ridge. Figure 3.2(b) shows spectral line traces (wavelength range: 350–850 nm),
along the major axis of the ridge (see dashed line in Fig. 3.2(a)) obtained by inte-
gration over 3 pixels (total distance: 21 nm) in the lateral direction of the ridge; the
ridge position is indicated at the right-hand side of the figure. The data clearly show
that a broad spectrum is emitted when the electron beam dwells on the ends of the
ridge, while the emission from the center of the ridge is more sharply wavelength
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3 Plasmon resonances in a FIB-fabricated single-crystal Au ridge
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Figure 3.2: (a) Light emission from the ridge at 585 nm wavelength upon
irradiation with a 30 kV electron beam, as function of electron beam position.
(b) Cathodoluminescence emission from a single-crystal Au ridge as function of
electron beam position and wavelength, measured along the major axis of the ridge
(see dashed line in (a)). The ridge position is indicated by the bar to the right of the
plot. A broad spectrum is emitted when the electron beam dwells on the ridge ends,
while the signal from the ridge center is more sharply wavelength dependent. (c)
Reconstruction of the data from a fit using a modeling factor-analysis method with
a Lorentzian shape imposed on five independent spectra, labeled 1 to 5 and plotted
in (d). The calculated data set in (c) closely matches the experimental data in (b)

dependent. As we will show next, these features are related to resonant geometrical
modes of the linear ridge nanoresonator.

As previously shown [58, 115, 117, 130], spatial CL images are a direct probe
of resonant modes of plasmonic nanostructures. The measured CL spectrum at
any position is assumed to be a linear superposition of multiple principal-mode
spectra. We extract the principal modes from the data in Fig. 3.2(b) using a factor
analysis method [131, 132], that involves solving an eigenvalue problem: a two-
dimensional data matrix D(x,λ) is defined, with one spectral and one spatial di-
mension, corresponding to the dimensions of Fig. 3.2(b), respectively, as a product
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of two matrices D(x,λ) = R(x,n)C(n,λ), one having n spatial profiles as columns and
the other having the corresponding n spectra as rows. We find that five principal
components, found using a `scree plot' of the logarithms of the eigenvalues versus
component number, form a good representation of the data, so that matrices R and
C with n = 5 can be used to construct the full data set.

We then impose on the mode spectra a Lorentzian shape, parametrized by a
peak wavelength and a characteristic width for every spectrum; an initial matrix
C is composed of five spectra. The profile matrix R can then be computed by the
pseudoinverse [132] of C : R = DC+, for which a data set D̂ = RC is then calculated.
The parameters for the spectra matrix C are then optimized using a least-squares
method by minimizing the difference between the original data set D and the gen-
erated D̂ . Figure 3.2(c) shows the obtained D̂ . The result is in excellent agreement
with the data, reproducing the spectral shape and intensity at all positions on the
ridge. The resulting five spectra from C are plotted in Fig. 3.2(d). The peak wave-
lengths in Fig. 3.2(d) range from 425–797 nm. The cavity Q factor, obtained from
the width of spectrum 3 is Q = 5.3.

Fig. 3.3 displays the spatial profiles of the five spectra along the ridge, as given
by R. Spatial profiles for spectra 3 and 4 are characteristic of resonant modes, with
one and two antinodes on the ridge, respectively. The spatial profiles for spectra 1
and 2, at longer wavelengths, show antinodes on the ridge ends. The spatial profile
for spectrum 5 shows a relatively constant intensity along the ridge; it may be as-
sociated to a higher order mode of which the spatial profile cannot be resolved, or
transition radiation [133] that does not have spatial dependence. Note that spectra
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Figure 3.3: Line profiles obtained by a fit of the data in Fig. 3.2(b) using the
modeling factor-analysis method of Fig. 3.2. Each consecutive profile is shifted by
1 intensity unit for clarity. Numbers labeling each profile correspond to respective
spectra of Fig. 3.2(d). Profile 3 and 4 show resonant modes of the ridge with one
and two antinodes on the ridge, respectively.
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3 Plasmon resonances in a FIB-fabricated single-crystal Au ridge

2 and 3, which are close together spectrally, have very distinct spatial profiles.
This analysis demonstrates the existence of geometrical plasmon modes along

the single-crystal Au ridge that are preferentially excited at antinodes in the modal
electric field intensity. A boundary element method (BEM) was used to calculate
plasmon modes of a geometry similar to that of the experimental structure. Starting
from a shape profile as input, the electric field is expressed in terms of charge and
current distribution on the ridge, which are calculated self-consistently to fulfill the
field boundary conditions. We choose a bell-shaped linear ridge of infinite length
characterized by two different radii of curvature, as shown by the grey curve in
Fig. 3.1(c). The shape is similar to that of the ridge imaged in Fig. 3.1(b). We first
calculated the photonic local density of states (LDOS) in the dielectric just above
the top of the ridge (indicated in Fig. 3.1(c) by the black cross). This was done for
a range of energies, separating the LDOS into contributions arising from different
spatial frequencies k∥ along the ridge.

For example, at an energy of 2.13 eV (corresponding to a free space wavelength
of 582 nm, and peak 3 in Fig. 3.2(d)), we find an LDOS maximum for k∥ = 1.14 ω/c.
This is significantly larger than the corresponding value k∥ = 1.07 ω/c calculated
for SPPs on a planar Au surface (using identical optical constants), consistent with
strong mode confinement to the ridge. We investigate the lateral field distribution
of the ridge mode by calculating the near field around the ridge excited with a
dipole placed above the ridge (also at the position of the cross in Fig. 3.1(c)). By
subtracting the dipole field, we calculate the induced field in the plane normal to
the major axis.

Figure 3.1(c) shows the calculated values of |E |2 around the ridge. Indeed, the
figure shows that the intensity is very much confined to the top of the ridge, with a
typical lateral confinement in x and y direction well below 100 nm. From the BEM
calculation the plasmon propagation length along an infinitely long ridge is 4µm
(Q = 43). This implies that the measured value Q = 5.3, is due to the combined
effect of ohmic losses (possibly enhanced by the presence of implanted Ga from
the FIB process) and radiation losses from the ridge ends.

3.4 Conclusions

In summary, we have shown that using focused-ion-beam milling, a smooth lin-
ear ridge that supports surface plasmon resonances can be fabricated on a single-
crystal Au substrate. Spatially-resolved cathodoluminescence spectroscopy shows
that surface plasmons generated on this ridge are well confined to the ridge and
form distinct geometrical modes. The data are confirmed by boundary-element-
method calculations of the plasmon field distribution on the ridge, which show
that a propagating surface plasmon is confined to the top of the ridge, with a mode
diameter <100 nm. These results show that FIB milling of a single-crystal noble
metal surface can be used in rapid prototyping of nanoscale surface plasmon com-
ponents.
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4
Modal decomposition of surface plasmon
whispering gallery resonators

We resolve the resonant whispering-gallery modes of plasmonic
subwavelength ring cavities defined by circular grooves patterned
into a gold surface. An interesting interplay is observed between
subwavelength confinement and guiding along the groove. Full
spatial and spectroscopic information is directly obtained using
cathodoluminescence, including details of the nanoscale intensity dis-
tribution (spatial resolution 11±8 nm). Excellent agreement between
measurements and rigorous electromagnetic theory is obtained, thus
allowing us to assess the symmetry, ordering, degree of confinement,
and near-field enhancement of the modes with unprecedented detail.

4.1 Introduction

Surface plasmons (SPs) are hybrid electromagnetic and conduction electron exci-
tations [1] that allow matching the micrometer-sized wavelength of light at opti-
cal frequencies with nanoscopic dimensions of patterned metallic structures. In
particular, the interplay between localized and propagating surface plasmons has
been intensely investigated with a view to integrated plasmonic devices like plas-
mon waveguides [13, 15, 134] and plasmon lasers [135]. However, exploiting the
field concentration that is offered by such nanostructures requires a probe of the
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plasmonic modes at nanometer scale resolution. Near-field scanning optical mi-
croscopy (NSOM) provides a resolution down to ∼50 nm, although a coated tip can
interact with the local modes thus producing distorted information. In contrast,
fast electrons constitute a non-invasive probe of metal structures with the poten-
tial for true nanometer spatial resolution to retrieve spectral information through
induced light emission (cathodoluminescence, CL) [115] or via the analysis of elec-
tron energy loss in the case of thin samples [124]. The field of a moving elec-
tron [136] diverges close to its trajectory. The interaction of the electron with the
photonic structure being probed is governed by this divergent field. Consequently,
there is no limit to the resolution, which in experiment is only limited by the finite
size of the electron beam.

In this chapter, we investigate whispering-gallery plasmon excitations [23, 60,
61, 137, 138] supported by grooves of annular shape that share a unique combina-
tion of features associated to both standing wave modes and propagating modes.
We pattern the grooves in a single-crystal gold surface and study the spatial and
spectral evolution of the modes with unprecedented detail by using cathodolu-
minescence spectroscopy and boundary-element-method (BEM) calculations. We
report excellent agreement between experiment and theory, which allows us to
classify plasmon modes according to their azimuthal symmetry and radial order.
We formulate a dispersion model relating circular grooves to straight grooves that
explains satisfactorily the detailed dependence of mode frequencies and spatial
distributions on ring radius and groove depth.

4.2 Methods

Nanoresonators consisting of ring-shaped grooves (Fig. 4.1(a)) were fabricated in
a Czochralski grown and polished (RMS roughness < 1 nm) single-crystal Au sub-
strate, by focused-ion-beam-milling (FIB). Ring radii R range from 100–300 nm;
the depth d of the groove ranges from 130–530 nm. The FIB process yields a very
smooth shape (roughness< 5 nm) with high control over depth. Cross-sections that
reveal the depth profile of the grooves were made using FIB-induced Pt deposition
and subsequent cross-sectional milling (Fig. 4.1(b)).

On these structures we excite surface plasmons with the 30 keV electron beam
of a scanning electron microscope [58]. The resulting light emission is collected
by a parabolic mirror covering a 1.4π sr solid angle, and led to a spectrometer
equipped with a CCD array detector. We collect spectra for every electron beam
position while the beam is scanned. Spectra are corrected for system response
by comparing a recorded CL spectrum from unstructured Au to an analytical
calculation of the transition radiation spectrum [133]. Using this method, the
measured intensity can be expressed in terms of photon emission probability per
incoming electron per nm spectral bandwidth.
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Figure 4.1: Scanning electron micrographs of a FIB-fabricated ring groove in single-
crystal Au. The ring radius R is ∼300 nm. (a) Top view. (b) A FIB-milled cross-
section through the ring. The dark material is a Pt protection layer used for imaging.
The cross-section allows us to determine the precise groove geometry. Scale bar:
200 nm

4.3 Results

Figure 4.2(a) shows measured CL spectra for rings with different radii and constant
depth and groove width. The electron beam was scanned in 10 nm steps over a
1µm long line through the center of a ring, with an exposure time of 0.5 s per step.
The light spectrum emitted during this scan was collected and summed. The figure
shows such spectra for rings with radius R increasing from 100 to 300 nm, at a fixed
groove depth of 130 nm. Interestingly, the CL emission spectrum from the rings has
one or more distinct peaks, which shift to longer wavelength for increasing radius.
Moreover, there are new peaks that appear as the radius is increased. As we will
show, the different peaks in the emission spectra can be attributed to geometric
plasmonic resonances that couple to radiation.

We studied how these resonances are tuned by the groove depth, varying depths
from 130 nm to 530 nm while keeping the radius fixed to 200 nm. The collected
spectra are shown in Fig. 4.3(a). For increasing depth, the peaks in the CL spectrum
are seen to shift to longer wavelengths. These results show that the ring structure
supports surface plasmon resonances that are very dependent to the geometry,
with a remarkable sensitivity for the depth of the groove.

Boundary-element-method (BEM) calculations [128] were performed to deter-
mine the electric field distribution in the axially-symmetric ring geometry of the CL
experiment. In this method, the electric field is expressed in terms of charges and
currents on the boundary of the geometry, which are calculated self-consistently to

37



4 Modal decomposition of surface plasmon whispering gallery resonators

500 650 800

Wavelength (nm)

500 800

Em
is

si
on

 p
ro

ba
bi

lit
y 

(1
0-6

/e
- /n

m
)

2

4

0

2

4

0
100
120
140
160
180
200
220
240
260
280
300

Radius (nm)
m=0

m
=0

m=1m=2(a) (b)
experiment theory

 

m=1

m=2

m=0

500 800

(c)

650 650

Figure 4.2: Plasmonic ring resonances for rings with increasing radius. (a)
Cathodoluminescence (CL) spectra from rings in single-crystal Au with radii
increasing from 100 nm (bottom) to 300 nm (top) in 20 nm steps and a constant
depth of 130 nm. (b) Boundary-element-method calculated CL spectra. The
azimuthal mode number m is indicated for the major resonance peaks. Spectra
are offset vertically for clarity. (c) The contributions of modes with different m to
the total cathodoluminescence for a ring with radius 300 nm. The corresponding
calculated azimuthal near field mode profiles are plotted on top. Dashed circles
indicate the location of the groove.

fulfill the field boundary conditions. We use optical constants for single-crystal Au
from spectral ellipsometry as input for the calculations, which are performed in the
frequency domain. Analogous to the experiment, the far-field emission spectrum
resulting from incoming electrons impinging on the ring structure was calculated.
The calculated results for rings with increasing ring radius are shown in Fig. 4.2(b).
The features seen in the calculated spectra are in excellent agreement with those
of the experimental spectra, reproducing the shifts to longer wavelengths with in-
creasing radius, the appearance of additional resonances at shorter wavelengths,
and the resonance peak intensities. Figure 4.3(b) shows the calculated CL spectra
for rings with increasing groove depth. The presence of a large resonance peak for
shallow rings and the appearance of additional resonances at short wavelengths
for deeper rings are well reproduced. Deviations of the wavelength and amplitude
of the resonant peaks is attributed to slight differences between experimental and
calculated geometry that become more prominent as the groove depth is increased.
These differences are probably most important in the bending radius of the bottom
of the groove, to which a V-groove plasmon is very sensitive [139].

Figure 4.4(a) shows the light intensity collected as the electron beam (0.5 nA
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Figure 4.3: Plasmonic ring resonances for rings with increasing groove depth.
(a) CL spectra from rings with constant radius of 200 nm and a groove depth
increasing from 130 (bottom) to 530 nm (top). (b) BEM calculated CL spectra. The
azimuthal mode number m is indicated for the major resonance peaks. Spectra are
offset vertically for clarity. (c) Scanning electron micrographs of ring grooves with
different groove depths (see insets). (d) Calculated near field |E |2 corresponding
to the rings in (c), showing distinct radial profiles at wavelengths shown by insets.
For the deepest ring, an n = 2 mode appears. The strong asymmetry in the mode
profiles indicates the coupling of the groove mode across the disk. Scale bar:
200 nm

beam current) is scanned over a 300 nm-radius ring (d = 130 nm): the intensity is
plotted as a function of emission wavelength (horizontal axis) and electron beam
position (vertical axis). Emission maxima in the plot correspond to the resonant
peaks in the topmost spectrum in Fig. 4.2(a). The image shows that the excitations
that give rise to these peaks have a different spatial dependence, illustrating the
spatial mapping of resonant modes by CL plasmon microscopy. Figure 4.4(b) shows
the corresponding BEM-calculated spectra. The features of the experimental data
set in both spectral and spatial dimension are very well reproduced by the calcula-
tion. The white curves in Fig. 4.4(b) are line traces through the central peak in the
data of a and b. The higher intensity measured on the center plateau is attributed
to factors not accounted for in the calculation, such as scattering from roughness.
We fit the outer half of the peaks at the position of the steep rise near the edge
of the groove (i.e. at ±250 nm) in measurement and calculation with a Gaussian
distribution and find σ = 17.7±1.1 nm for the experimental and σ = 16.7±0.5 nm
for the calculated data. We find for the corresponding spatial resolution of the CL
scan a value of 2σ= 11±8 nm.
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Figure 4.4: Spatial mapping of modes by cathodoluminescence plasmon mi-
croscopy. (a) Cathodoluminescence spectra as function of electron beam position
as the beam is scanned through a ring groove with R = 300 nm radius along a 1µm
line in 5 nm steps (the ring geometry is drawn to the right of the figures). The center
of the ring is at position 0. The maxima in this plot correspond to the peaks in
the topmost spectrum of Fig. 4.2(a). Note that different resonances are excited at
different positions; the m = 0,n = 1 resonator mode at 535 nm is mostly excited at
the center of the ring, while the modes at 620 nm (m = 2, n = 1) and 775 nm (m = 1,
n = 1) are predominantly excited at the edge of the center plateau. (b) Boundary-
element-method calculated CL spectra for the experiment in (a). White curves:
line traces through CL (solid) and BEM (dashed) data at the central peak (620 and
650 nm, respectively) show the 11 nm resolution of CL plasmon microscopy.

In order to understand the nature of the resonant behavior, we have used BEM
calculations to obtain the azimuthal dependence of the resonant electric field, de-
scribed by Em(r, z,ϕ) = fm(r, z)e i mϕ, with a radial part and an azimuthal number
m. Figure 4.2(c) shows the calculated CL spectrum of a 300-nm-radius ring as a
sum of m = 0,1,2 contributions. For each m, a top view of the modal electric
field intensity is plotted. The dashed curves in Fig. 4.2(b) and Fig. 4.3(b) indicate
the resonance peaks assigned to these m numbers. Figure 4.2(b) shows for small
rings a rotationally-symmetric field (m = 0), and dipolar (m = 1) and quadrupolar
(m = 2) resonances as the ring radius is increased. For the 300-nm-radius ring a
second m = 0 resonance is found near 550 nm, which is associated to a higher-order
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radial mode. Similarly, for rings with increasing depth (Fig. 4.3(b)), the shortest-
wavelength m = 1 mode is related to a higher-order radial field dependence. The
cross-sectional views of the electric field intensity |E |2 in Fig. 4.3(d) show the differ-
ence in the field distribution of these radial modes, from which we define a radial
mode number n (number of antinodes in the field) for m > 0 resonances.

The observation of well-defined azimuthal modes, together with the radial
field profiles of Fig. 4.3 indicates that the localized plasmons found here are
whispering gallery ring-resonator modes [15] originating from circulating groove
plasmons [10, 11, 13, 14] that are strongly coupled across the metal disk. The
analogy with straight groove waveguides is demonstrated using two-dimensional
BEM [140] calculations. We find the dispersion and field profile |E |2 of straight
groove modes according to our particular groove geometry (Fig. 4.1(b)). The
photonic local density of states (LDOS) was calculated in the groove as a function
of energy and separated in contributions arising from different spatial frequencies
along the groove. For each energy, we determine the modal wave vectors from
the maxima in the LDOS. The modes thus found are shown in Fig. 4.5 for different
groove depths. The figure shows that deep grooves support modes with wave
vector k∥ (directed along the groove) larger than the SPP wave vector for a planar
Au surface, indicating strong localization to the groove, with a confinement that
grows with increasing groove depth [14]. The 530-nm-deep groove also shows an
n = 2 mode with a smaller k∥ and an additional node in its near field [13]. The
ring resonance condition k∥ = m/R, based on an integer number of wavelengths
in the circumference of the ring, is indicated in Fig. 4.5 for a large ring with radius
R = 600 nm by vertical dashed lines, predicting resonances with m = 6,7 and 8
for the n = 1 mode at wavelengths of 742 nm, 659 nm, and 611 nm, respectively.
The inset of Fig. 4.5 shows the LDOS spectrum, calculated in the R = 600 nm,
d = 530 nm ring geometry. The m = 6,7,8 components of the LDOS show maxima
that coincide with these predicted resonances. The modal field intensity for this
geometry, also plotted in Fig. 4.5, indeed shows the strong confinement to the
groove.

From the calculated dispersion in Fig. 4.5 it also follows that for an R = 240 nm,
d = 130 nm ring, the dispersion of the n = 1 mode would correspond to an m =
2 resonance at 754 nm. Instead, Fig. 4.2(b) shows that this resonance occurs at
580 nm. This blue shift is attributed to coupling of the groove mode across the
disk [141]. It occurs in all resonator geometries with small diameter and/or shallow
groove depth. This interaction is further corroborated by the strong asymmetry of
the CL signal across a groove observed in Fig. 4.4 as well as the field asymmetry
found inside the grooves in Fig. 4.3(d). The very strong red shift for the m = 1,n =
1 mode in Fig. 4.3 for increasing groove depth is due to the combined effect of
a decreasing interaction across the disk and an increasing wave vector along the
groove.
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Figure 4.5: Analogy between the dispersion of linear groove modes and ring
resonances in annular grooves. The energy of the n = 1 mode is displayed for
130 nm, 250 nm and 530-nm-deep linear grooves as a function of the wave vector
k∥ along the groove. For the 530 nm-deep groove, the less confined n = 2 mode is
also plotted. The near-field pictures on the right show the electric field intensity
for these n = 1 and n = 2 modes. A k∥ exceeding the SPP k∥ indicates localization
to the groove, which increases for deeper grooves. Vertical dashed lines show
k∥ = m/R for m = 3–8, indicating the ring resonance condition in an R = 600 nm
radius ring. Top left inset: LDOS spectrum calculated in the groove of a d = 530 nm,
R = 600 nm ring. Contributions of the m = 6,7,8 azimuthal components are shown.
Symbols in the inset correspond to the symbols in the main figure, indicating the
wavelengths for the ring resonance condition. Indeed, the LDOS components show
ring resonances at these wavelengths, confirming a virtually absent interaction for
deep, large diameter rings. The bottom left inset shows the corresponding resonant
n = 1, m = 6 field intensity.

4.4 Conclusions

In conclusion, we have unveiled whispering-gallery plasmons in nanoscale ring
grooves patterned in single-crystal gold. The symmetry, ordering, and confinement
of these modes has been resolved with an unprecedented combination of
spatial and spectroscopic resolution (2σ = 11 ± 8 nm), by combining scanning
cathodoluminescence spectroscopy and rigorous electromagnetic modeling of
both plasmon modes and electron-metal interaction. The plasmon resonances of
the ring groove structure originate from circulating groove plasmons with different
azimuthal mode number (m = 1,2 in Fig. 4.2). We have observed that as the ring
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radius and groove depth become smaller, the groove plasmon modes become less
localized and the ring resonances undergo a blue shift. This shift is explained by
interaction over the central disk of the propagating groove plasmon with itself in
resonances with m 6= 0 azimuthal symmetry, where the plasmon is confined in the
grooves even for ring diameters as small as half a wavelength. In contrast, m = 0
modes are found to have significant intensity in the center plateau of the ring.
The reported modes are ideally suited to realize plasmon-assisted nanolasing and
parallel optical sensing at light wavelengths matching the designed modes of the
rings. Further progress in these directions is underway, facilitated by the reported
combination of comprehensive experimental and theoretical understanding of
this plasmonic system.
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5
Broadband Purcell enhancement in plasmonic
ring cavities

We present a theoretical study of a surface plasmon ring resonator
geometry that shows strong spontaneous emission control due to
an extremely small optical cavity mode volume. V-grooves made in
the surface of a metal confine whispering gallery surface plasmon
polariton modes at the bottom of the groove, with the confinement de-
termined by groove depth and width. Resonances in ring-like cavities
defined by grooves patterned into circular shape, determined using
the boundary element method, are in agreement with calculations
based on dispersion for linear V-grooves. Cavity quality factors are
relatively insensitive to cavity geometry (Q = 10–50), while mode
volume is very sensitive to small differences in the cavity shape. The
smallest mode volume V = 0.00073λ3

0 is found for a ring with a 10-nm-
wide, 100-nm-deep groove with straight sidewalls and a diameter of
180 nm. Purcell factors well above 2000 are found in the energy range
from E = 1.0–1.8eV depending on cavity geometry. For a given cavity
geometry the Purcell enhancement is observed over a broad spectral
range (50–100meV), enabling application of these cavities beyond the
typical low temperature cavity QED experiments.
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5.1 Introduction

Control over spontaneous emission is key to many photonic applications, and also
a subject of great fundamental interest. According to Fermi's Golden Rule, the rate
of spontaneous emission of an optical emitter is proportional to the local density of
optical states (LDOS). In a homogeneous medium, the spontaneous emission rate
of an emitter is fixed and it depends on the transition dipole moment of the emitter
and the refractive index of the surrounding medium. In an environment that is
structured at the scale of the wavelength the LDOS can be spatially controlled [142].
As a result, the spontaneous emission rate of an emitter can be locally increased or
decreased, depending on the geometry.

An optical microcavity provides an environment in which the LDOS can be
strongly increased. The increase of spontaneous emission in the cavity, known as
the Purcell effect [143], is given by the Purcell factor,

FP = 3

4π2

Q

V

(
λ

n

)3

, (5.1)

where Q is the cavity quality factor, which is proportional to the time light is
stored in the cavity, and V the mode volume, a measure for the spatial extent of the
modal field inside the cavity; n is the refractive index of the cavity medium.

Optimization of the Purcell factor enables low-threshold lasing, bright lumines-
cent sources, and the possibility to avoid quenching in materials that classically
show strong non-radiative decay. Most work so far has focused on achieving high
Purcell factors by optimizing Q, for example in Fabry-Perot, microsphere [144, 145],
micropillar [146, 147], microtoroid [148], microdisk [149] or photonic crystal cavi-
ties [150, 151]. The highest Q factors were reached in microspheres (Q = 1010) [144];
in integrated on-chip microcavities a Q of 107 was observed [148].

One problem with using these high-Q cavities is that due to the narrow line
width associated with the high cavity Q, the interaction between light and matter
occurs only over a very narrow bandwidth. Most emitters however, have emission
spectra with a broad line width. As a result, the coupling of these emitters to the
cavities is relatively weak. The highest decay rate enhancements reported so far
were measured on photonic crystal cavities doped with semiconductor quantum
dots [152], for which a 75-fold increase in decay rate at a wavelength of 945 nm was
found. Moreover, such enhancements were only found at low temperature [146,
152].

An alternative way to increase the Purcell factor is to reduce the mode volume.
If this can be achieved, high Purcell factors can be observed at modest Q, and thus
over a broader bandwidth, enabling broadband light sources with high emission
rate at room temperature.

So far, the smallest mode volumes are observed in photonic crystals [153], in
which the mode volume V is limited by diffraction; typically V = (λ/n)3 ≈ 0.1µm3.
Much smaller mode volumes can be achieved using surface plasmon polaritons
(SPPs), surface waves at a metal-dielectric interface resulting from the coupling
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between photons and the free electron plasma of the metal. SPPs are strongly
bound to the interface and evanescently decay into either medium. The field con-
finement offered by plasmons allows enhanced interaction with emitters even for
propagating modes [30, 154].

Three-dimensional confinement of plasmons was demonstrated in Fabry-
Perot-type plasmon cavities where SPPs propagate either on a single metal
interface or in the dielectric gap in a metal-insulator-metal (MIM) geometry [38,
155, 156], leading to a mode volume of V = 0.01(λ/n)3. Most recently, 3D
MIM cavities were demonstrated having a smallest (predicted) volume V =
0.00033(λ/n)3 for a 105nm diameter MIM disk [119].

Indeed, MIM waveguides offer the smallest possible confinement of light, thus
enabling the largest Purcell factor. So far, however, MIM cavities are made of closed
material layers and are thus not easily accessible for optical probes of the LDOS.
An MIM plasmon geometry that has a more open geometry is a V-groove made in
the surface of a metal [14]. Such V-grooves provide strong confinement of light in
the lateral dimension and if made into a ring they form a 3D plasmon cavity. In
contrast to the planar MIM cavities demonstrated so far, these V-grooves can be
easily infilled with optical emitters or gain media.

Ring resonators based on V-groove plasmon waveguides [11, 13, 15] support
whispering-gallery resonances due to circulating plasmons even when the circum-
ference fits only a single plasmon wavelength, as we have shown previously [19].
The resonances are easily tunable through both the diameter of the ring and the
shape of the groove and they have an extremely small mode volume. The groove
void allows for incorporation of emitters near the maximum of the electric field.
Ring resonators based on surface plasmons are therefore a promising candidate for
use as high FP cavities.

In this chapter we investigate these V-groove ring cavities with the aim of deter-
mining the smallest possible mode volume while maintaining a reasonable cavity
Q. We find a mode volume as small as 0.00073λ3

0 at a cavity Q = 10–50. The cor-
responding Purcell factor is FP > 2000. This opens up possibilities for broadband
enhanced interaction between an emitter and light stored in the ring cavity.

5.2 Methods

We have performed boundary-element-method (BEM) calculations [128, 129]
in which Maxwell's equations are rigorously solved for an electric field that is
expressed in terms of charges and currents on the metal surface. We first use
a two-dimensional boundary (as shown in Fig. 5.1(a)) to calculate the optical
properties of an infinitely-long groove in an otherwise planar Au surface. In the
direction along the groove (z), the fields are taken to evolve as e i kz z . A similar
groove geometry was then used to define a ring cavity (Fig. 5.1(b)). Here, solutions
for the field depend on azimuthal angle ϕ as e i mϕ, with m = 0,±1,±2, . . .. In the
calculation, contributions up to an order |m| < 5 were taken into account, high
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(a) (b)

R

dα
r

Figure 5.1: The boundary geometry as used in the calculations. (a) Groove
parametrized by minor radius r , opening angle α, and depth d , as used in 2D-
BEM calculations. The solid dot indicates the position at which the local density of
states was calculated. (b) Ring resonator based on the groove of (a), having major
radius R, used in axially symmetric BEM calculations. The minor radius r is used
for smoothing the external edges and the bottom wedge of the groove.

enough for the results to reach convergence. The calculations are performed
using tabulated optical constants for Au [157]. The ring resonator is parametrized
by 4 parameters: major radius R, groove depth d , opening angle of the groove
α and minor radius r = 5 nm that describes the curvature of the corners and
bottom of the groove. In the calculations we have varied α from 0◦ to 10◦, d from
100 to 1000 nm, and R from 50 to 600 nm. These parameters are at the limits
of state-of-the-art fabrication techniques like focused-ion-beam milling. Recent
advances [19, 32, 158] show that grooves can be made narrower and narrower and
that the ultimate limits of fabrication have not been reached. The choice of Au is
motivated by existing experimental measurements of the resonance spectra of ring
resonators on this material [19].

5.3 Results

Dispersion in straight grooves

Before treating resonant cavities, we first present the calculated dispersion relation
and mode profiles for linear V-grooves. Using BEM we calculate the local density of
optical states (LDOS), associated with the electric field, at a point inside the groove,
at 10 nm above the bottom (solid dot in Fig. 5.1(a)). The LDOS is calculated for
a range of energies and separated into contributions arising from different wave
vectors kz along the groove∗. Optical modes of the geometry show up as maxima in
the LDOS. For each energy, we find the kz for which the LDOS peaks and so obtain
the dispersion relation in this geometry. Figure 5.2(a) shows the dispersion of the

∗The LDOS for linear grooves is separated into the contribution of different kz components. This
quantity is defined in the 2D plane normal to the groove direction and it is normalized such that its
integral over kz gives the LDOS at a point in 3D space.
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Figure 5.2: Dispersion of plasmons propagating in straight grooves in Au derived
from BEM calculations of the LDOS. (a) V-grooves with d = 500 nm, α =10◦. The
lowest order groove mode (n = 1) is below the light line in this energy range, so
that it does not couple to light or planar SPPs. Higher orders have smaller kz and
experience cutoff. For the two lowest orders, the electric field intensity is plotted
at 1.8 eV. The n = 2 mode has an extra node in its field distribution. (b) Dispersion
for a d = 100 nm, α = 0◦(width 10 nm) groove with the field intensity for the n =
1 mode at 1.8 eV. Vertical dashed lines in both plots indicate the condition kz =
m/R required for a resonance in a ring with radius R = 170 nm (a) and R = 50 nm
(b), respectively. Ring resonances are expected at the intersection of the plasmon
dispersion with these lines.

three lowest-order plasmon modes for grooves with d = 500 nm and α = 10◦. Also
plotted is the light line in vacuum. The dispersion of the lowest-order plasmon
mode (n = 1) deviates significantly from the light line for energies as low as 1.1 eV,
in contrast to what is observed for planar SPPs. As a result, the n = 1 groove mode
does not couple to light or planar SPPs. Similar high dispersion has also been found
for plasmons in planar MIM slabs [37, 159]. The groove also supports higher order
modes, with mode number n defined by the number of field antinodes. The insets
of Fig. 5.2(a) show the distribution of the electric field intensity for the n = 1,2
modes. Both modes are confined well inside the V-groove with the n = 1 mode
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concentrated in the bottom of the V-groove. This demonstrates how these linear V-
grooves offer strong 2D confinement. The effective index of a planar MIM-plasmon
is strongly dependent on the separation between the two metal interfaces; it in-
creases for smaller separation [37]. The strong confinement to the groove can be
understood from the fact that the plasmon is concentrated in the region with the
highest effective index, which is near the bottom of the groove, where the metal
walls are closest together [160]. Figure 5.2(a) shows that the n = 2 and n = 3 modes
have a threshold within the energy range of the graph. At the threshold energy, the
groove mode has no wave vector in the groove direction and is thus a completely
delocalized plasmon along the groove [156].

The dispersion of groove plasmons can be further increased by narrowing the
groove, as is shown in Fig. 5.2(b), which shows the dispersion of the groove plas-
mon in a d = 100 nm, α = 0◦, 10-nm-wide groove, in which the vertical walls are
parallel [160]. For example, at 2.0 eV, kz is three times larger than it is for free space
light. As is shown in the inset in Fig 5.2(b), the plasmon field is very well confined
inside the narrow groove. The field of this mode at 1.8 eV is plotted at the same
length scale as in Fig. 5.2(a), demonstrating the very high degree of confinement
possible using V-groove plasmons. In this groove with parallel sidewalls, the field is
not confined to the bottom, but there is still strong vertical confinement due to the
small depth of the groove (d = 100 nm). These shallow grooves show modal cutoff
at ∼1.1 eV.

Ring resonances

Next, we study plasmons confined in V-groove ring cavities. Resonant circulating
groove plasmons satisfy the relation kz = m/R, where kz is the wave vector of the
straight-groove plasmon, m is the azimuthal order, i.e. the number of wavelengths
that equals a circumference, and R is the ring radius. We can now find the resonant
energies for a ring with radius R using the calculated dispersion relation. Dashed
lines in Fig. 5.2(a) indicate the values of kz for resonances in an R = 170 nm ring.
At the energies of intersection of a groove mode with a dashed line, the resonance
condition is satisfied. We verify that these resonances indeed exist by calculating
the LDOS spectrum. Figure 5.3(a) shows the BEM-calculated LDOS, normalized to
the vacuum LDOS, in an R = 170 nm ring with a d = 500 nm, α= 10◦ groove corre-
sponding to the straight groove of Fig. 5.2(a). The peaks in the spectrum (dashed
curve) represent optical resonances of the geometry. The separate azimuthal con-
tributions to the LDOS are indicated by the drawn curves, with the corresponding
m values indicated next to the curves. The arrows drawn near the top horizontal
axis of Fig. 5.3(a) indicate ring resonance energies derived from Fig. 5.2(a); the
numbers denote the corresponding azimuthal order m. Both the resonant energies
and the mode numbers agree well.

Figure 5.3(b) shows the LDOS spectrum of an R = 50nm ring with a d = 100 nm,
α= 0◦ groove, corresponding to the geometry of Fig. 5.2(b). Due to the small radius,
there are fewer resonances over the spectral range in Fig 5.3. Interestingly, the LDOS
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Figure 5.3: Photonic local density of states (dashed lines) in the groove of a ring
resonator at 10 nm above the groove bottom. (a) Ring with d = 500 nm, α = 10◦,
R = 170 nm. (b) Shallower, smaller ring with d = 100 nm, α = 0◦, R = 50 nm.
The LDOS, which is normalized to the vacuum LDOS, peaks at the resonance
energies. Separate azimuthal mode (m) contributions are plotted by the solid
curves, following from the 3D calculation. For comparison, arrows indicate the
resonant energies derived from the straight-groove dispersion (Fig. 5.2) with the
corresponding m. Even for small ring radius the model predicts the resonances
reasonably well.

reaches values well over 2000, demonstrating the potential of these rings for strong
spontaneous emission control. Analogous to panel (a), the arrows in Fig. 5.3(b) in-
dicate resonances derived from the straight-groove dispersion of Fig. 5.2(b). Again,
good agreement is observed.

Figure 5.3 shows that plasmonic ring resonances, even in resonators with
single-wavelength circumference (m = 1), directly follow from the straight groove
plasmon dispersion. The small deviations between the energies indicated by the
arrows and the actual resonances in the LDOS are attributed to interaction of the
V-groove modes over the center plateau [19], which is not included in the simple
straight-groove model.
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Figure 5.4: Quality factors derived from LDOS calculations. Drawn lines: Q factor
of the n = 1, 2, 3 linear groove modes in d = 500nm, α = 10◦ grooves. For the n =
1 mode, these Q values correspond to propagation lengths in the range 1–7µm.
Vertical dashed lines indicate the energy at which the mode crosses the light line.
Squares indicate m = 1 resonances, triangles indicate m = 2 ring resonances. Ring
radii in this figure were varied for each data point to achieve the required resonance
and range from 56 to 522 nm.

Quality factor of ring resonances

Next we study the quality factor Q of the rings and compare it to the propagation
length in linear grooves. In a cavity, the Q factor is a measure of the number of
optical cycles that the light remains stored in the cavity. For linear V-grooves, an
effective Q can be related to the propagation length. We derive it from the LDOS
calculations made to find the dispersion relation (as in Fig. 5.2), deriving Q from
the width of each LDOS maximum in the energy domain (Q = E/∆E). The drawn
curves in Fig. 5.4 show these Q factors for the three lowest-order (n = 1,2,3) modes
of a d = 500 nm, α = 10◦ groove, as in Fig. 5.2(a). Dashed lines indicate the energy
at which the mode crosses the light line. For all three modes Q initially increases
for increasing energy. This is attributed to the vanishing radiation damping as the
plasmon becomes more confined and obtains a kz that is progressively increasing
beyond that of free-space light or planar surface plasmons, reducing the radiation
loss to those channels. Q then reaches a maximum and decreases for even higher
energy. This is due to increased ohmic damping at higher energy. The differences
in Q between the different order modes are attributed to differences in dispersion
and the corresponding differences in overlap of the mode with the metal.

In a ring resonator, Q can be determined from the width of the resonant LDOS
peak as in the spectra of Fig. 5.3. These data are indicated by the squares (m = 1)
and triangles (m = 2) in Fig. 5.4. Each data point corresponds to a different ring,
with a radius such that it sustains an m = 1 or m = 2 resonance at that energy.
The Q values for the ring resonances show a similar increasing an then decreasing
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5.3 Results

trend with energy as the linear groove, but at a lower absolute value in all cases.
This is due to the fact that ring resonances have radiation damping as an extra loss
channel. The difference in Q between linear grooves and ring resonances is less for
the higher-order azimuthal (m = 2) modes. Such modes correspond do not have a
dipole moment and therefore couple less to radiation.

Figure 5.5(a) shows a systematic comparison of Q values for a range of ring
geometries. Q factors are plotted for the m = 1 resonance resulting from the lowest-
order groove mode (n = 1). Plotted are results from rings with α = 10◦ and d =
100, 500, 1000 nm (thick lines). Also plotted are results for α = 0◦, d = 100, 500 nm
(thin lines). The figure shows that Q factors in these rings with such different shapes
are almost all between 10 and 50 (corresponding to peak widths of ∼ 50–100 meV).
Given that the differences in groove shape span a large range for these calculations,
it appears that optimization of Q/V in ring resonators is more a matter of mode
volume rather than quality factor.

Mode volume of ring resonances

The effective volume of a resonant mode can be determined by performing the
following integral:

Veff(re ,ω) =
∫

V W (r,ω)d 3r

W (re ,ω)
(5.2)

where W is the electromagnetic energy density [161] given by W (r,ω) =
ε0
2

(
n2 + 2ωnκ

Γ

) |E(r,ω)|2 using an oscillator model with damping frequency Γ for the
dielectric constants. re is the position of the emitter for which the Purcell factor
is to be found. The electric field E(r,ω) of a resonant mode is found using BEM
by calculating the induced field of a dipole radiating at the resonance energy. In
this calculation, the field of the dipole itself is subtracted from the total field. The
position re of the emitter is chosen to be in the center of a groove, at a depth for
which the field is highest.

Figure 5.5(b) shows the calculated mode volumes for the ring resonances of
the same groove geometries as in Fig. 5.5(a). Each curve represents properties
of different rings, with ring radii chosen such that there is a lowest-order m = 1
resonance at that particular energy. The general trend of decreasing mode volume
with energy is attributed to an increase in mode index with energy, which means
that relatively smaller rings are needed to obtain a resonance. The increase in
effective mode volume for higher energies, as is observed in the α= 0◦ and α= 10◦,
d = 100 nm geometries, is not attributed to an increase in the absolute size of the
modal field, but solely to the decrease of the wavelength to which the volumes are
normalized. The figure shows that the mode volumes of rings with α = 10◦ follow
a similar general trend. This is consistent with the fact that the field of the lowest-
order groove mode is localized to the groove bottom and thus not very sensitive to
the groove depth. The termination of some of the curves at low energies is caused
by cutoff of the groove mode. For higher energies, the size of deeper grooves poses
a geometrical limit to the smallest possible ring radius. The smallest mode volume
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Figure 5.5: Q factors, mode volumes and Purcell factors for the n = 1, m = 1
resonance of ring resonators with d = 100, 500, 1000nm, α = 10◦ (thick lines),
and α = 0◦ (thin lines). (a) Q factor. For a large range of geometries, Q remains
between 10 and 50. (b) Mode volumes. All mode volumes are far below the
diffraction limit (0.125λ3). Ring resonators with α= 0◦ (10 nm groove width) show
the smallest volumes. For a d = 100 nm groove at 1.38 eV, the mode volume is as
small as 0.00073λ3

0. (c) Purcell factors. In the lower three curves (α= 10◦), a Purcell
enhancement of more than 350 is found. For the resonators based on thin grooves
(α= 0◦) Purcell factors reach to over 2000.
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is reached for the α = 0◦ ring resonators, with values below 0.001λ3
0. In the high

energy spectral range, this is achieved for d = 100 nm grooves; for lower energies,
deeper grooves are required to reach similar low mode volume. The smallest mode
volume is observed for the (10 nm width) d = 100 nm ring at 1.38 eV. The V-groove
structures with the same width and depth all show higher mode volume, indicating
that lowest mode volumes are observed for closely spaced parallel sidewalls. The
extremely small mode volume found here is ∼180 × smaller than the diffraction
limit.

Purcell factor of ring resonances

With a known Q and V , the Purcell enhancement can now be calculated from equa-
tion 5.1. The index of the medium is taken to be n = 1, as the field is mostly present
in the void. Figure 5.5(c) shows the Purcell factors for the different ring geometries
in Fig. 5.5(a) and (b). For the rings with α= 10◦, Purcell factors range to over 350 at
E = 1.4 eV for d = 1000 nm and 1.8 eV for d = 500 nm. Indeed, such a high Purcell
factor can be achieved over the broad spectral range from 1.4–1.8 eV by choosing
the proper depth. The α = 0◦ (10 nm wide) geometries have Purcell factors that
reach well beyond 2000 at 1.0 eV for d = 500 nm and 1.8 eV for d = 100 nm. For these
narrow grooves, Purcell factors beyond 2000 can be achieved over a very broad
bandwidth of 1.0–1.8eV by tuning the ring cavity depth.

From the data in Fig. 5.5 it follows that the cavity quality factor varies by only
a factor 5 (Q = 10–50) while the mode volume varies by a factor 30. As a con-
sequence, the variations in the Purcell factor are governed by variations in mode
volume rather than quality factor.

It is well known that dipole emitters spaced closely to a metal surface experi-
ence an enhanced decay rate as a result of nonresonant coupling to a continuum
of surface modes [162]. For example, an emitter spaced at 5 nm from a planar
Au surface experiences a decay rate that is enhanced approximately 25 times at
1.6 eV [163], mainly as a result of coupling to the so-called lossy surface waves. This
effect was not taken into account in the calculations presented here. However, in
the structures presented here, the nonresonant coupling is substantially smaller
than the Purcell enhancement due to coupling to cavity plasmons. As a result, these
nonresonant effects can be neglected.

The groove-based resonator geometry presented here is a versatile cavity that
allows for large spontaneous emission enhancements over a broad spectral range,
enabling experiments with a broad range of emitters (QDs, dyes, rare earth ions)
incorporated in its circular void. Recent work [32] has shown that narrow (< 20 nm)
grooves with depth well beyond 100 nm can be fabricated using focused-ion-beam
milling, which brings ultra-high spontaneous emission enhancements within
reach. Further optimization of the geometry should lead to Purcell factors even
higher than those reported in the present chapter.

55



5 Broadband Purcell enhancement in plasmonic ring cavities

5.4 Conclusions

In conclusion, we have shown that the resonances of plasmonic V-groove ring res-
onators directly follow from the dispersion in linear V-groove plasmon waveguides.
This allows for tuning of the ring cavity resonances by the ring radius. For these
resonances, we have calculated the quality factor Q and mode volume V for dif-
ferent groove shapes and ring radii. Quality factors range from 10–50 depending
on geometry; mode volumes vary by a factor 30. Smaller cavities suffer from larger
radiation losses. For higher energies, cavity modes are well confined to the bottom
of the groove, thus Q and V are less sensitive to depth. The smallest mode volume
was found to be 0.00073λ3

0 for a ring based on a α= 0◦, 100-nm-deep, 10-nm-wide
groove with a radius of 90 nm. In this plasmon resonator, light can be confined
more than 1000 times stronger than in a photonic crystal cavity. A very high Purcell
factor, FP > 2000, can be achieved over a broad range of energies (1.0–1.8 eV) by
choosing the proper ring geometry. For a given geometry, similar Purcell enhance-
ment is observed over a broad spectral range (∼ 50–100 meV) due to the moderate
cavity Q.

This allows for control of spontaneous emission, and light-matter interaction
in general [164], over broad spectral range, paving the way for plasmon enhanced
lasers and broadband light sources.
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6
Plasmonic whispering gallery cavities as optical
nanoantennas

We study the lowest-order (m = 0,1,2) azimuthal resonant modes of
surface plasmon whispering gallery cavities based on a circular groove
in a Au surface. We relate the local field symmetry to coupling of the
resonances to far-field radiation, optical emitters, incoming electrons
or photoelectrons emitted from the surface. To do so, we combine
four complementary techniques: optical scattering, fluorescence,
cathodoluminescence and photoelectron emission microscopy. We
exploit the field symmetries of the plasmonic whispering gallery cavity
to demonstrate spectral reshaping of emitters, mode-specific angular
emission patterns and a mode-selective excitation by incoming light,
and we directly resolve the modal fields at high resolution. The results
show that plasmonic whispering gallery resonators can be used as
versatile antennas both in receiving and transmitting mode.

6.1 Introduction

Optical nanoantennas [165] provide an interface between the optical near field and
far field. Optical antennas coupled to optical emitters can cause strong modifi-
cation in the spontaneous emission rate [78, 82, 83, 166], polarization [80], and
angular distribution of the light [71, 71, 73, 166]. Conversely, in the receiving mode,
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6 Plasmonic whispering gallery cavities as optical nanoantennas

optical nanoantennas concentrate light from far-field illumination into a small vol-
ume, enlarging the effective absorption cross section of molecules, quantum dots,
or atomic emitters placed near the antenna, or concentrating energy into a small
detector [88].

So far, most studies of antenna-emitter coupling have focused on single
metal nanoparticles, with shapes varying from spheres [83, 167] to elongated
nanorods [168, 169], and coupled nanoparticle geometries such as two coupled
nanorods [170–174], or arrays of metal nanoparticles [35, 64, 72, 175, 176]. All these
geometries take advantage of the fact that light is concentrated in a localized mode,
with high absorption or emission cross section due to the high polarizability at the
metal plasmon resonance.

Here, we introduce a ring resonator in a planar Au surface as a novel optical
nanoantenna geometry that provides unique control over the near-to-far field
coupling. The circular groove sustains surface plasmon resonances that are due
to groove-bound surface plasmon polaritons that are confined between the two
closely spaced groove sidewalls [19]. Resonances occur when the circumference
of the ring equals an integer number m of plasmon wavelengths. The lowest
order azimuthal resonance in these plasmonic whispering gallery cavities occurs if
the ring circumference equals the plasmon wavelength λ. As we have shown
previously [58], these plasmon ring cavities also support many high-order
azimuthal modes for increasing diameter. In addition, for deeper grooves, higher-
order radial modes (indicated by n) are observed that correspond to an increase in
the number of antinodes in the radial direction of the cavity.

The large degree of control over the mode field symmetries of the plasmon
whispering gallery resonators provides a unique way to control the coupling be-
tween the near and far field. In this chapter we use white-light scattering, cathodo-
luminescence imaging spectroscopy, fluorescence microscopy and photoelectron
emission microscopy to study this behavior. We find that excitation from the far
field is strongly influenced by the multipole moment of the local field, as well as
by Fano interference effects. We use excitation in the near field by fast electrons to
selectively excite well-defined antenna modes by tuning the position of excitation.
Next, we show how near-field coupling of a fluorescent dye molecule to the cavity
modes provides strong control over the fluorescence spectrum and decay rate. The
angular distribution and polarization of the antenna emission is tuned by the res-
onant mode order. Finally, far-field excitation of these plasmonic ring cavities also
gives rise to resonant photoelectron emission that is strongly correlated to the local
field distribution at the antenna.

These experiments show that plasmonic whispering gallery cavities are ideal
structures in which the radial and azimuthal mode symmetries of the resonant near
field can be precisely tuned leading to accurate control over the coupling between
near and far field. Interestingly, while the azimuthal modes are due to cavity res-
onance of propagating surface plasmon resonances, they can be well described by
mode field symmetries of dipolar, quadrupolar and higher order localized modes.
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6.2 Mode selectivity and Fano line shapes in far-field optical excitation

6.2 Mode selectivity and Fano line shapes in far-�eld
optical excitation

Methods

Arrays of plasmonic whispering gallery resonators were fabricated using focused-
ion-beam milling. The resonators consist of a circular groove milled into a smooth
Au surface. A representative structure and its cross-section are shown in Figure 6.1.
The V-shaped grooves are approximately 100 nm wide at the top with a depth d
ranging from 25 to 500 nm. Ring radii r are in the range 100–300 nm. The sub-
strate was obtained by thermal evaporation of a thick (3µm) Au layer onto a freshly
cleaved mica substrate. After annealing at 500◦ C it was glued to a silicon wafer
using an epoxy resin (EPO-TEK 377), cured at 150◦ C, and subsequently stripped
off the mica template. The resulting film has a very smooth surface composed of
large (∼10µm) crystal domains. Arrays composed of multiple rings are made within
a single crystal domain allowing for smooth FIB milling that does not suffer from
differences in milling rate between crystal grains. A rectangular array of 20×17 rings
with a 2µm pitch was milled. At each column, the depth is increased; for each row,
the radius is increased.

Cathodoluminescence (CL) measurements were taken in an FEI XL30 SEM us-
ing 30 keV electrons (see chapter 1.3 for details). Ring resonators were excited by
scanning the electron beam (current ∼1 nA) over a 900-nm-long line across the ring
in 10-nm steps with an exposure time of 0.25 s per step. Spectra were recorded with

(a) (b)

Figure 6.1: Scanning electron micrographs of plasmonic whispering gallery
resonator with radius r = 300 nm and groove depth d = 500 nm. (b) FIB-milled
cross-section through resonator infilled with a PVB polymer layer spin coated onto
the sample surface from solution. It forms a thin (< 50 nm) layer onto the surface
and fills the bottom part of the V-groove (dark contrast). Air inclusions are formed
at the bottom of the groove. Scale bars: 200 nm
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6 Plasmonic whispering gallery cavities as optical nanoantennas

a liquid-nitrogen-cooled CCD array detector. Spectra taken along a single line scan
were summed to yield an integrated spectrum of the resonator.

White-light scattering measurements were taken using a 60× NA=0.9 objec-
tive which focused white light from an incandescent lamp source onto the sample
surface. Scattered light was collected by the same objective and, using a beam
splitter, projected onto a 9µm core diameter fiber guiding the light into a thermo-
electrically-cooled CCD array detector. Using a piezoelectrically controlled stage,
the array of rings was scanned through the focus in 200-nm steps. From this scan,
the scattering spectra of the individual rings were taken by summing over nine
pixels covering a single resonator. Spectra were divided by the scattering spectrum
of unstructured Au.

Results and discussion

Ring resonances can both be excited by an incoming plane wave and by an in-
coming electron beam; however the mechanisms of excitation are different. We
compare the scattering spectrum with the CL emission spectrum and use the dif-
ferences between these spectra to study the mode symmetries.

Figure 6.2 shows the scattering and CL spectra of three representative rings
with radii of 100, 210 and 290 nm and a depth of approximately 100 nm. For the
smallest ring with a 100-nm radius, the CL spectrum (black curve) shows one clear
peak. In contrast, the white-light scattering spectrum for this ring (red curve) is
featureless. As known from previous work (see chapter 4) the CL emission peak
for a small ring of 100-nm radius is caused by a resonance with an m = 0, n = 1
symmetry, which corresponds to a charge distribution that is symmetric around the
ring; the modal charge distribution has a vertical dipole moment. Such resonances
are efficiently excited by an electron beam incident from the top, parallel to the
dipole moment [120], in agreement with the clear emission peak observed in the
CL spectrum. Light that is incident through an objective, on the other hand, offers
an electric field that is mostly polarized in the sample plane and thus perpendicular
to the resonator modal field. This explains why the excitation is not visible in the
scattering spectrum.

For the second ring (r = 210 nm), the m = 0 peak has shifted to a longer wave-
length outside the measurement range and another peak is clearly visible at 675 nm
in the CL spectrum. At this wavelength, the white-light scattering spectrum shows
a dip. This corresponds to the excitation of an m = 1 resonance that has a dipolar
charge distribution in the plane of the ring resonator. Both the incoming electron
and a plane wave couple to this resonance. Although the resonant dipole moment
is perpendicular to the electron beam, the modal electric field vector has vertical
components in significant parts of the resonator groove [19] resulting in excitation
of the resonance (see also section 6.4).

The CL spectrum of the largest ring (r = 290 nm) shows two peaks. Here, the
scattering spectrum only shows a feature at the wavelength of the rightmost peak.
This peak at 780 nm corresponds to the m = 1 mode [19] also observed in the r =
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Figure 6.2: White-light scattering spectra (red curves) and 30 keV cathodolu-
minescence spectra (black curves) of ring resonators with increasing radius r .
Resonances give rise to peaks in the cathodoluminescence spectra and Fano-type
line shapes in the scattering spectra. All optical resonances (m = 0,1,2) are excited
by the electron beam, but only dipolar (m = 1) resonances are excited in the white-
light scattering experiment.

61



6 Plasmonic whispering gallery cavities as optical nanoantennas

210 nm ring, now shifted to a longer wavelength due to the increased size of the res-
onator. The peak at 625 nm corresponds to an m = 2 resonance, with a quadrupo-
lar charge distribution. As with the dipolar m = 1 mode, this quadrupole mode
is efficiently excited by the electron beam at positions where its near field has a
large vertical component. Quadrupolar charge distributions are often disregarded
when considering far-field radiation. This is valid when the oscillating charges
are confined in a deep subwavelength volume. Here, however, the charges are
distributed over wavelength-scale dimensions of the whispering gallery cavity and
far-field emission is indeed observed under electron excitation. In contrast, such a
quadrupolar oscillation does not couple to a plane wave incident from the top, for
symmetry reasons analogous to the m = 0 case. Indeed, there is no signature of the
m = 2 resonance in the scattering spectrum.

In the comparison between CL and scattering, another interesting feature is
observed. The peaks in the CL spectra have an apparent Lorentzian line shape,
as is expected for this resonant behavior, whereas the dips in the white-light scat-
tering spectra are asymmetric. This difference is attributed to interference between
directly reflected light and radiation by the resonant mode. At an excitation wave-
length below resonance, the resonator oscillates out of phase (phase shift is close
to π) with the driving field, i.e. the incident light. The incident light itself un-
dergoes a phase shift of ∼π upon direct reflection off the substrate. These effects
combined cause constructive interference of the two light paths, leading to an en-
hanced scattering signal at wavelengths shorter than the resonance wavelength.
Above the resonance wavelength, the phase shift upon reflection remains π, how-
ever, the resonator now oscillates in phase with the driving field, leading to de-
structive interference between directly reflected light and light that is coupled out
of the resonator. Indeed, at longer wavelengths a decreased scattering intensity
is observed. This Fano-type interference [177] between a continuum and a single
resonance that leads to this line shape is a well-known phenomenon in plasmonic
resonances [178].

6.3 Spectral reshaping of �uorescence by coupling to
antenna resonances

An advantage of the plasmonic ring resonator geometry is that the resonant field
is strongly enhanced over a relatively large modal volume that is easily addressed
from the outside. Here we study how the fluorescence of dye molecules incorpo-
rated inside the groove is affected by coupling to plasmonic ring modes.

Methods

Ring cavities were coated by a polymer layer that was doped with ATTO680 dye
molecules. The layer was obtained by spin coating a solution of 3 ·10−5 M dye
and 5 wt% poly-vinyl butyral (PVB) in ethyl-lactate onto the Au substrate [82]. The
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6.3 Spectral reshaping of fluorescence by coupling to antenna resonances

resulting layer thickness is 10–50 nm as can be seen in Fig. 6.1(b). The bottom half
of the groove void of the plasmon cavities is infilled with PVB with the exception of
small air inclusions at the bottom.

Scanning confocal optical microscopy was performed using the same setup as
in the scattering experiments. A 5 mW diode laser emitting at 640 nm was used as
an excitation source and filtered through a 650 nm short-pass filter; in the detection
path a 700 nm long-pass filter was used.

Results and discussion

As a result of infilling the groove void with a polymer layer, the resonances undergo
a red shift [139]. Figure 6.3 shows white-light scattering and CL emission spectra
of an r = 200 nm, d = 600 nm ring. Before infilling, the ring resonance is at 700 nm,
as can be seen in the CL spectrum (black). The scattering spectrum (red) shows
a dip around this wavelength due to coupling of the incident light to the m = 1
resonance. After infilling, the scattering measurement shows a dip at 750 nm (blue
curve), showing that the resonance has indeed shifted to a longer wavelength. A
change in the shape of the scattering spectrum is observed upon infilling, which is
attributed to a change in the interference conditions due to the presence of the PVB
layer on the Au surface. The observed red shift is smaller than what would be ex-
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Figure 6.3: Resonance spectra of a single ring resonator (r = 175 nm, d =
50 nm) before and after infilling with dye-containing polymer. Black curve:
cathodoluminescence spectrum, showing a clear resonant peak. Red curve:
normalized white-light reflection spectrum showing a Fano line shape at the
resonance wavelength. As a result of a polymer layer covering the resonator the
white-light reflection spectrum red shifts (blue curve). Green curve: fluorescence
enhancement of dye molecules incorporated in the polymer layer, showing a
spectral reshaping due to coupling to the cavity mode.
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6 Plasmonic whispering gallery cavities as optical nanoantennas

pected assuming full infiltration of the V-groove with the polymer (npolymer = 1.49).
We attribute this to the presence of air voids at the bottom of the groove, which
effectively lower the index and the fact that a significant fraction of the resonant
field extends above the polymer film.

The ATTO680 fluorescent dye used in these experiments has a quantum effi-
ciency of ∼30% with a broad luminescence above 700 nm and a maximum absorp-
tion at 680 nm. Figure 6.4 shows the emission spectrum (labeled 'reference') of
ATTO680 molecules embedded in a 10-nm layer of PVB on a flat Au substrate. The
spectrum recorded from ATTO680 dye molecules inside the r = 175 nm, d = 50 nm
ring cavity (same as Fig. 6.3) is also shown in Fig. 6.4. This spectrum is clearly differ-
ent from the reference and shows a strong enhancement of the fluorescence in the
central part of the spectrum. The fluorescence enhancement spectrum, obtained
by division of the cavity spectrum by the reference, is also plotted in Fig. 6.4. We
observe an enhancement of the fluorescence over a broad range around 750 nm.
The fluorescence enhancement at 750 nm is more than 5 times higher than at the
edges of the spectrum, suggesting an enhancement of the radiative rate at this
wavelength that is at least a factor 5. The fluorescence enhancement spectrum
is also plotted in Fig 6.3. Clearly, the fluorescence is enhanced right at the cavity
resonance.

Taking advantage of the large tunability of plasmon cavity resonance, we now
make a systematic comparison of the fluorescence enhancement for different cav-
ity geometries. Figure 6.5 shows a confocal microscopy scan of an array of res-
onators with different depth and diameter. In the confocal scan, the fluorescence
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Figure 6.4: Normalized fluorescence spectrum of ATTO 680 dye embedded in PVB
inside an r = 175 nm, d = 50 nm plasmon ring cavity. A reference spectrum from
dye in a 10 nm polymer layer on unstructured Au is also shown. The fluorescence
enhancement in the ring resonator is shown by the green curve. (λpump = 640 nm)
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Figure 6.5: Confocal microscopy scan of ATTO680 fluorescence in an array of 17 ×
20 ring resonators. The rings have groove depths ranging from 25 nm (bottom) to
500 nm (top) and radii of 100 nm (right) to 300 nm (left). Excitation was at 640 nm.
Plotted in these scans is the fluorescence in a 10-nm band around (a) 710 nm and
(b) 800 nm, showing that the emission is enhanced for certain rings at specific
wavelengths at which the plasmonic cavity is resonant. Data are normalized to
fluorescence of the planar part of the Au substrate. Scale bar: 10µm

spectrum was recorded for every pixel in a rectangular grid. In this figure, only the
emission at 710 nm and 800 nm is shown (spectral bandwidth 10 nm). Each bright
dot in the figure corresponds to an individual ring resonator. Data are normalized
to the fluorescence from a planar part of the substrate. The resonators have a diam-
eter that increases from left to right; the groove depth increases from bottom to top.
Clearly, the fluorescence enhancement strongly depends on cavity geometry. The
bright resonators appear as bands in the image. This is due to the fact that different
combinations of depth and diameter yield the same resonant wavelength. The fig-
ure clearly shows that the fluorescence is enhanced in ring resonators over a broad
range of cavity sizes and shapes, due to their cavity resonance. These bands are
both observed at 710 and 800 nm but at different cavity geometries. Exploiting the
tunability of the ring resonances, the fluorescence enhancement can be engineered
throughout the entire emission band of the ATTO680 molecules. Comparison of
the data in Fig. 6.5 with white-light scattering data (not shown) shows that the
bright fluorescence bands correspond to resonances with m = 1 and n = 1,2,3...,
that all have a dipolar character. Most cavities in the array have depth d > 100 nm.
In these deep structures, the resonance spectrum is dominated by several higher-
order n-modes. These modes efficiently couple to free-space light. However, their
fluorescence might obscure effects due to m = 2 resonances, which should also lead
to fluorescence enhancement.

Finally, we note that resonance effects near the 640-nm laser excitation wave-
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6 Plasmonic whispering gallery cavities as optical nanoantennas

length do not play a role in the intensity enhancements observed.

6.4 Spatially resolved excitation and angle-resolved
emission of antenna resonances

The experiments above show clear signatures of different multipolar field
symmetries. In this section, we use electron beam excitation to directly resolve
these modes and study their angle-resolved emission pattern.

Methods

Due to the rotational symmetry of the ring resonators, the different multipolar
fields are twofold degenerate. This degeneracy can be lifted by analyzing the CL
emitted from the resonator through a polarizing plate. The CL setup (see Fig. 1.4)
allows for the placement of a polarizer in the part of the beam that emerges
from the parabolic mirror. As the mirror alters the polarization distribution from
the sample, light is collected through a vertical slit in the center of the beam
(see Fig. 1.6). When analyzing this light with a polarizer, a single polarization
emitted from the mirror focus is selected. In these experiments, a 0.9-mm-wide
slit was used (less than 1/20 of the beam width) and the polarizer was set to either
horizontal or vertical orientation. In polarized-emission experiments the electron
beam was scanned in a rectangular grid of 10-nm steps using a 0.1 s exposure time
per pixel. For every pixel, a spectrum was acquired.

Angle-resolved measurements were taken without the slit, collecting light from
the full area of the mirror, while the electron beam was fixed to one position on
the resonator. The resonant mode was selected using band-pass filters with a 40-
nm-bandwidth around the wavelength of interest. Data is collected by a CCD array
detector placed in the parallel beam that leaves the parabolic mirror. In this beam,
every position corresponds to a unique emission angle. The CCD data was con-
verted to an angular distribution. The exposure time was 6 s.

Results and discussion

Figure 6.6(d-o) shows CL data taken from two different ring resonators with r =
120 nm (Fig. 6.6(a)) and r = 300 nm (Fig. 6.6(b,c)). The groove depth was d = 100 nm
in both cases. The left column shows CL data for the m = 0 resonance of the small
ring at 750 nm. For this resonance the phase is constant throughout the groove and
the dipole moment is oriented perpendicular to the sample surface. The center
and right columns show CL data for the m = 1 resonance at 770 nm and the m =
2 resonance at 630 nm for a larger ring, that correspond to one or two plasmon
wavelengths fitting in the ring circumference, respectively.

Figures 6.6(d-f) show spatially-dependent cathodoluminescence excitation
maps for the m = 0,1,2 resonances. The data in Fig. 6.6(d) is taken at the peak
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Figure 6.6: Spatially-resolved excitation and angle-resolved emission of m = 0,1,2
resonances in plasmonic whispering gallery resonators. Left column: m = 0; data
for an r = 120 nm ring resonator at a wavelength of 750 nm. Image size: 400 ×
400 nm2. Center column: m = 1; data for an r = 200 nm ring resonator at 800 nm
wavelength. Image size: 800 × 800 nm2. Right column: m = 2; data for the same
r = 200 nm ring resonator at 600 nm wavelength, with the same image size. First
row: Scanning electron micrographs. Second row to fourth row: e-beam excitation
maps (30 keV e−), acquired using unpolarized detection, vertical polarization and
horizontal polarization, respectively. Color scales indicate CCD counts. The arrows
indicate the orientation of the polarizer. Fifth row: angle-resolved emission of the
resonant mode for excitation in the center of the resonator (m) and excitation at
the bottom edge of the center plateau of the resonator (n) and (o).
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resonant wavelength of 750 nm. Data for the m = 1 and 2 resonances in Figs. 6.6(e,f)
is taken atλ0 = 600 and 800 nm, respectively, to avoid overlap between the resonant
peaks. Data taken with unpolarized detection (second row) shows circular features
for all resonances, which is expected for a rotationally symmetric structure with
accordingly degenerate modes. Interestingly, the m = 0 resonance in Fig. 6.6(d) is
mostly excited at the center of the ring. This is in agreement with the m = 0 mode
symmetry and a vertical dipole moment, which is efficiently excited in the center
of the structure. The m = 1,2 resonances in (e) and (f) are best excited at the edges
of the center plateau because the resonant field for these modes is strongest inside
the groove. The strongest excitation is observed on the inner edges of the groove,
as here the out-of-plane component of the modal field, which couples efficiently
with the field of the electron beam, has a maximum [19].

The third row of Fig. 6.6 shows CL scans acquired through a slit with a polarizer
transmitting vertically polarized light. The m = 0 dipole mode is expected to emit a
rotationally symmetric radiation pattern with a polarization that is perpendicular
to the sample surface. This emission is readily transmitted through the polarizer.
Indeed, the excitation map Fig. 6.6(g) at 750 nm is very similar to the unpolarized
case, consistent with the dipole moment being vertical to the sample surface. The
data for the m = 1 resonance in Fig. 6.6(h), also taken through the polarizer is very
different. Here the rotational symmetry is lost and two lobes are clearly visible.
This behavior is attributed to an in-plane dipole moment of which we only detect
the far-field radiation through the polarizer if it is excited with the matching po-
larization. The vertical polarization is only excited when the electron beam dwells
near the top or the bottom of the resonator in the image of Fig. 6.6(b), where the
maxima in the CL image of Fig. 6.6(h) are observed. The data for the m = 2 res-
onance in Fig. 6.6(i) are more complex; the image shows that this mode is mostly
excited near the top and the bottom but there is a nonzero excitation around the
full circumference of the ring. The excitation map for a quadrupolar resonance
is indeed expected to be more complex than that of a dipole; we will clarify this
result later. The intensity in the center of Fig. 6.6(i) is attributed to an m = 0,n = 2
resonance that overlaps with the signal at 600 nm [19].

The excitation maps collected through the vertical slit drastically change when
the polarizer is rotated to a horizontal orientation (fourth row). The m = 0 dipole
mode does not emit the corresponding polarization and indeed, the signal in
Fig. 6.6(j) is very low. The small intensity that is transmitted is attributed to a
dipolar mode also present in this structure with its maximum at a much shorter
wavelength. In Fig. 6.6(k), the dipolar pattern of the m = 1 image now has the
high-intensity lobes on the left and the right of the image, as is expected. The
quadrupolar m = 2 mode (Fig. 6.6(l)) shows four clear lobes with maxima that are
rotated by 45◦ with respect to the vertical-polarization-scan.

Angle-resolved measurements without polarizer were taken to verify the con-
clusions made about the dipole orientations of the m = 0 and m = 1 resonances as
well as to clarify the patterns observed for the quadrupolar m = 2 resonance. The
fifth row of Fig. 6.6 shows the angular emission patterns for a half sphere covering
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6.4 Spatially resolved excitation and angle-resolved emission

the ring resonator; azimuthal angle ϕ and polar angle θ are indicated. The black
area in the bottom of each image corresponds to the open part of the parabolic
mirror, where no light is collected. The orientation of the angular plots corresponds
to that of the excitation maps. Figure 6.6(m) shows the emission owing to excitation
of the m = 0 resonance on the center plateau. A bright ring is observed, indicating
azimuthally symmetric emission into all directions. The polar angle of maximum
intensity is around 45◦. This angular emission pattern is in agreement with what is
expected for a vertical dipole (λ= 750 nm) oscillating at the Au-air interface and is
similar to the angular distribution of transition radiation [107]. Figure 6.6(n) shows
the angular distribution for the m = 1 dipole emission. Here the beam was placed
at the bottom edge of the center plateau (position of maximum intensity in (h)).
For a dipole oriented parallel to the sample surface and vertically in these figures,
a horizontal emission band is expected through the center of the angular plot, but
due to the presence of the Au surface, this band should be truncated at shallow an-
gle, resulting in emission that is mostly upward. The figure indeed shows maximum
intensity in the center of the distribution, corresponding to upward emission. The
upward emission is always transmitted by the slit used for polarized measurements,
independent of the orientation of the m = 1 dipole mode. This is in agreement with
the fact that the signal intensities in Fig. 6.6(h) and 6.6(k) are comparable.

Figure 6.7 shows the angular emission pattern of the m = 1 resonance for sev-
eral electron beam positions around the ring circumference. The center image
shows the excitation map of the resonator at 800 nm for a coarse scan of the elec-
tron beam. For each pixel, the angular emission was recorded and the pixel inten-
sity represents the integrated angular emission. The angular emission patterns are
plotted for 8 selected pixels on the ring circumference. The results confirm that the
observation of upwards emission from the m = 1 mode is a consistent effect that is
independent of electron beam position.

The emission pattern of the m = 2 quadrupole mode (also excited at the bottom
of the ring) is given in Fig. 6.6(o). A bright spot is emitted at ∼30◦ from the normal in
a direction opposite the electron beam position. The signal has a minimum at the
center of the plot, and a higher intensity towards the bottom. This emission pattern,
having a node in the center, reminds of the pattern of a linear quadrupole with a
vertical orientation [136, 179]. For a vertically oriented linear quadrupole the emit-
ted polarization is also vertical. By comparing excitation maps Fig. 6.6(i,l) it is found
that for excitation at the bottom edge of the center plateau the emission indeed
has a predominantly vertical polarization, in agreement with the linear quadrupole
picture. However, the asymmetry in Fig. 6.6(o) between top and bottom shows
that not only a pure quadrupole is excited. We attribute these effects to a complex
interplay between the quadrupole mode and the dipolar mode which is also weakly
excited at 800 nm. Further study is required to fully explain the observed angular
emission pattern. It is interesting to note that the asymmetry does not arise in the
m = 1 dipolar emission pattern.

For the m = 2 resonance, Fig. 6.8 shows the angular emission at 600 nm for
different excitation positions, analogous to the m = 1 resonance patterns in Fig. 6.7.
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Figure 6.7: Angle-resolved emission from the m = 1 dipolar mode of an r = 300 nm,
d = 100 nm ring resonator. Center: excitation map at 800 nm of the dipolar plasmon
mode. For selected pixels on the inner edge of the center plateau, the angular
emission pattern is plotted. The figure shows that the dipolar resonance always
radiates towards the surface normal, independent of electron beam position.
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Figure 6.8: Angle-resolved emission from the m = 2 quadrupolar mode of an r =
300 nm, d = 100 nm ring resonator. Center: excitation map at 600 nm. For selected
pixels on the inner edge of the center plateau, the angular emission pattern is
plotted, showing a maximum in emission that is 30◦ from the normal and pointing
in a direction opposite the electron beam position.
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Clearly, the angular emission pattern is rotated for different excitation positions
along the edge of the center plateau. The bright emission spot at 30◦ from the nor-
mal always points to the direction opposite the electron beam position, confirming
that the electron beam position determines the local field symmetries.

Using the angular emission data, the patterns observed in the excitation maps
of Fig. 6.6 can now be fully explained. In Fig. 6.6(i) the emission maximum only
falls on the slit when the electron beam is positioned at the top or bottom of the
ring, hence the two maxima. The upper maximum has a lower intensity, which
is because the emission partly falls outside of the mirror acceptance angles. In
Fig. 6.6(l), there is only a horizontal polarization component in the emission when
the electron beam dwells at the left or right, but in this case the emission falls
completely outside of the slit. At positions between top, bottom, left and right, a
small fraction will fall on the slit with a small horizontal component. Here, four
maxima appear. Clearly, when considering the angular emission pattern and the
acceptance range of the slit, the polarized experiment provides us with a method
to distinguish between mode orders.

The results show that although the same mode is excited at different positions
in the resonator, its polarization and far-field emission patterns are very position-
dependent. By choosing mode order and excitation position, the far-field emission
and polarization of a ring antenna can be fully engineered. This implies that despite
their spherical symmetry, plasmonic whispering gallery cavities can be employed
to beam emission from light sources embedded in the cavity to non-zero angles.

6.5 Photoelectron emission due to antenna
resonances

As we have seen above, the electromagnetic field of a ring resonance couples to free
space light, incoming electrons and fluorescent molecules. In the remainder of this
chapter, we exploit the use of one other coupling mechanism to study the antenna
properties of plasmonic whispering gallery resonators.

Photoelectron emission occurs when a photon transfers enough energy to an
electron to raise its energy from the Fermi level to a free state. The photoelectric ef-
fect also occurs as a multiple-photon process. In this case, the probability for pho-
toemission depends nonlinearly on intensity. Photoelectron emission microscopy
(PEEM) is a technique in which electrons emitted from a sample are accelerated
and imaged onto a screen using an electrostatic lens system [180, 181]. Due to the
high quality of electron imaging systems, PEEM enables the study of optical fields
at subwavelength resolution. As was recently found, PEEM can be used to study
propagation and dephasing of plasmons on metal particles [182], exploiting the
high local field of surface plasmons for photoelectron emission.

Here, we use PEEM as a direct high-resolution probe of the electric field in
plasmonic ring resonators that are excited by an incoming light pulse.
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Methods

An array of ring resonators consisting of 10 columns (nominal groove depth: 60–
150 nm) × 11 rows (radius: 100–350 nm) was fabricated using focused-ion-beam
milling in an Au surface obtained using template stripping off a mica substrate. The
sample was inserted into the PEEM system, where it was excited using a Ti-sapphire
laser having linearly polarized 30 fs pulses of 800 nm that were directed onto the
sample under an angle of 65◦ to the normal. Emitted photoelectrons were collected
by an electrostatic lens system using a 10 kV extraction voltage and imaged onto a
P46 scintillator screen. A sensitive CCD array detector records images of the screen.
An integration time of a few seconds was used for acquisition of an image.

Results and discussion

Photoelectron emission at 800 nm on a Au surface involves the simultaneous ab-
sorption of 3 photons, making it highly nonlinear. The PEEM pictures are therefore
expected to show a strong dependence on local field in the ring cavity. Figure 6.9
shows a PEEM image of the ring array. Bright pixels in this image correspond to
areas from which a high number of electrons was emitted. The rectangular array of
ring resonators is clearly visible: every bright spot corresponds to an individual res-
onator structure. The image shows two bands of resonators that show a high emis-
sion intensity; other resonators remain dark. Clearly, the photoelectron emission
due to ring resonators is subject to resonant effects. The enhanced photoelectron
emission in these bands is attributed to the fact that these cavities are resonant with
the 800 nm excitation light (m = 1,n = 1,2 mode).

A CL experiment was done to verify this hypothesis. Figure 6.9(d) shows the
emission at 800 nm as function of beam position on the same resonator array as
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Figure 6.9: (a) Schematic of photoemission electron-microscopy (PEEM) setup (b)
PEEM image of ring resonator array using excitation with 30-fs-pulses at 800 nm (c)
Magnified PEEM image from a resonant ring, showing intensity enhanced on two
lobes on either side of the resonator. (d) Cathodoluminescence excitation map at
800 nm. Scale bars: 4µm
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used in the PEEM experiments. Here too, two bands are observed due to ring res-
onances. The bands have a similar position as the bands in the PEEM figure, sug-
gesting they correspond to the same resonance.

Since PEEM has a high spatial resolution, it is possible to accurately image the
field intensity in a resonator. The inset Fig. 6.9(c) shows a magnified image of a
single r = 275 nm, d = 60 nm ring. Here, two lobes are seen, corresponding to a
dipolar excitation pattern similar to what is observed in Fig. 6.6(h) and (k). The
degeneracy of the ring resonance is lifted by the polarization of the excitation pulse.
The two lobes on either side of the center plateau correspond to regions of high
electric field. Close inspection of the PEEM data shows that all ring resonators have
a dipolar pattern (m = 1). As we have previously seen, free space light only excites
the dipolar resonances and no enhanced photoelectron emission due to other field
symmetries is expected.

The results show that ring resonators function as an effective receiving antenna,
providing a mechanism for photoelectron emission from a Au surface. PEEM can
be used to measure the intensity distribution around the structure with high reso-
lution. The next step is to exploit the high time resolution of the PEEM technique
to study the time evolution of the excited plasmon modes.

6.6 Conclusions

We have demonstrated that plasmonic whispering gallery resonators are effective
optical antennas both in the receiving and transmitting modes. By exploiting
complementary excitation and detection techniques we fully resolve the resonant
modes, their spatial distribution and emission polarization. We have shown how
far-field excitation selectively excites dipolar resonances leading to a Fano line
shape in the scattering spectrum. In contrast, electron-beam excitation leads
to m = 0,1,2 dipolar and quadrupolar modes that can be selectively excited.
Molecular fluorescence is strongly reshaped due to coupling of optically excited
dye molecules to the cavity resonance. Near-field excitation by fast electrons allows
us to choose the orientation of the multipolar resonance by accurately positioning
the electron beam. We detect the corresponding angular emission distribution
in the far field. Finally, far-field excitation of the cavity resonances gives rise to
photoelectron emission due to high field confinement in the groove of the ring
resonator. Imaging the photoelectron emission provides one with an additional
method to directly resolve the nanoscale dipolar field distribution.

The resonance tunability and control over the mode structure offered by plas-
monic whispering gallery resonators offers many possibilities for their use as opti-
cal antennas both in the receiving and transmitting mode.
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7
A metal-insulator-metal waveguide at cutoff as
effective n = 0 material

The spatial advance of the phase of light is controlled by the refractive
index, essential to many if not all optical applications. Surface
plasmons enable a strong modification of the dispersion of light,
allowing to tailor effective refractive indices that are very large [38]
or even negative [41, 43]. A special case occurs when the refractive
index reaches a value close to 0 [183]. This condition can be met
in waveguides near cutoff, which was experimentally demonstrated
in the microwave regime [184] and was also predicted for plasmonic
waveguides [185]. So far, it was impossible to reach this condition
at visible wavelengths due to limitations in nanofabrication and the
difficulty of probing the n = 0 condition in a buried waveguide.
Here, we present a metal-insulator-metal plasmon waveguide that
shows an effective n = 0 at cutoff. Waveguides with accurately
controlled dimensions were fabricated using a sequence of steps
including focused-ion-beam milling. Modes of the waveguides were
excited using a 30 keV electron beam penetrating through the layer
stack. We directly observe the spatial mode profiles and determine the
dispersion relation of plasmon modes near cutoff. A group velocity as
low as 0.21 c was found. At cutoff, the n = 0 condition was observed
causing an enhanced density of optical states and a line dipole angular
emission pattern.
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7.1 Introduction

Optical waveguides are essential components in many modern applications. Guid-
ing light through refractive index contrast, waveguides are used in optical fibers
for telecommunication, lasers and optical integrated circuits. A special type of
waveguide is based on surface plasmons, electromagnetic waves that are bound
at the interface between a metal and a dielectric. The high field confinement and
small lateral extent offered by surface plasmon waves enable shrinking optical in-
tegrated circuits to deep-subwavelength dimensions. This brings together opti-
cal and electronic functionality on a chip, and has lead to the realization of ultra-
small lasers [186, 187]. The dispersion of guided modes in a plasmonic waveguide
strongly depends on the geometry. For example, plasmons in a metal-insulator-
metal waveguide are squeezed to a small mode area when the insulator thickness is
decreased, enabling high mode indices at frequencies below the surface plasmon
resonance [37, 38], and a negative refractive index for frequencies above it [41,
43]. The dispersion of an MIM mode can be further controlled by limiting the
lateral extent, e.g. in a rectangular waveguide geometry. Below a certain size, the
waveguide modes will experience cutoff: below a certain cutoff frequency the mode
ceases to exist. For frequencies approaching cutoff, the group velocity strongly
decreases and the phase velocity increases. At cutoff, the phase velocity diverges,
effectively corresponding to n = 0, i.e. the phase of light is constant throughout the
waveguide. Many cases of extraordinary optical transmission [31, 188–190], strong
field enhancement [70], enhanced interactions with emitters [79] and enhanced
nonlinear effects [68] that have been observed in metal hole arrays are attributed
to cutoff. These examples all feature waveguides that are shorter than the plasmon
wavelength. Here, we investigate several fascinating physical effects that occur
near cutoff in MIM waveguides that are much longer than the wavelength, allowing
to study the transition between propagating modes and the resonance at cutoff.
Achieving n = 0 in optical waveguide circuits offers many interesting applications
in optical circuits, because it offers full control over the phase advance of light. So
far, it has been difficult to study the propagation of light in rectangular plasmonic
waveguides, because of their inherently closed nature: light is confined within the
metallic boundaries, and cannot be easily addressed from the outside.

Here, we introduce the use of a 30 keV electron beam as a point source of sur-
face plasmons to selectively excite the mode structure of waveguides consisting of
metal-insulator-metal layers. The electron beam has a waist of less than 10 nm,
enabling direct mapping of the plasmon mode field distribution with nanoscale
resolution. We detect the far-field radiation pattern emitted from the waveguides
using a piezoelectrically positioned parabolic mirror assembly in combination with
an imaging CCD system. We spatially resolve the waveguide modes and determine
the full dispersion near cutoff.

An impinging electron that makes the transition between two materials with
different dielectric constants gives rise to an excitation that is similar to a radiating
dipole. As a result of this excitation, free space light is emitted (`transition radi-
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ation') and surface plasmons are excited [107, 109]. The excitation probability of
a plasmon by an impinging electron is proportional to the local density of states
(LDOS) at the position of electron beam impact [109]. The probability with which
plasmons are excited is therefore strongly connected to local resonances and their
nanoscale field distribution. Furthermore, electron-beam excitation is particularly
suited to generate the lowest-order MIM slot waveguide mode, because it has a
symmetric field distribution: this modal field shows good overlap with the exciting
field of the electron beam [119, 120, 191]. The cathodoluminescence (CL) radiation
collected in the experiment provides a powerful means to resolve the dispersion in
MIM waveguides.

7.2 Results

Figure 7.1 shows scanning electron micrographs of an 85-nm-thick dielectric layer
composed of an SiOx core that is fully surrounded by a Ag cladding. The structure
is fabricated using a sequence of evaporation, sputtering and focused-ion-beam
milling. An array of such waveguides was fabricated with a core width ranging from
100 to 600 nm and a length of 2µm. The Ag cladding is covered by a 10 nm Cr layer,
both on top and bottom, in order to absorb plasmon modes of which the field is
predominantly at interfaces outside the core.

(a)

(b)

(c)
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Cr
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Figure 7.1: Scanning electron micrographs of a 2µm long, focused-ion-beam
fabricated MIM waveguide. (a) Schematic of the end facet, showing the
Si/Cr/Ag/SiOx/Ag/Cr layer structure. (b) Finalized waveguide (c) Detail of end
facet. Scale bars: 200 nm
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An MIM plasmon mode that exists in this geometry will propagate through the
waveguide and reflect at the end facets, giving rise to standing plasmon waves. At
the end facets, plasmons propagating through the MIM waveguide will not only
reflect, but also couple to far-field radiation. We have studied this emission by
recording the emitted spectrum as function of position of the electron beam across
the surface of the waveguide. The waveguide is excited using a 30 keV, ∼1 nA beam
of a scanning electron microscope (SEM). The light emission that results from this
excitation is spectrally detected for each position of the electron beam (exposure
time: 0.25 s).

Figure 7.2 shows the result of an electron beam scan over a 600 nm × 2000 nm
area in 20-nm steps. The recorded intensity is plotted for two wavelengths. The
scan clearly shows the outline of the waveguide; it is brighter than the surround-
ings. The CL emission that is excited on the waveguide also shows a strong position
dependence: at 910 nm emission wavelength we observe 6 maxima along the wave-
guide axis while at 624 nm 11 maxima are found. We attribute these maxima in CL
emission to the antinodes of a standing plasmon wave [58, 115], in agreement with
the increasing number of maxima for a shorter wavelength and the fact that the
separation between two maxima equals half a plasmon wavelength in this geome-
try (see below).

Figure 7.3 shows the full spectrum recorded in a line scan of the electron beam
along the waveguide axis; at each 5-nm step of the electron beam a spectrum is
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Figure 7.2: Excitation maps of the plasmon resonances at 910 nm and 624 nm,
respectively, of an 85-nm-thick MIM waveguide with a 400-nm-wide SiOx core,
obtained using 30 keV electron-beam excitation. The cathodoluminescence
intensity at the indicated wavelength is given as function of position of the electron
beam (20-nm steps). Clearly, two different resonances are excited, having 7 and 12
half-wavelengths fit in the waveguide length, respectively. Scale bar: 200 nm
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7.2 Results

collected. Data for the waveguide of Fig. 7.2 with a 400-nm-wide SiOx core is shown
in the left panel. A large number of resonances are clearly resolved, each corre-
sponding to an integer number of half-wavelengths fitting in the waveguide length.
Towards shorter wavelengths, up to 15 antinodes within the waveguide are seen
(λ0 = 500 nm). The signal vanishes for shorter wavelengths due to increasing losses
of the MIM plasmon mode.

The data for the 190-nm-wide waveguide (Fig. 7.3(b)) shows a completely
different behavior. In the 600–700 nm spectral band, the waveguide supports
resonances, similar to the wider waveguide, although at a larger period between
the maxima. However, at longer wavelength, the resonances become more closely
spaced in the wavelength domain, in contrast to the data for the wide waveguide,
where resonances are observed in greater steps as the wavelength is increased.
Correspondingly, for the narrow waveguide, the spacing between maxima along
the waveguide rapidly increases for increasing wavelength. The standing wave
antinodes in the narrow waveguide of Fig. 7.3(b) merge together in a band around
∼800 nm. The constant CL intensity along the MIM waveguide at 800 nm and the
fact that no antinodes are observed for longer wavelength clearly show that at this
wavelength cutoff occurs. At cutoff the electromagnetic field in the waveguide
oscillates in phase along the entire waveguide, corresponding to n = 0. For
wavelengths longer than cutoff, no propagating modes exist and the field of a
radiating dipole in the waveguide will decay exponentially. Indeed, Fig. 7.3(b)
shows decaying intensity tails near the ends of the waveguide above 800 nm.

To further investigate the relation between cutoff wavelength and waveguide
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Figure 7.3: Cathodoluminescence spectrum versus electron beam position for
MIM waveguides with an 85-nm-thick, (a) 400-nm-wide and (b) 190-nm-wide SiOx
core. The electron beam was scanned in a line over the axis of the 2µm long
waveguide. The 190-nm-wide waveguide shows cutoff near 800 nm.
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7 A metal-insulator-metal waveguide at cutoff as effective n = 0 material

width, Fig. 7.4 shows integrated spectra from a range of waveguides with different
widths. Data are taken by integrating spectra over a 500-nm-long line scan along
the center of the waveguide. The spectrum from the 400-nm-wide waveguide is
shown in Fig. 7.4(a), and has emission peaks throughout the spectrum consistent
with Fig. 7.3(a). The spectra for the 190-nm-wide waveguide shows cutoff around
800 nm as evidenced by the sharp decrease in intensity, and a number of resonant
peaks at shorter wavelengths, as is also clear from Fig. 7.3(b). For narrower wave-
guides the cutoff wavelength monotonically shifts towards shorter wavelength: for
a 120-nm-wide waveguide cutoff occurs at 570 nm. These data show that cutoff can
be controlled over the full visible/near-infrared spectral range by varying the wave-
guide width from ∼100 to 200 nm. In all cases, the emission is clearly enhanced at
cutoff, an effect that is most pronounced at 150 nm width.

The detailed spatial and spectral distributions collected using CL spectroscopy
can now be used to derive the dispersion of the lowest order plasmon mode for
each waveguide. Figure 7.5 shows the dispersion relation of 9 different waveguides
determined by analysis of line scan data as in Fig 7.3. The resonant mode ener-
gies were obtained by fitting spectra as in Fig 7.4(a) using a Lorentzian profile. A
background signal attributed to transition radiation was subtracted from the data.
The k-vector was determined by counting the number of half-wavelengths m in
the waveguide length L = 2µm using k = mπ/L and assuming a phase jump equal
to zero upon reflection at the waveguide ends. In this way, several (up to 10), exper-
imental dispersion data points could be derived for each waveguide width. These
data are plotted in Fig. 7.5 for the 9 waveguide widths: data are found for mode
numbers in the range m = 3–16 (see top horizontal axis). The solid black line in
the figure is the light line in vacuum. The dashed black curve shows the calculated
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Figure 7.4: Spectra emitted from MIM waveguides with different widths. The 400-
nm-wide waveguide (a) shows distinct resonances. Narrower waveguides (b) show
cutoff at a wavelength that monotonically decreases with waveguide width. At the
cutoff wavelength, the CL emission is strongly enhanced.
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Figure 7.5: Dispersion relation for MIM waveguide modes above and close to the
cutoff frequency. The width (in nm) of the waveguide core is indicated next to the
curves. Black dashed curve: calculated MIM dispersion for an infinitely wide MIM
slab. Grey curves: calculated MIM dispersion in narrower waveguides. Solid line:
light line in air. The data points on the y-axis are the cutoff frequencies derived
from the CL spectra. The available spectral detection range is indicated at the right
hand side. Resonant mode numbers (k = mπ/L) are indicated on top.

dispersion of the symmetric lowest-order MIM mode in an infinitely extended MIM
stack consisting of an 85-nm-thick SiOx layer (refractive index: 1.5) embedded in
Ag. The grey curves indicate the calculated dispersion for the waveguides with
finite widths [185]. The data show that when the waveguides become narrower,
the dispersion undergoes a strong shift with a progressively smaller k-vector ob-
served at a given plasmon frequency. The experimental data agrees well with the
calculated dispersion relations over the whole range of waveguide widths. This
demonstrates that the spatially-resolved electron beam spectroscopy technique is
an excellent method to probe the dispersion of waveguide modes buried in the
substrate. The good correspondence between experiment and calculation also in-
dicates that the assumption of zero phase jump at the waveguide end facets is
correct. Data points for low m for the narrowest waveguides could not be taken
because at the corresponding wavelengths the visibility of the mode pattern was
too weak to reliably derive the plasmon frequency. For the 190–240-nm-wide wave-
guides, data corresponding to m = 3–5 are found that lie left of the light line (for
wider waveguides, these modes fall outside the range of the detector sensitivity).
Such modes will weakly couple to free-space radiation due to leakage through the
finite metal layer thickness. Preliminary measurements on waveguides that are
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7 A metal-insulator-metal waveguide at cutoff as effective n = 0 material

completely encapsulated in Ag, without open end facets, indeed show that clear
resonant behavior as well as cutoff can also be probed when there is no direct
radiation from the end facets indicating the waveguide acts as a resonant antenna.
Figure 7.5 also shows data for k = 0; these are the cutoff frequencies at which the
CL spectra are at half the peak value.

The small slope of the dispersion towards low frequency corresponds to a strong
reduction in the group velocity vg = dω/dk, and correspondingly a large increase
in density of states. From the dispersion relation we find a vg as low as 0.21 c.
The strongly enhanced CL intensity observed at cutoff is a direct measure of the
enhanced density of states.

Finally, we study the phase distribution in the waveguide by measuring the
angular CL emission pattern. Figure 7.6 shows the emission at 700 nm from two
waveguides with widths of 210 and 170 nm that are excited by an electron beam at
the center of the waveguide. The waveguides are oriented vertically in the figure.
At 700 nm, the 210-nm-wide waveguide is far from cutoff and its dispersion lies
below the light line. Hence, when this waveguide is excited, the emission at 700 nm
only emerges from the waveguide ends. Figure 7.6(a) shows a clear fringe pattern
which is attributed to interference of the emission from the two waveguide ends.
The narrower 170-nm-wide waveguide is at cutoff at 700 nm. The oscillation in the
waveguide is therefore in phase and above the light line, allowing direct coupling of
the plasmon resonance to the far field. The angular emission pattern at 700 nm in
Fig. 7.6(b) clearly shows two lobes corresponding to the angular emission pattern
of a line dipole antenna. This confirms the waveguide oscillates in phase (k = 0).
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Figure 7.6: Angular emission profiles at 700 nm from waveguides above and at
cutoff. Waveguides are oriented vertically in the figure. (a) A 210-nm-wide
waveguide, far from cutoff, shows interference of radiation from the waveguide
ends. (b) For the 170-nm-wide waveguide at cutoff, two clear lobes are observed
indicative of oscillation with constant phase along the waveguide.
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7.3 Conclusions

In conclusion, we have observed propagating optical modes with vanishing phase
advance (n = 0) in metal-insulator-metal waveguides at cutoff. Resonant guided
plasmon modes buried in the metal-insulator-metal stack were excited by a 30 keV
electron beam incident on the waveguide. By scanning the beam, standing plas-
mon waves inside these waveguides were directly resolved both spectrally and spa-
tially. From the data the dispersion relation was derived over a broad spectral range
for a range of waveguide widths. Strong modal dispersion is observed, in particular
near the cut-off frequency: a group velocity as low as 0.21 c is found. At cutoff, when
effectively n = 0, the waveguide radiates in a line dipole antenna emission pattern.
At this condition, we have observed a strongly enhanced density of states. The
metal-insulator-metal plasmon waveguides provide an ideal tool for nano-scale
integrated optical circuits, nanolasers and radiative decay control in active meta-
materials.

7.4 Methods

Device fabrication

MIM waveguides were fabricated by thermal evaporation onto a Si substrate of 10
nm Cr, 100 nm Ag and 85 nm SiOx layers. In this layer stack, rectangular ridges
are defined using focused-ion-beam milling using an FEI Helios dual beam system.
Subsequently, layers of 100 nm Ag and 10 nm Cr are sputtered onto these ridges,
resulting in a SiOx core that is completely embedded in Ag. As a final step, the end
facets of the waveguide are defined using focused-ion-beam milling (see Fig. 7.1(b)
and (c)), resulting in a 2µm long waveguide. The width of the SiOx core was varied
from 100 to 600 nm.

Measurement techniques

Samples were placed in the vacuum chamber of an FEI XL30 SEM equipped with
an 11 mm high parabolic mirror positioned between the pole piece and the sample.
A 600µm hole in this mirror allows the electron beam to fall through. The mirror
is mounted on a piezoelectrically controlled stage having two translation and two
rotation axes, allowing the mirror to be accurately aligned. The mirror casts the
light that is emitted from the electron beam focus (covering a 1.46π sr solid angle)
as a parallel beam onto an achromat lens that focuses it into a 600µm core diameter
optical fiber. The fiber is fed to a spectrometer (grating: 150 l/mm, blaze 800 nm)
equipped with a LN cooled CCD array detector. The spectral resolution is 15 nm.
The electron beam (30 keV, ∼1 nA) is scanned over the sample in 5–20-nm steps; for
every pixel the emission spectrum is acquired with an exposure time of 0.25 s. The
spectrum is corrected for system response using both the measured and calculated
transition radiation spectrum, which is emitted when 30 keV electrons impinge on
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7 A metal-insulator-metal waveguide at cutoff as effective n = 0 material

a planar Au surface. Angular emission profiles were recorded by directly imaging
the emission from the parabolic mirror into a 2D CCD array detector. By a transfor-
mation of the data a (θ,ϕ)-plot is obtained.
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8
Applications

This chapter discusses possible applications inspired by this thesis. We
present:

• a sensitive ultra-small localized surface plasmon sensor;

• a surface plasmon laser;

• a template stripping technique for the large-scale replication of ion-
milled structures;

• an in-situ monitor that enables better control over the focused-ion-
beam milling process;

• a novel design for a single-photon source for use in quantum optical
communication.

8.1 Introduction

In this thesis several focused-ion-beam fabricated metal cavities were presented.
These cavities confine light to a very small volume. The confinement is due to sur-
face plasmons, oscillations at optical frequencies of the free electrons in the metal.
Surface plasmons enable the manipulation of light at very short length scales due to
their inherent confinement and tunable dispersion. This thesis introduces catho-
doluminescence imaging spectroscopy as a new method to resolve the confine-
ment, dispersion and modal structure of surface plasmons in these nanoscale cav-
ities at deep-subwavelength scale.
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8 Applications

The insights derived from this work inspire several new applications that may
be realized using further research and development. In section 8.2 we investigate
how the plasmonic whispering gallery nanoresonators described in chapters 4 and
6 can be used in a small-footprint refractive index sensor. In section 8.3 the same
geometry may be used to realize an ultra-small whispering gallery ring laser. Sec-
tion 8.4 and 8.5 describe applications related to the ion milling technique that is
central in this thesis; in section 8.4 we introduce an in-situ monitoring technique
during FIB milling; in section 8.5 a template stripping technique to replicate ion-
milled structures is presented. Finally, in section 8.6 we introduce a novel con-
cept for a single photon source that is directly derived from the new cathodolumi-
nescence imaging spectroscopy technique developed in this thesis.

8.2 A localized surface plasmon sensor

Application of surface plasmon technology is widespread in sensing [6]. Surface
plasmon resonance (SPR) sensors are commercially available and use a metal-
coated prism in the Kretschmann reflection geometry. By probing variations in the
angle/wavelength dependent reflection due to the excitation of surface plasmon
polaritons on the metal film, the refractive index of an analyte at the surface is
sensitively measured. One major disadvantage of the prism-based geometry is that
it is bulky as it relies on the measurement of a surface plasmon that propagates
over a relatively large distance and that relatively large amounts of analyte are
required.

To solve this problem, the sensor can be based on plasmons confined to metal-
lic resonators in which light at the cavity resonance frequency is recirculated in
a small volume. Such localized surface plasmon resonance (LSPR) sensors [192]
hold promise for devices with an intrinsically small footprint and offer a range of
possible applications in miniaturized geometries, nanofluidics and multiplexing
arrangements [193].

The resonance of an LSPR sensor undergoes a spectral shift as a result of a
change in the refractive index of the surrounding medium. A measurement of this
shift, for example by recording the scattered intensity at a certain wavelength, is
thus a sensitive probe of the refractive index change. The figure of merit for the
sensitivity is defined as FOM = ∆λ/(∆nW ), with ∆λ the spectral shift as a result of
index change ∆n of the resonance with spectral full-width-at-half-maximum W .
Aside from having a high FOM, an effective geometry must also be integrable with
read-out optics [193].

Here we present a plasmonic ring resonator in Au as a localized plasmon sensor.
As described in this thesis (chapters 4, 5 and 6), the resonator supports a multitude
of plasmon resonances that can be tuned throughout the visible wavelength range.
The resonator is bound to the Au surface, which makes it an interesting candidate
for integration and addressing of single resonators. The resonance of an individual
resonator can be measured by recording its scattering spectrum. Alternatively, the
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Figure 8.1: Scattering spectra of a 260-nm radius, 375-nm-deep ring resonator
having a groove filled with air (red curve) and with PVB (blue curve). From the
spectral shift and resonance width, the refractive index sensitivity can be derived.

metal sensor geometry could be integrated with a p-n junction to directly detect
the local resonant intensity [194].

We investigate the sensitivity by studying the spectral shift of the resonance
as a result of infilling the resonator by a dielectric medium. Figure 6.1 shows a
ring resonator infilled with poly-vinyl butyral (PVB), a polymer with a refractive
index n = 1.49. Figure 8.1 shows scattering spectra of a 260-nm radius, 375-nm
depth ring resonator, infilled with air (red curve) or with PVB (blue curve). The
spectral shift of the 40-nm-wide resonance is 94 nm, corresponding to a FOM of
4.8. While the geometry studied here was not optimized for sensing, this sensitivity
is already comparable to that of other localized plasmonic sensors reported [195,
196]. The sensitivity could be further improved using two different strategies. First,
the width of the resonant peaks depends on radiation losses. These losses and
thereby the resonance width are reduced for higher-order resonances in larger-
radius rings. Sensors based on these rings offer an increased sensitivity while still
having a wavelength-scale size. A second strategy takes advantage of interference
effects. As we have demonstrated in chapter 6, scattering spectra from the ring
resonator have a Fano-type line shape, due to interference between scattered and
reflected light. This interference could be engineered to provide sharp spectral
features (e.g. by using a dielectric surface layer to modify the reflection), thereby
increasing the sensitivity [197].

The sensitivity is also strongly influenced by noise in the spectral measurement.
The spectra in Fig. 8.1 were taken in sub-second exposure times on a cooled CCD
array detector while the surface plasmon sensor was illuminated with an intensity
less than 1µW. The measurement shows that at this noise level, refractive index
changes could be resolved that are much smaller than the n = 1 to n = 1.49 shift of
the material in this sensor. Moreover, there is ample room for improvement of the
signal-to-noise level by increasing the exposure time and illumination intensity.

In conclusion, the possibilities for integration and incorporation in microfluidic

87



8 Applications

environments and the prospects of further improvements show that plasmonic ring
resonators are promising geometries for compact, sensitive and highly integrable
sensing devices.

8.3 A surface plasmon laser

Lasers with a nanoscale footprint hold great promise for application in opto-
electronic circuits, where optical and electronic functionality are integrated on a
single chip. Conventional waveguide-type lasers typically have sizes that are not
compatible with the 10–100 nm dimensions of the electronic circuit architecture.
Plasmon lasers offer a solution to this problem, as light is confined by the metal-
dielectric interface, leading to tight lateral confinement of light.

Cavities employing surface plasmons enable a further reduction of the laser
size. Indeed, as demonstrated in chapter 5, the mode volume in a whispering-
gallery type plasmonic cavity is well below λ3

0. Plasmons bound to a metal-
dielectric interface can be amplified in a manner analogous to amplification of
light in a conventional dielectric laser cavity provided that the plasmon interacts
strongly with a high-gain dielectric. The first surface plasmon lasers have recently
appeared, using either metal-insulator-metal cavities [186], or a metal geometry in
which the confinement is due to a nanostructured dielectric waveguide [187, 198].

Here, we present a cavity geometry that can be used to create the first plas-
monic ring laser. Cavities consisting of a circular groove in a flat metal surface (see
Fig. 6.1) confine surface plasmons inside the groove, allowing an integer number
of plasmon wavelengths to fit in the circumference. A surface plasmon laser based
on this whispering gallery-type cavity will show far-field emission with a distinct
angular dependence that is determined by the azimuthal mode order, as we have
demonstrated in section 6.4. The mode volume in these cavities can be as small as
10−3λ3

0.
In the geometry we propose here, the groove in which the resonant mode is con-

fined is filled with a gain medium. As plasmons are intrinsically lossy, a high gain
is required to compensate for the losses and achieve lasing. Conjugated polymers
have gain values of up to 104 cm−1 and can be embedded in the groove using spin
coating. Here we use poly(9,9-dioctylfluorene) (PFO) as a gain medium, for which
lasing at λ0 = 450–460 nm has been demonstrated in dielectric geometries [199–
202] under pulsed excitation at 350–390 nm. Figure 8.2(a) shows a ring cavity in-
filled with PFO fabricated using spin coating and a subsequent heating step, show-
ing complete infilling.

To demonstrate the feasibility of this plasmon laser geometry, we plot in
Fig. 8.2(b) the threshold gain required to overcome the losses of the plasmon mode
propagating in a 500-nm-deep, 100-nm-wide straight Ag groove infilled with PFO
(npolymer = 1.7), obtained by calculating the losses of the lowest-order surface
plasmon mode in this groove using the boundary element method. Also plotted in
Fig. 8.2(b) is the gain spectrum of PFO. As a first approximation it is assumed that
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Figure 8.2: A PFO-based surface plasmon ring laser. (a) Scanning electron
micrograph of a cross section through ring cavity infilled with gain medium. The
Ag substrate, the PFO polymer and a Pt protection layer are indicated. Scale bar:
300 nm (b) PFO gain spectrum and calculated threshold gain for a groove plasmon
in a 500-nm-deep Ag groove.

the plasmon mode profile is fully confined in the polymer. Also, radiation losses
are not included (see chapter 5 for details on radiation losses). In this first-order
analysis, the figure shows that around 450 nm, the PFO gain exceeds the plasmon
loss by a factor three. It is thus expected that if the PFO is efficiently excited,
plasmons propagating through the groove will be amplified giving rise to laser
oscillation in the plasmonic ring cavity. The ring geometry allows for excitation by
a pump laser incident from the top, exciting the polymer at a wavelength that is
off-resonance with the cavity. Initial experiments to test this lasing geometry using
a 350 nm 5 ps laser show that PFO incorporated in the groove gives rise to a strong
luminescence. The far-field pattern of the laser emission can be engineered by
choosing the symmetry of the lasing mode.

In conclusion, the plasmonic ring cavity geometry may thus enable the real-
ization of an ultra-small plasmonic whispering gallery laser, offering control over
mode confinement and coupling to the far field by selecting the resonant modes.

8.4 Light detection as a monitor for focused-ion-beam
milling

In a focused-ion-beam (FIB) system, Ga+ ions are accelerated to an energy of typ-
ically 30 keV and focused to a beam waist of 10-20 nm. The ions transfer energy
to the atoms near the surface leading to sputtering, the gradual removal of surface
atoms. In addition, secondary electrons are emitted and light is generated.

The ion-excited secondary electrons can be used for imaging and offer contrast
between different crystal domains that is not available in regular electron beam
microscopy. While ion beam imaging is often undesired because of damage to the
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sample, it provides additional imaging contrast not present in electron microscopy.
The disadvantage of ion beam electron imaging is that it induces a gradual erosion
of the sample, limiting its use.

In a dual-beam FIB system an electron beam column is integrated to perform
electron microscopy to directly image the sample as it is milled. In this way, detailed
studies of the ion milling process can be made in real time.

Here we propose the use of light emission from the sample as an additional
monitor during FIB milling. The so-called ionoluminescence [203] is collected by a
system comprising an optical fiber which guides the light into a spectrometer [204].
Alternatively, cathodoluminescence generated by electron irradiation can be col-
lected by the same fiber. Figure 8.3(a) shows the light collection system that we
developed, consisting of a vacuum-compatible 600µm core-diameter optical fiber
mounted onto a microscope stub that collects the light from the beam impact po-
sition. The fiber guides the light into a spectrometer equipped with a CCD array
detector for parallel spectral collection (Fig. 8.3(b)). When collecting through an
optical fiber in the presence of an ion or electron beam, spurious contributions
arising from iono- or cathodoluminescence of the fiber have to be prevented. For
this purpose, the fiber is mounted at a shallow angle to the sample surface, in order
to minimize irradiation of the fiber by ions, electrons or atoms originating from the
beam impact position.

The spectrum that is emitted upon ion beam impact is very dependent on the
target material. We have observed luminescence from Au, Si and In showing char-
acteristic spectra with many (> 20) sharp (< 2 nm) peaks at visible wavelengths.
From the spectrum, the material that is irradiated can directly be identified. For a
multilayer sample, these spectra can be continuously collected during FIB milling,
providing a direct monitor of the material that is removed [205, 206]. Correspond-
ingly, a change in spectrum during milling is a clear indicator that the FIB process
has reached an interface.

We illustrate the use of the ionoluminescence spectrum as an in-situ FIB mon-
itor in Fig. 8.4(a), which shows consecutive emission spectra (exposure time: 5 s)
from a surface consisting of a 300-nm-thick SiO2 layer on top of a Si substrate as

e- Ga+

spectrometer

fiber ø 600 µm

feedthrough
(a) (b)

Figure 8.3: In-situ light collection system using an optical fiber mounted close to
the sample position in a focused-ion-beam system. (a) Photograph of a microscope
stub with sample and fiber. (b) Schematic of light collection system, showing how
the electron beam and Ga+ beam are incident on the sample. Scale bar: 2 cm
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Figure 8.4: Ionoluminescence and cathodoluminescence spectra collected during
focused-ion-beam milling. (a) Ionoluminescence from a 300 nm SiO2 layer on
top of a Si substrate as material is sputtered from the surface by a 30 keV 21 nA
Ga+ beam (exposure time: 5 s). (b) Cathodoluminescence from a surface plasmon
nanoresonator as its resonance shifts during fabrication. Spectra are shifted for
clarity; the bottom spectrum is taken first (exposure time: 3 s)

it is milled by a 21 nA Ga+ beam. The first exposures show a distinct spectrum
peaking at 420 nm that is attributed to optical transitions in the SiO2 layer and
atomic emission from sputtered atoms. As the milling progresses through the layer,
the spectrum remains the same, indicative of a homogeneous layer. At the 16th

spectrum, there is a sudden change in emission at 420 nm. At this stage, the SiO2

layer is fully removed and the ion beam progresses by milling the Si substrate. It
is estimated that on this substrate, at least a 1µm3 volume of material is sputtered
from the Si layer before it is detected.

The monitoring system can be further extended by using electron beam ex-
citation during FIB milling. The additional cathodoluminescence allows for the
observation of additional features that are not present in the ionoluminescence
spectrum. We illustrate this concept by monitoring the cathodoluminescence that
is emitted from an optical nanoresonator as it is being fabricated in a Au surface.
The nanoresonator consists of a circular groove (see Fig. 6.1(a)) that supports an
optical resonance that is strongly dependent on the groove depth. The resonance
can be excited by electrons incident on the resonator; the emitted cathodolumi-
nescence spectrum shows a peak at the resonant wavelength (see chapter 6). Dur-
ing fabrication of the resonator (radius: 210 nm) by a 1.5 pA 30 keV Ga+ beam, it is
excited on the center plateau by a 22 nA electron beam. Figure 8.4(b) shows the
cathodoluminescence spectra (exposure time: 3 s) recorded while the ion beam
mills the groove of the resonator with a groove depth increasing from 0 to ∼500 nm.
In the first spectrum, a peak is visible at 740 nm, corresponding to the m = 0, n = 1
resonance. Consecutive spectra show that this peak shifts to a longer wavelength,
consistent with the resonance red shift as the groove depth is increased (see chap-
ter 4). As the groove depth increases further, a second resonator peak appears at
720 nm, corresponding to a higher order azimuthal mode (m = 1, n = 1). These
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in-situ spectra demonstrate that geometric optical resonances can be monitored in
real-time during FIB fabrication enabling direct feedback of the milling process.

In conclusion, a system is presented in which ionoluminescence and cathodo-
luminescence emission is collected in a focused-ion-beam system providing de-
tailed complementary in-situ information on the ion milling process. A detection
system collecting light from the beam impact position enables materials identifi-
cation, monitoring of multilayer sample milling and monitoring of nanophotonic
resonances as the surface is shaped by the ion beam.

8.5 Template stripping off
focused-ion-beam-structured Si templates

Nanolithography techniques have been key enablers for today's low-cost and high-
performance electronic integrated circuits. These applications require a high spa-
tial patterning resolution and great scalability. On the other hand, scientific exper-
iments or industrial tests often require rapid prototypes: nanostructures that can
be fabricated rapidly without the need for scalable fabrication. Focused-ion-beam
milling is a unique technique that is suitable to fabricate such prototypes. The
scanning 30 keV Ga+ beam that is used in a typical FIB system allows for patterning
of a variety of materials and provides a high resolution down to 10 nm. However,
due to the use of a single scanning beam, FIB is not useful for large-volume litho-
graphy. Here we present a method using FIB for high-resolution patterning of metal
layers with a re-usable template that allows for rapid prototyping, but which is also
suitable for larger scale replication.

The proposed technique uses FIB patterning of the surface of a polished silicon
wafer to create a template that is then used to replicate the structure multiple times.
This template replication technique was proposed before [103], but a patterning
resolution below 100 nm was not yet demonstrated. Figure 8.5(a) shows an example
of a patterned Si(100) template. In the center, a 100-nm-wide circular ridge was fab-

(a) (b) (c)

Figure 8.5: Scanning electron micrographs of silicon template and stripped metal
layers. (a) Focused-ion-beam-fabricated template in a Si(100) wafer. (b) Ag
structure as stripped from a template similar to the template in (a). (c) Ag grating,
showing gaps of 100 nm width between the ridges. Scale bar: 500 nm
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ricated by sputtering material away around this ridge using 30 keV Ga+ ion milling.
Due to the well-controlled crystallinity of the substrate, structures are smooth and
made with very high resolution. In a next step, a metal layer (thickness typically
tens of nm) is evaporated or sputtered onto the template. Subsequently, a second
silicon wafer is glued onto the metal surface using an epoxy resin. After curing of
the epoxy, the adhesion of the metal to the epoxy is stronger than the adhesion
to the patterned template. Therefore, the metal layer can be stripped off the tem-
plate. Figure 8.5(b) shows a Ag structure obtained using this template stripping
technique. The silicon substrate used was similar to the one shown in Fig. 8.5(a);
on top of this template a 100 nm Ag layer was sputtered. The image shows that after
stripping this layer off, the template features are well replicated in the metal film:
the circular ridge on the silicon substrate gives rise to a circular groove in the metal.
Figure 8.5(c) shows another template-stripped structure, composed of a grating
made in Ag. This figure demonstrates that gaps can be patterned with sub-100-
nm gap size. The silicon substrates used for these structures can be reused after
stripping, allowing for fabrication of a large number of identical structures without
the need to use additional FIB milling steps.

While the Ag structures in Fig. 8.5(b) and (c) show precise reproduction of the Si
template, close inspection using electron microscopy shows small surface rough-
ness that is not present in the template. This roughness is attributed to the poly-
crystalline nature of the evaporated Ag layer. The roughness may be reduced by
the evaporation rate or sample temperature. Also, depending on the geometry,
annealing may be used to grow crystal grains beyond the size of the patterned
structure [103].

In conclusion, template stripping off focused-ion-beam-milled Si templates
can be used to reproduce complex nanostructures at high precision in a limited
number of processing steps. Templates can be reused, allowing to scale up sample
fabrication and providing a means to repeatedly fabricate identical structures.

8.6 Single-photon source

Future quantum optical techniques for communication or computation heavily
rely on the availability of sources of single photons [208, 209]. Single-photon
sources that are presently being investigated often consist of quantum dots, atoms
or NV-centers in diamond. In an ideal single-photon source, the generation of a
single photon is determined by a trigger signal. Excitation of emitters by a short
laser pulse allows for such a trigger. However, in such triggered sources the photons
are emitted with a time uncertainty that is on the order of the radiative lifetime,
which is typically several nanoseconds. Moreover, due to the stochastic nature of
the excitation process, the excitation rate per laser pulse is uncertain. Alternatively,
quantum optical devices can be based on a herald signal that announces the
generation of a single photon.

In this section, we will discuss the coupling of an electron beam to an optical
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(a) (b)
e-

core

cladding

(not to scale)

Figure 8.6: Schematic for excitation of a single photon in an optical optical fiber
by an incoming electron. (a) (from Ref. [207]) Geometry for electrons that pass the
fiber perpendicularly. As a result of coupling to a guided photon, the electron loses
energy (analyzed by an electrostatic analyzer) and transfers momentum, resulting
in deflection of the electron trajectory. (b) An alternative geometry consisting of
an optical fiber of which the end facet is coated with a Au film. At the fiber core, a
grating provides efficient coupling of the electron beam to a waveguided photon.

fiber as a strategy for producing heralded single photons. The source has excellent
timing accuracy, a potentially high photon yield and a tunable emission over a very
broad spectral range that is conveniently coupled into a single-mode optical fiber.

Figure 8.6(a), taken from Ref. [207], shows a realization of a single photon source
using electron beam excitation, involving an electron beam passing by an optical
fiber. When the distance between the electron beam and the fiber is sufficiently
short, evanescent coupling occurs of the electric field generated by the moving
electrons to the waveguide modes of the fiber. As a result, photons are excited
that travel through the optical fiber. The photogeneration process is a statistical
process with a probability that is typically 10−4–10−6 depending on the geometry
and electron energy. To detect if a certain electron has generated a photon, the
energy and momentum of the electron are measured. When an electron excites
a guided photon, it loses an amount of energy equal to the photon energy. The
electron also experiences a recoil ħk, with k the wave vector of the photon. The
lateral momentum that the electron beam acquires leads to deflection of the elec-
tron trajectory at the waveguide as shown in Fig. 8.6(a). This deflection is difficult
to measure for realistic beam conditions given the typical angular spread in the
beam. However, the electron energy loss can be readily measured using a sen-
sitive electron spectrometer. Indeed, energy-loss spectrometers in modern TEM
systems have sub-0.1 eV resolution and are able to distinguish energy losses of less
than 1 eV. This allows for measuring the electron energy loss corresponding to the
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generation of a single photon quantum. Using a sensitive, high-speed detector
such as a photomultiplier tube or avalanche photodiode, single electrons can be
detected. In this way, an electron energy-loss measurement showing a distinct
energy loss in the desired range generates a herald signal related to the generation
of a single photon. Relying on this herald signal, the excitation of waveguided
photons by electrons functions as a single photon source. Multiple-photon events
are discarded as this leads to electron energy loss that is outside the set energy
loss range. Due to the short length (several µm) over which the electron and the
photon interact, the timing uncertainty in the photon generation is within tens of
femtoseconds.

In a practical implementation of the single photon source, electrons may acci-
dentally hit the fiber which leads to undesired cathodoluminescence. A single elec-
tron is able to excite many photons in this incoherent process, leading to a poten-
tially large undesired background signal. Therefore, an effective shielding geometry
must be employed to prevent electrons from directly impacting the optical fiber. In
Figure 8.6(b) we present a geometry that may serve this goal in which the end facet
of an optical fiber is covered with a Au film. Electrons impinging on the Au film
could also give rise to cathodoluminescence emission, but the excitation efficiency
is much lower than that for glass. Moreover, on the sides of the waveguides the
Au layer can be made sufficiently thick for it to be intransparent for both photons
and electrons. The structure could be fabricated using FIB milling and template
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Figure 8.7: Boundary-element-method calculation of photon generation by a 30
keV electron. (a) Two-dimensional boundary geometry defining a Au grating. The
blue dashed line indicates the electron trajectory. (b) Detail, showing grating pitch
p, distance to the electron beam d and Au thickness t . (c) Angular emission pattern
for excitation of this structure by a 30 keV electron. Parameters were p = 150 nm,
d = 10 nm, t = 20 nm.
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stripping. First, a Au film is evaporated onto a flat template, such as silicon or mica.
FIB milling is subsequently used to pattern a grating onto this film. The gold film
is then attached to the facet of an optical fiber using an optical epoxy resin. After
curing of the epoxy, the film is stripped off the template, which exposes a flat Au
surface (see sections 1.2 and 8.5). The Au film aids in preventing electrons from
reaching the glass. Importantly, it also prevents the optical fiber from acquiring a
static charge in case it would be hit by the electron beam. The grating patterned
into the Au layer is aligned with the core of the waveguide (see Fig. 8.6(b)). When
the grating pitch p satisfies the condition p = λ0v/c, with v the electron velocity,
polarization of the grating by a passing electron generates directional diffraction
radiation [210] that propagates into the fiber with vacuum wavelength λ0. This
condition is independent of the refractive index of the fiber core. The coupling
configuration can be tuned to the desired wavelength by choosing electron energy
or grating pitch p. Moreover, this geometry allows for tuning the emission wave-
length λ0 by rotating the fiber around its axis, which enlarges the effective grating
pitch.

In order to investigate the emission characteristics of the proposed new ge-
ometry, boundary-element-method calculations [128, 140] were performed on a
simplified model geometry. Figure 8.7(a) shows a free-standing Au grating (10 pe-
riods) in vacuum, the boundary of which was used as input for the calculations.
The boundary was defined in 5-nm-steps. Figure 8.7(b) shows an enlarged detail
view showing the distance to the electron beam d = 10 nm. The Au thickness inside
the grating grooves was taken t = 20 nm. In this simulation structure, no fiber is
present. However, studying the angular emission resulting from a passing electron
provides good insight in the usability and efficiency of this source configuration.
Figure 8.7(c) shows the angular emission upon excitation with a 30 keV electron
(v/c = 0.3) at an operating wavelength of 500 nm (grating pitch p = 150 nm). The
figure shows that the emission is highly directional with a predominant beaming
towards the right. This means that the energy lost by passing electrons is mostly due
to photons that are emitted in the direction of the waveguide. The calculation also
allows us to derive the efficiency with which photons are excited in this geometry.
We find that at an electron energy of 30 keV the probability to excite a photon in the
450–550 nm wavelength range is ∼10−3.

In conclusion, the excitation of waveguided photons by passing high-energy
electrons is a new and useful mechanism for deterministic single-photon genera-
tion. The geometry presented here can be readily applied in a standard scanning
electron microscope system. Several options for integration of the concept in a
miniaturized geometry come to mind.
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Summary

Light can be guided along the surface of a metal in the form of surface plasmon
polaritons (SPPs). SPPs are oscillations in the free electron plasma density at optical
frequencies that propagate over the surface as waves. These waves are character-
ized by a special dispersion, enabling short wavelengths, tight confinement and the
manipulation of light at the nanoscale. Plasmonic nanoantennas are resonators for
surface plasmons that provide coupling of the far field to a nanoscale volume with
interesting applications both in receiving and transmitting mode. The use of these
antennas in future devices relies on strong control over the resonant plasmonic
field distribution at the nanoscale.

In this thesis we present how the dispersion and confinement of resonances
in plasmonic nanoantennas are resolved at the nanoscale, and how the dispersion
and confinement are further engineered by tuning the metal geometry.

Fabrication of nanostructures is done using focused-ion-beam milling (FIB)
in metallic surfaces. We demonstrate that patterning in single-crystal substrates
allows us to precisely control the geometry in which plasmons are confined.

The nanoscale properties of the resonant plasmonic fields are resolved using a
new technique developed in this thesis: angle- and polarization controlled catho-
doluminescence (CL) imaging spectroscopy. With this technique, a tightly focused
electron beam excites the plasmonic nanoantennas and the emitted CL spectrum
carries the signature of the resonant modes. This allows us to probe the optical
antenna properties with deep subwavelength resolution.

Chapter 2 presents experimental results on nanoantennas consisting of 500–
1200-nm-long polycrystalline Au nanowires. The spatially-resolved CL emission re-
veals nodal patterns along the axis of the nanowires, which are attributed to stand-
ing plasmon waves. Multiple resonances were found with a different number of
nodes. The measurement thus directly allows us to observe the plasmon wave-
lengths which we use to derive the dispersion relation of plasmons guided by the
nanowire.

In chapter 3 we present a ridge-shaped nanoantenna with a length of 590 nm
fabricated using FIB milling on a single-crystal Au substrate. The ridge is very
smooth and demonstrates a level of control over the fabrication impossible with
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polycrystalline metals. CL imaging spectroscopy is used to excite and image surface
plasmons on the ridge. Principal component analysis reveals distinct plasmonic
modes, which proves confinement of surface plasmon oscillations to the ridge.
The data are confirmed by boundary-element-method (BEM) calculations of the
plasmon field distribution on the ridge, which show that a propagating surface
plasmon is confined to the top of the ridge, with a mode diameter <100 nm.

Chapter 4 presents a decomposition of the resonant modes in plasmonic whis-
pering gallery cavities. Cavities consisting of a circular groove were fabricated using
FIB milling of a single-crystal Au substrate. CL spectra emitted by these ring-shaped
cavities show a distinct number of resonant peaks with a strong dependence on
the cavity geometry. The measurements are compared to BEM calculations of the
emission spectrum. We find an excellent agreement between theory and experi-
ment. The calculations show that the different resonant peaks can be attributed
to resonances with increasing azimuthal or radial order: the resonances are due to
circulating plasmons that are confined to the groove. The smallest cavity fits only
one wavelength in its circumference.

Chapter 5 presents a theoretical study of the plasmonic whispering gallery res-
onances, showing that small ring cavities enhance spontaneous emission over a
broad spectral band. We calculate the quality factor Q and mode volume V for
resonators with different groove shapes and ring radii. Quality factors range from
10–50 depending on geometry; mode volumes vary by a factor 30. The smallest
mode volume was found to be 0.00073λ3

0 for a ring based on a 100-nm-deep, 10-
nm-wide groove. Purcell factors well above 2000 are found in the energy range from
E = 1.0–1.8eV depending on the cavity geometry. For a given cavity, the Purcell
enhancement is observed over a broad (50–100meV) spectral range.

The antenna properties of the plasmonic whispering gallery cavities, both in
receiving and transmitting mode, are further experimentally studied in chapter 6
using four complementary techniques. We show that far-field excitation selectively
excites dipolar resonances leading to a Fano line shape in the scattering spectrum.
In contrast, excitation by an electron beam allows to selectively excite modes with
dipolar or quadrupolar symmetry. The orientation of the multipolar resonance is
chosen by accurate positioning of the electron beam. We detect the corresponding
angular emission distribution in the far field. Measurements of the fluorescence
of dye molecules incorporated in the ring cavity shows reshaping of the fluores-
cence spectrum due to coupling of optically excited dye molecules to the cavity
resonances. Finally, far-field excitation of the cavity resonances gives rise to photo-
electron emission due to high field confinement in the groove of the ring resonator.
Imaging the photoelectron emission provides one with an additional method to
directly resolve the nanoscale dipolar field distribution.

Chapter 7 presents a plasmon resonator based on a metal-insulator-metal
waveguide fabricated using a sequence of steps including FIB milling. In this
waveguide we achieve an effective index of refraction equal to 0 by engineering the
dispersion. Modes of the waveguides were excited using a 30 keV electron beam
penetrating through the layer stack. From spatial maps of the emitted radiation we
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directly observe the spatial mode profiles and we determine the dispersion relation
of plasmon modes for a range of waveguide widths. At the cutoff frequency, the
emission pattern corresponds to that of a line dipole antenna demonstrating the
entire waveguide is in phase (n = 0). A strongly enhanced density of optical states
is directly observed at cutoff from the enhanced CL intensity.

Chapter 8 reports on several new applications of the metal nanostructures and
experimental techniques that were studied in this thesis. Based on the plasmonic
whispering gallery cavities of chapters 4–6 we present a sensitive ultra-small local-
ized surface plasmon sensor that exploits the nanoscale field confinement for high-
density integrated sensing. Next, we show that the same cavity could serve as the
first surface plasmon ring laser with high potential for device integration. Inspired
by FIB-fabrication, we present a template stripping technique for the large-scale
replication of ion-milled structures and an in-situ monitor of ionoluminescence
and cathodoluminescence that enables better control over the FIB milling process.
Finally, we present a novel design for a single-photon source for use in quantum op-
tical communication that is inspired by a combination of FIB milling and electron
beam excitation of plasmonic nanostructures.
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Licht kan langs een metaaloppervlak geleid worden in de vorm van oppervlakte-
plasmonpolaritonen, kortweg plasmonen. Plasmonen zijn oscillaties in de dicht-
heid van de vrije elektronen in het metaal die zich als golven voortplanten over het
oppervlak. Deze golven worden gekarakteriseerd door een bijzondere dispersie die
samengaat met korte golflengten en het samenpersen van licht. Deze eigenschap-
pen stellen ons in staat om met plasmonen licht te manipuleren op de nanoschaal.

Plasmonen die in drie dimensies worden opgesloten geven aanleiding tot
staande golven, oftewel resonanties. Plasmonische resonatoren worden vaak
nanoantennes genoemd omdat deze metaalstructuren licht uit het verre veld
kunnen koppelen aan een zeer klein lokaal volume. Deze koppeling leidt mogelijk
tot interessante toepassingen waarbij de antenne zowel als zender als als ontvanger
gebruikt kan worden. Deze toepassingen vereisen een hoge mate van controle over
de resonante plasmonische velden op zeer kleine lengteschaal.

In dit proefschrift brengen we de staande golven van licht op plasmonische
nanoantennes in beeld en we bepalen hiermee de dispersie van het licht. We stu-
ren daarnaast de dispersie en de opsluiting verder door het kiezen van geschikte
metaalstructuren.

Voor de fabricage van nanostructuren hebben we gebruik gemaakt van een
gefocusseerde ionenbundel (FIB). We demonstreren dat monokristallijne metalen
een uitermate geschikt substraat vormen voor het nauwkeurig definiëren van de
geometrie waarin plasmonen worden opgesloten.

De microscopische eigenschappen van de resonante plasmonvelden bepalen
we met een nieuwe techniek die we in dit proefschrift presenteren: plaats-,
hoek- en polarisatieopgeloste kathodeluminescentiespectroscopie. Deze techniek
gebruikt een gefocusseerde elektronenbundel om plasmonische nanoantennes
aan te slaan; de vervolgens uitgezonden kathodeluminescentie (CL) bevat
spectrale kenmerken van de resonanties op de nanoschaal. Hiermee kunnen
de eigenschappen van de antenneresonanties worden gemeten met een oplossend
vermogen ver beneden de golflengte van licht.

In hoofdstuk 2 laten we experimentele resultaten zien van polykristallijne
gouden nanodraden met een lengte van 500 tot 1200 nm. Plaatsopgeloste CL
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vertoont knopen-en-buiken-patronen langs de as van de nanodraden. Dit patroon
wordt veroorzaakt door staande plasmongolven; we vinden verscheidene van
zulke resonanties met een verschillend aantal knopen. Uit de metingen bepalen
we rechtstreeks de golflengten van de plasmonen, waaruit de dispersierelatie van
nanodraad-plasmonen kan worden afgeleid.

In hoofdstuk 3 introduceren we een nanoantenne die bestaat uit een lang-
werpige verhoging (lengte: 590 nm) op een monokristallijn goudoppervlak,
gefabriceerd met FIB. De verhoging heeft een glad oppervlak en laat een fabri-
cagenauwkeurigheid zien die met polykristallijne materialen niet behaald kan
worden. Plasmonen op de verhoging worden aangeslagen en ruimtelijk opgelost
met CL-spectroscopie. Met een factoranalysetechniek rafelen we de data uiteen
tot een beperkt aantal plasmonresonanties, waarmee we aantonen dat plasmonen
op de verhoging opgesloten zitten. Berekeningen van de veldverdeling met de
grenselementenmethode (BEM) laten zien dat er inderdaad een plasmon aan
de structuur gebonden is; het plasmonveld strekt zich lateraal over minder dan
100 nm uit.

In hoofdstuk 4 worden de verschillende resonanties van een plasmon-
ringresonator uiteengerafeld. De resonatoren, bestaande uit een ronde groef,
zijn in een monokristallijn goudoppervlak geëtst met FIB. De resonatoren zenden
een CL-spectrum uit met een aantal afzonderlijke pieken die sterk afhangen van
de resonatorgeometrie. Vergelijking van de metingen met BEM-berekeningen
laat een uitstekende overeenkomst zien tussen theorie en experiment. Uit de
berekeningen kan worden opgemaakt dat de verschillende resonanties toebehoren
aan verschillende azimuthale en radiële ordes: de resonanties worden veroorzaakt
door rondlopende plasmonen die aan de groef gebonden zijn. In de kleinste
resonator past slechts één golflengte in de omtrek.

Hoofdstuk 5 bevat een theoretische studie van deze plasmonische ringresonan-
ties, die laat zien dat kleine ringresonatoren spontane emissie kunnen vergroten
over een brede spectrale band. We berekenen de kwaliteitsfactor Q en het mode
volume V voor resonatoren met verschillende groefvormen en straal. De waarde
van Q varieert tussen de 10 en 50 afhankelijk van de geometrie; mode volumes
lopen een factor 30 uiteen. Het kleinste mode volume 0.00073λ3

0 vonden we voor
een ring gebaseerd op een 100 nm diepe, 10 nm brede groef. Afhankelijk van de
precieze geometrie bereikt de Purcell factor waarden van >2000 bij energieën van
1.0–1.8 eV. Voor een gegeven resonator treedt de verhoogde spontane emissie op
over een breedbandig (50–100meV) spectraal bereik.

Hoofdstuk 6 laat zien hoe de ringresonator zich gedraagt als een antenne die
zowel ontvangt als zendt. We doen dit met behulp van vier experimentele technie-
ken. We laten zien dat het aanslaan van de antenne vanuit het verre veld slechts
die resonanties aanslaat die een dipoolmoment in het substraatvlak hebben. Het
spectrum van het verstrooide licht heeft een Fano-piek rond de golflengte van deze
dipoolresonantie. Wanneer de antenne wordt aangeslagen door een elektronen-
bundel, kunnen ook hogere-orde resonanties aangeslagen worden, afhankelijk van
waar de bundel op de antenne gepositioneerd wordt. De bijbehorende hoekver-
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deling van de antenne-emissie meten we in het verre veld. Fluorescentiemetingen
laten zien dat het emissiespectrum van moleculen in de groef sterk wordt beïnvloed
door koppeling aan de ringresonanties. Tot slot zien we dat de hoge elektrische-
veldsterkte in antennes die vanuit het verre veld worden aangeslagen aanleiding
geeft tot fotoelektron-emissie. De afbeelding van deze elektronen vormt een alter-
natieve manier om de lokale veldverdeling te bepalen.

In hoofstuk 7 kijken we naar plasmonresonatoren die zijn gebaseerd op een
multilaags structuur van zilver, SiOx en weer zilver, gefabriceerd met onder andere
FIB. In deze golfgeleiders kunnen we door de dispersie te controleren een effec-
tieve brekingsindex van 0 bereiken. Plasmonen in de golfgeleiders kunnen worden
aangeslagen door een elektronenbundel die door de lagenstructuur heen priemt.
Plaatsopgeloste CL-metingen geven ons de profielen van de resonanties, waaruit
we de dispersierelatie van plasmonen bepalen. Dit doen we voor golfgeleiders met
verschillende breedte. Op de golflengte waarbij een plasmon wordt afgekapt als ge-
volg van de beperkte breedte, oscilleert de hele golfgeleider in fase (n = 0). We me-
ten voor deze golfgeleiders het emissiepatroon van een lijndipool; een verhoogde
CL-intensiteit duidt daarnaast op een verhoogde toestandsdichtheid.

Hoofdstuk 8 beschrijft een aantal nieuwe toepassingen van de metalen nano-
structuren en experimentele technieken die zijn gebruikt in dit proefschrift. Op
basis van de ringresonatoren uit hoofdstukken 4–6 presenteren we een gevoelige
ultra-kleine plasmonsensor die de samenpersing van licht gebruikt om zeer dicht
opeengepakte sensoren mogelijk te maken. Vervolgens laten we zien dat dezelfde
resonator zou kunnen dienen als de eerste plasmonische ringlaser. Geïnspireerd
op FIB-fabricage laten we zien dat FIB gebruikt kan worden voor het maken van
een mal voor het repliceren van metaalstructuren. Daarnaast laten we zien dat de
detectie van licht dat geproduceerd wordt tijdens FIB-etsen kan fungeren als extra
monitor tijdens fabricage. Tot slot presenteren we een nieuw ontwerp voor een
bron van enkele fotonen die gebruikt kan worden in quantum-optische communi-
catie, geïnspireerd op een combinatie van FIB en de excitatie van plasmonstructu-
ren met een elektronenbundel.
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