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1
Introduction

Light is the most fascinating part of the electromagnetic spectrum since it is mankind’s
most powerful probe of his environment. This Chapter first gives a very general
introduction to the phenomenon of ‘light’ and its interaction with matter to then focus
on spontaneous emission as a fundamental process of light-matter interaction. We
introduce the fluorescence lifetime as one property of a spontaneous emitter that
depends on and can be controlled by the environment. After acknowledging the giants
on whose shoulders we stand we give a brief description of state of the art techniques
to control various aspects of spontaneous emission to put our work into context. We
conclude with an overview over the content of this thesis.

1.1 Electromagnetic radiation and light
While electric charges create electric fields and electric currents are the sources of
magnetic fields, accelerated charges create electromagnetic radiation, a wave of related
electric and magnetic fields which in vacuum travels at the characteristic speed of light
and varies harmonically in space and time [1, 2]. Throughout this thesis with ‘light’
we refer to the visible part of the electromagnetic spectrum, which spans roughly from
400 to 650 nm in vacuum wavelength or equivalently from about 2–3 eV in photon
energy. It is instructive to remind ourself why it is exactly this energy range that
animals can perceive and plants can harvest. The answer to this question is that the
photon energies of the visible spectrum match the energies of electronic excitations
in molecules. Naturally, there is only a very narrow energy range for biological
processes to happen in. That range has as its upper bound the atomic ionization
energy which is of the order of one Ry, so around 10 eV. The lower bound for the
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1 Introduction

energy range on which biochemical processes can take place is given by the thermal
energy on the surface of our planet, which is about kB T ≈ 25 meV. All processes
happening at these low energies will be largely obscured by thermal noise. Therefore,
the energy range of a few eV, well out of the noisy thermal background and still far
from dangerous ionizing energies, is the range where bio-chemistry works. In other
words, the visible range of electromagnetic radiation is the energy range of electronic
transitions in matter where life happens. Not coincidentally it is the very same energy
range where quantum physics impacts our daily lives in the form of technological
devices: Artificial lighting is increasingly dominated by light emitting diodes and
thereby relies on spontaneous emission. Furthermore, current and future optical data-
storage and communication are based on optical read, write, and transfer processes at or
close to visible frequencies. Understanding and controlling light-matter interaction is
therefore of utmost technological interest. The interaction of light and matter includes
the phenomena of emission and absorption, which are intimately related to each other.
This thesis focuses on the control of spontaneous emission, which is a specific process
of light generation. We therefore now give a brief introduction to spontaneous emission.

1.2 Spontaneous emission and the local density of
optical states

With spontaneous emission we refer to the process of a quantum-mechanical system in
an excited state undergoing a spontaneous transition to an energetically lower lying state
under the emission of a photon. Consider a molecule as a quantum-mechanical system
with a discrete energy level scheme. Furthermore, let the molecule be embedded in a
host material that acts as a thermal bath but does not change the molecule’s electronic
level scheme [3]. For simplicity, we restrict our discussion to only two electronic
states [4]. Vibrational excitations further broaden the electronic states into bands as
sketched in the Jabłoński diagram in Fig. 1.1(a). Assume the molecule is initially in its
ground state at a low level of thermal excitation, denoted as |0〉. After the absorption of
a photon the system populates the both electronically and thermally excited state |3〉.
Via the generation of lattice vibrations that are passed on to the embedding matrix the
system relaxes to a state |2〉 close to the lower edge of the band of excited electronic
states. The molecule now remains in state |2〉 until it decays to a state |1〉 in the band of
electronic ground states, from which it can reach its initial state |0〉 by the emission
of lattice vibrations. We are interested in the time the molecule remains in its excited
state |2〉 before it relaxes under emission of a photon.∗ Since we are dealing with
a quantum-mechanical system, there only is a certain probability per unit time that
the system will decay. This probability per unit time is called the decay rate γ of the
excited state |2〉.

∗It is of course equally valid to ask for the time the molecule remains in its thermally excited state |3〉
before it decays to the state |2〉. It turns out that in practical systems thermal decay processes happen on time
scales that are orders of magnitude faster than the radiative fluorescence process [4], a fact that will prove
integral to our scheme of measuring the lifetime of state |2〉 outlined in Chapter 2.
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Figure 1.1: (a) Jabłoński diagram of a molecule. The two electronic states under
consideration are both broadened into bands by vibrational excitations. Transitions
involving a photon are indicated by the sinuous lines, while ‘dark’ transitions involving
lattice vibrations are drawn jagged. (b) Quantum-mechanical system undergoing a
transition from its initial state |i 〉 to a set of final states

∣∣ f 〉. (c) Illustration of the
transition from an initial state |i 〉 = |e,0〉 consisting of the emitter in its excited state
and no photon, to a set of final states

∣∣∣g ,1ωki
〉 consisting of the emitter in its ground

state and a photon (adopted from Reference [2]).

According to Fermi’s Golden Rule the transition rate γ of a quantum-mechanical
system from an initial state |i 〉 to a set of final states

∣∣ f 〉 as sketched in Fig. 1.1(b) is

γ=∑
f

2π

ħ
∣∣〈 f

∣∣Ĥ |i 〉∣∣2
δ(Ei −E f ). (1.1)

The δ-function ensures that we only consider final states which are allowed by energy
conservation and the interaction operator is in our case the Hamiltonian Ĥ =−µ̂ · Ê
describing the electric dipole interaction, which couples the atom and the radiation field.
It is most important to realize [5] that the states |i 〉 and

∣∣ f 〉 are states of the complete
emitter-radiation system [2]. Therefore, as illustrated in Fig. 1.1(c), the initial state
|i 〉 describes the excited emitter without a photon present, which we write as the state
|e,0〉, where the first symbol denotes the electronic state of the atom and the second
symbol the state of the radiation field.† Accordingly, we can denote the final state of
the transition

∣∣ f 〉 as
∣∣∣g ,1ωki

〉, where the first symbol denotes the emitter in its ground
state and the second symbol indicates that the electromagnetic mode of the embedding
system described by its frequency ω and the wavevector ki is now populated with one
photon. Figure 1.1(c) illustrates that even though only a single electronic ground state
is available the sum in Eq. (1.1) has to be carried out over all photon states ki available
at the transition frequency ω. For a continuum of final states, we can therefore rewrite
Eq. (1.1) as [2, 5]

γ= πω

3ħε0
|µ|2 ρµ(ω,r), (1.2)

†Since the electrons are much lighter than the atomic nuclei the electrons are considered to follow the
vibrations of the molecule practically instantaneously. Under this assumption of adiabaticity, called the
Born-Oppenheimer approximation, the molecule’s wave-function can be separated into an electronic and a
vibrational part [2].
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where we introduced the transition dipole matrix element µ= 〈g
∣∣µ̂ |e〉 describing the

atomic part of the transition. Furthermore, Eq. (1.2) contains the Local Density of
Optical States ρµ(ω,r), first recognized by Sprik et al. [5], which comprises a sum
over all photon states at frequency ω available to an emitter with dipole orientation µ.
Most importantly, the Local Density of Optical States (LDOS) depends on the position
r of the emitter; it describes the density of photon states available at a certain position
of the source. While the molecule’s ground state

∣∣g 〉 is intrinsic to the molecule, given
by the atomic constituents and their interactions, the final state of the transition

∣∣ f 〉, or
rather the density of final states of the radiation field, is a quantity that we can tune by
changing the emitter’s environment. Therefore, if we manage to create an environment
with a large density of photon states at the emitter position and transition frequency, the
excited emitter will decay faster than in an environment with very few photon states
available, where the emitter just has no opportunity to get rid of the energy of the decay
process. Going beyond the rate of the transition, by providing an environment with a
large density of states with a desired k at the transition frequency ω we can increase
the probability of emission into such a favorable state. Therefore, deliberate structuring
of an emitter’s environment allows to control both when light is emitted and where it is
emitted to.

1.3 Spontaneous-emission control on the nanoscale
Historically, we trace the development of spontaneous-emission control on sub-
wavelength scales back to two seminal works. The realization that the decay rate of
a quantum-mechanical system depends on its photonic environment is attributed to
Purcell [6], who suggested in 1946 to boost the transition rate of a nuclear magnetic
moment at radio frequencies by coupling the emitter to a resonator of volume V
and quality factor Q = ω/∆ω, resonant at the transition frequency. Purcell simply
argued that the observed decay-rate enhancement should be the ratio of the density of
states provided by the cavity and that of free space. Since in the cavity there is one
mode per volume V and per Lorentzian frequency band ∆ω and the density of states
of free space is ρvac = ω2

π2c3 [7] the famous Purcell factor describing the achievable
spontaneous-emission rate enhancement by a cavity reads

Fp = 3

4π2

Q

V
λ3. (1.3)

The second historic milestone was set independently by Drexhage, who measured the
spontaneous-emission rate of rare-earth ions as a function of their distance to a mirror
at the end of the 1960s [8]. He found characteristic oscillations of the spontaneous-
emission rate as a function of emitter-mirror distance and thereby established for
the first time experimentally that the decay rate of a spontaneous emitter depends
on the emitter’s position with respect to its photonic environment. Nowadays, both
Purcell’s and Drexhage’s work are well embedded in the framework of cavity quantum
electrodynamics (cQED) in its weak-coupling limit [9, 10].
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During the decades after Drexhage’s work, spontaneous-emission control remained
largely divided between two communities. On the one hand, physical chemists such
as Chance, Prock and Silbey [11], and Lukosz and Kunz [12, 13], were dedicated to
understand molecular fluorescence and molecular radiation patterns near dielectric
interfaces. On the other hand, controlling spontaneous emission in cavities via the
Purcell effect, initially with Rydberg atoms at microwave frequencies, was largely the
realm of atomic physics. A hallmark experiment is the first enhancement of spontaneous
emission of a single atom at GHz frequencies in 1983 by Goy et al. [14]. The inhibition
of spontaneous emission was first observed on the peculiar model system of a single
electron on a cyclotron orbit in 1985 by Gabrielse and Dehmelt [15], immediately
followed by the first demonstration of inhibited spontaneous emission of a single
Rydberg atom by Hulet et al. [16]. For completeness we cannot go without mentioning
that while spontaneous-emission control originated from controlling the lifetime of an
emitter, coupling to a cavity also shifts the emitter’s emission frequency depending on
its distance from the cavity walls [17, 18].

Continuing our brief historical account of cQED, we note that the route of the
atomic-physics community was dominated by the pursuit of two main goals. The first
goal was to move from microwave to optical frequencies. One of the reasons to move
to higher photon energies is that optical modes are practically not thermally populated
at ambient temperature. There is a further difference between microwave and optical
cQED experiments. In microwave cQED the atoms are detected as they leave the
cavity and serve as a probe of the evolution of the field in the resonator. The situation
is reversed in the optical domain where the light field escaping the cavity tells the
observer about the evolution of the atom inside the resonator [10]. The first microcavity
at optical wavelengths was assembled by Martini et al. [19] from two plane mirrors
with a solution of dye molecules in between, an experiment that can be regarded as
the first direct meeting point of the developments started by Purcell and Drexhage
independently.

The second and major goal that has driven cQED forward throughout the decades
has been the desire for ever stronger coupling rates between the emitter and the field
in the cavity. There exists a critical coupling strength beyond which the process of
spontaneous emission becomes reversible and the atom reabsorbs its own photon that
has not left the cavity yet. The process of the emitter cycling between its ground
and excited state by exchanging a photon with the cavity is called vacuum Rabi
oscillation [10] and is the fingerprint of the regime of ‘strong coupling’ in cQED [9].
In the regime of strong coupling the coupled atom-radiation system evolves coherently
and the predictions of quantum mechanics can be tested and its promises harnessed.
Even though cQED with atomic systems in the strong-coupling regime is still going
strong we conclude our short history of cQED in atomic systems with mentioning the
landmark experiment of Thompson et al. who observed the strong-coupling regime
with single atoms at optical frequencies in 1992 [20]. For further reading about cQED
in the weak-coupling and the strong-coupling regime we refer to the most enjoyable
textbooks by Haroche and Raimond [10], and Dutra [9].

To appreciate the promise of nano-optics for spontaneous-emission control we
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have to remember that the atomic-physics community had been considering a cavity
as a ‘box for light’ [9, 10] in Purcell’s spirit for most of the time. While such a
conventional cavity with an atomic emitter provides an ideal model system to explore
the interaction of light and matter at a most fundamental level, it has some intrinsic
limitations. For instance, since the size of the cavity has to be at least half a wavelength
there is a strict lower bound on the mode volume. Light-matter coupling strength can
only be boosted further by increasing the quality factor of the cavity, which naturally
means an extremely narrow band of operation. In general, it seemed that an impact of
cQED on real-world devices outside a tightly-controlled laboratory environment would
remain elusive. Three major game changers have brought spontaneous-emission control
outside the realm of atomic physics and into the solid state. First, III-V materials have
emerged as the material of choice to realize quantum devices in the weak-coupling
and strong-coupling regime, due to their excellent electrical and optical addressability
and spin-coherence properties [21]. Second, the proposal of the photonic bandgap
by Yablonovitch [22] and John [23] in 1987 brought the possibility of spontaneous-
emission control in the solid state to the fore. The community realized that cQED not
only provides a playground to test our understanding of the oddities of quantum physics
in the strong-coupling regime but already in the weak-coupling limit is powerful enough
to turn solid-state light sources like LEDs and ultra-low-threshold lasers into mass-
produced devices [24, 25] and boost the efficiency of solar cells [22]. The third major
development is the advent of nanotechnology that offers the opportunity to structure
matter and thereby the LDOS on length scales comparable to and even much smaller
than optical wavelengths in many different material systems [26]. There exists an
entire zoo of micro- and nanostructures that allow an amazing control of spontaneous
emission. In the following, we will first give a short overview over dielectric structures
and both their achievements and limitations regarding spontaneous-emission control.
We are then prepared to turn our attention to plasmonic nanostructures, which are
mainly in the focus of this thesis.

1.3.1 Dielectric micro- and nanostructures
Photonic crystals. Photonic crystals have become one of the major devices for
controlling spontaneous emission in condensed-matter systems [32]. Photonic crystals
are periodic arrangements of dielectric scatterers for light, in full analogy to the crystal
lattice forming a periodic scattering potential for electrons [33]. A scanning-electron
micrograph (SEM) of a three-dimensional photonic crystal is shown in Fig. 1.2(a). At
the edge of a silicon wafer arrays of holes have been drilled in orthogonal directions to
create the periodic scattering potential for light [27, 28]. Photonic crystals have found
wide use in the context of spontaneous-emission control [32]. Due to interference of
the fields scattered by the periodic structure energy bandgaps form, corresponding
to frequencies which cannot propagate inside the photonic crystal since their fields
destructively interfere. Therefore, the decay of a spontaneous emitter located inside a
photonic crystal with a transition energy falling into the bandgap of the surrounding
structure will be inhibited while a decay-rate enhancement is expected close to the
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Figure 1.2: (a) 3D photonic-bandgap crystal fabricated in silicon by drilling two
perpendicularly oriented arrays of holes into a wafer. Scalebar denotes 4 µm (fabricated
by the Complex Photonic Systems group at the University of Twente in collaboration
with groups in Dutch industry (ASML, TNO, Philips), see References [27, 28]).
(b) Micropillar cavities confining an optical mode in three dimensions by Bragg mirrors
in the vertical direction and the pillar-shape in the radial direction (image courtesy
of Monika Emmerling, Adriana Wolf, and Prof. Stephan Reitzenstein, Department of
Applied Physics at the University of Würzburg. See References [29, 30]). (c) Schematic
of VCSEL. The structure consists of epitaxially grown multi-layers sandwiched
between Ohmic contacts. Two oppositely doped Bragg mirrors confine the lasing
mode to the region of the quantum wells, where carriers are confined and effectively
recombine (adopted from Reference [25]). (d) SEM micrograph of silver nanoparticles
arranged in a chain. These plasmonic nanoparticles strongly scatter light and can be
used to confine propagating radiation (scalebar denotes 500 nm, image courtesy of
René de Waele, see Reference [31]).

band edge. Suppression and enhancement in three-dimensional photonic crystals has
been observed across a bandwidth of ∆ω

ω ≈ 10% of the optical emission wavelength by
Lodahl et al. [34]. Recent fabrication advances produced 3D photonic crystals in which
decay rates of emitters close to and within the photonic bandgap differ by an order
of magnitude [35]. While the fabrication of three-dimensional photonic crystals is a
challenge on its own [36, 37], the available mature planar processing techniques have
produced two-dimensional photonic crystals of superior quality. Dramatic suppression
of spontaneous emission by almost two orders of magnitude has been reported in 2D
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photonic crystals [38]. Since for frequencies within the photonic bandgap a photonic
crystal acts as a mirror, a cavity can be formed by surrounding a region with a photonic
crystal or, in other words, creating a defect within the crystal [32, 39]. Photonic
crystals rely on Bragg scattering, so the fields and therefore also the LDOS vary on
length scales of λ/2. Therefore, photonic-crystal cavities, just like conventional mirror
bounded cavities, can be reduced to approximately λ3 in volume and Q-factors of the
order of 104 have been achieved [39]. When a spontaneous emitter, like a quantum
dot, is incorporated into such a defect its spontaneous-emission rate can be strongly
enhanced [32]. The enhancement of the fraction of photons emitted into the cavity
mode, called β-factor, was used to construct a photonic-crystal-cavity laser already
in 1999 by Painter et al. [40]. Cavities in two-dimensional photonic crystals with
embedded emitters are sturdy and small devices in which cQED can be studied in the
solid state even in the regime of strong coupling [41].

Other dielectric photonic structures. Besides photonic crystals there exists a
plethora of other dielectric structures to tailor light-matter interaction. We use their
dimensionality to roughly order the presented systems. Zero-dimensional micropillar
cavities are conceptually closely related to photonic-crystal cavities [42]. While 2D
photonic-crystal cavities use Bragg reflection for confinement in two dimensions
and total internal reflection in the third, micropillar cavities reverse the roles of
the employed confinement mechanisms and confine radiation between two Bragg
mirrors in a pillar [43]. A SEM micrograph of micropillar resonators fabricated in
III-V semiconductor material is shown in Fig. 1.2(b). Epitaxial techniques allow
layer-by-layer growth with atomic precision to yield Bragg mirrors of superior
quality. The pillars are etched out of the stratified substrate in a second processing
step [29]. Micropillar cavities have been used to enhance the rate of spontaneous
emission by a factor of five in the first demonstration by Gérard et al. [43] and
soon reached the regime of strong coupling [29]. Zero-dimensional confinement
can furthermore be achieved in dielectric microspheres and microtoroids that can be
relatively easily fabricated with such extraordinary quality that Q-factors in excess of
106 are considered to be routine [39]. Such whispering-gallery-mode systems have
been used to tailor spontaneous emission of fluorescing dye molecules [44] and to
construct microlasers [45].

Moving on from 0-D structures, confinement of optical modes in one dimension
is technologically crucial for optical communication [46]. Next-generation optical
data-transfer and data-processing systems require single-photon sources efficiently
interfaced with optical waveguides [47]. Therefore, the direct coupling of quantum
emitters to dielectric waveguides is currently heavily investigated [48] and β-factors
in excess of 85% have been reported to date [49]. A strongly directional and highly
efficient single-photon source can be engineered by coupling a quantum emitter to a
cleverly terminated 1D-waveguide with a tightly confined mode [50]. Furthermore,
employing an elliptically shaped truncated 1D-waveguide such a microscopic ‘photon
gun’ can control the polarization of spontaneous emission to a degree of 95% [51].

Increasing dimensionality further, layered 2D media do not provide emission rate
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enhancements beyond factors of about two as a consequence of the poor confinement
of photonic modes. However, stratified media are potentially useful in microscopy
applications, as they allow to create inexpensive substrates that control collection
efficiency. A simple stack of only a few stratified layers of dielectric materials
was shown to yield near-unity collection efficiency for emission of a single oriented
molecular source by Lee et al. [52]. Technologically, layered photonic structures
currently have the largest impact on our daily lives. In vertical-cavity surface-emitting
lasers (VCSELs), multi-layers with high reflectivity form cavities that enable low-
threshold lasing by designs directly inspired by cQED and put to work in mass
produced devices [25, 53]. A schematic of a typical VCSEL design is drawn in
Fig. 1.2(c). Epitaxially grown semiconductor multilayers form Bragg mirrors to define
an optical mode within the device. One of the mirrors is made from p-doped material,
the other one from n-doped material. Thereby, carriers injected via Ohmic contacts can
be transported to the quantum wells in the center of the device, where they recombine
under photon emission into the cavity mode. Closely related are resonant-cavity LEDs
which harness the Purcell effect to boost extraction efficiencies from notoriously high-
index semiconductor devices, a design that has turned LEDs into light sources of
record-high efficiencies [54].

Finally, we note that ‘perfect order’ as a design criterion is not required. Another
class of dielectric photonic structures are disordered materials, which are essentially
random assemblies of high-index grains. The LDOS within three-dimensional random-
scattering materials exhibits drastic variations, which have been observed by embedding
fluorescing sources and measuring the Purcell effect [55]. Decay-rate enhancements
up to a factor of eight have been demonstrated in strongly scattering samples [56].
Random-scattering materials with embedded sources can furthermore exhibit gain [57]
and random lasing [58]. Random scattering in two dimensions, created by deliberately
disordering a 2D photonic crystal, has been used to enhance the spontaneous-emission
rate of a single-photon source by a factor of 15 [59] and funnel 95% of the emitted
photons into the chosen optical mode.

1.3.2 Metallic nanostructures
In dielectric structures electric fields and therefore also the LDOS always vary on
length scales comparable to the wavelength in the medium. Metallic nanostructures,
in stark contrast, can confine fields to sizes well below the wavelength. A typical
plasmonic nanostructure is depicted in Fig. 1.2(d). The SEM micrograph shows a chain
of plasmonic nanoparticles, each with a diameter of 50 nm, that have been used to
controllably transport and focus light [31]. The initial milestone on the way to truly
sub-wavelength optics was set by Ebbesen et al. with their work on the transmission of
light through arrays of sub-wavelength sized holes in metal films [60], which initiated
the field of plasmonics [44, 61–63]. In metallic structures the free-electron gas strongly
interacts with the light field giving rise to polaritonic charge-density waves termed
plasmon polaritons [2]. John gives a strikingly simple argument why metals interact
so strongly with light [64]: The classical wave equation can be brought into a form
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resembling the time-independent Schrödinger equation

−∇2E+∇(∇·E)− ω2

c2 εfluct(r)E = ε0
ω2

c2 E.

The ‘potential’ is given by the dielectric contrast −εfluct(r)ω
2

c2 and the average dielectric

constant ε0
ω2

c2 plays the role of the energy eigenvalue, where both potential and
eigenvalue are scaled with the square of the wavenumber. Clearly, bound states
only exist for negative εfluct whereas photon states in dielectric structures are always
propagating, i.e., have energy above the potential. Localization in dielectric structures
hence always requires interference [64].‡ The large (negative) epsilon of metals
furthermore gives rise to surface plasmon polaritons, charge-density oscillations at a
metal-dielectric interface, with a wavelength significantly shorter than the free-space
photon wavelength in order to satisfy the boundary conditions at the interface [2].
In turn, the fact that the plasmon wavelengths can be much smaller than λ means
that large Purcell factors can be achieved without requiring high quality factors at all.
Indeed, one enormous strength of plasmonic resonators is their strong interaction with
optical fields in extremely small volumes with modest to low quality factors on the
order of ten, which makes them extraordinarily broad-band [65] and ideally suited to
control spontaneous emission of ubiquitous broad-band emitters like dye molecules
and semiconductor nanocrystals [66].

Interestingly, plasmonics currently unites the field of quantum optics with single-
photon sources with the field of single-molecule microscopy and manipulation, which
we encounter in detail in Chapter 2. This joining of fields is especially evident
in a set of landmark experiments that strongly motivates the work reported in this
thesis. The main question we target is how we can control how fast and where to a
photon is emitted simply by placing the excited source judiciously inside a plasmonic
nanostructure. A ground-breaking achievement in spontaneous-emission control with
plasmonic nanostructures was the controlled coupling of a single quantum emitter to
an optical antenna on a scanning probe by Farahani et al. [67], Kühn et al. [68] and
Anger et al. [69]. The large gain achievable with plasmon antennas is evident from the
decay-rate enhancement by a factor of 20 observed together with an equal enhancement
in brightness by Kühn et al. Most importantly, these achievements relied on the precise
positioning of the emitter with respect to the nanophotonic structure to within about
λ/10.

1.4 Motivation and overview over this thesis
As shown in the previous section, structuring and engineering of the LDOS on a sub-
wavelength scale offers a plethora of opportunities to tailor light-matter interaction.
The first observations of the controlled coupling of a spontaneous emitter to a truly

‡Also in photonic crystals light propagation is halted by dielectric media due to the periodicity of the
structure.
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nano-optical structure [67–69] affirm the notion that a precise spatial positioning
of the emitter with respect to the nanostructure is indispensable in order to harness
the promise of plasmonics. The results furthermore raise the question if drastically
different emission properties can be achieved simply by changing the position of the
emitter, possibly by only a sub-wavelength distance, with respect to a nanophotonic
structure. Therefore, this thesis targets the question how the rate and directionality of
spontaneous emission can be controlled by positioning an emitter with respect to its
photonic environment.

In order to address this question we have developed an experimental setup that
is able to map the LDOS of any planar sample. Chapter 2 introduces the techniques
of single-molecule spectroscopy and scanning-probe microscopy and details our
experimental apparatus. Our strategy to map the LDOS relies on a combination of
fluorescence-lifetime imaging and scanning-probe microscopy. We attach a fluorescent
source to a scanning probe and move it with sub-wavelength precision over a sample
while continuously monitoring the decay rate.

A first demonstration of the developed technique is presented in Chapter 3 where we
map the LDOS of a noble-metal nanowire. By judiciously positioning the fluorescent
source with respect to the wire we demonstrate both repeatable and reversible temporal
control over spontaneous emission and furthermore funnel a significant fraction of the
emitted light into a guided plasmonic excitation of the wire.

A significant part of this thesis is concerned with the theoretical modeling of
nanophotonic systems. Therefore, Chapter 4 gives an overview over the theoretical
framework that was applied in the subsequent Chapters. We review the coupled-dipole
model and emphasize its application in the context of nanoplasmonics and spontaneous-
emission control. We put special emphasis on the radiative damping experienced by
any strongly scattering system to prepare the ground for the subsequent Chapters.

In Chapter 5 we investigate the LDOS in the vicinity of plasmonic meta-molecules.
We use a focused electron beam as a localized source to spatially map the LDOS. Our
experiments reveal a peculiar spatial redistribution of the LDOS with frequency. Our
theoretical treatment exploits the symmetry of the plasmonic meta-molecules to unveil
the intimate relation between scattering and the LDOS.

With the insight gained on systems of coupled strong scatterers we turn our attention
to their behavior in hybrid photonic systems. In Chapter 6 we theoretically pursue the
idea of a spontaneous emitter coupled to an optical antenna immersed in a much larger
background system. While the nano-antenna modifies the LDOS on a length scale
drastically smaller than the wavelength we consider background systems that modulate
the LDOS on a wavelength scale. Our analysis identifies the scattering strength of
the antenna to govern a truly counter-intuitive behavior. Surprisingly, an enhanced
LDOS offered by the background system spoils the enhancement provided by a strongly
scattering antenna.

Finally, in Chapter 7, we put our predictions from the previous Chapter to the test
in the laboratory. To this end we couple dye molecules to strongly scattering optical-
antennas. We return to the roots of our field by performing a Drexhage experiment
with such a ‘superemitter’ to indeed find the predicted counter-intuitive behavior.
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