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1
Introduction

1.1 Light matter interaction and solid state lighting
Light matter interaction is essential for life. Plants use photosynthesis to convert light
into chemical energy that ultimately fuels almost all activities of life, and produces
oxygen [1]. Light scattered by matters hits retinas in eyes and initiates a cascade of
chemical and electrical events that ultimately result in vision, presenting one of the
most important sensory inputs for the vast majority of animal lifeforms [2]. For human
beings, light matter interaction is not only of biological significance, but is also utilized
in a substantial number of technologies that have become indispensable in society.
Artificial lighting devices have been used since millennia to bring light into the dark.
Solar cells that convert sunlight into electricity are developing into a major renewable
energy source, and are one of the most promising solutions to the growing energy
problem [3, 4]. The displays of many everyday devices such as televisions, computers
and smart phones, are essentially collections of micro light emitting components.
Present-day internet relies on fiber-optic communication technology for long distance,
large bandwidth data transmission [5]. The study of light-matter interaction is a vibrant
branch of research in physics, material science and engineering that covers a wide range
of research topics, such as photovoltaics, lighting, lasing, quantum communication,
sensing, nano-medicine, etc. For most of the research and technologies involving light
matter interaction, one important premise is efficient generation of light that provide
the requisite properties regarding spectrum, directionality, and coherence properties. In
this thesis, we focus on light generation for applications in lighting and projection.

Significant progress has been made in lighting technologies over the past 200
years, from the invention of first incandescent lamps and gas-discharge lamps in the
19th century, to the development of the currently popular lighting devices: halogen
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(a) (b)
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Figure 1.1: (a) A picture of a commercial white LED light bulb [6]. (b) An illustration of white LED
composed of a blue LED and yellow phosphor. (c) Photograph of the emission from a phosphor layer (left)
compared with the emission from phosphor layer enhanced by a hexagonal array of Al antennas (right) from
Ref. [7].

incandescent lamps, compact fluorescent lamps and light emitting diodes (LEDs) [8].
Fig. 1.1(a) shows a typical commercial LED lamp. The major task of lighting
technologies is to produce highly efficient, bright and robust lighting devices. The
efficiency of a light source is measured by luminous efficacy, i.e., the ratio of luminous
flux to consumed power [9]. Luminous flux is the perceived power flux of visible
light, accounting not just for the photon flux emitted by a source but also for the
sensitivity of human eyes at different wavelengths. Table 1.1 shows commonly used
lighting devices and comparison of their luminous efficacy and lifetime summarized
by Ref. [10]. Among them, LED-based lamps stand out for a high efficacy, similar to
high-intensity discharge lamps, higher than fluorescent lamps, and seven times higher
than traditional incandescent lamps. Meanwhile, LEDs have also shown advantages in
ultra-long lifetime, strong vibration and shock resistance, ultra-short switching time
(ms scale), and better light output quality (minimum ultraviolet and infrared radiation),
making them ideal energy-saving lighting solutions. Thus, LED lighting contributes
to solving the global energy crisis by saving energy [11]. Moreover, LEDs in tandem
with solar cells are a transformative technology for third-world countries, as they allow
lighting of homes without access to the electricity grid [12]. The development in LEDs
have led to a new field of lighting technology, i.e., solid-state lighting (SSL), which
is highlighted by the Nobel prize in physics in 2014 for the invention of the highly
efficient blue LED [13].

High-brightness LEDs typically have spectral bands with FWHM of 10-100
nm [14], much narrower than the visible spectrum. Therefore, single LEDs do not
produce white light individually and cannot correctly reveal the color of illuminated
objects. The ability of faithfully rendering different colors compared with natural white
light is measured with a so-called color rendering index (CRI) [15]. To generate white
light with a good CRI, two approaches are often used. One is to mix the emission
from multiple LEDs of different colors, typically three primary colors: red, blue
and green [16]. This solution is handicapped in terms of luminous efficacy by the
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1.1 Light matter interaction and solid state lighting

Type Efficacy (lm/W) Lifetime (hour)
Fluorescent
Linear fluorescent lamps 65-110 24,000-80,000
Compact fluorescent lamps 60-80 10,000
High-intensity discharge
Metal Halide 70-115 5,000-30,000
High-pressure sodium 50-140 16,000-40,000
Incandescent
Standard "A-19" 10-17 750-2,500
Halogen incandescent 12-22 1,000-4,000
Reflector 12-19 2,000-3,000
LEDs
Ominidirectional lamps 70-130 25,000-50,000
Directional lamps 61-140 25,000-50,000

Table 1.1: Comparison of efficacy and lifetime of common lighting devices [10].

relatively lower efficiency of green-yellow LEDs, which can be attributed to the large
defect density in the relevant InGaN semiconductors [17, 18]. A second drawback of
combining RGB LEDS is that the human eye is sensitive to minute (1 to 2 nm) variations
in wavelength, making it extremely hard to make white LEDS of a reproducible color
white. The other approach is to use a phosphor to convert quasi-monochromatic light
from a blue or UV LED to broad-spectrum white light [19]. The currently most popular
white LED solution uses a blue LED and a yellow phosphor. Fig. 1.1(b) illustrates how
white light is generated in such a system.

Challenges in high-efficiency phosphor converted LEDs mainly lie in two aspects.
On the one hand, the conversion efficiency is limited by the absorbance and efficiency
of phosphors. The absorbance determines the amount of phosphor material needed for
the required amount of color conversion and enhancing the absorbance can reduce the
material consumption. The efficiency of a phosphor determines the amount of green,
yellow and red light that a phosphor emits after absorbing a given amount of blue light,
in competition with non-radiative processes, and emission of infrared or deep red light
that is invisible to human eyes.

A second challenge for high-efficiency phosphors lies in the distribution of their
emission over angle. Phosphors usually have a Lambertian emission pattern, i.e.,
an emission intensity proportional to the cosine of the angle between the emission
direction and the surface normal [20, 21]. How light spreads out in angle and area is
described by etendue [22]. A simple phosphor-converted LED has a high etendue and
is desirable for ambient lighting applications. However, for applications such as outdoor
(street) lighting, automotive front lighting and projection, a low etendue, i.e., a highly
directional light source with light emitting from a small area, is preferred [23]. Bulky
secondary optics are usually used to collimate the light from Lambertian emitters [23],
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but they limit the compactness of the device.
Researchers have found that plasmonic nanostructures, sometimes also referred

to as "optical antennas", can be a potential solution that addresses both issues. It was
demonstrated that the plasmon resonances supported by periodic arrays of metallic
nanoantennas, can modify electric field distribution in the phosphor and enhance the
absorption of the blue LED light [24, 25], leading to strongly enhanced directional
emission [24, 26–28]. Fig. 1.1(b) (taken from Ref. [7]) shows a comparison of the
emission from a simple unpatterned phosphor layer and the emission from the same
phosphor layer with a hexagonal array of Al antennas, which is significantly brighter in
the forward direction. Meanwhile, it was also shown that a phosphor layer embedded
with arrays of metallic nanoantennas can work as a distributed feedback (DFB) laser [29–
34], with the concomitant low etendue and narrow spectral bandwidth expected from
lasers.

The current understanding of plasmon-based phosphor-converted LEDs and plas-
mon DFB lasers leave open several important questions. First, most reports so far have
studied average enhancements in terms of fluorescence brightness as a function of pump
geometry and lattice geometry [24–28], where averaging is over an entire ensemble of
emitters. This leaves open the question how emission enhancements and penalties of
plasmonic mechanisms depend on where fluorophores are in the unit cell. Second, it is
an open question whether and how the plasmonic structures would influence emission
rates, as opposed to just brightness. Further, one may ask how the array pattern could
be optimized for lighting applications. In framework of driving plasmonic DFB lasers,
it is unclear what the significant differences from traditional DFB lasers are, and what
these differences could imply for applications. This thesis tries to answer some of these
questions. We look into the emission control by plasmonic nanostructures in Chapter
2-4 and plasmon DFB lasers in Chapter 5-6.

Before introducing the work of the thesis, we review a few underlying physics
concepts. In Section 1.2, we introduce how a phosphor converts blue light into green and
red, i.e., the phenomenon of spontaneous emission. In Section 1.3, we discuss relevant
mechanisms that plasmonic structures use to manipulate spontaneous emission, and
current research progress in optical antennas. In Section 1.5, we introduce stimulated
emission and lasers.

1.2 Spontaneous emission
Remote-phosphor based LEDs rely on spontaneous emission to generate longer wave-
length light from incident blue pump light emitted by a blue LED. Spontaneous
emission is a process in which a quantum mechanical system spontaneously decays
from an excited energy state to a lower energy state by releasing the energy in the form
of a photon [35]. It is widely involved in many common phenomena in nature and
life, such as the chemiluminescent reaction responsible for the glow of fireflies [36].
Depending on whether the excited state is populated electrically, chemically, thermally,
or by absorption of light, spontaneous emission can be further classified. The type of

12



1.2 Spontaneous emission

spontaneous emission phenomenon in a remote phosphor is called fluorescence.
Fluorescence is the emission of light from a substance (fluorophore) excited by

absorbing light. It is distinguished from a similar phenomenon called phosphorescence
depending on the nature of the underlying quantum mechanical transition [37]. The
relevant energy states and processes are usually illustrated by a Jablonski diagram [38],
as shown in Fig. 1.2, which is typical for organic fluorescent molecules. Electrons in
fluorophores are paired with opposite spins, forming a singlet state (S0), with vibrational
fine structure [39]. At room temperature, thermal energy (kB T ≈ 26 meV for 25 ◦C) is
much lower than the energy required to populate the excited vibrational states (typically
150 to 200 meV apart) [39]. Therefore, absorption occurs mostly from fluorophores
with the lowest vibrational energy. By absorbing a photon, a fluorophore can be excited
to a higher vibrational level of the first (S1) or second (S2) excited electronic states.
Most commonly, the excited molecule would rapidly relax to the lowest vibrational
level of S1 during a process called internal conversion. Internal conversion generally
occurs within 10−12 s or less [39], which is much faster than other processes and is
generally completed prior to the photon radiation.

Internal 
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Figure 1.2: (a) An example of a Jablonski diagram showing energy states and transition processes involved
in fluorescence. (b) Normalized absorption and emission spectra of LUMOGEN red F 305 in solvent
CH2Cl2.

After internal conversion, the excited fluorophore can return to a vibrational level
of S0 by emitting a photon, typically in a time scale of 10−8 s, and then quickly reach
thermal equilibrium (within 10−12 s) [39]. This photon emission is fluorescence. As the
fluorophore can return to a higher vibrational ground state when emitting the photon,
the emission spectrum usually shows the vibrational structure of S0. As the excitation
doesn’t alter the nuclear geometry, the vibrational levels have similar spacings for S0

and S1. As a result, the emission spectrum is typically a mirror image of the absorption
spectrum (for S0 → S1 transition) at lower frequency. This rule of thumb is called the
Franck-Condon principle [40, 41]. The associated frequency shift between absorption
and emission maximum is called Stokes shift [42]. The Stokes shift allows phosphors to
convert high frequency blue or UV light into lower frequency green, yellow or red light
that is needed for white light. Apart from the spontaneous emission of the photon, non-
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1 Introduction

radiative processes are also commonly present. A fluorophore in state S1 can convert to
the first triplet state T1 when one of the electron spins is flipped. This process is called
intersystem crossing. Emission also happens during the transition from T1 to S0 and
is called phosphorescence. This transition is generally spin forbidden and therefore
is several orders of magnitude slower than fluorescence. In this thesis, we are only
interested in fast photon emission processes and do not consider the phosphorescence
photons. Intersystem crossing, as well as other non-radiative decays such as quenching
and energy transfer, can happen within a similar time scale as fluorescence emission.
They compete with fluorescence and reduce the photon output.

The performance of fluorophores is usually characterized by the fluorescence
lifetime (τ) and quantum yield (QY). The fluorescence lifetime is the average time a
molecule spends in the excited state before returning to the ground state [39]. From the
Jablonski diagram, it can be easily seen that the fluorescence lifetime is determined by
the rates of radiative and non-radiative decay (γr and γnon) as

τ= 1

γr +γnon
. (1.1)

For an ensemble of excited fluorophores with uniform decay rates, the decay process
can be described with a single exponential function as

P (t ) = P (0)e−(γr+γnon)t = P (0)e−t/τ, (1.2)

with P (t ) the time dependent population of the fluorophores at the excited state, which
is proportional to the probability of emitting a photon.

The fluorescence QY is the ratio of the number of photons emitted to the number
absorbed, and can be calculated by

QY = γr

γr +γnon
. (1.3)

For luminous efficacy, a near-unity QY is desirable, which requires γr À γnon. It should
be noted that in a remote phosphor scenario one requires the conversion of blue to
higher-wavelength photons, i.e., one requires a sizable Stokes shift. Therefore, remote
phosphors fundamentally have a power efficiency below 100% even at near-unity QY,
due to the energy difference between absorbed and emitted photon that is converted to
heat.

To understand the emission process and quantum yield, it is important to understand
the origin of the radiative and nonradiative decay rates of a fluorophore. The radiative
rate γr is dependent both on electronic wavefunction properties of the emitter, and on
the available photon modes supported by the optical system, i.e., the local density of
optical states (LDOS) [43]. This can be understood from Fermi’s golden rule, which
states that the transition rate of a quantum system from state |i 〉 to a continuum or
discrete set of final states | f 〉 is [44]

γ= 2π

ħ2

∑
f
|〈 f |Ĥ ′|i 〉|2δ(E f −Ei ). (1.4)
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1.3 Optical antennas

Here H ′ is the interaction Hamiltonian and the δ function ensures energy conservation.
The spontaneous emission of a fluorescent molecule can be described using the dipole
operator dipole µ̂ and the electric field operator at the emitter position r0 as Ĥ ′ =
−µ̂ · Ê(r0). This form indicates that a strong electric field resonant with the transition
dipole can potentially enhance the spontaneous emission rate. Following quantum
electrodynamics [43, 45], the above emission rate can be derived to have the form

γ= 2πω0

3ħε0
|µ|2ρ(r0,ω0), (1.5)

where µ= 〈 f |µ̂|i 〉| is the transition dipole moment determined by the fluorophore. This
transition dipole moment is strictly an electronic property of the molecule, depending
on the wavefunction overlap between the ground and excited state. Instead, the LDOS
ρ(r0,ω0) at the position of the transition dipole r0, for emitted photon frequency ω0

is strictly a property of the optical structure around the emitter only. For an optical
system without a preferential dipole orientation or probed by a random ensemble of
dipole orientations, the total LDOS is often defined as

ρ(r0,ω0) = 2ω0

πc2 Im{Tr[G(r0,r0;ω0)]}, (1.6)

withG(r0,r0;ω0) the Green’s function given by the optical environment [46].
Purcell in 1946 [47] first realized the important implication of the LDOS in Fermi’s

Golden rule: one can accelerate spontaneous emission by engineering resonances in
LDOS. Modifications of spontaneous emission rates by a variety of optical systems
have been demonstrated, including planar interfaces [48], cavities [49, 50], photonic
crystals [51, 52] and metallic nanostructures [53–55]. While LDOS control is mainly
pursued in context of quantum optics with single emitters, it can also contribute to
solid-state lighting. Accelerating radiative rates can improve phosphor efficiency,
thereby outcompeting nonradiative rates [56–58]. Also, if one can engineer the modes
appearing in the LDOS to correspond to a narrow distribution of far-field wave vectors,
one can preferentially coupled all emission into a narrow cone of angles [24, 26, 27,
59, 60]. In this thesis, we are interested in the modification of spontaneous emission by
optical antennas that are introduced in the following section.

1.3 Optical antennas
Optical nanoantennas are analogues to radio antennas, which have been invented to
convert the energy of free propagating radiation to localized energy, or vice versa [61].
They are usually metallic nanostructures. The free electron gas in metals like silver,
gold and aluminium can sustain surface charge density oscillations that resonate with
incident light at distinct frequencies and are known as surface plasmon resonances
(SPRs) [62]. SPRs at a metal-dielectric interface can give rise to strongly enhanced
optical near-fields which are spatially confined near the metal surface [63]. When the
electron gas is confined in three dimensions, in a sub-wavelength metallic nanostructure,
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1 Introduction

the Coulomb interaction between the overall displaced electrons and the metal lattice
can give rise to localized surface plasmon resonance (LSPR) with a charge density
and electric field distributions that is strongly dependent on the geometry of the
nanostructure [62]. A suitable geometry can enable extreme local charge accumulations,
resulting in strongly enhanced optical fields on nanometer scale.

The most simple and well studied geometry for nanoantennas is a nanosphere.
The optical response of spheres can be analytically calculated using Mie theory [64].
Nanospheres much smaller than the wavelength are usually approximated as point
dipoles, with a dipole moment induced by the incident electric field E0 according to

µ= εmαE0, (1.7)

where the polarizability α is essentially the first coefficient in a Mie expansion. When
estimated in the electrostatic approximation (setting the speed of light to infinity), the
polarizability reads [65]

α= 4πε0r 3 εµ−εm

εµ+2εm
, (1.8)

with εm and εµ the relative permitivity of the surrounding medium and of the sphere,
and r the radius of the sphere. For metals, εµ is usually described by treating the
electrons as free-electron gas in the Drude-Sommerfeld model as [43]

εµ = 1−
ω2

p

ω2 + iΓω
. (1.9)

Here ωp
p

ne/(meε0) is the volume plasma frequency with n the electron density, e
and me the charge and effective mass of the electrons. Γ = vF /l is a damping term
with vF the Fermi velocity and l the electron mean free path. Typically, for metals like
silver and gold ωp is a frequency in the UV, while Ohmic loss can be quite small since
Γ< 0.01ωp . For example, gold hasωp = 13.8×1015s−1 and Γ= 1.075×1014s−1 [66, 67].
Therefore, the real part of εµ is usually negative for metals in the visible spectrum.
When Reεµ =−2εm , i.e., ω≈ωp /

p
3, an LSPR occurs. For aluminium, silver and gold,

these resonances occur across the visible spectrum.
From the polarizability, the scattering and absorption cross-sections can be calcu-

lated as

σscatt = k4

6πε2
0

|α|2, (1.10)

σabs =
k

ε0
Imα, (1.11)

with k the wave vector in the medium. Apart from nanospheres, point dipole approxi-
mations are also widely used on other nanoantenna geometries, with polarizabilities
depending on the geometry [65], and sometimes consideration of magnetic dipole [68–
71] and multi-polar effects [72].

SPRs enable optical antennas to manipulate the photoluminescence of nearby
emitters through different mechanisms. These include enhancing the absorption of
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1.3 Optical antennas

Figure 1.3: Single-photon nanoantenna classes of which metrics are reported in Table 1.2. Figure is adapted
from Ref. [73], which is copyright of the American Chemical Society. (a) Dipole antennas like nanorods and
dimer/gap antennas. (b) Phased array nanoparticle or nanohole antennas (c) Patch antennas. (d) nanopatch
natennas based on a metal nanoparticle-dielectric-spacer-metal.

pump light, modifying radiation directivity, and accelerating emission (γr), at the risk
of additional quenching due to absorption by the metal. The QY of the system can be
modified by both the enhancement of γr and by the quenching associated by Ohmic
loss in the metal. The net effect depends on the intrinsic QY of the emitter. For high QY
emitters, enhancing γr does not help increasing the system QY, while the quenching can
reduce the system QY. For low QY emitters, enhancing γr can significantly improve
the system QY [73]. The physics of these effects has been studied in detail on the
level of single emitters coupled to single antennas in the community of single-molecule
microscopy. To achieve different functions, a variety of antenna designs have been
reported, such as dipole antennas akin to the nanosphere [54, 55], patch antennas [74–
76], nanopatch antennas [77, 78], and phased-array antennas [59, 60, 79–82]. These
geometries are illustrated in Fig. 1.3 (from Ref. [73]). Based on the summary in
Ref. [73], we list a few relevant performance metrics of different antennas that are
reported by previous experimental works in Table 1.2. Dipole antennas have modest
performances in emission enhancement, but are an ideal experimental system to test
semi-analytical models. Patch and nanopatch antennas can provide record high Purcell
enhancements up to 500 to 2000 times, at reported net quantum efficiencies of 20
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to 50% [77, 78]. They are especially suitable for enhancing the efficiency of low
QY emitters and manipulating the spectrum. Both dimer antennas and nanopatch
antennas can achieve high pump enhancement up to 100-150 through the strong
confinement of the pump field [77, 78, 83]. On the other hand, they provide little or
only modest emission directivity control [77, 78]. This is because directional emission
requires extended (wavelength-sized) field distributions due to the uncertainty principle
for conjugate variables in Fourier transforms. Phased-array antennas are extended
structures that have modest area-averaged Purcell enhancement and pump enhancement.
They are usually designed for strong emission directivity control through particular
array arrangements, such as Yagi-Uda [79, 80] , bull’s eye [59, 60] and periodic antenna
arrays [24, 26, 27, 82]. Their essential idea is that an emitter embedded in the antenna
will polarize all the antenna elements in its near field. The radiation that finally ends up
in the far field is the coherent sum of the field originally emitted by the emitter, plus
the radiation from the induced secondary sources, in vein of Huygen’s principle. By
properly designing the geometry, one can achieve an extended, i.e., wavelength-sized
distribution of sources with a relative phase that is conducive to directional emission.

1.4 Plasmonics for solid state lighting
A common phosphor material in SSL is cerium doped yttrium aluminum garnet
(YAG:Ce), which is usually dispersed in an epoxy resin surrounding the LED [89].
When pumped with blue light, YAG:Ce emits with broad emission spectrum from
500 nm to 650 nm and a high QY of 97 % [90]. Therefore, the constraints in
plasmonics for solid state lighting are quite different from the usual constraints in

source system total pump Rate LDOS
QY (%) QY (%) brightness enh. enh.

enh.
Nanosphere [54, 55] 100 50 13-20 25 22 ∼ 22
Nanorod [84, 85] 2 17 1000 130 ∼ 9
Bow tie [83] 2.5 20 1340 180 27 ∼ 800
Lithographic dimer [86] 8 57 1100 144 4 ∼315
DNA-bound dimer [87] 65 70 300 70
DNA-bound dimer [88] 65 80 475
DNA-bound dimer [88] <10 75 5000
(quencher added)
Patch [74–76] 100 40 60-80 ∼60-80
Nanopatch [77, 78] 20 20-50 1900 170 >540 >2000
Yagi-Uda [79, 80]
Bull’s eye [59, 60] 30 60 80 5 2

Table 1.2: Reported performance metrics from experiments on different antennas (remade based on Table 1
of Ref. [73]).
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1.4 Plasmonics for solid state lighting

plasmon antenna studies. First, plasmon antennas are generally studied for obtain
optimum performance for a single emitter that is judiciously placed with nanometric
accuracy at a predetermined optimal location [59, 60, 78–80, 83, 91]. In contrast,
bright emission from phosphors requires high performance when averaged over a
spatial and orientational distribution of many fluorophores. A second difference is
that the largest benefits of plasmon antennas have been reported in framework of
improving intrinsically poor emitters by Purcell enhancement [78, 91]. However,
Purcell enhancement can hardly enhance the QY of phosphors since it is already high.
Nevertheless, the luminous efficacy can be optimized. Due to the different sensitivity
of light of different colors to the human eye, a spectrum with 30-50 nm peaks in
blue, green (, yellow) and red can potentially lead to higher luminous efficacy and
similar CRI compared with a broad spectrum [92]. Therefore, the luminous efficacy
can be improved if we can modify the emission spectrum of the remote phosphor using
wavelength-dependent Purcell enhancements. Furthermore, remote phosphors can also
benefit from pump enhancement [24, 25] and directivity control [24, 26–28] if it can be
imparted by optical antennas without a detrimental absorption loss in the metal. Pump
enhancement increases the conversion efficiency of the phosphor and can therefore
reduce the material consumption. Directional enhancement may enable low etendue
emission without using secondary optics.
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Figure 1.4: (a) An illustration of a periodic array of antennas embedded in a waveguide layer containing
phosphors. Reprinted with permission from S. R. K. Rodriguez et al, Phy. Rev. B, 90, 235406, 2014
(Ref. [93], Figure 1(a)). Copyright (2014) by the American Physical Society. (a) An illustration of free
folded photonic bands for a periodic antenna array. Orange cone represents a waveguide mode and silver
cones are out-coupled waveguide modes by Bragg diffraction. (b) A cross-section of (a) at fixed frequency.
(c) A cross-section of (a) at ky = 0.

Due to reasons mentioned above, plasmonics for solid-stated lighting does not use
the narrow-gap enhancements evident in bow tie [83], nanorod [84, 85], dimer [86]
or nanopatch antennas [77, 78], but has instead converged on periodic lattices that
act as extended phased arrays [24, 26–28]. Periodic antenna arrays are interesting
for SSL in combination with phosphors embedded in a two dimensional waveguide
layer. They can be cost-effectively integrated with the remote phosphors by means
of soft-conformal imprint lithography, a technique that allows faithful replication
of nanostructures without time-intensive tools like electron beam lithography [94].
Fig. 1.4 illustrates a typical optical system containing a periodic array of antennas
and a phosphor waveguide layer. In a waveguide containing phosphors, the majority
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1 Introduction

of emission goes into the waveguide mode(s), carrying an in plane momentum of
length |k∥,WG| = nWGω/c, where nWG is the mode index [95]. The periodic lattice
causes diffraction according to the grating law k∥,out = k∥,WG +G, with G a grating
reciprocal lattice vector [96]. By judicious choice of grating pitch d , which sets the
reciprocal lattice vector length |G| = 2π/d , the emission into the waveguide mode can
be diffracted to be normal to the phosphor layer, leading to efficient out-coupling.
Reciprocally, pump light which matches the same relation k∥,in = k∥,WG +G can be
efficiently coupled into the waveguide mode and be absorbed by the emitters, resulting
in a pump enhancement.

The in-coupling and out-coupling of the waveguide mode can be described using
the photonic band diagram illustrated in Fig. 1.4(b). The orange cone represents
the waveguide mode. For simplicity, here we take nWG as a constant, though actual
waveguides have dispersion (frequency-dependent nWG and cut-off). The silver cones
represent the modes out-coupled by a square array, which appear as copies of the
original cone displaced by a reciprocal lattice vector G. Fig. 1.4(c-d) are cross-sections
of Fig. 1.4(b) in two orthogonal planes. The bands cross at kx = ky = 0 when the
waveguide propagating vector matches the Bragg condition, resulting in a strongly
enhanced outcoupling of emission for the corresponding wavelength in the forward
direction. It should be noted that the diagram in Fig. 1.4 represents an approximate
result in the limit of very weak scattering. As the scattering strength of plasmon
particles is large, crossings in the diagram turn into avoided crossings [96].

The photonic band structure of phased-array antennas is strongly dependent on the
Fourier transform of the array. Both pump enhancement [24, 25] and directionality
control [24, 26, 27] of emission from remote-phosphors have been demonstrated
with square arrays [24–26] and hexagonal arrays [27] of plasmon antennas. For
instance, Ref. [24] reports a 60-fold total enhancement on the forward emission of
a highly efficient remote phosphor from a square array of Al antennas, of which 6-
fold is attributed to the pump enhancement and 10-fold to the extraction efficiency
enhancement from the directional control. The enhancement from such periodic
structures usually has a narrow spectral bandwidth (a few nm) and anisotropic angular
distribution due to their pure point Fourier transforms. Figure 1.5(a)(d) show a periodic
array and its corresponding Fourier transform. For SSL, the narrow bandwidth and
anisotropy are drawbacks. Deterministic quasi-periodic and aperiodic arrays (Fig. 1.5(b-
c)) have singular continuous or absolute continuous Fourier transforms as shown in
Fig. 1.5 (d-e). They can be promising alternative designs to overcome the limitations
of periodic arrays [97–100].

1.5 Stimulated emission and lasers
Lasers feature high brightness and ultra-low etendue. In the context of SSL, lasers
can be considered for two roles. First, instead of pumping a remote phosphor by LED
light, one could pump with an electrically driven blue laser [101–103]. This can offer
an advantage in efficiency since lasers can deliver their output as a high brightness
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(a) (b) (c)

(c) (d) (e)

2π/a 2π/a 2π/a

Figure 1.5: (a-c) Schematics and (d-f) Fourier transforms of (a)(d) a periodic array, (b)(e) a quasi-periodic
(Fibonacci) array and (c)(f) an aperiodic (Vogel’s spiral) array.

well-defined beam that may more efficiently couple into a phosphor than the emission
of an equivalent LED. Second, applications like high-definition projection can be
realized by using digital mirrors and lasers (covering the R, G and B color channel)
with advantages in brightness and contrast due to the low etendue of lasers [104].

The word laser stands for "light amplification by stimulated emission of radiation".
Stimulated emission is a process in which an incoming photon interacts with an excited
state, causing it to return to a lower energy level by emitting another photon [35].
The emitted photon is identical with the incident photon in terms of polarization,
phase, frequency and wave vector. The frequency of the incoming photon needs to
match the energy difference between the excited and the lower energy state. Unlike
the spontaneous emission rate which is independent of the photon population in the
ambient electromagnetic field, the stimulated emission rate is proportional to incident
light intensity [105]. The rate of a transition from a lower level to a higher level by
absorbing a photon is also proportional to the light intensity. For a two-level system
the rates of absorption and stimulated emission are identical [105]. In order to have
a net amplification of light from an ensemble of fluorophores, the population of the
excited state needs to be larger than that in the ground state. This situation is termed
population inversion, as the population is opposite to that encountered in thermal
equilibrium. Population inversion cannot be achieved in the optical regime for pure
two-level systems and three- or four-level systems are commonly used for lasers [106].
The three different systems are illustrated in Fig. 1.6(a). In a three-level system, the
emitter can be excited by higher frequency incident light to a high vibrational level of
the excited state and immediately relax to the lowest vibrational level during internal
conversion. The pump light does not match the frequency of the transition back to
the ground state and the emitters can accumulate in the lowest vibrational level of
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the excited state. With a four-level system, the emission happens between the lowest
vibrational level of the excited state and a high vibrational level of the ground state.
The lowest vibrational level of the excited states can be populated through optical
pumping and the high vibrational level of the ground state is depleted by internal
conversion. Population inversion can be obtained with weak pumping as long as the
internal conversion rates are higher than the emission rate [106].

S0
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hνsthνa

hνst

S0

S1

hνsthνa

hνst

S0

S1

hνsthνa

hνst

Two-level Three-level Four-level

hνst

g

R1 R2

(a)

(b)

Figure 1.6: (a) An illustration of transitions in two-level, three-level and four-level systems. (b) An
illustration of a laser based on a Fabry Pérot cavity, i.e., a gain medium between two parallel mirrors with
reflectance of R1 and R2.

Stimulated emission provides the amplification of light, or in other words, gain.
For a system to lase, two more elements are required, i.e., seed light and feedback.
The seed light can be provided by spontaneous emission of the same emitters [106].
The feedback makes sure that the light is trapped in the gain medium for long enough
before it escapes, so that enough amplification has been gained to compensate the
losses incurred by radiation out of the lasing mode, and by other processes such as
absorption in any component of the laser. Feedback is typically achieved using cavities,
such as the canonical Fabry Pérot cavity [107] that can be treated in an analytical model
as shown in Fig. 1.6(b). Lasing occurs when the electric field (E0) at any point of the
cavity returns to the original value after a round trip in the cavity, i.e. [108]

E0

√
R1R2e(g−α)Le i4πnL/λ = E0, (1.12)

where R1, R2 are the reflection at the two mirrors, g is the gain coefficient, α is the
propagation loss, n is the refractive index of the medium, and L is the length of the
cavity (a half integer number of wavelengths). The minimum g satisfying the above
relation is the threshold gain.

Besides Fabry-Perot cavities, lasing has been reported in a plethora of resonators
including photonic-crystal cavities [109], microcavities [110, 111], microrings [112],
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microdisks [113], nanowires [114–116] and metallic-dielectric nanoresonators [117–
123]. Apart from cavities, lasing is also commonly realized with other feedback
mechanisms such as random scattering [124, 125] and Bragg diffraction (DFB) in
periodically corrugated waveguides [126].

In this thesis, we investigate plasmon particle DFB lasers. Plasmon lasers, some-
times also called spasers, were first proposed by Bergman and Stockman [127]. They
rely on the amplification of SPRs by coupling to to a gain medium. Plasmon lasers
feature an ultrasmall mode volume and are usually realized in metallic-dielectric
nanoresonators [115–123, 128]. However, due to the intrinsic large momentum
mismatch between the surface plasmon field and free space light, the outcoupling
of laser light from such plasmon lasers is not very efficient. This drawback is overcome
by plasmon DFB lasers. Plasmon DFB lasers use the in-plane Bragg diffraction of
plasmon lattices for feedback. They are capable of highly directional light emission to
free space using diffractive outcoupling, and feature a high degree of spectral selection.
Two types of plasmon lattices are commonly used in plasmon DFB lasers, i.e., metal
hole arrays [129, 130] and plasmon particle arrays [29–33].

Plasmon particle array DFB lasers consist of a periodic array of nanoantennas
surrounded by a polymer or a solvent doped with fluorophores, which is very similar to
a plasmon enhanced remote phosphor. They were first reported by Stehr et al. [29] and
later intensively studied by Schokker et al. [32, 131–133] and the group of Odom [30,
31, 134–136]. They have the advantage of low etendue and have a structure that can
be pumped by a blue LED, making them potentially useful for SSL. However, despite
these advantages, it is still unclear whether the current plasmon particle DFB lasers
are suitable for SSL applications. First, the gain medium used in plasmonic lasers
has not been optimized in terms of gain coefficient, and resilience to intense pumping.
Experiments with solid-state gain media so far have employed single-shot nanosecond
pulsed excitation [32, 131–133]. Second, the luminous efficacy of plasmon DFB
lasers is not optimized, which relies on systematic study of the many properties of
the lasers, such as the efficiency depending on pump light properties, the threshold
gain, metallic losses, slope efficiency, etc. Third, lasers have ultra-narrow emission
bands and therefore intrinsically low CRI. Last but not least, plasmon DFB lasers
have high spatial and temporal coherence, which can result in speckles in illumination
applications, reducing imaging or illumination quality. This drawback calls for a study
of how to multiplex many lasers on a small sample footprint to control coherence and
obtain multi-spectral content.

1.6 Outline of the thesis
In the first half of this thesis, we focus on the manipulation of spontaneous emission of
a remote phosphor by optical nanoantennas from two aspects: LDOS and directivity
control. In Chapter 2, We study the LDOS introduced by periodic antenna arrays of
nanoantennas. Mapping the LDOS in nanostructures is challenging, as it requires sub-
wavelength resolution that is not available with conventional microscopic techniques.

23



1 Introduction

We introduce a new method inspired by stochastic localization microscopy techniques,
e.g., STORM and PALM [137–139]. This method allows us to map the LDOS with
superresolution in periodic systems and study the influence of LSPRs and lattice
resonances on the LDOS distribution.

In chapter 3, we look into a new type of optical antennas called "dendritic optical
antennas". So far, state-of-the-art optical antennas are mostly designed for the optical
functionalities and do not generally form a continuous electrical network. This largely
differs them from radio antennas and hampers electrical addressing of active emitters
that load the antenna. Kern et al. [140] for the first time created an electrically driven
optical antenna in form of an optically connected bow-tie structure, which opens the
perspective of designing antennas with both optical enhancement and electric driving
capability. The dendritic optical antennas we propose here can be viewed as connected
oligomers of nanorods that feature both electrical connection and optical activity. We
study their optical response and potential emission enhancement from Purcell effect.

In Chapter 4, we study the directivity control from aperiodic nanoantenna arrays
as an alternative to periodic arrays. Aperiodic arrays can offer a more distributed
Fourier transform than periodic systems, as illustrated in Fig. 1.5 (c) for so-called
Vogel’s spirals [100]. One thus expects a more broadband operation characteristics for
directionally enhanced emission than has been reported for periodic lattices. In this
chapter, we report the optical response and directional emission enhancement measured
on Vogel’s spirals.

The second half of this thesis is focused on plasmon particle array DFB lasers.
Over the past 5 years, a significant amount of research has been done on plasmon DFB
lasers, proposing interesting performance metrics as compared to all-dielectric DFB
lasers due to Purcell enhancements [30, 31, 134, 135] and due to wide stop gaps in
dispersion [133], both associated with the plasmonic nature of the particles that provide
feedback. However, none of these works addressed directly in real space the question
how different a particle array plasmon laser is from a conventional complex coupled
DFB laser based on metal gratings. In Chapter 5, we try to answer this question by
studying the real space intensity distribution of plasmon DFB lasers based on coupled
wave theory [141], which is widely used in describing conventional DFB lasers.

In Chapter 6, we study so-called "patchwork" plasmon DFB lasers. We introduce
two designs for plasmon lasers based on patchworks of small periodic nanoantennas
arrays. Each patch can work individually as lasers with slightly different lasing
wavelengths. We measure the lasing threshold and spectra of the patchwork lasers,
and discuss their potential application as multi-wavelength, low speckle contrast, high
etendue light sources.

24



References

[1] J. Whitmarsh and Govindjee, The Photosynthetic Process, pages 11–51, Springer
Netherlands, Dordrecht, 1999.

[2] S. Hecht, Rods, cones, and the chemical basis of vision, Physiol. Rev. 17, 239 (1937).
[3] D. M. Chapin, C. S. Fuller, and G. L. Pearson, A new silicon p-n junction photocell for

converting solar radiation into electrical power, J. Appl. Phys. 25, 676 (1954).
[4] A. Polman, M. Knight, E. C. Garnett, B. Ehrler, and W. C. Sinke, Photovoltaic materials:

Present efficiencies and future challenges, Science 352, aad4424 (2016).
[5] G. Agrawal, Fiber-Optic Communication Systems, Wiley, 2012.
[6] Philips Lighting, Ambientled, 2017, https://www.usa.philips.com/c-

p/046677409906/ambientled-energy-saving-household-light.
[7] A. Nikitin, M. Remezani, and J. Gómez Rivas, Luminescent metamaterials for solid state

lighting, ECS J. Solid State Sci. Technol. 5, R3164 (2016).
[8] D. DiLaura, A brief history of lighting, Opt. Photonics News 19, 22 (2008).
[9] CIE, International lighting vocabulary 17-729 luminous efficacy.

[10] U.S. Department of Energy’s Office, Lighting basics, 2013.
[11] U.S. Department of Energy, Energy savings potential of solid-state lighting in general

illumination applications 2010 to 2030, 2010.
[12] E. Mills, Job creation and energy savings through a transition to modern off-grid lighting,

Energy Sustain. Dev. 33, 155 (2016).
[13] Class for Physics of the Royal Swedish Academy of Sciences, Efficient blue light-emitting

diodes leading to bright and energy-saving white light sources, 2014.
[14] Lumileds, Luxeon rebel color line product datasheet, 2017,

https://www.lumileds.com/uploads/265/DS68-pdf.
[15] CIE, International lighting vocabulary 17-222 colour rendering index.
[16] J. Kido, M. Kimura, and K. Nagai, Multilayer white light-emitting organic

electroluminescent device, Science 267, 1332 (1995).
[17] S. Yamamoto, Y. Zhao, C.-C. Pan, R. B. Chung, K. Fujito, J. Sonoda, S. P. DenBaars, and

S. Nakamura, High-efficiency single-quantum-well green and yellow-green light-emitting
diodes on semipolar (2021) gan substrates, Appl. Phys Express 3, 122102 (2010).

[18] M. Auf der Maur, A. Pecchia, G. Penazzi, W. Rodrigues, and A. Di Carlo, Efficiency drop
in green InGaN/GaN light emitting diodes: The role of random alloy fluctuations, Phys.
Rev. Lett. 116, 027401 (2016).

[19] P. Schlotter, R. Schmidt, and J. Schneider, Luminescence conversion of blue light emitting
diodes, Appl. Phys. A 64, 417 (1997).

25



REFERENCES

[20] G. R. Elion, Electro-optics handbook, volume 2, CRC Press, 1979.
[21] Lumileds, Luxeon rebel general purpose product datasheet, 2017,

https://www.lumileds.com/uploads/28/DS64-pdf.
[22] J. Chaves, Introduction to Nonimaging Optics, CRC Press, 2008.
[23] J. Bhardwaj, J. M. Cesaratto, I. H. Wildeson, H. Choy, A. Tandon, W. A. Soer, P. J.

Schmidt, B. Spinger, P. Deb, O. B. Shchekin, and W. Götz, Progress in high-luminance
led technology for solid-state lighting, Phys. Status Solidi (a) , 1600826 (2017).

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

[25] K. Guo, G. Lozano, M. A. Verschuuren, and J. Gómez Rivas, Control of the external
photoluminescent quantum yield of emitters coupled to nanoantenna phased arrays, J.
Appl. Phys. 118, 073103 (2015).

[26] K. H. Cho, J. Y. Kim, D.-G. Choi, K.-J. Lee, J.-H. Choi, and K. C. Choi, Surface plasmon-
waveguide hybrid polymer light-emitting devices using hexagonal Ag dots, Opt. Lett. 37,
761 (2012).

[27] G. Lozano, G. Grzela, M. A. Verschuuren, M. Ramezani, and J. Gómez Rivas, Tailor-made
directional emission in nanoimprinted plasmonic-based light-emitting devices, Nanoscale
6, 9223 (2014).

[28] J. DiMaria, E. Dimakis, T. D. Moustakas, and R. Paiella, Plasmonic off-axis unidirectional
beaming of quantum-well luminescence, Appl. Phys. Lett. 103, 251108 (2013).

[29] J. Stehr, J. Crewett, F. Schindler, R. Sperling, G. von Plessen, U. Lemmer, J. Lupton,
T. Klar, J. Feldmann, A. Holleitner, M. Forster, and U. Scherf, A low threshold polymer
laser based on metallic nanoparticle gratings, Adv. Mater. 15, 1726 (2003).

[30] J. Y. Suh, C. H. Kim, W. Zhou, M. D. Huntington, D. T. Co, M. R. Wasielewski, and T. W.
Odom, Plasmonic bowtie nanolaser arrays, Nano Lett. 12, 5769 (2012).

[31] W. Zhou, M. Dridi, J. Y. Suh, C. H. Kim, D. T. Co, M. R. Wasielewski, G. C. Schatz,
and T. W. Odom, Lasing action in strongly coupled plasmonic nanocavity arrays, Nat.
Nanotechnol. 8, 506 (2013).

[32] A. H. Schokker and A. F. Koenderink, Lasing at the band edges of plasmonic lattices,
Phys. Rev. B 90, 155452 (2014).

[33] M. Ramezani, A. Halpin, A. I. Fernández-Domínguez, J. Feist, S. R.-K. Rodriguez, F. J.
Garcia-Vidal, and J. Gómez Rivas, Plasmon-exciton-polariton lasing, Optica 4, 31 (2017).

[34] T. K. Hakala, H. T. Rekola, A. I. Väkeväinen, J.-P. Martikainen, M. Nečada, A. J.
Moilanen, and P. Törmä, Lasing in dark and bright modes of a finite-sized plasmonic
lattice, Nat. Commun. 8, 13687 (2017).

[35] R. Paschotta, Field Guide to Lasers, volume 12, SPIE press, 2008.
[36] T. A. Hopkins, H. H. Seliger, E. H. White, and M. W. Cass, Chemiluminescence of firefly

luciferin. model for the bioluminescent reaction and identification of the product excited
state, J. Am. Chem. Soc. 89, 7148 (1967).

[37] D. W. Ball, Field guide to spectroscopy, volume 8, Spie Press Bellingham, Washington,
2006.
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