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1
Introduction

1.1 Microscopy

Beyond what the naked eye can see there exists a fascinating microscopic hidden
world. Biological cells, for example, are composed of tiny nanoscale structures
which determine their biological function. Electrical integrated circuits which form
the basis for modern-day technology like computers and communication tech-
nology are built up from nanoscale circuit elements. Materials in general, have
atomic structure on the Ångstrom scale and possess grain structure, roughness,
faceting etc. on a mesoscopic scale which determine their properties. In order to
understand such structures, devices, or materials it is of great importance to study
their constituent building blocks.

To study this microscopic world we make use of microscopes. The word mi-
croscopy originates from the Greek words µικρóσ (mikros) meaning “small” and
σκoπει̃ν (skopein) which means “to see”. The field of microscopy was initiated
more than 350 years ago, when Robert Hooke and Antoni van Leeuwenhoek started
to employ optical microscopes to reveal microscopic features of cells, muscle fibers,
bacteria, and other microbiological structures with a level of detail that had never
been oberved before [1, 2]. Since then microscopy has become a cornerstone of
biological and physical sciences.

Vice versa, the development in microscopy over the years has enabled signif-
icant advances in technology, materials science, and biology. For example, the
last decades a revolution has taken place in the electrical integrated circuit indus-
try where circuit elements have shrunk into the nanoscale regime, starting a new
era of nanotechnology. This would not have been possible without significant ad-
vances in the field of microscopy which, during this period, moved into the realm
of “nanoscopy”, i.e. microscopy on the nanoscale. Currently there are three main
branches of microscopy:
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• Optical microscopy

• Electron microscopy

• Scanning probe microscopy

in which light, electrons, and nanoscale tips are used for image formation,
respectively. Examples of advanced optical microscopy (OM) techniques are
stimulated emission depletion microscopy (STED) [3, 4], photoactivatable local-
ization microscopy (PALM) [5], and stochastic optical reconstruction microscopy
(STORM) [6]. Common electron microscopy techniques are scanning electron
microscopy (SEM), (scanning) transmission electron microscopy (TEM, STEM)
and low-energy electron microscopy (LEEM) [7]. Combined with (scanning)
transmission electron microscopy one can perform electron energy-loss spec-
troscopy (EELS). Examples of scanning probe techniques that employ nanoscale
tips are atomic force microscopy (AFM) [8, 9] and scanning tunneling microscopy
(STM) [8, 10].

Several techniques combine elements from the three microscopy branches. In
tip-enhanced Raman scattering (TERS) [11, 12] and near-field scanning optical mi-
croscopy (NSOM) [13–19] one combines elements from optical microscopy with
scanning probe microscopy. Also STM can be combined with optical microscopy
where the STM tip acts as a local light source [20, 21]. In photoemission electron mi-
croscopy (PEEM) [22–24] the sample is irradiated with light after which the photo-
electrons are collected and imaged using electron optics. PEEM is often combined
with LEEM in a single microscope system [7]. Conversely, in cathodoluminescence
spectroscopy (CL) and energy dispersive x-ray spectroscopy (EDS) one uses an elec-
tron beam as excitation source after which the visible/infrared (CL) and x-ray (EDS)
photons are collected.

An overview of microscopy techniques is given in Table 1.1 together with the
type of probe/signal that is used and an approximate in-plane spatial resolution
range. The table also shows whether the technique is sensitive to geometry, com-
position, and/or the electrical/optical properties of a structure. Each technique has
specific demands on the sample preparation, environment, fluorescent labeling,
conductivity etc. which can limit its applicability. We note that this table is just
meant to give a concise overview of the most common techniques, and does not
include all existing microscopy techniques.

The resolution of optical microscopy techniques has been improved signifi-
cantly although the superresolution techniques usually require special fluorescent
labeling. In many biological systems this labeling can be done with great accuracy
enabling nanoscale resolving power in such systems. The optical techniques are
particularly sensitive to the optical properties. The electron microscopy techniques
are fast, reliable, and have a high in-plane spatial resolution (down to 80 pm for
TEM). Advances in tomography and holography have enabled 3D image recon-
struction on the atomic scale [25]. For TEM imaging the sample requirements are
stringent as one requires very thin electron-transparent membranes. Nevertheless,
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1.2 Nanophotonics: managing light on the nanoscale

Technique Probe Signal Resolution Geometry Composition Electronic Properties Optical properties

OM Light Light λ/2 + +/- - +
STED Light Light 2 – 100 nm + +/- - +
PALM/STORM Light Light  20 – 100 nm + +/- - +
CL Electrons Light 5 – 1000 nm + +/- - +
SEM Electrons Electrons 1 – 5 nm + +/- - -
TEM/STEM Electrons Electrons 80 pm – 1 nm + +/- - -
STEM EELS Electrons Electrons 0.1 – 10 nm + + - +/-
LEEM / PEEM Elec. / Light Electrons 1 – 10 nm + +/- + +/-
EDS Electrons X-rays 40 – 1000 nm + + - -
AFM AFM tip Tip deflection 0.1 – 1 nm + - - -
STM STM tip Current / Light + +/- + +/-
TERS TERS tip Light 2 – 200 nm + +/- - -
NSOM NSOM tip Light 5 – 200 nm + +/- - +

– 1 nm 0.1 

Table 1.1: Overview of microscopy techniques. We indicate what probe is used and
what signal is measured for each technique and what the typical in-plane spatial
resolution is. In the last four columns we show to what properties the technique
is most sensitive. Green (+) means that the technique in general can be used to
determine that property. Yellow (+/-) means that the technique can be used to
determine such properties in some cases and red (-) means that it in general cannot
be used for measuring these properties.

the electron microscopy techniques are versatile and in principle can be sensitive
to many properties depending on the excitation/detection mode. The scanning
probe techniques often heavily rely on the tip geometry which can be hard to con-
trol. On the other hand scanning probe techniques can have atomic-scale in-plane
resolution and unparalleled out-of-plane sub-atomic resolution. Furthermore they
are very surface-sensitive making it a method of choice in surface science.

1.2 Nanophotonics: managing light on the nanoscale

Since 1970, the size of circuit components in electronic integrated circuits has
shrunk at an exponential rate. As predicted by Moore’s law [26], the number of
transistors per unit area has doubled every 18 months. In the last decade, the
field of photonics has seen a similar trend where optical/photonic components
are developed and miniaturized with the aim to generate, detect, guide, or switch
light at the nanoscale. This branch of optics/photonics is often referred to as
nanophotonics.

Light is sensitive to many properties of matter and hence is very useful for many
sensing and imaging applications. Furthermore, light can be used to transmit large
amounts of information at large speeds with low losses, potentially leading to faster
computation and communication applications. Moreover, the quantum nature
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of light could be utilized to switch and interrogate Qbits enabling quantum com-
putation which could lead to an exponential increase in computation speed for
some types of calculations [27, 28]. Implementing optical sensing or computing
schemes on the nanoscale and integrating those with electrical circuits on a single
chip would allow for faster and more efficient devices in which many functions can
be performed in parallel.

Because the wavelength of light in the visible and near-infrared spectral regime
is relatively large it is not trivial to shrink optical components to the level of current
electrical integrated circuits. However, by using strongly polarizable nanostruc-
tured metallic and high-index dielectric materials the wavelength can be shrunk
by more than an order of magnitude and light can be confined to nanoscale vol-
umes. The basic building block or “elementary particle” in nanophotonics is the
nanoantenna.

1.3 Nanoantennas

Nanoantennas can form an interface between the near and far field [29]. In re-
ception mode they can collect light from an area larger than its geometrical cross
section and funnel it towards a local receiver. In transmission mode a nanoantenna
can enhance and direct the emission from a local transmitter. This local trans-
mitter/receiver can be a fluorescent molecule, quantum dot, or nanodiamond for
instance. A schematic of these processes is shown in Fig. 1.1. Nanoantennas are
often composed of metals like gold, silver, or aluminium that support plasmonic
resonances. Recently, high-index dielectric/semiconductor nanostructures have
attracted attention as efficient antennas as well [30, 31]. In both cases the struc-
tures support optical resonances in the visible/near-infrared spectral regime with
scattering cross sections much larger than their geometrical cross sections. The
resonance wavelengths can be tuned by varying shape and size [32]. Many of the
nanoantenna design concepts originate from radio-frequency/microwave regime
antenna designs [33–35], scaled down appropriately taking into account material
dispersion effects, to function in the spectral region of interest.

Nanoantennas are promising for a large variety of applications. Their light
harvesting and light directing properties can be used in anti-reflection coatings
and light trapping in solar cells [30, 36], spontaneous emission control [13, 37–
40], nanoscale sensing [41–49], low-threshold steam generation [50, 51], color
filters in camera chips [52, 53], and targeted medicine [54–56]. The strong field
enhancements that can be attained in nanoantennas are also very suitable for
surface-enhanced Raman scattering [57, 58] and nonlinear effects [59–61], to
mention a few examples. Due to their nanoscale nature, characterization of the
optical nanoantenna properties poses a challenge in itself.
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1.4 Resolving optical properties on the nanoscale
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Figure 1.1: Schematic of a nanoantenna in reception and transmission mode.
Nanoantennas form an interface between the near and far field. In transmission
mode the nanoantenna represented by the yellow bar can enhance and direct the
emission from a local transmitter (purple circle). In reception mode it can collect
light from an area larger than its geometrical cross section and funnel it to a local
receiver.

1.4 Resolving optical properties on the nanoscale

Conventional optical microscopy is limited in resolution by the diffraction
limit. Abbe’s law of diffraction states that two points that are spaced less than
d = λ0/(2NA), where λ0 is the free space wavelength and NA is the numerical
aperture of the microscope, cannot be resolved by the microscope. This makes
conventional optical microscopy unsuited for studies at the true nanoscale. To
illustrate this, Fig. 1.2(a) shows a transmission electron micrograph of an optical
antenna composed of a single 125 nm long gold rod on a Si3N4 membrane. The
plasmon resonance of this rod occurs at λ0 = 750 nm (see Fig. 10.6). The optical
wavelength is drawn to scale together with the corresponding diffraction-limited
spot (red circle in (a)). Clearly the antenna falls well within this spot so optical
microscopy is inadequate for spatial characterization of the optical properties of
such a small structure.

A solution to this problem is to use a beam of fast electrons to probe opti-
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Figure 1.2: (a) Bright-field transmission electron micrograph of a 125 nm long gold
rod on a Si3N4 membrane, which acts as nanoantenna and is resonant at λ0 = 750
nm. Scale bar is 50 nm. The overlaid red circle represents a diffraction-limited spot
for λ0 = 750 nm and an NA = 1. The small blue dot represents a 5 nm electron beam
(to scale). (b) Magnified image of area enclosed by the gray dashed circle in (a).

cal properties at the nanoscale [62, 63]. Using electrons as an optical excitation
source has two main advantages. First, the excitation resolution can be very high,
as typical electron microscopes can focus and position an electron beam at 1 – 10
nm spatial resolution (see Table 1.1). For comparison a blue circle representing
a 5 nm spot is shown in Fig. 1.2(a). Because the spot is very small compared to
the antenna we have blown up part of the electron micrograph to better visualize
the size (Fig. 1.2(b)). Second, since the measurements are performed in an elec-
tron microscope environment the full electron microscopy toolbox can be used to
correlate nanoscale geometrical features with the optical response. Two electron
spectroscopy techniques that have gained significant interest for optical studies at
the nanoscale are:

• Cathodoluminescence (CL) Spectroscopy where the electron induced light
emission is measured. CL spectroscopy is usually performed in a SEM [64–68]
although it is also possible to perform measurements in a TEM [69, 70].

• Electron Energy-Loss Spectroscopy (EELS) where the loss of electron energy
is used for spatial characterization of materials. These measurements are
usually performed in a TEM [71–74].

In this thesis we develop novel CL spectroscopy tools and use them to investigate
optical antennas and other nanophotonics structures. A comparison with EELS is
also made.
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1.5 Outline of this thesis

1.5 Outline of this thesis

In this thesis we present a new experimental technique; angle-resolved cathodolu-
minescence (CL) imaging spectroscopy (ARCIS) that combines the superior spatial
resolution of electron microscopy with the optical sensitivity of optical microscopy.
Chapters 2 and 3 give a detailed technical description of the technique. To demon-
strate its versatility and applicability to nanophotonics, ARCIS is applied to several
types of metallic and dielectric nanostructures most of which function as nanoan-
tennas. These are described in chapters 4-12.

In Chapter 2 electron-material interactions are discussed, where we distinguish
between coherent and incoherent interactions. Subsequently the ARCIS technique
is introduced and the experimental configuration is discussed in detail. Further-
more the electron energy-loss spectroscopy setup used in Chapter 10 is described.

Chapter 3 describes the angle-resolved spectroscopy configuration of ARCIS
and the corresponding data correction procedures. The technique is calibrated by
studying the angle-resolved radiation pattern of a known source of radiation: tran-
sition radiation from a single-crystalline gold substrate

In Chapter 4 we use ARCIS to study the optical properties an array of five
gold nanoparticles which acts as a subwavelength optical Yagi-Uda antenna.
We demonstrate that the antenna array is strongly directional and that the
directionality can be controlled by selectively driving one of the antenna elements.
The angular response of the array antenna is modeled using a coupled dipole
model which takes into account interparticle coupling and interaction with the
substrate.

In Chapter 5 we focus on the optical properties of gold plasmonic ridge anten-
nas of different length which act as traveling wave antennas. The reflective end
facets of the ridge antenna cause standing wave modes on the ridge and fringe
patterns in the angular profile which can be visualized with ARCIS. From the data
we extract a dispersion relation for the guided ridge plasmon mode.

Chapter 6 introduces polarization-sensitive Fourier microscopy as further ex-
tension of the ARCIS technique. We analyze the angular and polarization distribu-
tion for transition radiation from a gold surface and from a gold ridge antenna and
compare these with the theoretical distributions. We demonstrate that it is possible
to reconstruct the emission polarization without a priori knowledge of the source.

In Chapter 7 we use ARCIS to characterize elliptical arena cavities that are
milled into a gold substrate. We image the plasmon modes inside the cavities and
find that the resonance spectrum is solely determined by the major axis length and
the reflection phase pickup at the cavity boundaries. Finally we demonstrate that
these elliptical cavities act as parabolic antennas and hence can show a remarkably
strong directionality.

Chapter 8 describes how a single plasmonic scatterer can act as directional
scatterer. Using ARCIS, we find that the angular response of the nanoparticle
strongly depends on excitation position and that this can be used to beam light
in a well-defined direction. The beaming is caused by interference between
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in-plane and out-of-plane multipole components. Using a combination of full-
wave simulations and analytical point-scattering theory we determine the relative
contribution of different multipoles.

In Chapter 9 we study the spectral and angular properties of nanoscale holes in
a gold film. We find a striking complementarity in the directionality of the emission
compared to the nanoparticles studied in Chapter 8. The data are compared to full-
wave simulations and a simple analytical model in order to understand the ARCIS
results.

In Chapter 10 we use EELS and CL measurements to gain more insight into
the near-field coupling in composite plasmonic “dolmen” antennas. We demon-
strate that by controlling the position of the electron beam the degree of coupling
to different modes of the system can be precisely controlled. The EELS and CL
measurements were performed on the same structures enabling a direct compar-
ison between the two. We find that in some cases EELS and CL yield very similar
information, while in other cases there are distinct differences due to the modal
scattering efficiencies.

In Chapter 11 we study the optical modes in 2D silicon nitride photonic crystal
membranes using ARCIS. We image delocalized modes in 2D hexagonal crystals
and localized modes in photonic crystal cavities. Using momentum spectroscopy
we visualize the spatially-resolved dispersion in the crystal.

Finally, in Chapter 12 we study the resonant behavior of silicon nanodiscs using
ARCIS. We measure resonance spectra and determine the corresponding field pro-
files for different disc diameters. Using the angular emission profiles we resolve the
electric and magnetic nature of the disc resonances, and elucidate their directional
properties.

Overall, this thesis introduces angle-resolved cathodoluminescence imaging
spectroscopy (ARCIS) as a novel microscopy technique to resolve optical properties
at the nanoscale. By combining elements from electron and optical microscopy we
are able to resolve optical phenomena that are impossible to elucidate with other
techniques.
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