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1
Introduction

This thesis presents scientific research into the question how can you manipulate the
emission of light. There is no doubt that throughout the ages controlling the emission of
light has enabled great advances in science and society. The Nobel Prizes in Physics and
Chemistry 2014 alone are sufficient to underline this point [1, 2]. The Nobel Prize in
Physics 2014 was awarded to Nakamura, Akasaki, and Amano for the invention of the
blue LED, which enables a huge savings in energy in lighting our world compared to the
traditional incandescent light bulb, as well as enabling many devices such as displays
for mobile phones, tablets and computers, that revolutionize the way our society
operates in terms of communication and sharing of information. The Nobel Prize in
Chemistry 2014 on the other hand, highlights the relevance of harnessing emission
for science, as it recognized Moerner, Hell and Betzig for groundbreaking techniques
in superresolved fluorescence microscopy that hinge on collecting light emitted by
single molecules, and controlling how those molecules emit. Indeed, collecting the
fluorescence of (single) molecules is now a key technique to understand the physics
and chemistry of many physical and biophysical systems. The color of emission, the
rate of emission, and the timescales on which emission properties fluctuate can all be
used as fingerprints characterizing either the emitter or its environment in terms of
energy levels, conformation, or fluctuations therein.

The research in this thesis is part of worldwide efforts to harness the emission of
the ultimate smallest light sources. The ultimate smallest light source is a quantum
mechanical system, such as an atom, molecule, or quantum dot [3]. In such a system
spontaneous emission of light can occur when the system is somehow prepared in
its excited state, and then spontaneously, and irreversibly relaxes to an energetically
lower state (or ground state in a simple two-level scheme) upon the emission of a
photon [4–6]. The emission of single quantum emitters in the solid state was first
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observed by Moerner et al. [7] and by Orrit et al. [8] around 1989. Nowadays, with
the advent of silicon photodetectors with near-unity quantum efficiency for detecting
a photon, observing single molecule emission is a routine affair in any microscopy
lab [3]. Yet, there are several important reasons why improving our control over the
emission properties of single emitters is an important goal for many researchers in
physics. First, when using the fluorescence of an emitter inside a system as a reporter
for the state of the system, the rate at which information can be collected about the
system is directly limited by the photon detection rate. For instance, suppose that
one desires to measure the position of a protein in a physiological environment by
tracing the motion of an attached fluorescent group on a CCD camera, or that one
desires to monitor conformational changes in a polymer by measuring changes in
emission spectrum of an embedded fluorophore. In both cases, a certain number of
detected photons in an image is required to accurately fit the molecular position, and
a minimum number of detected counts in a spectrum is required to fit its peak with a
certain accuracy. That minimum number is directly given by the shot noise inherent in
signals of low photon-number [9]. Thus any strategy to increase the number of photons
directed onto the detector will improve the sampling rate of a fluorescence probe as
reporter of a system.

Another important reason to harness the emission of single emitters lies in the
fact that single photon sources are projected to enable secure communication, and
quantum information processing [10]. While classical communication channels can be
eavesdropped, communication via a quantum mechanical resource can be secure [10].
In particular, secure communication protocols have been proposed and demonstrated
that require sources that provide single photons on demand, or in other protocols, photon
pairs. While in the implementations closest to commercialization [11] spontaneous
parametric down conversion of laser pulses in nonlinear crystals is used to create
photon pairs [10], single quantum systems are still widely pursued for single photon
sources. In principle a single quantum emitter would be an ideal single photon source,
in the sense that it can only contain a single electronic excitation at a time, thereby
guaranteeing that at most a single photon comes out after an excitation event [3]. If
one could collect each single photon for each excitation event, one would truly obtain
single-photons on demand. Even more far reaching demands are placed by the field
of quantum information processing and quantum simulation [12, 13]. In these fields
it is proposed that particular algorithms that are exponentially difficult for classical
computers, could be performed by operating on quantum mechanical states or ‘qubits’.
One route to realizing this objective could be to connect localized quantum systems to
each other by letting them exchange photons, as described by Kimble [14]. As in the
case of improving emitters for microscopy, a minimal (and insufficient) prerequisite is
that one can completely control how fast, and whereto a single emitter emits its single
photon. Quantum information applications, however, place more stringent demands,
for instance requiring subsequent photons to be indistinguishable, and/or requiring
‘quantum strong coupling’, i.e., reversible interaction between photon and emitter [15].

As a third motivation besides using single molecules as reporter, and besides
using single emitters as single photon sources, we note that understanding how to
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improve the ultimate smallest source can improve our understanding of how to improve
macroscopic sources, such as LEDs, or sources integrated on chips for classical
information processing. For instance, while Nakamura, Akasaki, and Amano have
shown how to realize efficient blue LEDs [16], a problem of large current industrial
interest is how to convert blue LED light into white light with the least use of fluorescent
or phosphorescent conversion material [17].

Given that controlling the emission of single emitters is an important goal, the
question is why it is actually a challenge, what can actually be improved, and what
known strategies are. In a typical fluorescence microscopy experiment, one uses a
laser focused to a diffraction limited spot (λ/2 in size) with a photon energy higher
than that of the fluorescence to be generated to excite the molecule [5, 6]. Given
the small excitation cross section of molecules, the typical excitation efficiency is
around 10−5. Next, the questions is how often an excitation cycle can be repeated
on a given molecule per unit time, since this limits the ultimate photon flux. This
timescale is set by the fluorescent lifetime, typically on order of tens of nanoseconds
for quantum dots, and molecules, leading to theoretical maximum photon rates up to
108/s. Finally, not each excitation cycle may actually lead to a photon. On one hand,
an emitter may suffer internal loss due to competing decay mechanisms, while on the
other hand the fact that a single quantum emitter is essentially a point compared to
the optical wavelength (1 nm size, versus 500 nm wavelength) means that emission
is almost isotropically into all directions, resulting in poor collection efficiencies
even with a high NA lens. Emission control hence revolves around (1) increasing
excitation efficiency, (2) enhancing fluorescence decay rates, (3) limiting internal loss,
i.e., improving emission quantum efficiency, and (4) improving light collection by
either enhancing the NA of the collection optics, or redirecting emission.

1.1 Spontaneous emission and LDOS
Let us assume a single quantum mechanical system that we describe as a two-level
system, which is a good approximation to the typical Jabłońksi diagram [6] of a
fluorophore as sketched in figure 1.1 (a). We denote the transition energy as ħω and the
ground state and excited state wave function as |g 〉 and |e〉. In a quantum mechanical
system, spontaneous emission of light happens when the system in its excited state,
spontaneously relaxes to an energetically lower state (or ground state in a simple two-
level scheme) with the emission of a photon. The relaxation of the quantum mechanical
system into the ground state is a stochastic process, and therefore, its timing can be
only described statistically. The probability per unit time that the system relaxes into
the ground state is called the decay rate γ. Fermi’s Golden Rule [18] states that the rate
at which an emitter decays upon emission of a photon results from summing over all
possible energy-conserving transitions from the initial state |i 〉 (excited state atom, no
photon |e,0〉) to the final state | f 〉 (ground state atom, one photon |g ,1〉):

γ= 2π

ħ
∑

f
|〈 f |Ĥ |i 〉|2δ(Ei −E f ), (1.1)
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Figure 1.1: (a) Jabłońksi diagram of a fluorophore abstracted as a two-level emitter
(ground state |g 〉, excited state |e〉) with energy levels separated by the photon energy
ħω (b) Accounting for all the possible final states for the spontaneous emission process,
it is important to account for the fact that the final states is the combination of a ground
state atom plus a single photon in some photonic mode.

where Ĥ =−µ̂ · Ê is the interaction Hamiltonian which describes the electric dipole
interaction. As illustrated in figure 1.1 (b), the final state involves different modes of
the radiation field (ki ) (all with the same transition frequency ω) to which the system
can decay [5]. The decay rate is therefore, determined by the total number of available
states as specified by the summation in equation 1.1. For a continuum set of final states,
the equation 1.1 can be written as

γ= πω

3ħε0
|µ|2ρ(ω,r), (1.2)

where µ = 〈g |µ̂|e〉 is the transition-dipole matrix element, and ρ(ω,r) is the local
density of optical states (LDOS) which involves all available photon states at frequency
ω [19]. From equation 1.2, we can separate the decay rate of a quantum emitter in
two parts. First, the electronic energy scheme appears through the photon energy,
by virtue of the fact that energy must be conserved in the transition. Moreover, the
wave functions of the emitter itself appear through the transition-dipole matrix element
µ. Thus the wave function overlap, or more precisely the matrix element with the
dipole operator µ̂= qr, directly determine how fast spontaneous emission occurs. This
element moreover may contain spin and orbital angular momentum rules, as is well
known for atomic transitions. The second term that appears quantifies the property of
the photonic environment into which the photon is emitted through the local density of
optical states ρ(ω,r), which describes the number of available modes at the position
of the source (r) to which the system can decay. In this work we are not concerned
with modifying spontaneous emission through modifying the emitter wave functions,
but rather solely concentrate on modifying emission through changing the photonic
environment. Modifying the photonic environment of an emitter such that it provides a
high LDOS at the position of the source, results in an enhancement in the spontaneous
emission of the emitter [19].

That it is possible to modify emission probabilities without modifying the emitter
wave functions is a notion often ascribed to a very brief and cryptic conference abstract
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by E. M. Purcell that appeared in Physical Review in 1946 [20]. However, it was first
convincingly shown in seminal experiments in the late 1960’s by Drexhage. Drexhage
showed that the decay rate of a fluorescent molecule can be modified by placing it
in the near-field of a mirror [21]. Depending on the distance between the molecule
and the mirror, the decay rate can be enhanced or suppressed. He explained the effect
via constructive or destructive interference between the emitted light and the reflected
light from the mirror. The effect can also be explained through the "local density of
optical states" terminology introduced by Sprik et al. [19], i.e., through enumerating all
photonic modes of the system explicitly [22, 23].

The fact that the LDOS of a nanoscale structure is a key parameter to determine how
strongly the structure affects emission is of importance for this thesis in two distinct
ways. First, from the perspective of engineering spontaneous emission improvements, it
is clear that taking an emitter of exactly known properties, LDOS will precisely describe
the acceleration of its dynamics in the photonic system. Conversely, if one wants to
select an emitter as starting point for creating a single photon source, the concept of
LDOS provides a handle on how to characterize the suitability of the emitter. Generally
a fluorophore is subject not just to radiative decay, but also nonradiative decay where the
electronic excitation is for instance lost as phonons or molecular vibrations, and not as a
radiated photon. A fluorescence intensity decay rate measurement simply measures the
summed radiative and nonradiative contributions to the decay rate, making it impossible
to back out the ratio between the two from a single measurement. Since the LDOS
only influences the radiative decay rate, the total decay rate γtot for a fluorophore in a
photonic system is given by

γtot = γnr +γrρ(ω,r) (1.3)

where γnr and γr are nonradiative and radiative decay rates for the emitter in vacuum,
and ρ is the LDOS at the position of the source, normalized to the LDOS in vacuum.
Using a Drexhage type of experiment in which known LDOS variations are applied,
one can differentiate the radiative and non-radiate part of the decay rate, from which
the quantum efficiency (QE)

QE = γr

γr +γnr
(1.4)

of the emitter can be extracted. Besides the original work of Drexhage in this spirit,
variations of this method have been applied to ensembles of dyes, quantum dots, and
rare earth ions [24–28], and even to a single molecule by Buchler et al [29].

Finally, we note that while here we have considered the rate of emission, photonic
environments can also affect the distribution of emission over, e.g., far field angle. In a
photonic system, the local density of states may be dominated by just a few terms, as is
for instance the case when building a single mode resonant cavity around an emitter, or
when placing an emitter in the near field of a strongly confined guided mode. Since
the relative ratio at which emitted photons populate the available modes is directly
given by their relative contribution to the summed local mode density at their position,
redirecting emission is tantamount to engineering which modes dominate the LDOS.
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1.2 Structures that control spontaneous emission
In this section we briefly discuss reported strategies to control the local density of
optical states.

Microcavities:

It is useful to first estimate the number of states that vacuum offers, as is explained
in the textbook by Loudon [18]. If one takes a volume (for instance, a cubic meter)
of vacuum surrounded by perfectly conducting walls, one can simply enumerate the
number of standing waves that fit inside the volume, and calculate their frequency.
By counting how many states fit in a given frequency interval ω to ω+dω, one finds
that vacuum at visible wavelengths offers about 105 photon states per m3, per Hz of
spectral bandwidth dω. Suppose now that you create an optical cavity, for instance by
confining a mode between two mirrors. Let us suppose that this optical resonator is
placed exactly around the emitter, and that it supports just one photon mode confined to
about 1 µm in all directions, and a quality factor Q=105 (0.1 THz bandwidth). Directly
comparing Q/V (1 state per µm3 and in a bandwidth dω of 0.1 THz) to vacuum DOS
(105 per m3, per Hz) shows that this cavity will locally provide an extra contribution to
Fermi’s Golden Rule, exceeding the vacuum DOS. The exact ratio

F = 3

4π2

Q

V
λ3 (1.5)

is known as Purcell factor for local density of optical states (LDOS) enhancement,
and was first proposed by Purcell in 1946 [20]. A cavity will accelerate emission of
emitters by a factor F and redistribute the usually omnidirectional emission into the
cavity with efficiency F /(1+F ). Obtaining high Purcell factors has thereby been a key
objective for the field of quantum optics, since it simultaneously reduces the timing
uncertainty between excitation and photon emission that is important for ‘triggered
single photon sources’ and helps to decouple an emitter from the entire continuum of
modes besides the cavity mode. Furthermore, the regime of quantum strong coupling
typically requires as first step to reach a sufficiently high Purcell factor [15].

High Purcell factors require high quality factor cavities with small mode vol-
umes [30]. High quality factors directly lead to the demand to use virtually lossless
optical materials, i.e., dielectrics such as glass, or semiconductor materials. Cavities
with very high quality factors have been realized using whispering gallery modes in
ring-resonators, microspheres and microtoroid cavities [30–32]. Such cavities have Q =
106 −109, with mode volumes of tens of microns across. High Purcell factors at lower
Qs require optimization of cavities at the fundamental limit for the tightest confinement
of light in dielectrics, i.e., V = (λ/2n)3 in each dimension. Semiconductor microdisk,
micropillar and so-called photonic crystal cavities at this limit, and with quality
factors of 105 have indeed been shown to give sizeable Purcell enhancements [33–
36] with reported measured values up to 5 to 10 times [37]. Moreover, due to high
Purcell enhancement, strong light-matter interaction down to single photon level
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Figure 1.2: (a) Cartoon of a photonic microcavity that fits a standing optical wave (b)
Sketch of a photonic crystal, with periodicity a comparable to the optical wavelength
λ (c) The local density of states in vacuum is quadratic in frequency (dashed line),
amounting to about 105 states per second, per cubic meter of vacuum at visible
frequencies. A cavity adds one mode in a bandwidth Q and in a volume V equal to
the cavity mode volume (red curve). A 3D periodic photonic crystal can provide a
photonic band gap, i.e., an interval of zero LDOS, surrounded by enhanced LDOS at
the band edges (blue curve).

can be achieved in photonic cavities which makes them suitable for quantum optics
applications [34, 37]. This is deemed a very exciting platform for quantum information
processing, owing to the integration with III-V emitters with excellent properties.
However, since this is a narrowband platform (high Q) operating at 1-2 K temperatures,
its utility for other applications is limited.

Photonic crystals

Photonic crystals are periodic dielectric structures with periodicity on order of the
wavelength. Due to interference from the periodic lattice, photonic crystals can
form band gaps for light in a defined range of frequencies, corresponding to the
Bragg conditions of the lattice [38]. The simplest form of the photonic crystals
are multilayer periodic dielectric stacks known as Bragg mirrors [39]. The term
photonic crystal was introduced for the first time for higher dimensional structures in
1987 by Yablonovitch and John who proposed using photonic crystals for controlling
the spontaneous emission of light by virtue of a so-called ‘photonic band gap’, a
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frequency window in which the local density of optical states is identically zero [40, 41].
Formation of photonic band gaps due to interference is in close analogy to the formation
of electronic band gaps in ionic lattices, however with the distinction that the limited
range of dielectric constants available to build photonic crystals from is limited,
effectively limiting the depth of the periodic potential for light that can be reached.
Together with the vectorial nature of the wave equation for light, it turns out that full
photonic band gaps are difficult to reach in practice [38]. Busch and John evaluated
the LDOS in photonic crystals for the first time [42]. The photonic band gap means
that the decay rate of an emitter placed within a photonic crystal structure whose
emission frequency falls within the bandgap of the photonic crystal, can be completely
suppressed. Conversely, at the band edges enhancement is expected owing to van Hove
singularities in the local density of states. In practice, Kaniber et al and Wang et al.
showed suppression of the spontaneous emission in 2D photonic crystals made in GaAs
and probed by quantum dots by a factor of 5 to 10 [43, 44]. As regards 3D photonic
crystals, the largest suppressions of emission were reported by Lodahl et al. [45] in
an inverse opal without full band gap, and by Leistikow et al. [46] in a crystal with
full photonic band gap. The primary current use of photonic crystals is as platform to
embed high Purcell-factor cavities in.

Plasmonic structures

The third strategy to control spontaneous emission that has emerged is through so-
called ‘plasmons’, or ‘surface plasmon polaritons’ [48]. Surface plasmon polaritons
(SPPs) are evanescent electromagnetic waves that are strongly coupled to the collective
oscillations of the free electrons at the interface between a metal and a dielectric (See
figure 1.3(a)). On a planar metal interface, SPPs are in the form of transverse magnetic
(TM) waves that propagate along the interface and rapidly decay perpendicular to the
interface, i.e., both into the metal and into the vacuum [49]. This rapid decay results in
a strong confinement of SPPs at the interface, with decay lengths into dielectric of the
order of 100 nm in the visible. The dispersion relation of the propagating SPPs along
the interface is given by the Maxwell’s equation as

kSPP = k0

√
εdεm

εd +εm
, (1.6)

where εd and εm are the frequency (ω) dependent permittivity of the dielectric and the
metal, and k0 is the free-space wavevector. The frequency dependence of the metal
permittivity is often expressed using the Drude model for a free electron gas as

εDr ude
m = 1−

ω2
p

ω2 + iΓω
(1.7)

where ωp is the plasma frequency of the electron gas and Γ is the damping rate due
to losses inherent to the metals [50]. At visible frequencies, the dielectric constant
of metals approaches minus one, resulting in a strongly confined mode with in-plane
wavenumber well beyond the free-space wavenumber. The complex nature of the
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Figure 1.3: (a) A metal-dielectric interface can support a ‘surface plasmon polariton’:
a surface charge density oscillation accompanied by a transverse magnetic field, as
well as a strong electric field with a component perpendicular to the interface, and a
component along both interface and the wave vector of the mode. (b) A metal-insulator-
metal system, i.e., a gap between two metal plates of order a few tens of nanometers
filled with air, or a dielectric, can support a surface plasmon polariton very strongly
localized in the gap, formed by coupling of the two single-interface surface plasmon
polaritons. (c) A metal nanoparticle of subwavelength size can act as a very strong
dipolar scatterer due to a resonance of the free electron plasma. (d) Calculated field
enhancement for a dimer of two silver spheres (25 nm diameter) spaced by a 10 nm gap,
embedded in glass (n = 1.5), showing larger plasmonic field enhancement. Diagram
taken from [47].

permittivity in metals gives rise to a complex, i.e., lossy dispersion for the SPPs.
The propagation length of the SPPs is given by the imaginary part of the dispersion
(LSPP = 1/2Im(kSPP )) and decreases significantly for higher frequencies near the
plasmon resonance. For noble metals like gold and silver the propagation length can
be in the order of 100µm at frequencies away from the plasmon resonance. While
silver plasmonic structures show typically long propagation lengths in the entire visible
spectrum, application of gold plasmonic structures are normally limited to red and
infrared parts of the spectrum. The propagation length of the SPPs, their confinement,
and the associated field-enhancement per photon can be increased by using other types
of plasmonic structures. For instance, planar stacks of metal-insulator-metal (MIM,

17



1 Introduction

figure 1.3(b)) and insulator-metal-insulator (IMI) structures are two extensively studied
plasmonic structures. In particular the thin gap in an MIM structure gives rise to a
highly confined electromagnetic field in a region of about only a few 10 nm [49]. This
high confinement enhances the light-matter interaction and very high spontaneous
emission enhancements are expected for emitters placed in the dielectric gap of these
plasmonic structures. In fact, very high Purcell enhancements have been proposed
for MIM structures, with values in excess of 80 reconstructed from measurements by
Belacel et al. [51].

Besides planar metal structures, lower dimensional structures like wires and
particles also support plasmon resonances (Fig. 1.3(c)) . Plasmonic particles for
emission control are often coined antennas for light for their ability to accelerate
and redirect spontaneous emission [52]. Coupling of the emitters to the near-field
of plasmonic structures not only helps to increase the spontaneous emission rate of
emitters, but can also be exploited to reshape the far-field angular distribution of emitted
light. In terms of achieving highest Purcell factors and brightness enhancements, the
most successful antennas to date are dimer antennas (Fig. 1.3(d)), in particular the so-
called bowtie antenna, composed of a narrow gap between the tips of two gold triangles.
Single molecule studies have shown up to thousand-fold brightness enhancement,
in large part due to enhancement of the laser pump field, and in part due to Purcell
enhancements that go up to 20-fold [53–55]. In terms of plasmon antennas that
redirect light, the most successful antennas to date are arrays of metal particles that
mimick radio-antenna arrays [56–58], and antennas that consist of a small aperture in
a metal film to contain the emitter, surrounded by a concentric circular outcoupler or
outcoupling grating [51, 59–61]. Such antennas, and arrays thereof, have been pursued
to improve single molecule microscopy [62], to improve solid state lighting [63–65]
and to realize plasmonic implementations of quantum information processing that use
II-VI nanocrystals [66, 67], or NV-center defects in diamond [68–70], as emitter.

1.3 This thesis
From the discussions in previous sections, it is evident that all spontaneous-emission-
control experiments on single-emitters are concerned with three fundamental challenges.
First, one needs to decide on how to choose the right emitter in terms of efficiency,
brightness, stability, lifetime and spectral properties. Second, one needs to determine
what nanophotonic structure should be placed around the emitter to completely control
the rate, efficiency, emission angle, and polarization state of the emitter. Third, one
needs to actually prove in experiment to what degree the control is obtained. To this
end, one needs to map the local density of optical states, quantify the full angular
distribution, and determine the polarization state of the emitted light.

In this thesis we address all these three challenges to some degree. In chapters 2,
and 3, we are motivated by the first challenge, i.e., answering the question how one
should pick the ideal emitter for an LDOS mapping experiment, or for inclusion as
an ultimate single-photon source. For many applications, the ideal emitter should
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1.3 This thesis

simultaneously have high quantum efficiency, a fast emission rate (together giving
high brightness), narrow spectral emission and a very good photostability. In practice
no emitter is found to satisfy all these requirements, mainly because all emitters with
desirable efficiency and brightness are unstable, and photobleach after a few minutes
of experiments. The nitrogen-vacancy (NV) center in diamond has been proposed
as the one exception to this rule, thereby realizing an ultimately stable single photon
source [69, 70]. A disadvantage of NV centers is their broad spectral emission at room
temperature [71]. NV centers are widely used in spintronics and magnetometry [72–76]
thanks to their long spin coherence time, as single-photon sources in quantum-optics
experiments [77–80], and as biological markers and sensors [81]. Specifically, NV
centers in diamond nanocrystals are commonly considered ideal emitters over quantum-
dots or fluorescent molecules for nanophotonics experiments, due to their photostability,
mechanical stability and their nanoscale sizes. Recently, in our group, we initiated
experiments in particular in framework of a scanning probe microscope realized by
Frimmer et al. [82], in which we were able to map LDOS by measuring lifetime as
function of position of a fluorescent bead above a sample, where the bead was attached
to a sharp near-field scanning tip. The main disadvantage of this method is the fragility
of the source as it bleaches after emission of approximately 108 photons (within one
minute). NV centers in nanodiamonds would hence be an excellent replacement,
considering their photostability [83–86]. However, this requires that NV centers in
nanodiamond are robust near-unit quantum efficiency probes. While several groups
have shown variations of the mean decay rate of ensembles of nanodiamond NV centers
coupled to systems in which LDOS is modified [68, 87, 88], at the time that this work
was started there was no evidence that single NV centers actually are efficient emitters,
or controlled LDOS probes.

Motivated by this, in chapter 2, we present the results of our experimental charac-
terization of single NV centers in many individual diamond nanocrystals of different
diameters. We investigate the brightness and decay rate of the NV centers which both
show broad distributions consistent with previous reports [87, 88]. However, we argue
that the origin of this distribution is inconsistent with the common explanation of
LDOS variations due to depolarization effects inside the small high-index crystals that
affect the lifetimes of otherwise near-unit quantum efficiency nanodiamond NV centers.
Instead, we argue that there is likely a broad distribution in radiative and nonradiative
decay rates.

Having concluded from chapter 2 that single NV centers in nanodiamond are
exceptionally heterogeneous in brightness and decay rate, in chapter 3, we turn to a
calibration of their quantum efficiency in a Drexhage type of experiment [21]. We
use two methods to apply known LDOS variations to single NV centers in individual
nanodiamonds. In the first method, LDOS variations are effectuated using liquids
of different refractive indices [24, 26]. Our findings show that NV centers in small
diamond nanocrystals (with diameter about 25 nm) are insensitive to variations of
LDOS. In conjunction with their brightness and decay rate measurements presented
in chapter 2, we conclude that the quantum efficiency of these NV centers are widely
distributed between 0% and 20%. In the second method, we use a nanomechanically
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scanning micromirror with which the LDOS is varied [29]. This technique provides a
reversible and nondestructive way of calibrating the quantum efficiency of individual
emitters. Using this technique, we report, for the first time, calibrated quantum
efficiencies of single NV centers in nominally identical diamond nanocrystals. We
show that the quantum efficiencies of NV centers in 100 nm nanodiamonds is widely
distributed between 10% and 90%, in contrast to the common assumption of near unity
quantum efficiency of nanodiamond NV centers.

In chapter 4, we leave the topic of how to choose the best emitter, and instead turn to
addressing parts of the second and the third challenges described earlier in this section.
In this chapter, we report on simultaneous mapping of LDOS and directivity for a
particularly promising new type of antenna known as plasmonic patch antenna which
was first proposed by Steban et al. [89] and Belacel et al. [51]. The antenna consists of
a circular metallic patch which is separated from an optically thick metallic mirror via
a thin dielectric layer of about several 10 nm. Electromagnetic field is confined in the
dielectric region, similar to confinement in a metal-insulator-metal geometry described
earlier in section 1.2. Belacel et al. already demonstrated enhanced spontaneous
emission of quantum dot emitters placed at the center of the gap of the patch antenna,
claiming that the data imply Purcell factors up to 80 [51]. They showed that the patch
antenna redirect the emission of the emitters into a narrow cone of about 30◦ full width
at half maximum. Due to practical limitations they neither could map the LDOS of
the patch antenna nor the angular emission of the antenna as a function of different
position of the emitters. In chapter 4, we use angle-resolved cathodoluminescence
imaging spectroscopy [90] to study the resonant modes of plasmonic patch antennas.
In this method, a scanning beam of electrons excites the plasmonic modes of the patch
antenna and provides high resolution maps of spectral and spatial modes of the patch
antenna. We use a semi-analytical model to explain the observed modes which are
essentially related to variations of the LDOS inside the antenna. We also show the
results of experimentally measured angular emission patterns and directivity of the
patch antenna. Using a distributed dipole model to account for the scattering of the
SPPs at the edge of the antenna, we find good agreements with experiment for the high
directionality of the patch antenna emission.

Finally, in chapter 5 we turn to quantifying the full angular distribution and
polarization state of emitted light to address the third challenge. In the context of
plasmonic antennas and metamaterials, understanding polarization degrees of freedom
is deemed of increasing importance. In particular, strong coupling of the electric and
magnetic dipoles in metamaterial structures has resulted in chiral scattering of the light
from these structures [91–95]. Also, several groups study helicity of light scattered
by nanostructures of various symmetry to elucidate optical scattering mechanisms
in language of transfer of orbital- and spin angular momentum borrowed from the
physics of electrons [96–98]. We have developed a microscopy method with which
we can map the full polarization state of light scattered or emitted by a nanostructure,
for many different emission directions simultaneously. To this end, we combine so-
called ‘conoscopic’ or ‘back focal plane’ imaging in a high-NA microscope [5] with a
polarimeter [99]. We present such k-space polarimetry results for plasmon-enhanced
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1.3 This thesis

fluorescence obtained in a system composed of ensembles of fluorophores residing
in a central nanoaperture in a metal film that is surrounded by concentric, diffractive,
grooves forming a bull’s eye nanoantenna [59]. Our method allows to determine the
degree of polarization, the degree of circular and linear polarization, as well as the
orientation and eccentricity of the polarization ellipse for the polarized component of
the emitted light.
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Y. Yamamoto, and J. Vučković, Controlling the spontaneous emission rate of single
quantum dots in a two-dimensional photonic crystal, Phys. Rev. Lett. 95, 013904 (2005).

[36] L. Sapienza, H. Thyrrestrup, S. Stobbe, P. D. Garcia, S. Smolka, and P. Lodahl, Cavity
quantum electrodynamics with anderson-localized modes, Science 327, 1352 (2010).

[37] P. Lodahl, S. Mahmoodian, and S. Stobber, Interfacing single photons and single quantum
dots with photonic nanostructures, Preprint arXiv:1312.1079 (2013).

[38] C. M. Soukoulis, editor, Photonic Crystals and Light Localization in the 21st Century,
Kluwer, Dordrecht, 2001.

23



REFERENCES

[39] A. Yariv and P. Yeh, Optical Waves in Crystals: Propagation and Control of Laser
Radiation, John Wiley & Sons, New York, 1983.

[40] E. Yablonovitch, Inhibited spontaneous emission in solid-state physics and electronics,
Phys. Rev. Lett. 58, 2059 (1987).

[41] S. John, Strong localization of photons in certain disordered dielectric superlattices, Phys.
Rev. Lett. 58, 2486 (1987).

[42] K. Busch and S. John, Photonic band gap formation in certain self-organizing systems,
Phys. Rev. E 58, 3896 (1998).

[43] M. Kaniber, A. Kress, A. Laucht, M. Bichler, R. Meyer, M.-C. Amann, and J. J. Finley,
Efficient spatial redistribution of quantum dot spontaneous emission from two-dimensional
photonic crystals, Appl. Phys. Lett. 91, 061106 (2007).

[44] Q. Wang, S. Stobbe, and P. Lodahl, Mapping the local density of optical states of a photonic
crystal with single quantum dots, Phys. Rev. Lett. 107, 167404 (2011).

[45] P. Lodahl, A. F. van Driel, I. S. Nikolaev, A. Irman, K. Overgaag., D. Vanmaekelbergh,
and W. L. Vos, Controlling the dynamics of spontaneous emission from quantum dots by
photonic crystals, Nature 430, 654 (2004).

[46] M. D. Leistikow, A. P. Mosk, E. Yeganegi, S. R. Huisman, A. Lagendijk, and W. L. Vos,
Inhibited spontaneous emission of quantum dots observed in a 3d photonic band gap, Phys.
Rev. Lett. 107, 193903 (2011).

[47] A. F. Koenderink, On the use of Purcell factors for plasmon antennas, Opt. Lett. 35, 4208
(2010).

[48] W. L. Barnes, A. Dereux, and T. W. Ebbesen, Surface plasmon subwavelength optics,
Nature 424, 824 (2003).

[49] S. A. Maier, Plasmonics: Fundamentals and Applications, Springer, 2007.
[50] C. Kittel, Introduction to Solid State Physics, John Wiley & Sons, 2005.
[51] C. Belacel, B. Habert, F. Bigourdan, F. Marquier, J.-P. Hugonin, S. Michaelis de

Vasconcellos, X. Lafosse, L. Coolen, C. Schwob, C. Javaux, B. Dubertret, J.-J. Greffet,
P. Senellart, and A. Maitre, Controlling spontaneous emission with plasmonic optical patch
antennas, Nano Lett. 13, 1516 (2013).

[52] M. Agio and A. Alú, editors, Optical Antennas, Cambridge University Press, 2013.
[53] A. Kinkhabwala, Z. Yu, S. Fan, Y. Avlasevich, K. Müllen, and W. E. Moerner, Large

single-molecule fluorescence enhancements produced by a bowtie nanoantenna, Nature
Photon. 3, 654 (2009).

[54] H. Yuan, S. Khatua, P. Zijlstra, M. Yorulmaz, and M. Orrit, Thousand-fold enhancement of
single-molecule fluorescence near a single gold nanorod, Angew. Chem. Int. Ed. 52, 1217
(2013).

[55] D. Punj, M. Mivelle, S. B. Moparthi, T. S. van Zanten, H. Rigneault, N. F. van Hulst,
M. F. Garcia-Parajo, and J. Wenger, A plasmonic ’antenna-in-box’ platform for enhanced
single-molecule analysis at micromolar concentrations, Nature Nanotechn. 8, 512 (2013).

[56] A. F. Koenderink, Plasmon nanoparticle array waveguides for single photon and single
plasmon sources, Nano Lett. 9, 4228 (2009).

[57] A. G. Curto, G. Volpe, T. H. Taminiau, M. P. Kreuzer, R. Quidant, and N. F. van Hulst,
Unidirectional emission of a quantum dot coupled to a nanoantenna, Science 329, 930
(2010).

[58] T. Coenen, E. J. R. Vesseur, A. Polman, and A. F. Koenderink, Directional emission from
plasmonic yagi-uda antennas probed by angle-resolved cathodoluminescence spectroscopy,
Nano Lett. 11, 3779 (2011).

[59] H. J. Lezec, A. Degiron, E. Devaux, R. A. Linke, L. Martin-Moreno, F. J. Garcia-Vidal, and

24



REFERENCES

T. W. Ebbesen, Beaming light from a subwavelength aperture, Science 297, 5582 (2002).
[60] H. Aouani, O. Mahboub, N. Bonod, E. Devaux, E. Popov, H. Rigneault, T. W. Ebbesen,

and J. Wenger, Bright unidirectional fluorescence emission of molecules in a nanoaperture
with plasmonic corrugations, Nano Lett. 11, 637 (2011).

[61] H. Aouani, O. Mahboub, E. Devaux, H. Rigneault, T. W. Ebbesen, and J. Wenger, Plasmonic
antennas for directional sorting of fluorescence emission, Nano Lett. 11, 2400 (2011).

[62] J. Wenger and H. Rigneault, Photonic methods to enhance fluorescence correlation
spectroscopy and single molecule fluorescence detection, Int. J. Mol. Sci. 11, 206 (2010).

[63] G. Vecchi, V. Giannini, and J. Gómez Rivas, Shaping the fluorescent emission by lattice
resonances in plasmonic crystals of nanoantennas, Phys. Rev. Lett. 102, 146807 (2009).

[64] S. R. K. Rodriguez, S. Murai, M. A. Verschuuren, and J. Gòmez Rivas, Light-emitting
waveguide-plasmon polaritons, Phys. Rev. Lett. 109, 166803 (2012).

[65] G. Lozano, D. J. Louwers, S. R. Rodriguez, S. Murai, O. T. Jansen, M. A. Verschuuren, and
J. Gomez Rivas, Plasmonics for solid-state lighting: enhanced excitation and directional
emission of highly efficient light sources, Light Sci. Appl. 2, e66 (2013).

[66] D. E. Chang, A. S. Sørensen, P. R. Hemmer, and M. D. Lukin, Quantum optics with surface
plasmons, Phys. Rev. Lett. 97, 053002 (2006).

[67] A. V. Akimov, A. Mukherjee, C. L. Yu, D. E. Chang, A. S. Zibrov, P. R. Hemmer, H. Park,
and M. D. Lukin, Generation of single optical plasmons in metal nanowires coupled to
quantum dots, Nature 450, 402 (2007).

[68] R. Kolesov, B. Grotz, G. Balasubramanian, R. J. Stöhr, A. A. L. Nicolet, P. R. Hemmer,
F. Jelezko, and J. Wrachtrup, Wave–particle duality of single surface plasmon polaritons,
Nature Phys. 5, 470 (2009).

[69] C. Kurtsiefer, S. Mayer, P. Zarda, and H. Weinfurter, Stable solid-state source of single
photons, Phys. Rev. Lett. 85, 290 (2000).

[70] A. Beveratos, R. Brouri, T. Gacoin, J.-P. Poizat, and P. Grangier, Nonclassical radiation
from diamond nanocrystals, Phys. Rev. A 64, 061802 (2001).

[71] F. Jelezko and J. Wrachtrup, Single defect centres in diamond: A review, Phys. Status
Solidi A 203, 3207 (2006).

[72] A. Gruber, A. Dräbenstedt, C. Tietz, L. Fleury, J. Wrachtrup, and C. v. Borczyskowski,
Scanning confocal optical microscopy and magnetic resonance on single defect centers,
Science 276, 2012 (1997).

[73] M. Loretz, T. Rosskopf, J. M. Boss, S. Pezzagna, J. Meijer, and C. L. Degen, Single-proton
spin detection by diamond magnetometry, Science , 10.1126/science.1259464 (2014).

[74] C. L. Degen, Scanning magnetic field microscope with a diamond single-spin sensor, Appl.
Phys. Lett. 92, 243111 (2008).

[75] J. M. Taylor, P. Cappellaro, L. Childress, L. Jiang, D. Budker, P. R. Hemmer, A. Yacoby,
R. Walsworth, and M. D. Lukin, High-sensitivity diamond magnetometer with nanoscale
resolution, Nature Phys. 4, 810 (2008).

[76] G. Balasubramanian, I. Y. Chan, R. Kolesov, M. Al-Hmoud, J. Tisler, C. Shin, C. Kim,
A. Wojcik, P. R. Hemmer, A. Krueger, T. Hanke, A. Leitenstorfer, R. Bratschitsch,
F. Jelezko, and J. Wrachtrup, Nanoscale imaging magnetometry with diamond spins under
ambient conditions, Nature 455, 648 (2008).

[77] F. Jelezko, T. Gaebel, I. Popa, A. Gruber, and J. Wrachtrup, Observation of coherent
oscillations in a single electron spin, Phys. Rev. Lett. 92, 076401 (2004).

[78] T. van der Sar, Z. H. Wang, M. S. Blok, H. Bernien, T. H. Taminiau, D. M. Toyli, D. A. Lidar,
D. D. Awschalom, R. Hanson, and V. V. Dobrovitski, Decoherence-protected quantum
gates for a hybrid solid-state spin register, Nature 484, 82 (2012).

25



REFERENCES

[79] L. Childress, M. V. Gurudev Dutt, J. M. Taylor, A. S. Zibrov, F. Jelezko, J. Wrachtrup, P. R.
Hemmer, and M. D. Lukin, Coherent dynamics of coupled electron and nuclear spin qubits
in diamond, Science 314, 281 (2006).

[80] P. Neumann, N. Mizuochi, F. Rempp, P. Hemmer, H. Watanabe, S. Yamasaki, V. Jacques,
T. Gaebel, F. Jelezko, and J. Wrachtrup, Multipartite entanglement among single spins in
diamond, Science 320, 1326 (2008).

[81] C.-C. Fu, H.-Y. Lee, K. Chen, T.-S. Lim, H.-Y. Wu, P.-K. Lin, P.-K. Wei, P.-H. Tsao, H.-C.
Chang, and W. Fann, Characterization and application of single fluorescent nanodiamonds
as cellular biomarkers, Proc. Natl. Acad. Sci. U.S.A. 104, 727 (2007).

[82] M. Frimmer, Y. Chen, and A. F. Koenderink, Scanning emitter lifetime imaging microscopy
for spontaneous emission control, Phys. Rev. Lett. 107, 123602 (2011).

[83] A. Cuche, A. Drezet, J.-F. Roch, F. Treussart, and S. Huant, Grafting fluorescent
nanodiamonds onto optical tips, J. Nanophotonics 4, 043506 (2010).

[84] P. Maletinsky, S. Hong, M. S. Grinolds, B. Hausmann, M. D. Lukin, R. L. Walsworth,
M. Loncar, and A. Yacoby, A robust scanning diamond sensor for nanoscale imaging with
single nitrogen-vacancy centres, Nat. Nanotechnol. 7, 320 (2012).

[85] R. Beams, D. Smith, T. W. Johnson, S.-H. Oh, L. Novotny, and A. N. Vamivakas, Nanoscale
fluorescence lifetime imaging of an optical antenna with a single diamond nv center, Nano
Lett. 13, 3807 (2013).

[86] A. W. Schell, P. Engel, J. F. M. Werra, C. Wolff, K. Busch, and O. Benson, Scanning single
quantum emitter fluorescence lifetime imaging: Quantitative analysis of the local density
of photonic states, Nano Lett. 14, 2623 (2014).

[87] F. A. Inam, T. Gaebel, C. Bradac, L. Stewart, M. J. Withford, J. M. Dawes, J. R. Rabeau,
and M. J. Steel, Modification of spontaneous emission from nanodiamond colour centres
on a structured surface, New J. Phys. 13, 073012 (2011).

[88] P. V. Ruijgrok, R. Wüest, A. A. Rebane, A. Renn, and V. Sandoghdar, Spontaneous emission
of a nanoscopic emitter in a strongly scattering disordered medium, Opt. Express 18, 6360
(2010).

[89] R. Esteban, T. V. Teperik, and J. J. Greffet, Optical patch antennas for single photon
emission using surface plasmon resonances, Phys. Rev. Lett. 104, 026802 (2010).

[90] T. Coenen, E. J. R. Vesseur, and A. Polman, Angle-resolved cathodoluminescence
spectroscopy, Appl. Phys. Lett 99, 143103 (2011).

[91] I. M. Hancu, A. G. Curto, M. Castro-López, M. Kuttge, and N. F. van Hulst, Multipolar
interference for directed light emission, Nano Lett. 14, 166 (2014).

[92] A. G. Curto, T. H. Taminiau, G. Volpe, M. P. Kreuzer, R. Quidant, and N. F. van Hulst,
Multipolar radiation of quantum emitters with nanowire optical antennas, Nat. Commun.
4, 1750 (2013).

[93] T. H. Taminiau, S. Karaveli, N. F. van Hulst, and R. Zia, Quantifying the magnetic nature
of light emission, Nat. Commun. 3, 979 (2012).

[94] F. Bernal Arango, T. Coenen, and A. F. Koenderink, Underpinning hybridization intuition
for complex nanoantennas by magnetoelectric quadrupolar polarizability retrieval, ACS
Photonics 1, 444 (2014).

[95] M. Schäferling, X. Yin, and H. Giessen, Formation of chiral fields in a symmetric
environment, Opt. Express 20, 26326 (2012).

[96] F. J. Rodríguez-Fortuno, G. Marino, P. Ginzburg, D. O’Connor, A. Martínez, G. A. Wurtz,
and A. V. Zayats, Near-field interference for the unidirectional excitation of electromagnetic
guided modes, Science 340, 328 (2013).

[97] P. Genevet, J. Lin, M. A. Kats, and F. Capasso, Holographic detection of the orbital angular

26



REFERENCES

momentum of light with plasmonic photodiodes, Nat. Commun. 3, 1278 (2012).
[98] L. Allen, M. W. Beijersbergen, R. J. C. Spreeuw, and J. P. Woerdman, Orbital angular

momentum of light and the transformation of laguerre-gaussian laser modes, Phys. Rev. A
45, 8185 (1992).

[99] C. Fallet, T. Novikova, M. Foldyna, S. Manhas, B. H. Ibrahim, A. De Martino, C. Vannuffel,
and C. Constancias, Overlay measurements by mueller polarimetry in back focal plane, J.
Micro-Nanolithogr. MEMS MOEMS 10, 033017 (2011).

27


