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“Try and penetrate with our limited means the secrets of nature and
you will find that, behind all the discernible laws and connections, there
remains something subtle, intangible and inexplicable. Veneration for this
force beyond anything that we can comprehend is my religion.”

- Albert Einstein, in “Einstein: His Life and Universe” by Walter Isaacson
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CHAPTER 1

INTRODUCTION

The coupling of light and matter has marked the history of humankind. Our per-
ception of the material world is assembled mostly through vision, for which light is the
information-carrying field. In a scientific context, light has played an instrumental role
in revealing the structures of which matter is composed, e.g. molecules, atoms, and elec-
trons. Conversely, material structures have enabled us to discover the general laws gov-
erning the dynamics of light, e.g. refraction, reflection, and diffraction. Still, most of the
time light and matter couple only weakly: they behave as separate entities, and we learn
from one by probing it with the other. However, under exceptional circumstances light
and matter can mix to an extent that they become indistinguishable. This is the essence
of the strong light-matter coupling regime, which heralds the onset of fascinating effects
that we shall explore in this thesis.

This chapter gives a general introduction to the phenomenon of light-matter coupling.
We begin by examining the conditions determining the coupling strength. This calls for an
understanding of the characteristic scales and properties of light and matter. For reasons
that will become clear, our system of choice for studying and controlling the coupling of
light and matter is a periodic array of resonant metallic nanostructures. Depending on the
particular configuration, such an array can also couple to distinct optical modes. These
include diffracted modes in the plane of the array, and guided modes in a dielectric slab.
We will introduce in this chapter the basic physics underlying each one of these modes
separately, and we will touch upon the physics that can emerge in case they mutually
couple. Details of the coupled systems are left for subsequent chapters. Here we will
highlight some of the important experimental and theoretical developments that have
shaped the current scientific understanding of light-matter interactions, thereby placing
ourselves in proper context. Finally, we will provide an outline for this thesis, which deals
with the coupling of light and matter in metallic nanoparticle arrays, with an emphasis on
its potential to modify light emission.



1 Introduction

1.1 Characteristic scales and properties of light and matter

Light is both an electromagnetic wave and a particle. Therefore, to design material
structures optimally coupled to light, it is essential to consider the length and energy scales
characterizing light waves and particles (photons), respectively. For visible light in free-
space, the wavelength A is roughly 400-700 nm. From Planck’s relation E = hc/A, with h
Planck’s constant and c the speed of light in vacuum, it follows that the associated photon’s
energy range is 1.8-3.1 eV. Thus, polarizable objects with features of a few hundred nm in
spatial extent and energetic (e.g. electronic) transitions of a few eV are a good starting
point for controlling light.

In general, the strength of light-matter interaction depends on the following three sets
of properties:

i. the properties of the material object, such as geometry, volume, electron density, and
chemical composition

ii. the properties of the light, such as polarization, frequency, and intensity

iii. the properties of the configuration, such as angle of incidence, phase relationships
when dealing with multiple interacting bodies, and the environment.

An optical resonance occurs when these factors contrive to maximize the response of
a system. A resonance is never the consequence of one of the above sets of properties
alone. It is always the interplay between the “intrinsic” properties of light and matter, and
their configuration, which determines resonant behavior. Furthermore, the fact that we
live in a causal world imposes strict restrictions on the frequency-dependent response of
a resonant system integrated over the entire spectrum [1]. Since the origin and effects of
optical resonances are central to this work, we proceed with a brief review of the related
physics.

1.2 Optical resonance: The Lorentz oscillator

The theory of optical resonances is largely based on the monumental work of H. A.
Lorentz. Lorentz postulated that matter, composed of point-like electric charges, responds
harmonically to the electromagnetic field. An inspired discussion of this postulate and its
consequences for optics is provided in a series of lectures delivered by Lorentz in 1906 [2].
For amodern treatment of optical resonances, we refer to Allen and Eberly [3]. To illustrate
the Lorentzian mechanics, we consider the Hamiltonian of a collection of electric dipoles
driven by an electric field E:

1
H=EZ(pZ+(w0mra)2—e2ra-E(t,ra). (1.1

p and r are the canonical momentum and position of the a'”* dipole, which is composed

10



1.2 Optical resonance: The Lorentz oscillator
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Figure 1.1: For an oscillator with eigenfrequency wg and quality factor Q = 2.5, the black
line corresponds to the magnitude of its displacement from equilibrium |x|, and the gray
line corresponds to its dissipated power.

of a mass m with a charge e oscillating at a frequency wy . Applying Hamilton’s equations,

q= H and p= (1.2)
p .

with g and p generalized position and momentum coordinates, we arrive to the equations
of motion for the point charges:

e
Xq+wixg=—E(t,1,). (1.3)
m

The above equation describes a simple harmonic oscillator with frequency wy, driven
by an electric force F = eE(t,r,). We will concern ourselves with time-harmonic driving
fields, for which E = Ege™'?. Thus, we expect solutions of the form x, = Ce™'“! with C a
constant. We would also like to include in our analysis the influence of energy dissipation,
which damps the motion of the charges. To first order, we can assume this process to
exert a force that is linear with the velocity of the oscillating charge. The proportionality
constant, y, will be hereafter referred as the loss rate. With these assumptions, solving for
X4 in equation|I.3]leads to the following result

L E(t,1,)

Xa=— -
w? - Wi - iyw

(1.4)

The above expression is the origin of the well-known Lorentzian lineshape, which
successfully describes the frequency-dependent response of practically all isolated
resonators. For y <« wg the electron’s displacement is maximized at the resonance
condition w = wy. In case y is only “slightly” smaller than wy, e.g. resonators with
quality factors Q = % ~ 2 —10, the resonance frequency is modified. Consequently, the
frequency-dependence of the oscillator’s amplitude and velocity can differ significantly.
We illustrate this in Fig. [1.1[@), where we compare for a single oscillator the magnitude of
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1 Introduction

its displacement from equilibrium, |x|, and its dissipated power by given by P = %%[F *x)
with % its velocity. For the calculation, we choose Q = 2.5. It is clear that the maximum
in | x| is at a lower frequency than the maximum in P. The large damping of the oscillator
magnifies this effect. We shall return to this point in Chapter 3} as it bears an interesting
analogy with how metallic nanoparticles modify the electromagnetic spectrum in the far
or near field.

1.3 Surface plasmons, light emission, and optical antennas

The optical response of deep sub-wavelength isolated metallic nanostructures resem-
bles faithfully the Lorentz oscillator. Conduction electrons are driven primarily by the
electric field of light, and their oscillatory motion is damped by Joule heating and the
emission of radiation - radiative damping. The collective, damped, electronic oscillation
results in the so-called localized surface plasmon resonance (LSPR).

We begin this section with a survey of seminal theoretical and experimental works that
have highlighted the unique optical properties of metallic nanostructures. Where possible,
connections to modified light emission will be emphasized. A full historical account of
the field is beyond the scope of this thesis. We refer to S. Maier for further details on
surface plasmon fundamentals and applications [4]. In this section, we illustrate inter-
esting features present in coupled resonators, namely, Fano resonances. Lastly, we discuss
the optical antenna functionality of metallic nanoparticles coupled to light emitters and
receivers.

1.3.1 A brief history of surface plasmon related phenomena

Metallic nanoparticles in colloidal form have captivated artists and scientists for cen-
turies. A beautiful example is present in the bright colors of stained glasses found in
some churches. The colors of these glasses appear different in reflection than in trans-
mission due to the presence of metallic nanoparticles. It was Gustav Mie who, in 1908,
first explained the origin of this curious phenomenon rigorously [5]. Mie found that the
light extinction (scattering + absorption) of a metallic colloid depends on the size of the
nanoparticles due to the excitation of surface electromagnetic resonances, known today as
LSPRs. Theoretical studies on the optical properties of metallic nanoparticles continued
for decades, culminating in the classic book by Bohren and Huffman [6]. As discussed
therein, it is not only the size, but also the geometry of metallic nanoparticles determining
their optical response. While the scattering and absorption properties of LSPRs was well
established by the work of Mie, Bohren, and Huffman, among others, the possibility to use
these resonances for modified light emission was not realized until later.

An important development in physics, seemingly unrelated to the optics of metallic
nanostructures, is due to Purcell in 1946. Purcell noted that the spontaneous emission
rate, i.e. the time an excited state takes to relax via the emission of a photon, can be en-
hanced by coupling the emitter to a resonator [7]. The enhancement factor is proportional
to the ratio Q/V, where Q is the quality factor of the resonator and V is the mode’s volume.

12



1.3 Surface plasmons, light emission, and optical antennas

It appears that the first links between Purcell’s work at radio frequencies and optical res-
onances in metals emerged in the 1980’s. Gersten, Nitzan, and co-workers investigated
fluorescence and Raman scattering of molecules adsorbed on rough metallic surfaces [8}
9]. They noted that light emission from molecules near nanoscale features in metals can
be pronouncedly modified. Theoretical work also predicted that well-structured metallic
particles with a nanometric gap in between could concentrate energy tremendously in the
gap, which could in turn enhance the fluorescence of molecules therein [10]}. However,
the inherent randomness of the rough metallic films used in their experiments rendered
experimental confirmation elusive. In particular, it was difficult to disentangle the con-
tributions from geometrical resonances and the so-called lightning rod effect from their
observations. The latter refers to the well-known fact from electrostatics that charges
tend of accumulate near sharp features. Contemporaries to Gersten and Nitzan studied
smooth metallic films, also for their ability to modify light emission. Since the pioneer
work by Drexhage in 1970, it was established that even an unstructured mirror can modify
the radiative decay rate of an emitter [11]. Barnes provides an comprehensive review of
the underlying physics, which is based on a modification of the photonic mode density to
which the emitter can decay [12].

The presence of additional decay channels for excited fluorophores in the vicinity of
metals is related to the excitation of surface electromagnetic waves at the metal-dielectric
interface. These are known as surface plasmon polaritons (SPPs), and they can be cat-
egorized as localized or propagating [4} [13]. Metallic films support optical resonances
due to propagating SPPs. Since for a given energy the momentum of propagating SPPs
is larger than that of a free-space photon, momentum-matching techniques (e.g. a grating
or prism) are needed to excite SPPs with light [4]. In contrast, localized SPPs in metal-
lic nanoparticles can be excited directly by free-space photons; the nanoscale curvature
of the nanoparticle matches the momentum [4]. Both localized and propagating SPPs
provide a resonant mechanism to which light emitters can couple, thereby establishing
the link to the work of Purcell. Indeed, a number of pioneer studies showed that excited
fluorophores in the vicinity of smooth metallic films can decay efficiently into propagating
SPPs [14H17]. On the other hand, research on rough metallic films and metallic nanopar-
ticles established that localized SPPs can accomplish a similar feat [8H10].

Until the 1990’s, it seems that SPPs remained as an exciting, yet modest avenue of
scientific research. An important experiment in 1998 by Ebbesen and co-workers was
destined to change the latter condition, propelling metallic nanostructures to the fore-
front of scientific research. Ebbesen et. al. observed that, at particular wavelengths, the
light intensity transmitted across a thin metallic film perforated with tiny holes largely
exceeded the intensity that was geometrically incident on the holes [18]. The radius of
the holes b was much smaller than the radiation wavelength A at the extraordinary optical
transmission (EOT) condition. Therefore, the effect appeared surprising in view of Bethe’s
theory for single holes[19], which predicted a cutoff with a transmission scaling as (b/1)*
for A > b. The physics underlying the EOT effect has generated controversy regarding
the role of localized surface plasmons in the holes, propagating surface plasmons through

1A small V boosts the Purcell factor up.
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1 Introduction

the film, and diffraction by the periodic arrangement of the holes. Details of the intricate
physics at play are beyond the scope of this thesis, so we refer to the literature [20H24].
Here we wish to emphasize an important aspect of light-matter interactions that the phe-
nomenon of EOT underlines: at resonance, the effective electromagnetic cross-section
becomes much greater than the geometrical cross-section [6]. This principle applies on
equal footing to resonant particles and holes. As a sub-wavelength hole array leads to an
extraordinary optical transmission, a sub-wavelength particle array leads to an extraordi-
nary optical extinction [25]. Babinet’s principle guarantees the equivalence of these two
cases in the limit of an infinitely thin perfect electric conductor which is either perforated
by the subwavelength holes or is the material constituting the particles [26]°. For realistic
materials with a finite complex permittivity € = ¢’ — i€, deviations are expected.3. Still,
a difference remains in that continuous metallic films support propagating SPPs, while
isolated metallic particles do not.

The insights obtained from the EOT phenomenon led to important conceptual break-
throughs relevant to this thesis, so we elaborate on another key point. In 2003, Sarrazin
et. al. [27] and Genet et. al. [28] independently noticed that the spectral lineshapes at
the EOT condition have a characteristic asymmetry. These lineshapes resembled closely
those discussed decades before by Ugo Fano, but in a different context [29]. Fano ascribed
asymmetric resonance lineshapes observed in the autoionization spectrum of Helium to
the quantum interference between a continuum of states and a discrete state whose en-
ergy lies within the continuum [29]. Although EOT involves classical interference (of field
amplitudes) whereas Fano described quantum interference (of probabilities), the spectral
signature of these effects are alike due to the universal character of wave interference.
Thus, a correspondence between Fano resonances and EOT was established as follows:
In sub-wavelength hole arrays, the transmission spectrum is modulated by the interplay
between resonant and non-resonant transmitted light. The non-resonant transmitted
light was ascribed the role of the continuum in Fano’s theory, while the light resonantly
diffracted in the plane of the hole array (Rayleigh anomalies, as discussed ahead in this
chapter) was ascribed the role of the discrete state. Hence, a framework of plasmonic
“Fano” resonances in sub-wavelength hole arrays emerged [30,31]. By Babinet’s principle,
Fano-like lineshapes are expected in arrays of sub-wavelength metallic particles as well.
In classical systems, Fano-like interference arises from the coupling between spectrally
broad and narrow Lorentzian resonances, without invoking a continuum of states [32].

2 A material with a dielectric function € — —co behaves as a perfect electric conductor.

3The application of Babinet’s principle as formulated here requires that the incident polarization is switched
from s to p when exchanging particles for holes and viceversa. A derivation of Babinet’s principle for a perfect
electric conductor makes use of the invariance of Maxwell’s equations under the transformation E — H and
H — —E, and of the boundary conditions for a plane wave at the surface of such conductor. The boundary
conditions are: (i) the tangential component of E and the normal component of H both vanish, (ii) the normal
component of E is discontinuous by an amount proportional to the surface charge density, and (iii) the tangential
component of H is discontinuous by an amount proportional to the surface electric current J, and is directed
normal to J. [26]
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1.3 Surface plasmons, light emission, and optical antennas
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Figure 1.2: Dissipated power by oscillator 1, calculated with equation as a black solid
line. The gray dashed line is a fit of Fano’s formula (Equation to the black line. The
parameters used in the calculation are given in the text.

1.3.2 Surface plasmons as coupled oscillators and their Fano reso-
nances

In Fig.[L.2lwe present an illustrative calculation of Fano-like lineshapes in the spectrum
of two coupled harmonic oscillators. In matrix form, the equations of motion for this
system are

w%—wz—ihw 0?2 )(Jq) _ (%e"“”) (15)

Q? a)g —w? - iy20) \x2 0

where w; > are the eigenfrequencies of the bare oscillators, y; » their respective loss rates,
and Q;, is the coupling rate. We plot the dissipated power by the first oscillator in steady-
state, given by %%[F* X1]. For the calculation, we choose w] = wg, w2 = 1.4wy, y1 = 0.4wy,
Y2 =0, and Q2 = 0.35w¢. The amplitude of the driving force per units mass is irrelevant,
because we are interested in qualitative behavior only and we therefore normalize the
spectrum.

The broad peak near wy is reminiscent of the single oscillator resonance, which may
well represent a LSPR. The resonance peak is slightly shifted down in frequency from w
due to the coupling with the second oscillator. The asymmetric resonance near 1.4wy is
due to the coupling with the second oscillator. Destructive and constructive interference
between the 2 oscillators is responsible for the abrupt transition from suppressed to en-
hanced dissipation, which makes the lineshape asymmetric. We choose y» = 0 to under-
line the fact that even for a bound state — one which doesn’t couple to the environment
and therefore doesn’t dissipate — the coupling to the broad resonance (or the continuum
in Fano’s original framework) grants the lineshape a non-zero width. In other words, the
width of the feature near w, is limited by the value of the coupling constant Q.

On top of the asymmetric feature in the dissipated power spectrum, we fit a lineshape
of the form derived by Fano in his famous paper [29]; this is shown as a dashed gray line.
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1 Introduction

The Fano formula for the scattering cross section is

e [q +2(w — w) /7]?
T 1+ [2(w—wo) /Y12’

(1.6)

where ¢ is a phenomenological constant determining the degree of asymmetry in the line-
shape. The other parameters have the same meaning as in the Lorentz oscillator. We shed
light into Eq. by considering three different values of g: i) For |g| = oo, Eq. [L.6]yields
a Lorentzian resonance lineshape, ii) For g = 0, Eq.[1.6]yields an upside-down Lorentzian
lineshape, also known as an anti-resonance [31], iii) For g = 1, Eq. yields the most
asymmetric lineshapes, because in this regime the contributions from the discrete state
and the continuum of states (or the narrow and broad resonance) are of comparable mag-
nitude.

From the above discussion it follows that every resonance is a Fano resonance. The
ubiquity of Fano resonances seems at odds with much of the excitement in recent years
for their observation. Indeed, spectra such as the one observed in Fig. will be re-
current throughout this thesis. The extinction spectrum of metallic nanoparticle arrays
displays similar lineshapes due to the coupling of LSPRs to diffracted or guided modes.
Interestingly, we will see that asymmetric Fano resonances can lead to unconventional
effects in the emission spectrum of light sources coupled to metallic nanoparticle arrays.
Such effects would be difficult — some perhaps impossible — to achieve with Lorentzian
resonances (|g| = co Fano resonances). This interesting contrast between extinction and
emission of radiation in the spectral region near a Fano resonance is actually related to
the difference between the dissipated power spectrum and the displacement spectrum of
coupled oscillators. In the forthcoming Chapters, we will explore this effect in depth.

1.3.3 Optical antennas

By the dawn of the 21 century, numerous studies on SPPs had made it clear that the
large polarizability of metals combined with the small dimensions of nanostructures (in
reference to the free-space driving field) embodies an efficient interface between free-
space radiation and localized energy. Therefore, the term optical antenna, or nanoan-
tenna, emerged to describe metallic nanostructures with LSPRs coupled to light sources
or receivers [33:39).% In contrast to low-frequency antennas in the electrostatic limit, the
electric field inside optical antennas is not zero due to the excitation of SPPs [6]. The de-
viation from electrostatics is an important one, because it disables a simple scaling of the
antenna dimensions from the low-frequency regime to the optical regime. Here we recall
that Maxwell’s equations are frequency-invariant. However, the frequency-dependence of
the dielectric function leads to different antenna behavior throughout the spectrum even
if the relative dimensions of the antenna and operating wavelength are fixed. In general,

4Pperhaps the earliest vision — but not conception! — of an optical antenna dates to the famous 1959 lecture
“There’s Plenty of Room at the Bottom” by R. P. Feynman, who said: “Is it possible, for example, to emit light from
awhole set of antennas, like we emit radio waves from an organized set of antennas to beam the radio programs
to Europe? The same thing would be to beam the light out in a definite direction with very high intensity.” [40].
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1.4 Rayleigh anomalies and Bloch waves

electrodynamic effects become increasingly relevant as one approaches the plasma fre-
quency of the material constituting the antenna. In this intriguing spectral region — where
the balance between field penetration into the metal and energy dissipation can be tai-
lored — plasmon antennas thrive. We note that for a restricted class of structures, Novotny
found that metallic nanoantennas can be characterized by an effective wavelength [41].
However, a general formula for the effective wavelength of arbitrary nanoantennas is not
known yet.

The optical features of LSPR-based nanoantennas have been demonstrated in several
recent papers. When coupled to nanoscale light sources, metallic nanostructures can
provide directivity gain [42H45], polarization control [46}/47], intensity enhancements [36),
371, decay rate enhancements [48] [49], and spectral shaping [50} 5I]. In the following
chapters, we will explore how some of these properties, and others, can be further de-
signed by coupling LSPRs to long-range photonic modes in periodic arrays of metallic
nanoantennas. The emergent hybrid plasmonic-photonic resonances inherit the strong
interaction with light characteristic of plasmonic modes, and the spatially extended modal
volumes characteristic of photonic modes. By tailoring the balance between these two, a
large number of possibilities open up to modify light emission from extended sources.
But first, we turn our attention to another concept which is of paramount relevance to this
thesis: wave propagation in periodic media.

1.4 Rayleigh anomalies and Bloch waves

The year 1902 brought a ground-breaking experimental discovery to the history of
physics. Wood reported on a remarkable set of bright and dark bands appearing in the re-
flection spectrum of a diffraction grating [52]. The nature of these bands was unaccounted
for by the existing theory, so they became known as “Wood’s anomalies”. It was Lord
Rayleigh who, a few years later, postulated that this peculiar distribution of light could
be related to the condition whereby a diffraction order radiates grazing to the surface of
the grating [53]. Rayleigh formulated the problem based on the existing laws of reflection
and refraction, appealing only to wave mechanics and geometrical considerations. He
derived relations between the incident and scattered wave vectors in a grating, thereby
establishing the foundations of diffraction theory [54]. In its modern form, Rayleigh’s
condition is casted as a momentum conservation law, because the wave vector k is related
to the photon’s momentum via the de Broglie relation p = 7ik. For propagation in a lattice
with reciprocal vector G = %u, where a is the lattice constant and u is a unit vector along

the periodicity axis, the Rayleigh condition states that
K =ki" + G. 1.7)

kh“ and kfl’“‘ are the projections of the incident and diffracted wave vectors parallel to the
array, respectively. In his derivation, Rayleigh made no assumptions on the composition of
the material constituting the grating (e.g. metal or dielectric). Therefore, Rayleigh’s theory
has served to describe light propagation in diverse periodic media, and constitutes a pillar
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1 Introduction

of modern optics. For this reason, we shall hereafter refer to the solution of equation|1.7
as the “Rayleigh anomaly”.

The influence of a metal back coating present in the gratings studied by Wood was
largely overlooked by Rayleigh. Wood speculated that resonant effects could have an in-
fluence on his observations, as he observed that the position of the bands shift when
the refractive index of the medium surrounding the grating increased.®> Wood’s observa-
tions and Rayleigh’s description bear the seeds of the exciting interplay between optical
resonances in metals (SPPs) and wave propagation in periodic media. In forthcoming
chapters we will explore this interplay in depth. For now, we turn our attention to another
important development in the field of wave propagation in periodic media.

Amongst the most notable contributions to our understanding of wave mechanics in
periodic media stands the work of Felix Bloch and Gaston Floquet. Bloch was interested
in the conduction of electrons in crystalline solids [55]. His work played a central role in
the establishment of quantum mechanics as a successful theory. Unknowingly, he had
extended the formalism developed by mathematician Floquet [56]. The essence of the
Bloch-Floquet theory states that the amplitude of waves in periodic media acquires the
form

wr) =X u(r) (1.8)

where r is the position, u(r) is a periodic function in this case representing the potential
landscape in which the wave propagates, and k is the wave vector. For historical reasons,
solutions to equation[1.8Jare known as Bloch waves, so we shall adhere to that terminology
in what follows.

Bloch waves conform to the grating’s potential V, for which V (x) = V(x+a). They result
from multiplying a plane wave with a periodic function. Comparing[l.7|and[L.8]it is easy
to see that a Rayleigh anomaly corresponds to a Bloch wave. The lattice gives a spatially
periodic function of the form ¢'6T which when multiplied with the incident plane wave
ek yields a Bloch wave of the form e®*"T_ The dot product with the vector r picks the
parallel component out of the incident and output wave vectors.

1.5 Dielectric waveguide modes

We have so far considered two mechanisms by which optical waves can be tamed: i)
nanoantennas with surface plasmon resonances can transform plane waves into localized
energy and viceversa, and ii) diffraction gratings can transform plane waves into Bloch
waves and viceversa. The first mechanism allows energy to be confined on a deep sub-
wavelength scale, but not necessarily to be guided. The second mechanism allows en-
ergy to be guided, but does not necessarily provide deep sub-wavelength confinement.
In order to achieve full control of electromagnetic waves and couple them efficiently to
matter, we are in need of a mechanism that allows simultaneous light confinement and

5The insights provided by Wood in his 1902 paper are enlightening: ‘the shift [of the bright and dark bands]
is in the same direction as when a resonator is immersed in a medium of high dielectric constant, and though
there may be no connexion between the two phenomena, it seems perhaps worth while to mention it as there
may be something akin to resonance in the action of this grating [52].”
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1.5 Dielectric waveguide modes

0 1 2 3 4
z/\

Figure 1.3: Analytical calculation of the electric field distribution for the fundamental TE
guided mode in a dielectric slab waveguide.

guiding. The simplest and best known structure fulfilling this requirement is a dielectric
slab waveguide.

Dielectric slab waveguides support propagating modes that are bound to a high
refractive-index layer. The confinement and propagation constant of these waves can
be tailored via the refractive index contrast between the high- and the low-index media,
and the waveguide thickness. The theory of optical waveguides is extensive and well
documented in the literature (e.g. Ref. [57]), so we will not reproduce that here. Instead,
we provide a motivation for their use in combination with metallic nanoparticle arrays. In
this spirit, we present in Fig.[1.3|an illustrative calculation of the fundamental transverse
electric (TE) guided mode in a dielectric slab of refractive index n, = 1.58 covered by
semi-infinite media with n; = 1 above and n3 = 1.44 below. These refractive indices
correspond to polystyrene, air, and glass, respectively, all in the visible spectrum, where
these materials are only weakly dispersive. The thickness of the middle layer is 0.83 A,
where A is the free space wavelength. The choice for these refractive indices and thickness
will become clear in Chapter [3} where metallic nanoparticle arrays will be embedded in
similar waveguides. The mode profile in Fig. was analytically calculated using the
formalism described by Yariv and Yeh [57]. The horizontal black lines in Fig. [1.3| delimit
the high-index layer, where the guided mode propagates. The axes are scaled with respect
to the free-space wavelength A, while the electric field amplitude beats along z at the
effective wavelength in the slab. Along x, the amplitude is greatest close to, but not exactly
at, the center of the waveguide. The higher refractive index of the substrate with respect to
the superstrate induces an asymmetry in the mode profile. This manifests as an enhanced
mode amplitude towards the substrate. The index difference also introduces a cut-off for
the fundamental mode. This means that there exists a lower limit for the thickness of the
high-index layer in order for the fundamental mode to be supported.

Besides the spatial properties of guided modes, we are interested in their dispersion
relation, i.e. the relationship between energy and momentum. From Maxwell’s equations
it follows that in order for bound modes to exist in the dielectric slab, their dispersion
relation must lie within the light cone of the high-index layer and outside the light cone of
the low-index surrounding media [57]. In a linear time-invariant system such modes can
not be excited by free-space light. A momentum-matching technique, such as a prism
or grating, is needed for coupling to them. We will focus on the excitation of guided
modes with the assistance of a grating, as these will be recurrent throughout this thesis. Of
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particular interest is the fact that the periodicity of a grating in real space yields an infinite
number of Bloch harmonics in momentum-space. Thus, a grating-coupled guided mode
can lie outside the light cone of the m = +1 diffraction orders radiating in the low-index
surrounding medium, but inside the light cone of the m = 0 order in the same medium.
This means that such mode can be excited by an incident plane wave scattered by the
m = +1 orders.

We shed light on the above description by plotting the dispersion relation of the funda-
mental TE guided mode in the structure of Fig. with the additional condition that the
dispersion relation is 2/ a periodic in k-space. The periodicity of the dispersion relation
in k-space arises naturally from Bloch’s theorem when the guided mode propagates in a
periodic medium with lattice constant a. Figure a) shows such a calculation, with the
same refractive index set and waveguide dimension shown in Fig. The two dashed
blue lines correspond to counter-propagating guided waves, as it may be deduced from
the opposite sign of their group velocity given by vy = dw/dk;. The radiative zones of
the +1 diffraction orders are delimited by the solid magenta lines for a refractive index of
ny = 1.44, and by the green lines for n, = 1.58. These lines are solutions to the Rayleigh
anomaly equation with a lattice constant a = 370 nm. The gray shaded area is the spectral
region where guide modes exist. Notice that at low energies the fundamental guided mode
approaches the light line in the n; = 1.44 medium; here the mode is only weakly confined,
with a significant fraction of its energy embedded in the surrounding media. In contrast, at
higher energies the same mode approaches the light line in the n, = 1.58 medium; here the
mode is more strongly confined, with a significant fraction of its energy embedded in the
high-index layer. Most importantly, these guided modes can now be excited by incident
plane waves with arbitrarily small kj, so long as their energy is matched by the incident
plane wave.

From Figs. and it is clear that a simple dielectric slab waveguide provides an
efficient mechanism to guide optical energy, with a velocity and confinement determined
by the refractive index contrast and waveguide thickness. It is easy to envisage that inter-
esting dynamics may arise from the coupling of optical antennas and waveguides tuned
in-resonance with each other. Such coupling can be achieved by placing metallic nanopar-
ticles in close vicinity to the waveguide, or inside the waveguide. If the coupling rate
becomes stronger than the loss rates of the modes, a hybrid light-matter quasi-particle
known as a waveguide-plasmon polariton is formed [58} 59]. Several features of strongly
coupled systems are of universal character, so we finalize this introductory chapter by
illustrating these. As an example, we consider the coupling between the fundamental
guided mode in Fig.[1.4(a) and a localized mode for which its energy is independent of
k. Such coupled system can be modeled by a simple two-state Hamiltonian,

(1.9)

we(B L0

QF Eg(k”)

where, in our configuration, E; and E; (k) are the energies of localized and guided states,
respectively, while Q is their coupling rate. Diagonalizing H yields its eigenenergies, which
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Figure 1.4: (a) The dashed blue line is the dispersion relation of the fundamental TE
guide mode in the slab waveguide of Fig. The solid magenta and green lines are
Rayleigh anomalies for a lattice constant a and a refractive index of n = 1.44 and n = 1.58,
respectively. The shaded gray area is the region where guided modes exist. The dispersion
relation of the guided mode has been shifted by + 7/ a using Bloch’s theorem, as explained
in the text, but no periodic structure has been used for the calculation. The black rectangle
indicates the spectral region considered in (b). (b) the dashed blue line are the same as
in (a), the dashed black line is E; in the Hamiltonian of equationm and the gray lines
are the eigenenergies of the Hamiltonian, E+, as given in equation This shows how
the dispersion relation of the guided mode in (a) would be modified in the presence of

coupling to an additional state with energy Ej.

can be expressed in the form,

Ei+E A 202
E,=——+—/1+|—], (1.10)
2 2 A

where we have defined A = E; — E; as the energy detuning of the bare states. The influence
of coupling and detuning on the mixed states E; can be elucidated by Taylor expanding
equation at different values of %. Expanding at % =0 (or A — oo, i.e. very large
detuning ) we get,

_ A 20\ (20!

Ei=E+—|1+|—| +|—| ...|, (1.11)
2 A A

where we have defined E = (E; + E,)/2 as the average energy. In contrast, expanding

equation at % =00 (or A — 0, i.e. zero detuning) we get,

A2 1A 1(A)\
(_ ( )) (1.12)

Eo~Bro(22 18 104
2VA 220 8\2Q

Retaining only the leading terms of the expansions in equations and[1.12} one sees
that: i) for large detuning E, = E+A/2, which are identically the energies of the bare states,
and ii) for zero detuning E.. = E+Q, implying an energy splitting of 2Q for the hybrid states.
If we now consider the transition from large negative detuning to large positive detuning,
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1 Introduction

it follows that the hybrid states exchange their resemblance to one or the other of the bare
states at zero detuning. At exactly zero detuning, the degeneracy of the bare states is lifted
and the hybrid states lie as a linear superposition of the bare states with equal weights.

The above discussion is illustrated in Figure [L.4|b), where we plot E. using typical
energies of optical waveguide-plasmon coupled systems. For the calculation, we set E; =
1.9 eV, E; equal to the kj-dependent energy of the fundamental guided mode as shown in
in Fig.[1.4{(a), and 2Q2 = 0.1 eV. The plot in Fig.[1.4{b) focuses on the spectral region enclosed
by the black rectangle in Fig.[1.4|@), which is where the energies of the bare (mixed) states
cross (anti-cross). The dashed blue line is the fundamental guided modes from Fig.[1.4{(a),
the dashed black line is the aforementioned localized mode, and the gray lines are the
upper and lower hybridized states, E., in this case waveguide-plasmon polaritons. Similar
physics is expected to arise from the coupling of different propagating states to localized
states, such as the coupling of Rayleigh anomalies to localized surface plasmons.

As we will show in forthcoming chapters, hybrid light-matter systems represent an
interesting route for controlling light extinction and emission from nanoscale sources.
Coupling effects can manifest differently in the far-field than in the near-field, enabling
unprecedented optical functionalities.

1.6 Outline of this thesis

In this thesis we investigate the coupling of light and matter in metallic nanoparticle ar-
rays. We explore the interplay between distinct optical modes, including localized surface
plasmons, Rayleigh anomalies, dielectric waveguide modes, and light-emitters. Metallic
nanostructures have been designed to exhibit resonant effects in the visible or near in-
frared spectrum. Luminescent materials were selected on the basis of their optical and
chemical properties. These light emitters were placed in the vicinity® of metallic nanos-
tructures to enhance their mutual coupling. Each chapter is devoted to a particular cou-
pling scheme. While self-contained, each chapter builds on the knowledge developed in
previous chapters, thereby deepening our incursion into the richness and complexity of
light-matter interactions at the nanoscale. This thesis is organized as follows:

In Chapter[2] we consider the coupling of localized surface plasmons to diffracted or-
ders. This coupling leads to hybrid plasmonic-photonic collective resonances, known as
surface lattice resonances (SLRs). We will first investigate the origin and properties SLRs
in metallic nanoparticle arrays embedded in fully homogeneous dielectric medium. Next,
we will present experimental results for similar arrays but covered by a thin luminescent
layer. In particular, we will demonstrate how surface lattice resonances can enhance the
directionality and polarization of the emitted light.

In Chapter[3|we consider the coupling of localized surface plasmons to guided modes
in dielectric layers. Firstly, we present experiments with a silver nanoparticle array stand-
ing on a light-emitting slab waveguide. We provide evidence for an unconventional light

6Here, by “vicnity” we refer to a geometrical distance being smaller than the characteristic scales of the optical
mode. This can be a few tens of nanometers, or hundreds of nanometers, depending on the spatial decay of the
electromagnetic field.
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1.6 Outline of this thesis

emission enhancement at frequencies and wave vectors for which the array is nearly trans-
parent. Secondly, we investigate a complementary system composed of an aluminum
nanoparticle array in (rather than on) a light-emitting waveguide. By varying the waveg-
uide thickness we demonstrate a transition from weak to strong coupling between lo-
calized surface plasmons in the nanoantennas and refractive index guided modes in the
waveguide. We elucidate the physics of these two systems through models of coupled
harmonic oscillators and numerical simulations. The latter explain the unconventional
light emission enhancement at the conditions of induced transparency in terms of the
local electromagnetic field enhancements in the structure.

In Chapter[d]we build on our knowledge of SLRs in order to access the strong coupling
regime with excited electronic states (excitons) in organic molecules. By covering a silver
nanorod array with a thin layer of polymer and organic molecules at a high concentration,
we observe a hybridization between molecular excitons and SLRs. This hybridization
results in a quasi-particle called plasmon-exciton-polariton, which displays an exception-
ally light effective mass which is furthermore tunable via the periodicity of the array. As we
show therein, PEPs can thermalize, and their effective temperature cool upon increased
optical pumping. These properties are relevant for the realization of a quantum con-
densed state of light and matter in a plasmonic system - a yet unreported phenomenon.

Chapter[5|deals once more with the coupling between localized surface plasmons and
diffracted orders in the presence of luminescent molecules, but with an additional com-
plexity. In contrast to most plasmonic structures displaying a dominant electric dipo-
lar response, the structures here investigated display an enhanced magnetoelectric and
quadrupolar response. This unconventional response is created by tapering the nanopar-
ticles out of the plane of the periodicity, thereby creating metallic pyramids rather than
pillars or rods. Enhanced magnetoelectric and quadrupolar response hold the key to tailor
the ratio of forward to backward scattering in anomalous ways, as predicted decades ago
by Kerker and co-workers [60]. Here we demonstrate anomalous forward to backward
light emission from molecules weakly coupled to an aluminum nanopyramid array. This
effect holds great promise for applications to solid-state lighting, where unidirectional
light emission is desired.

In Chapter [6] we take a step forward towards actively controlling the resonant light
emission enhancements provided by metallic nanoparticle arrays. For this purpose, we
cover an array of metallic nanoparticles standing on a light-emitting waveguide with a
thermotropic liquid crystal (LC). The LC undergoes a phase transition as a function of
temperature. In the low-temperature phase the LC is birefringent (the speed of light
depends on the propagation direction), whereas in the high-temperature phase it is
isotropic. Therefore, the resonance conditions of the array can be controlled by varying
the temperature of the sample. In this way, we demonstrate active control of light emission
enhancements from a metallic nanoparticle array with an unprecedented spectral and
angular selectivity.
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CHAPTER 2

LOCALIZED SURFACE PLASMONS
COUPLED TO DIFFRACTED ORDERS

Metallic nanoparticle arrays display hybrid plasmonic-photonic optical reso-
nances known as surface lattice resonances (SLRs). SLRs emerge from the
radiative coupling between Localized Surface Plasmon Resonances (LSPRs) and
waves diffracted in the plane of the array [Rayleigh Anomalies (RAs)]. Here we
investigate the tunable optical properties of SLRs in a given lattice by varying the
dimensions of the nanoparticles. This variation changes the energy detuning of
the bare LSPR and RA states, and in turn modifies their relative contributions to
the plasmonic-photonic admixture. We show that the dispersion, linewidth, and
field confinement of SLRs with different modal symmetries can be pronouncedly
modified by geometrical design. We demonstrate the potential of SLRs to enhance
the light emission directionality and polarization of a nanometric layer covering
a metallic nanoparticle array. The advantages of SLRs with respect to LSPRs for
enhanced light emission are discussed, and further applications beyond those
presented here are envisioned.
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2 Localized surface plasmons coupled to diffracted orders

2.1 Introduction

The excitation of surface electromagnetic modes grants metallic nanostructures a rich
optical response that is tunable by geometrical design. If the electromagnetic fields of
distinct optical modes overlap spatially, the modes couple with a strength proportional
to the field overlap. Coupled surface modes have been observed in metallic gratings [61-
63|, arrays of subwavelength holes [20} [64H66], slits [67} [68], voids [69], split rings [70],
and stacked nanowire arrays [71]. Recently, periodic arrays of metallic nanoparticles have
attracted increasing interest for their ability to support hybrid plasmonic-photonic modes
arising from the radiative coupling between Localized Surface Plasmon Resonances
(LSPRs) and waves diffracted in the plane of the array [Rayleigh Anomalies (RAs)]. These
hybrid modes were first studied by Carron and co-workers [72]. Schatz and co-workers
later revived interest in this phenomenon through a series of theoretical papers predicting
extremely narrow resonance linewidths (~ 1 meV) [73} [74]. Experimental observation
of such sharp resonances remained elusive for several years [75], largely because
fabrication and characterization methods did not reproduce faithfully the theoretical
conditions. Recent progress in these directions has enabled the observation of sharp
optical resonances in the spectrum of metallic nanoparticle arrays, known as surface
lattice resonances (SLRs) [23} 25} [76H84]. While hybrid plasmonic-photonic modes also
exist in different metallic structures (e.g. arrays of holes, slits, voids, etc.), we will show
that SLRs stand at the pinnacle of low-loss tunable plasmonic resonances.

SLRs are collective resonances, i.e., their quality factors Q increase with the number
of particles in the array [85]!. Their dispersion and linewidth are tunable by geometrical
design of the particle and lattice [82}[83], which determines the energy detuning between
the coupled LSPR and RA states [80]. In contrast to perforated continuous metallic films
where LSPRs couple through lossy metals, LSPRs in metallic nanoparticles couple through
loss-less dielectrics. For these reasons, metallic nanoparticle arrays are a great system
for enhancing spontaneous emission [86H90], lasing [91]], and refractive index sensing [92]
93]. In this chapter, we investigate the properties of SLRs in periodic arrays of metallic
nanorods with different dimensions. First we present results for arrays embedded in a fully
homogeneous and isotropic dielectric medium. The uniform surrounding dielectric aids
in bringing out sharp SLRs, and to exclude the influence of dielectric interfaces on their
properties [94]. After discussing the tunable properties of SLRs in depth, we demonstrate
their potential for modifying the emission spectrum, directionality, and polarization, from
a thin luminescent layer covering a metallic nanoparticle array.

Ias explained in Ref [85], the SLR Q-factor increases as long as the size of the array is smaller than the
propagation length Ly of the surface mode. For arrays larger than Ly, the spatial decay of surface waves limits
the long-range coupling of the particles. For the sharpest SLRs here investigated, Ly can be up to several tens of
microns depending on the value of k.
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Figure 2.1: Setups used for (a) extinction, and (b) photoluminescence enhancement
measurements throughout this thesis. The sample is represented by a scanning electron
micrograph of a metallic nanoparticle array. D, E and P, stand for diaphragm, (spectral)
filter, and polarizer, respectively. The vertical dashed lines indicate the axis of rotation for
the sample in (a) and detector in (b). The incident polarization and k-vector are specified
for each measurement in the text.

2.2 Surface Lattice Resonances in homogeneous media

2.2.1 Extinction experiments

Periodic arrays of gold nanorods were fabricated onto a fused silica substrate by elec-
tron beam lithography. The total size of each array is 1.5 x 1.5 mm?, and the lattice con-
stants are a, = 600 nm and a, = 300 nm. All nanorods have an approximately rectangular
shape in the plane of the array, with a length of 450 + 20 nm, and a height of 40 +2 nm. The
width of the nanorods, w, was varied by varying the e-beam exposure. The rectangular
shape of the gold nanorods allows to independently tune the LSPRs associated with light
polarized along the short or long axis of the nanorods. In this case, we probe the array with
light polarized parallel to the short axis of the nanorods, i.e., along a,. We present results
for 5 samples with w =70 nm, 110 nm, 160 nm, 200 nm, and 230 nm. All arrays were
embedded in a uniform surrounding medium by covering them with a silica superstrate
preceded by n = 1.45 refractive index matching liquid to ensure good optical contact. A
scanning electron micrograph of the w = 110 nm array is shown as an inset in Fig.[2.2|b),
along with the cartesian coordinates used throughout this chapter. Other arrays display
similar structural quality.

Figure[2.1(a) shows a schematic representation of the setup used to measure the vari-
able angle extinction of the array. We measured the transmission of a collimated (angular
spread < 0.1°) beam from a halogen lamp linearly polarized along the short axis of the
nanorods. A computer-controlled stage rotates the sample about the y-axis by an angle
0,5, thereby changing the in-plane component of the wave vector kj = kosin(0;,) along
the long axis of the nanorods. kj is the magnitude of the free space wave vector. The
angular resolution of the measurements is 0.5°. A fiber-coupled spectrometer in the far-
field measures the zeroth order transmittance Ty, from which the extinction follows as
1-T,. The numerical aperture of the detecting system is NA = 4 x 1072, ensuring negligible
angular averaging in collection.

Figure[2.2]displays the extinction of the 5 arrays discussed above, in color as a function
of the incident photon energy and k. The (+1,0) and (-1,0) RAs are plotted as solid and
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Figure 2.2: Experimentally measured extinction for arrays of gold nanorods with width w
given by (a) w =70 nm, (b) w =110 nm, (c) w= 160 nm, (d) w =200 nm, and (e) w =230
nm. The solid and dashed lines correspond to the (+1,0) and (-1,0) Rayleigh anomalies,
respectively. The inset in (b) shows a scanning electron micrograph of the w = 110 nm
array.

dashed lines, respectively. These RAs are calculated using Eq. for a refractive index
n =1.45. The two measurements in Figs. [2.2(a,b) are plotted in the same energy range
(corresponding to wavelengths between 506 nm and 918 nm), covered by standard silicon
detectors. The three measurements in Figs.[2.2/c,d,e) are plotted in the same energy range
(corresponding to wavelengths between 496 nm and 1459 nm), which is more extended
than the one in Figs.[2.2[a,b). For this extended spectral range, a combination of Si and
InGaAs detectors was used. The momentum range for all plots is 3.5 rad/um, which cor-
responds to 16.2 degrees at 500 nm, 30.8 degrees at 918 nm, and 54.4 degrees at 1459 nm.
The broad, dispersionless resonance on the high-energy side of all spectra is reminis-
cent of the single particle LSPR. The narrow, dispersive resonances on the low-energy side
of the RAs are the so-called SLRs. In the array, LSPRs couple to the (+1,0) RAs, so the
three resonance bands (one for each bare mode) correspond to hybridized modes with
tunable plasmonic-photonic content. In addition, the upper and lower SLRs mutually
couple. This leads to an energy gap near k; = 0. The mutual SLR coupling manifests in the
SLR anti-crossing near the energies where the RAs cross (1.4 eV for this lattice). At the anti-
crossing, the upper SLR is excited strongly by the incident plane wave while the extinction
of the lower SLR vanishes. As shown ahead, this is due to the even and odd parity of the
upper and lower SLRs, respectively. Hence, we call the symmetric SLR “bright” and the
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Figure 2.3: Experimental extinction spectra at kj = 0 for arrays with increasing nanorod
width (light gray to black lines) as indicated on the right. The spectra have been shifted for
clarity by the amount indicated on the left. The dash-dotted line is the Rayleigh anomaly
condition at kj = 0, while the dashed line is a Fano fit to the SLR for the w = 110 nm array.

anti-symmetric SLR “dark”, alluding to their respective excitation strengths by a normal
incident plane wave. Further details on the opening of the gap are discussed ahead, in
view of numerical simulations.

The hybridization between the 3 coupled modes depends on multiple parameters.
Here we focus on two independent ones, namely the nanorod width w and in-plane inci-
dent wave vector kj. As w increases, the LSPR is shifted down in energy and spectrally
broadened - the expected behavior for single particle resonances due to increased de-
polarization and radiative damping [4]. Thus, by varying w we probe different LSPR-RA
detunings. Furthermore, since RAs are dispersive while LSPRs are not, varying k; modifies
the LSPR-RA detuning for a given array. The measurements in Fig.[2.2[a)- (e) show that the
LSPR-RA detuning exerts an important influence on the SLR properties. As w increases
the SLRs shift down in energy, their linewidths broaden, their group velocity vg = 0w/0k;
decreases, and the gap between upper and lower SLRs widens. Besides, the kj-dependent
LSPR-RA detuning also modifies the SLR characteristics for each array. As kj increases the
detuning between the LSPR and (+1,0) RA decreases. Consequently, the upper SLR peak
energy deviates more from the (+1,0) RA, its linewidth broadens, and its group velocity
lowers as it approaches the LSPR for which v, = 0. In contrast, as k) increases the detuning
between the LSPR and (-1,0) RA increases. Consequently, the lower SLR becomes more
photonic-like at lower energies due to the diminished contribution from the LSPR in the
plasmonic-photonic admixture. This grants the lower SLR a narrow linewidth and a peak
energy close to the (-1,0) RA at high k. Let us illustrate the foregoing discussion regarding
the influence of the LSPR-RA detuning on the spectral lineshapes, taking as example the
spectra at normal incidence (kj = 0).

Figure shows the 5 spectra from Fig. at k) = 0. For w = 70 nm, the LSPR-
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2 Localized surface plasmons coupled to diffracted orders

RA detuning is high. The low extinction cross section of the nanorods leads to a weak
feature near the SLR condition. Increasing to w = 110 nm decreases slightly the LSPR-
RA detuning, but this has an important influence on the SLR excitation strength at 1.43 eV.
This observation is in agreement with calculations by Schatz an co-workers, who predicted
that an optimum LSPR-RA detuning exists for sharpening SLRs [73} [74]. As w increases
further, the LSPR and RA hybridize more strongly, leading to broader SLR linewidths. For
w = 230 nm the linewidths of the LSPR and SLR become approximately equal because
the LSPR-RA detuning is close to zero. Here the hybrid states are a linear superposition
of the bare states with roughly equal weights. Notice also that the detuning between the
low-energy resonance (identified as SLR for small w), and the RA indicated by the dash-
dotted line, increases with w. This suggests that the LSPR-RA coupling strength increases.
As we have seen in Chapter 1, for increasing coupling strength the mixed states detune
increasingly more from the bare states.

Let us now focus on a minor spectral feature which has a deep significance for the field
of plasmonics. Notice that a dip in extinction arises near — but not always exactly at —
the RA condition. The position of the dip appears to red-shift as w increases. For arrays
with w = 110 nm and w = 160 nm, the dip is at the RA condition within the noise of the
measurements. In contrast, for arrays with w = 200 nm and w = 230 nm, the dip is red-
shifted. For the w = 70 nm array it is hard to tell, but it appears that the SLR peak overlaps
with the RA condition. This curious effect is partly responsible for much controversy
on the interpretation of the extraordinary optical transmission (EOT) phenomenon for
hole arrays discussed in Chapter 1. Some authors attributed the EOT phenomenon to
SPPs [20, 28], and others to Rayleigh anomalies [23} 27]. The varying position of the dip
in extinction for particle arrays (peak in extinction for hole arrays) made it difficult to
disentangle these effects. In this sense, the measurements of Figs. [2.2|and Fig. |2.3| clarify
that both LSPRs and RAs are relevant to the phenomenon. Their relative contributions
depend on the detuning of the bare modes in a given structure. Furthermore, the deviation
of the extinction dip from the RA condition seems to be proportional to both LSPR and SLR
linewidths. Here we recall that Rayleigh’s condition [equation[1.7] states the conservation
of the parallel component of a real wave-vector, while waves in lossy media are charac-
terized by a complex wave vector. Therefore, when the imaginary part of the wave vector
becomes comparable to the real part (as it occurs for increasing w in the present system)
deviations from equation|1.7|are expected.

The measurements in Figs. and |2.3| demonstrate the wide spectral tunability of
hybrid plasmonic-photonic resonances in metallic nanorod arrays. In particular, the spec-
trum for w = 110 nm demonstrates the extremely narrow resonance linewidths (for plas-
monic systems) that can be designed within a simple rectangular lattice. To quantify
the linewidth, we fit the extinction measurements with a Fano model of the form given
in equation [I.6] From the fit — shown as a dashed line overlying the measurements in
Fig. — we obtain a linewidth of 8.3 + 0.6 meV, which is to the best of our knowledge
the narrowest linewidth experimentally observed in the optical spectrum of any metallic
nanostructure.
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Figure 2.4: (a) Measurements and (b) finite element simulations, of the extinction
spectrum of an array of gold nanorods with length of 450 + 20 nm, height of 40+ 2 nm ,
width of 120+£20 nm, in a lattice with constants a, = 600 nm and ay =300 nm, surrounded
by glass with n = 1.45.

2.2.2 Numerical simulations

We now turn our attention to the spatial properties of SLRs, and their relation with
the energy gap in the spectrum. We use finite element method simulations (COMSOL) to
elucidate the SLR characteristics in the presence and absence of a driving optical field. For
the former, we use plane wave illumination at various angles of incidence as the driving
field to obtain the extinction spectra. The extinction is calculated as 1 — Ty, with Ty the
zeroth order transmittance obtained by Fourier decomposition. For the latter, we use
COMSOL:s eigenmode solver. In both cases, the dielectric surrounding the nanorods was
modeled with a constant refractive index of n = 1.45, and the permittivity of gold was
taken from Ref. [95]. Bloch-Floquet boundary conditions were used at the sides of the
unit cell (along the periodicity axes), while perfectly matched layers were used at the ends
(perpendicular to the periodicity axes). Further details on the simulations are provided in
Refs. 96].

Figure[2.4[a) shows a zoom into the energy gap observed in extinction measurements
of a w = 120 nm array, with all other dimensions equal to the 5 arrays in the previous
section.? Figure b) shows the corresponding full-wave simulations, which reproduce
well the experimental data. Small discrepancies in the amplitude and spectral width of
the resonances are attributed to structural differences between the simulated and fabri-
cated geometries, especially near the corners. Having validated our simulations, we now
interpret the results.

The opposite sign for the group velocity vg = dw/dk; of the two SLR bands implies
that the gap arises from the coupling of two counter-propagating surface modes. At the
high-energy band edge, the dispersion of the upper SLR flattens, meaning v is reduced.
Standing waves are formed at kj = 0, i.e., vg = 0. At the low-energy band edge, the lower

2w =120 nm array was not included in the 5 measurements of Fig.[2.2|because it was fabricated on a different
substrate, and structural variations (within the error bars previously quoted) make quantitative comparison
between different samples difficult. Nevertheless, qualitative behavior for arrays of varying w in both samples
was equal, as shown for example by comparing data in Ref. with Ref. [96]
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Figure 2.5: Electric field enhancement in color scale and surface charge (at an arbitrary
phase) in black and white at the mid-height of the nanorods for the (a) upper and (b)
lower surface lattice resonance driven by an incident plane wave with kj = 0.15 rad/um
and polarized along the short axis of the nanorods.

SLR becomes weaker and narrower as kj decreases. This behavior is characteristic of a
mode tending towards subradiance, where radiative damping is suppressed in a collective
state with an anti-symmetric wave function [97]. As shown in nanoslit arrays [67], there
is an intimate connection between subradiant damping and the opening of a gap in the
dispersion relation of SPPs. Next, we elucidate the bright/dark origin of the upper and
lower SLRs in terms of their modal symmetries.

In Fig. 2.5 we plot the electric field enhancement with respect to the incident field,
in color as a function of the spatial coordinates at the mid-height of the nanorods. Both
field plots in Figs.[2.5(a,b) pertain to the simulations in Fig.[2.4[b). In both Figs.[2.5(a,b),
the incident plane wave has kj = 0.15 rad/um, but the energy is different. Figure [2.5(a)
corresponds to the peak energy of the upper SLR (1.4 eV), while Fig.[2.5/b) corresponds to
the peak energy of the lower SLR (1.3 eV). The small non-zero kj was chosen such that the
lower SLR extinction is not negligible, i.e., it is not dark. Charges of opposite sign at the
surface of the nanorods are represented by white and black contours.

Figure[2.5]illustrates the origin of the bright/dark character of SLRs on the modal sym-
metries. For plane wave excitation at normal incidence, the mode needs to be symmet-
ric with respect to the plane defined by the intersection of the incident wave vector and
polarization vector at the center of the nanorods. This symmetry plane is indicated by
the dotted lines in Fig. The upper SLR has symmetric field and charge distributions
with respect to the symmetry plane®. Therefore, strong intra-rod and inter-rod dipole
moments are excited, leading to a large extinction. This makes the upper SLR bright at
normal incidence. In contrast, the lower SLR has an anti-symmetric field and charge
distribution at kj = 0. The net dipole moment is therefore zero and the extinction van-
ishes. For oblique incidence the odd symmetry is broken. This is shown in Fig.[2.5[b) as a
quadrupolar surface charge distribution displaced from the symmetry axis. The broken
symmetry results in a nonzero intra-rod and inter-rod net dipole moment, which can
be recognized from the charges of opposite sign inside the nanorods and for adjacent
nanorods along the symmetry axis, respectively. As the incident angle increases, the odd-

3The symmetry is slightly broken by the oblique incidence.
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2.2 Surface Lattice Resonances in homogeneous media

symmetry progressively breaks, and the lower SLR gradually emerges from the darkness.

Next we consider the SLR eigenfields, i.e., in the absence of a driving field. The y-
component of the electric eigenfield, Ey, is shown in Figure [2.6| for the bright and dark
SLRs at kj = 0 in the w = 110 nm array. In both planes (xz and xy) intersecting the unit cell
at its center, Ey, displays an even parity for the upper SLR and an odd parity for the lower
SLR, both with respect to the aforementioned symmetry axis. The odd parity of the lower
SLR makes the mode dark at kj = 0. This confirms our intuition based on the simulations
with a driving field impinging at a small angle of incidence.

In Fig. we plot the normalized total electric eigenfields |E| for the bright and dark
SLRs at kj = 0 in arrays with varying w. The near field confinement of both SLRs in-
creases as w increases. This effect is more clearly visible for the dark SLR [Fig. b)],
since it lacks a radiative component and its eigenfield decays monotonically out of the
periodicity plane. In contrast, the upper SLR retains a radiative component for all w.
The radiative fields of the upper SLR are more clearly visible in the spatial region away
from the nanorods in Fig. 2.7)(a), e.g., around the horizontal thin black line. Notice in
this region that |E| increases as w increases for the bright SLR, while the opposite occurs
for the lower SLR. Since radiative fields dominate in this spatial region, it follows that the
radiative portion of the total loss also increases with increasing w for the bright SLR. This
effect, in combination with the increased near field confinement which leads to larger
Ohmic losses, broadens the upper SLR linewidth at kj = 0 in the driven system. The latter
observation is clear in experiments (Figs.[2.2]and[2.3).

Reference [96] provides further details on the spatial decay of SLRs. Therein, cross-
sections of the eigenfields along the white dashed lines in Fig. are analyzed. Refer-
ence [96] also discusses the dependence of the SLR eigenfields on kj, which modifies the
balance between radiative and non-radiative losses for a given band. It should be men-
tioned that while the symmetries of the upper and lower SLR eigenfields are the same for
arrays with different w (other dimensions fixed), the eigenenergies depend on w. More-
over, as the LSPR-RA detuning decreases for increasing w, the lower SLRs red-shifts at
higher rate than the upper SLR. This leads to a progressive widening of the energy gap
between the SLRs, as observed in experiments.
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Figure 2.6: y-component of the electric eigenfield for the bright and dark modes at kj = 0.
The xz and xy plane intersect the nanorods at their center. The nanorod width is w =110
nm.
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Figure 2.7: Total eigenfield |E| cross-sections at the xz-plane for the (a) bright and (b) dark
modes at kj = 0 in arrays with different nanorod width w, as indicated on the bottom of
each plot. |E| is normalized for each plot.

An interesting question concerns whether the bright and dark character of the up-
per and lower SLRs, respectively, can be reversed for different structures. For a variable
nanorod width and other dimensions held constant, the measurements in Fig. show
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2.2 Surface Lattice Resonances in homogeneous media

that the upper SLR remains as a bright state and the lower SLR remains as a dark state at
ky = 0 for any nanorod width. Interestingly, for lattices of cylindrical [85] or rectangular
particles with much shorter lengths than those considered here [98], the bright and dark
character of the upper and lower SLRs is reversed. This effect is related to the reversal of
the modal symmetries characterizing the two states at kj = 0. Reference [98] explains this
phenomenon is terms of the retardation of the scattered electric field with respect to the
incident field. The length of the nanorod plays a central role in this retardation because
the diffracted waves propagate along this direction.

To summarize, we have explored through numerical simulations the trade-off between
field confinement and losses for SLRs in gold nanorod arrays. This is important for the
design of structures targeting different applications. On the one hand, spectrally sharp
SLRs can be employed to address emitters/receivers with sharp optical transitions. The
electromagnetic fields of these sharp SLRs can extend well over a micron out of the peri-
odicity plane, enabling an emission enhancement from emitters distributed in this region.
On the other hand, spectrally broad SLRs can be employed to address emitters/receivers
with broad optical transitions, and spatially localized on a deep sub-wavelength scale.
These two cases correspond to the limit of small and large w discussed in this section.
Everything in between can be addressed by smoothly varying w, or another parameter
(e.g. lattice constant) that changes the LSPR-RA detuning.

2.2.3 ABloch wave description of SLRs

Here we elucidate the properties of bright and dark SLRs in terms of a simple model
taking into account the combination of multiple Bloch waves along the coordinate x, and
propagating waves along the coordinate z. The model we employ is inspired by the paper
of Engelen et. al. [99].

The combination of multiple Bloch waves and propagating waves leads to field solu-
tions v (x, z) to the wave equation of the form,

W(x,2) =Y apezeltkitmGs) 2.1)
m

Here, m is the order of diffraction defining a Bloch harmonic with amplitude a,,. Each in-
teger order m corresponds to a particular propagation constant component along x (ky =
ky+mGy) and along z (k; = 4/ n? kg - k)zc). In general, ¥(x, z) is given by an infinite number
of Bloch harmonics. However, the spectrum of a grating is often strongly dominated by a
few harmonics only. In this case, we may sum over those dominant harmonics only and
obtain a solution that resembles faithfully the full solution. In this spirit, we proceed to
compute the fields y(x, z) resulting from the combination of three orders only, namely
m=0,1,-1. To this end, we consider certain values for the coefficients a,, whose physical
significance will become clear in brief. Furthermore, we set kg = 0.9G, for the free-space
wave-vector magnitude, which has a wavelength satisfying the relation ky = 27z/1, and

impinges at normal incidence (kj = 0).
To begin, we let ay = 0 and a4, = —a_;. The resulting field magnitude || is shown in
Fig.[2.8(a). In this case the orders m = +1 and m = —1 are both evanescent along z. The
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Figure 2.8: Normalized magnitude of the scalar field y calculated with equationusing
the coefficients for the Bloch harmonics given in the text. (a) anti-symmetric mode, (b)
symmetric mode.

mode is anti-symmetric, and the field y is purely imaginary (not evident from the plot,
since we look at the complex modulus |y]) .The odd symmetry together with the condition
ay = 0 forbids the coupling of this mode to radiation, making it dark. This manifests in
Fig.[2.8(a) in that |y| vanishes for large z, the cut-off being around z = A.

Next we consider a symmetric mode which couples to radiation. The even symmetry
requires a, = a1, while the value of ay determines the radiative strength. In Fig.2.8(b) we
plot || for a choice (ay, a+1,a-1) = (0.2,1,1). The central lobe near z = A is the signature
of a bright mode that couples to incident (or out-going) plane-waves.

Although the simple model discussed above does not consider the form factor of the
grating, nor the complex character of the Bloch wave vector in lossy media, a good agree-
ment with numerical simulations is observed. Comparing the results in Fig.[2.8|with those
in Fig. we observe that the SLR eigenfields at kj = 0 are well reproduced by our model.
Hence, we conclude that the few Bloch harmonics considered in the calculation, along
with their respective coefficients, are sufficient to capture the essential physics of SLR
eigenfields at kj = 0. Reference shows that the SLR eigenfields at k # 0 are also well
captured by our model, taking into account the same three Bloch harmonics here consid-
ered.

2.3 Enhancinglight emission with SLRs

A central goal in nanophotonics is the development of efficient and tunable (in photon
energy, directionality, and polarization) nanoscale light sources. Coupled semiconductor
nanocrystal quantum emitters and metallic nanostructures offer a convenient platform
for this purpose : the emission energy can be tuned by varying the nanocrys-
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2.3 Enhancing light emission with SLRs

tal size due to quantum confinement of charge carriers, while the emitted light can be
enhanced and controlled by structuring the metal to sustain surface plasmon polaritons
which are resonant with the emission. Modified emission spectra [51] and decay rates [49]
have been observed by coupling quantum dots to localized excitations in metallic nanos-
tructures. A stringent requirement in this approach concerns the positioning of the emit-
ters relative to the structures. Since LSPR fields are confined on a deep sub-wavelength
scale (typically 20 — 40 nm), emitters need to be positioned with this accuracy for their
emission to be enhanced. In this section, we demonstrate the potential of SLRs to partially
overcome this limitation and fulfill the aforementioned goal.

SLRs are ideal for enhancing the emission from thin luminescent layers. As shown
in the previous section, the SLR field localization out of the periodicity plane can be
controlled by varying the dimensions of the nanostuctures, e.g. the nanorod width. In
the plane of the periodicity, SLR fields can extended several unit cells (>30) by virtue
of their collective character [79, [85]. These properties allow to design the field overlap
between SLRs and ensembles of emitters distributed in a spatially extended volume in
the plane of the periodicity, but with sub-wavelength confinement out of the plane.
Furthermore, in emission as in extinction, the tunable SLR dispersion enables to design
the angular-dependent spectrum. In addition, the polarization-dependent response
of anisotropic metallic nanostructures enables polarization selectivity in emission as
well. In this section, we demonstrate polarization-selective directional light emission
enhancements from a metallic nanoatenna array coupled to a thin (60 nm) layer of
randomly oriented CdSe/CdS core/shell Quantum Rods (QRs). We show that in the
presence of the nanoantennas, the otherwise unpolarized Lambertian emission from this
thin layer is rendered polarized and directional.

Silver nanoantenna arrays with a total size of 3 x 3 mm? were fabricated by substrate
conformal imprint lithography (SCIL) [100] onto a fused silica substrate. The array is
comprised of nanorods with dimensions 340 x 110 x 20 nm? arranged in a lattice with
constants a, = 500 nm and a, = 200 nm. A 20 nm layer of Si3sN, was deposited on top
of the array for a two-fold purpose: i) to passivate the silver, and ii) to avoid emission
quenching by non-radiative processes which dominate at short metal-emitter distances
(<20 nm) [36} 101]. The QRs were synthesized following Carbone et al. [102]. They have
diameters and lengths 0f4.0+0.6 and 36.1+2.7 nm, respectively, and a photoluminescence
quantum efficiency in solution of 65%. The absorbance spectrum is shown in Ref. [88],
and the emission spectrum is shown ahead in Fig. 2.10[c). The absorption spectrum is
not transcendental for the results herein because we investigate exclusively processes at
the emission frequencies. Furthermore, the QRs will be optically pumped non-resonantly
with respect to both the nanoantennas and the QR themselves, i.e., at much higher en-
ergy than the first exciton feature in the QR spectrum. We spin-coated a QR colloidal
suspension of circa 11 yM on top of the Si3Ny4 layer, forming a compact layer of QRs with
a thickness of 60 nm.

We measured the p-polarized variable angle zeroth-order extinction and photolumi-
nescence enhancement (PLE) spectra of the structure. Figure a) shows the extinction
as a function of the incident photon energy and the in-plane component of the wave
vector along the long axis of the nanorods. For the PLE measurements, the sample was

37



2 Localized surface plasmons coupled to diffracted orders

22 1

Energy (eV)

0 3 6 9
kH (rad/pm) kH (rad/pm)

Figure 2.9: p-polarized (a) Extinction and (b) photoluminescence enhancement (PLE)
dispersion diagram of a silver nanorod array covered by 40 nm layer of quantum rods. PLE
for s-polarization is shown as an inset in (b). The white lines indicate degenerate (+1,0)
Rayleigh anomalies. The energy, wave vector, and color range, are equal for the inset and
main panel.

pumped by a continuous wave laser beam with an energy of 2.81 eV and an irradiance
of 2 mW/mm? at a fixed angle of incidence 6 = 5°. The pump irradiance was confirmed
to be far below the saturation threshold for the QRs by measurements not shown here.
From the variable angle emission of the QRs inside the array I;,, and outside the array
Iyys, we define the PLE as I;;,/1,,;. Figure b) shows a schematic representation of
the setup use to measure the variable angle PLE. Figure [2.9(b) shows the PLE dispersion
diagram for p-polarized emission in the main panel, and s-polarized emission in the inset.
The measurements are shown as a function of the emitted photon energy and k. The
white lines in both Figs. a,b) indicate the degenerate (+1,0) Rayleigh anomalies. The
dispersion of the (+1,0) RAs in this section is different from the previous section because
kjy now points along the short axis of the nanorods, rather than along the long axis.

The broad peak in extinction near 2.07 eV in Fig. [2.9(a) corresponds to the LSPR for
the short axis of the nanoantennas. The extinction dip near 1.69 eV at kj = 0, shifting
towards higher energies for an inclined incidence, is due to degenerate (+1,0) RAs. The
peak in extinction under the RAs is the SLR. As discussed in the previous section, the SLR
peak energy, dispersion, and linewidth, are determined by the LSPR-RA detuning. The
salient feature of the present system is that only for large values of kj, the p-polarized
SLRs cross in energy with the emission bandwidth of the QRs. For this reason, there is
a resonant enhancement of the p-polarized emission by the SLRs at large values of kj
only, as observed in the main panel in Fig.[2.9(b). Moreover, the PLE attains a dispersive
character resembling the dispersion of the SLRs in extinction. The enhancement factor in
the region where the QRs emit is roughly proportional to the extinction. At low energies
the PLE displays only noise because the QRs do not emit in this spectral region. The inset
in Fig.[2.9|(b) shows that the SLR enhanced emission is absent for s polarization, where only
a weak feature (PLE ~ 1.3) near the RA condition is observed. The contrasting enhance-
ment for s and p polarization arises from the anisotropy of the metallic nanostructures,
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Figure 2.10: Extinction, (b) photoluminescence enhancement (PLE), and (c) emission
inside the array, i.e. I;;, in 103 counts per second, at kj = 0 (blue solid lines), kj = 7
rad/um (red dash-dot lines), and kj = 7.9 rad/um (green dashed lines). The filled area in
(c) is the emission outside the array, i.e. Ipy¢, at kj = 0; Iy for the larger values of k) (not
shown here) has the same line shape as in k| = 0, but with a lower amplitude. (d) and (e)
show the angular dependent emission for an energy of (d) 1.89 eV, and (e) 1.93 eV, with [;;,
as black dashed lines and I,y as a filled area. Both I;, and Iy are normalized to the
value of Iy, at 6 = 0 for each energy. The upper ticks indicate the value of the emission
angle 0 corresponding to the k| values in the x-axis. All measurements are shown for p-
polarized light.

which makes only p-polarized SLRs overlap with the emission of the QRs. Therefore, the
structure acts as an enhanced and directional source of p-polarized light.

In general, the total PLE may be factored into its contributions from the pump and
emission energies [51},[86]. We have verified that the influence of resonant pump enhance-
ments is negligible by exciting the sample with different k-vectors and/or polarizations.
Moreover, the total enhancement factor may change for different pump conditions, but
the features in the PLE dispersion diagram remain unchanged because the emission is
molded by the dispersion of the SLRs at the emission energies.

In Figs. [2.10(a,b) we show cuts of the spectra in Figs.[2.9(a,b), with the blue solid, red
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dash-dotted, and green dashed lines corresponding to kj; =0, k;; = 7 rad/um, and k;; =7.9
rad/pum, respectively. The emission is enhanced in the spectral regions close to where the
extinction is greatest, but the features are shifted. We attribute this shift to the different
excitation conditions in extinction and PLE measurements. The extinction is governed by
interference between incident and scattered fields, while the PLE is governed by local field
enhancements at the positions of the emitters. This gives rise to a shift of the far-field with
respect to the near-field spectra [I03H106]. Here the shift is small, but in the next chapter
we will demonstrate how the near-field to far-field contrast can be exploited to create a
nearly transparent optical antenna array giving a large PLE.

In Fig. c) we show the emission from the array, I;,, at the same values of k; con-
sidered in Figs. [2.10(a,b). The filled area in Fig.[2.10{c) corresponds to I, at kj = 0. For
ky = 0, where only the LSPR overlaps with the emission of the QRs, there is a blue shift
of the peak emission energy. In contrast, a red shift occurs for large kj, where the SLRs
overlap with the emission of the QRs. In view of the size polydispersion of the QRs, which
determines the emission linewidth of the ensemble due to inhomogeneous broadening,
we attribute the blue shifted emission to a stronger interaction of the smaller QRs with the
LSPR. By the same token, the red shifted emission is due to a stronger interaction of the
bigger QRs with the SLRs. To asses the angular modification of the emission by the array,
we plot in Figs. d,e) I;, (dashed lines) and I,,; (filled area) as a function of kj for
two photon energies, namely (d) 1.89 eV and (e) 1.93 eV. Both I;; and I,,; are normalized
to the forward emission outside the array, i.e., the value of I,,; at 8 = 0, for each energy.
Outside the array the emission is close to Lambertian for both energies. Inside the array
the emission is suppressed for small k; but enhanced within a narrow angular sector at
large k. The former indicates that resonant pump enhancement is negligible, since the
emission is quenched in the absence of a resonant emission enhancement. The latter
demonstrates the beaming of different energies into different directions via the coupling
of the QR emission to SLRs at large k.

To summarize, we have shown how surface lattice resonances in nanoantenna arrays
enhance and modify the luminescence from a thin layer of quantum rods. By achieving
spectral and angular overlap between surface lattice resonances and the emission spectra
within a narrow angular sector only, a Lambertian source was transformed into a direc-
tional source of polarized light.

2.4 Conclusions

We have discussed in this chapter the physics of surface lattice resonances (SLRs), which
arise from the coupling of localized surface plasmons to diffracted waves (Rayleigh
anomalies) in a metallic nanoparticle array. The spectral and spatial properties of SLRs
are widely tunable through the dimensions and geometry of the nanostructures and of
the lattice. This tunability is advantageous for enhancing light emission directionality and
polarization from thin luminescent layers extending over large areas. While in this chapter
we have only explored the SLR properties as a function of a single structural parameter (the
nanorod width), varying other parameters can give additional degrees of tunability and
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complexity in the optical response of the array. For example, in Chapter[plwe demonstrate
how more complex structures enable to modify the forward-to-backward luminescence
ratio. The mechanisms discussed in this chapter for tuning hybrid plasmonic-photonic
resonances are also applicable to different types of modes, such as waveguide-plasmon
polaritons as discussed in Chapter[3]
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CHAPTER 3

LOCALIZED SURFACE PLASMONS
COUPLED TO GUIDED MODES

We investigate the radiative coupling between localized surface plasmons in
periodic arrays of metallic nanoantennas and guided modes in luminescent
dielectric slab waveguides. In the first part of this Chapter, we investigate a
silver nanoparticle array on top of a YAG:Ce optical waveguide. This system
supports hybrid modes known as waveguide-plasmon polaritons, which lead to
a simultaneously enhanced light emission and far-field induced transparency.
In the second part of this Chapter, we investigate an aluminum nanoparticle
array inside a dye-doped polymer waveguide. By varying the waveguide
thickness we demonstrate the transition from weak to strong coupling between
the same two localized surface plasmon and guided modes. The weak to strong
coupling transition leads to a non-trivial relationship between extinction and
emission dispersion diagrams. This relation allows to modify radiation patterns
of nanoantennas without modifying the nanoantennas themselves, thereby
representing an unprecedented design strategy for nanoscale light sources.

43



3 Localized surface plasmons coupled to guided modes

3.1 Introduction

Coupled systems are ubiquitous in physics. In recent years, the design and description
of coupled nanoscale optical resonators has been greatly inspired by the field of atomic
physics. Strong and weak coupling phenomena have been reported for light-driven
molecular, metallic, and dielectric nanoscale systems. In the weak coupling regime,
lineshapes akin to Fano resonances [29] and Electromagnetically Induced Transparency
(EIT) [107] have attracted much attention [27} 28} 30, 31}, [T084117]. Both of these effects
arise from the interference between spectrally broad and narrow resonances, while the
energy detuning sets them apart (zero-detuning for EIT vs. large detuning for Fano
resonance). Interference can lead to a pronounced spatial and angular redistribution of
optical states [I18|[119], which has important implications for sensing [92} 120} 121], and
enhanced spontaneous emission [59)} 86} [88}/90]. On the other hand, the strong coupling
regime — wherein the energy exchange rate between the coupled modes exceeds their
loss rates — has been observed in various systems combining photons, excitons, and/or
surface plasmons [122H129]. Advantageously, strong coupling enables to significantly
modify the optical and chemical properties of the participating systems [130, [131]. This
follows from the fact that the properties of strongly coupled states are intermediate to
those of the bare states.

In this Chapter, we demonstrate the optical properties of localized surface plasmons
resonances (LSPRs) coupled to guided modes in a luminescent slab. In the first section of
this Chapter, we focus on a single structure composed of a silver nanoantenna array stand-
ing on a light-emitting dielectric slab waveguide. There, waveguide-plasmon polaritons
(WPPs) emerge from the strong LSPR-guided-mode coupling [58]. These light-emitting
WPPs display an extraordinarily enhanced emission at frequencies of strong dispersion
and far-field induced transparency. In the second section of this Chapter, we investigate a
periodic array of aluminum nanoantennas embedded in a polymer slab waveguide. There,
by varying the waveguide thickness we demonstrate the transition from weak to strong
coupling between the same two optical modes. We experimentally observe a non-trivial
relationship between the light extinction and emission dispersion diagrams across the
weak to strong coupling transition. Overall, the results in this Chapter convey a design
principle for optical antenna arrays coupled to waveguides. In particular, we demonstrate
the possibility to drastically modify nanoantenna radiation patterns without modifying
the nanoantennas themselves.

3.2 Light-emitting waveguide-plasmon polaritons

3.2.1 Extinction and emission experiments

Figure 3.1](a) illustrates the structure we investigate in this section. It comprises a Ag
nanoantenna array standing on a light-emitting slab waveguide. The latter is a 230 nm
layer of Yttrium Aluminum Garnet doped with Ce3* ions (YAG:Ce), fabricated by a sol-
gel method onto a fused silica substrate as described in Ref. [132]. The relatively broad
emission bandwidth [~ 0.4 eV full width at half maximum (FWHM)] of YAG:Ce allows us
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Figure 3.1: (a) 3D schematic of the light-emitting waveguide structure coupled to a silver
nanoantenna array. From bottom to top, the layers are, 1 mm of SiO2, 230 nm of YAG:Ce,
and 20 nm silver nanoantennas surrounded by 20 nm of Si3gN, on top and bottom. (b)
scanning electron micrograph of the fabricated silver nanoantenna array.

to probe the resonances of the structure in a wide spectral range. A 20 nm layer of SizgNy
was deposited on top of the slab for a two-fold purpose: i) to planarize the surface, and
ii) to avoid emission quenching of Ce3* ions in proximity to the metal [36} [101]. The Ag
nanoantenna array was fabricated by substrate conformal imprint lithography onto
the SizNy layer. It has a total size of 2 x 2 mm?. Figure b) shows a scanning electron
micrograph of the array. The dimensions of the nanoantennas are 90 x 70 x 20 nm?, and the
lattice constants are a, = 300 nm and a, = 200 nm. The array was covered by a conformal
20 nm layer of SigN, to prevent the Ag from oxidizing. In what follows, we will show that
despite the higher index of SizNy4 (n = 2.0) with respect to YAG:Ce (n = 1.7, as determined
from ellipsometry) in the spectral range of interest, the small thickness of the Si3sN4 layer
and the presence of the nanoantennas enables the excitation of a guided mode in the
YAG:Ce layer.

We measured the variable angle s-polarized extinction spectra of the structure. A col-
limated white light beam from a halogen lamp was linearly polarized parallel to the short
axis of the nanoantennas (y-axis in Fig.[3.I). Using the same setup as in Fig. 2.1fa), the
sample was rotated around the y-axis by a computer controlled stage with an angular res-
olution of 0.2°. This resulted in s-polarized incidence. The zeroth-order transmittance Ty
was collected by a fiber-coupled spectrometer. The extinction, defined as 1-Tj, is shown
in Fig.[3.2(a) as a function of the incident photon energy and the wave vector component
parallel to the long axis of the antennas, k; = kosin(0;,)X, with ko the free space wave
vector and 0;, the angle of incidence. We refer to the magnitude ofkj; as kj;.

In Fig. a), the extinction peak near 2.1 eV at kj = 0 is due to the dipolar LSPR
along the short axis of the antennas. Its flat angular dispersion and broad linewidth are
characteristic of localized resonances. The small size (70 nm) of the particle along the
polarization axis determines its primarily dipolar response. The narrow peak on the high
energy side corresponds to the fundamental TEy quasi-guided mode in the YAG:Ce slab.
The mode is quasi-guided because it is coupled to the antennas and it is therefore leaky.
The dispersion of this mode lies inside the free-space radiative cone because it is excited
via the first diffraction order of the nanoantenna array. In light of Bloch’s theorem as
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Figure 3.2: (a) Extinction, and (b) PhotoLuminescence Enhancement (PLE) of the
emission from the YAG:Ce layer coupled to the antennas, normalized to the layer without
antennas. (c) and (d) are cuts of (a) and (b), respectively, at k; = 2.1 rad/um as gray lines
and at k = 5.5 rad/pum as black lines. The gray line in (c) is displaced by 0.5 for clarity.

discussed in Chapter [T} guided modes can be excited by free-space light impinging on
periodic structures if the mode lies within the cones of the first diffraction order radiating
in the high- and low-index media, but inside the free-space radiative cone of the zeroth
order. This is the case here. Furthermore, the avoided resonance crossing in the measure-
ments in Fig. [3.2|@@) suggests that the coupling between the LSPR and the guided mode is
strong. As kj increases, the LSPR becomes dispersive and acquires a narrower linewidth.
The opposite occurs for the quasi-guided mode. This exchange of modal properties, as the
detuning parameter k is varied, is the signature of strong coupling.

Next we present photoluminescence enhancement (PLE) measurements. Using the
setup described in Fig. 2.1|(b), the sample was optically pumped by a continuous wave
laser beam with an energy of 2.8 eV, FWHM = 30 meV, a power far below saturation, and
impinging at an angle of 10°. The photoluminescence passed through a polarization ana-
lyzer, and was collected as a function of the angle 6., subtended by the detector and the
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3.2 Light-emitting waveguide-plasmon polaritons

normal to the sample. The detector was rotated around the y-axis, collecting s-polarized
light with kj = kosin(f.,)X. The angular resolution was the same as in the extinction
measurements.

Figure b) shows the measured PLE, defined as I;;,/1,,; with I;; the emission from
the YAG:Ce slab in the presence of the nanoantenna array, and 1,,,; without the array. For
small kj, where the LSPR and guided mode are largely detuned, the PLE features quali-
tatively resemble those in extinction. Near zero detuning (k; = 5.5 rad/um), a remarkable
contrast between extinction and PLE occurs: the emission is greatly enhanced in a spectral
window for which the extinction is reduced, i.e., the sample is nearly transparent. We
illustrate examples of large detuning k; = 2.1 rad/um (gray line) and near zero detun-
ing ky = 5.5 rad/um (black line), for light extinction in Fig.[3.2c) and PLE in Fig. 3.2(d).
For large detuning, the broad extinction peak due to the LSPR leads to a modest PLE
with a similar lineshape. The narrow peak with a Fano-like lineshape due to the quasi-
guided mode leads to a larger PLE. This contrasting enhancement is attributed to the
different field overlap between the optical modes and the emitters, as we illustrate further
below by means of simulations. Near zero detuning (black lines in Fig.[3.2), the LSPR and
guided mode are more strongly hybridized. The extinction displays a broad peak split by
a narrow window of induced transparency near 2.05 eV. Similar spectral line shapes have
been observed in atomic systems near the transition from the EIT regime into the Autler-
Townes splitting regime [133} [134], which occurs as the coupling strength between the
modes increases. Interestingly, the far-field transparent spectral region displays a strong
PLE due to a light-emitting WPP. Such a contrast between the extinction and emission
properties of a nanoantenna-coupled system is attractive for enhancing the performance
of solid-state light emitting devices. In particular, directional emission enhancements
can be obtained by selectively positioning emitters in spatial regions with intense local
fields but reduced far-field extinction. Such a configuration benefits from strong local
electromagnetic field enhancements at the positions of the emitters, while at the same
time minimizes absorption losses in the metal which often hinder the applicability of
plasmonic nanoantennas.

Finally, we address the relevance of the excitation source for the PLE results. Notice
that at energies far from any resonance the PLE is approximately unity. This indicates that
pump enhancements (resonant processes at the excitation energy) are negligible. Thus,
the magnitude of the PLE could be further increased by matching the momentum of the
pump photons with that of the quasi-guided modes at the excitation energy. This can be
achieved with the nanoparticle array, or alternatively with a prism as shown in Ref. [132].
In Ref. [132], a 30-fold pump enhancement was achieved with negligible enhancement
at the emission energies. Pumping resonantly with the nanoantennas would increase
the PLE magnitude of light-emitting WPPs, but their dispersive properties would remain
essentially unchanged.

3.2.2 Numerical simulations

We performed finite element method simulations (COMSOL) under plane wave illu-
mination to illustrate the field distributions associated with the LSPR and quasi-guided
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Figure 3.3: Finite element method simulations of (a) the extinction of an array of metallic
nanowires with 70 nm width and 300 nm periodicity, and (b) the corresponding average
electric field intensity enhancement in the YAG:Ce slab. The dashed line in (a) and (b) is
an analytical calculation of the TM guided mode as described in the text. (c) and (d) are
cuts of (a) and (b), respectively, at k| = 2.1 rad/um as gray lines and at k| = 5.5 rad/um as
black lines. The gray line in (c) is displaced by 0.5 for clarity.

modes. For ease of computation, we employ a 2D system (1D periodic) with the same
periodicity as the experimental structure along the x-axis, i.e. along k. The width and
height of the simulated metallic wire were chosen to be 70 nm and 20 nm, respectively.
These dimensions determine the spectral features of the LSPR. For TM polarization, the
coupling between LSPRs along the width of the metallic wire and the fundamental TM
guided mode gives rise to the same physics in light extinction observed in our 2D periodic
system for TE polarization [58]. The optical data for YAG:Ce was taken from ellipsometry
measurements, for Ag it was taken from Ref. [95], and we set a constant refractive index of
n = 2.0 for Si3N4 and n = 1.43 for SiO,. Bloch-Floquet boundary conditions were used for
the sides of the unit cell (along the periodicity axis), and perfectly matched layers on the
top and bottom.

Figure [3.3[@) shows the simulated extinction spectra. The cyan dashed line indicates
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3.2 Light-emitting waveguide-plasmon polaritons

the dispersion of the fundamental TM, guided mode in an effective YAG:Ce + SizNy slab
sandwiched between air and glass. The calculation is performed as described by Yariv and
Yeh [57], and assumes that the refractive index of the middle layer is given by the average
refractive index of YAG:Ce and SizN, weighted by the corresponding areas. The good
agreement between the dashed line and the transparency band in Fig.3.3[a) — arising at
the eigenvalue of the bare guided mode — justifies our effective medium approximation
for the refractive index of the middle layer. Figure [3.3(b) shows the simulated electric
field intensity enhancement in the YAG:Ce slab. It is defined as |E |2/|Ey|? with E and
E, the total and incident electric field, respectively. Both E and Ej are spatially aver-
aged over the interior of the YAG:Ce slab. Figures [3.3|c) and B.3(d) display cuts of the
extinction and |E|%/|Ep|?, respectively, at a large detuning of k; = 2.1 rad/pum as gray lines,
and near zero detuning of kj = 5.5 rad/pum as black lines. At large detuning, |E|2/|Ep|?
is greater at the quasi-guided mode energy (2.4 eV) than at the LSPR energy (2.05 eV).
The larger field enhancements from the quasi-guided mode at the position of the emitters
explain the greater emission enhancement from this mode at large detunings (small k).
Near zero detuning, |E 12/|Epl? is greatest within the far-field transparency window. This
counterintuitive behavior — near-field maximum at far-field minimum — arises from
the interference nature of extinction, which allows for a partial cancelation of the far-
field response even in the presence of relatively strong local fields. This possibility is
at the heart of recent theoretical proposals for cloaking a sensor [135]. Such a cloaked
sensor could see a near-field object without being seen by a distant observer [136]. Our
measurements support the extension of these ideas to the domain oflight emission, where
near-field coupled emitters can profit from enhanced local fields in spectral regions of far-
field induced transparency.

Next, we inspect in Fig. the total electric field enhancement with respect to the
incident field at the same values of large detuning [panels (a)-(c)] and near zero detun-
ing [panels (d)-(e)] inspected in Figs. c,d). Figures a,d) correspond to the high
energy extinction peak, Figs. b,e) correspond to the extinction dip, and Figs. c,f)
correspond to the low energy extinction peak. At large detuning, Fig. [3.4(a) shows an
enhanced field concentration in the YAG:Ce layer for the quasi-guided mode, whereas
Fig. B.4|c) shows enhanced fields near the metallic structure for the LSPR. Figure [3.4(a)
shows that the quasi-guided mode resides primarily in the YAG:Ce waveguide, with only
a small fraction of the total field enhancement in the Si3N4 layer. Near zero detuning, the
field distributions in Figs.[3.4(d) and [3.4]f) are similar, because the split energy peaks cor-
respond to hybrid states with approximately equal weights of the underlying bare states. A
particularly interest situation arises in Fig.[3.4(e), where strong local field enhancements
are observed in the YAG:Ce layer at an energy and wave vector for which the structure is
nearly transparent. Comparing Fig. [3.4e) and Fig. [3.4b) reveals the critical role of the
eigenmode detuning for creating this effect. The field enhancement at the eigenfrequency
of the guided mode is greatest when the detuning with the LSPR is zero [Fig.[3.4[e)] than
when it is large [Fig.[3.4b)].
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Figure 3.4: Field enhancement for large waveguide-plasmon detuning (a)-(c), i.e., at k =
2.1rad/pum, and near zero detuning (d)-(f), i.e., at kj = 5.5 rad/um. (a) and (d) correspond
to the high energy extinction peak, (b) and (e) correspond to the extinction dip, and (c)
and (f) correspond to the low energy extinction peak, all referring to the spectra in Fig.
The metallic antennas, surrounded by 20 nm of Si3Ny, are located at the interface between
the YAG:Ce layer and air.

3.2.3 Coupled oscillator analog

The physics involved in the mode coupling discussed above is well captured by a cou-
pled oscillator model introduced in Chapter[I.3.2} Classical analogs to EIT [109,137], Fano
resonances [31}113], and strong coupling [138], have been presented with similar models.
Here we use the model presented in Eq.[I.5]as follows. We define the eigenfrequency of the
first oscillator as w; = wp, and we detune the eigenfrequency of the second oscillator by an
amount§, i.e. wp = wp—04. In analogy to the extinction measurements, we drive the first os-
cillator directly by a harmonic force F = Fye~ /4, and calculate its dissipated power given
by Py = %%[F * %1 with x; the velocity. We consider that only the first oscillator is driven
directly by F because only the LSPR is driven directly by the incident electromagnetic field.
Since the dispersion relation of the guided mode lies below the free-space light line, it can
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Figure 3.5: a)Power dissipated by the first oscillator, and (b) displacement squared
response of the second oscillator. In (a) and (b), the dotted line indicates the
eigenfrequency of the first oscillator, representing the LSPR, while the dashed line
indicates the eigenfrequency of the second oscillator, representing the guided mode. (c)
and (d) are cuts of (a) and (b), respectively, at & = —0.3 rad/s as gray lines and at § = 0 as
black lines.

only be excited through the periodic nanoantenna array. This is the origin of the driving
term on the right hand side of Eq. Finally, we integrate the dissipated power over one
period of oscillation and scan the driving frequency w to obtain the spectrum, which we
plot as a function of § in Fig. [3.5(a). For the calculation, we set the eigenfrequency to
wo = 2.12 rad/s, the damping rates to y; = 0.4 rad/s, y2 = 0.02 rad/s, the coupling rate
to Qy2 = 0.6 rad/s, and the force per unit mass to Fy = 0.88 m/s?, all to match the power
dissipated by the oscillator to the extinction measurements. For the first oscillator we have
Q1 = wo/y1 = 5, which is typical for damped LSPRs as shown in Chapter 2l The lower
damping of the second oscillator reflects the lower losses of the waveguide, for which
absorption is nearly negligible and out-of-plane scattering represents a relatively weak
loss mechanism.

To model the local field intensity enhancement |E|2/|Epl? in the waveguide, we cal-
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culate the displacement from equilibrium (squared) response of the associated oscillator,
ie., |x2/%. It was recently shown that the resonance in the displacement spectrum of a
single harmonic oscillator can be associated with the near-field resonance of a metallic
nanoparticle [139]. Moreover, the peak spectral shift in the displacement with respect to
the velocity (dissipated power) accounts for the shift of the near-field with respect to the
far-field [139]. The origin of this shift in the single oscillator spectrum was illustrated in
Fig. Chapter[I} where we discussed how the oscillator’s damping shifts the maximum
in the velocity spectrum with respect to the displacement spectrum. Here, we investigate
this phenomenon in a coupled system. In Fig. 3.5(b) we show the dependence of the
near-field analogous quantity on the detuning parameter §. In Figs.3.5c) and [3.5(d) we
make cuts of both a) and (b) at a large detuning of § = —0.3 rad/s as gray lines,
and at zero detuning as black lines. The spectra resemble faithfully our observations in
experiments (Fig. and simulations (Fig.[3.3). At large detuning, the dissipated power
spectrum exhibits a Fano-like line shape near the eigenfrequency of the second oscillator.
The peak in the displacement spectrum of the second oscillator near this feature resem-
bles the large emission enhancements from the quasi-guided mode at large detunings.
Thus, the oscillator analog confirms once more that the emission from the waveguide
is enhanced according to the local field spectrum rather than the far-field spectrum. In
the case of zero detuning, the model also shows that the coupled system displays a mini-
mum in the dissipated power by the first oscillator (representing the driven electrons in
the metal), while the displacement response of the second oscillator (representing the
local electromagnetic field enhancement in the waveguide) is enhanced. Hence, in its
simplicity, the coupled oscillator model captures the essential physics, and lends itself for
a straightforward interpretation of the results.

3.2.4 Concluding remarks for this section

To summarize, we have presented a novel approach for achieving large emission en-
hancements from far-field transparent optical antenna arrays. The system studied com-
prises a periodic array of silver nanoantennas on top of a light-emitting slab waveguide.
This system supports hybrid modes, namely waveguide-plasmon polaritons, with optical
properties strongly dependent on the detuning of the bare LSPR and guided modes. At
zero detuning, interference of these modes makes the nanoantennas transparent to far-
field plane waves, at the same conditions for which electric fields are strongly enhanced in
the waveguide. These results open a new avenue for investigating EIT-related phenomena,
such as slow light, strong dispersion, and coupling-induced transparencies, in the context
of light emission as well as extinction. In the next section, we investigate a broader range
of structures to demonstrate how the same plasmonic system can transition from weak to
strong coupling with a light-emitting waveguide.
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3.3 From weak to strong coupling between LSPRs and
guided modes

In this section we demonstrate how localized surface plasmons in the same nanoan-
tenna array (different from the previous section) transition from weak to strong coupling
with the fundamental guided mode in a luminescent dielectric slab. As discussed in Chap-
ter [I} nanoantennas provide an interface between plane waves in the far-field and lo-
calized energy in the near-field, while dielectric waveguides can guide this energy to a
desired position with low losses. Therefore, understanding the conditions enabling an
efficient coupling between these two photonic building blocks is an important endeavour
in optics. Indeed, several theoretical and experimental results (including those in the
previous section) have demonstrated that light can be received, transferred, or emitted,
in unconventional ways when metallic resonators are either strongly of weakly coupled
to dielectric waveguides [58) 111} [112} (140, [141]. However, the transition from weak to
strong coupling between the same two nanoantenna and waveguide modes has not been
reported in the literature, to the best of our knowledge. Here we map this transition by
varying the thickness of a polymer waveguide within which a metallic nanoantenna array
is embedded. We demonstrate the impact of this transition on the variable angle light
extinction and emission spectra of the system. The emission stems from luminescent
molecules embedded in the waveguide. We find that an optimum waveguide thickness
exists for increasing the ratio of the coupling rate to the loss rates, thereby providing a
design principle for accessing the strong coupling regime. Finally, we discuss differences
between the light emission and extinction spectra across the weak-to-strong coupling
transition, and we explain their origin on the transmutation of coupled optical modes with
varying degree of field confinement.

3.3.1 Extinction and emission experiments

Figure[3.6(a) illustrates the sample. An aluminum nanoantenna array with a total size
of 2 x 2 mm? was fabricated by substrate conformal imprint lithography [100] and reactive
ion etching of aluminium onto a fused silica substrate. Figure [3.6(b) shows an inclined
view (43° off the normal) scanning electron micrograph of the array. The nanoantennas
are approximately disks with a diameter of 130 £ 20 nm and a height of 150 + 10 nm,
arranged in a square lattice with a constant @ = 370 £ 5 nm. On top of the array we spin-
coated a toluene solution with polystyrene and the organic dye Lumogen F305. Conse-
quently, the toluene evaporated leaving a dye-doped polystyrene layer. The refractive
index of this layer is higher than the underlying silica and overlying air, rendering the
embedding of the array in a slab waveguide. We varied the thickness ¢ of this waveguide by
controlling the spin-rate of the deposition and the viscosity of the solution. The latter was
controlled through the polystyrene-to-toluene ratio, while the dye-to-polystyrene ratio
(determining the final molecular concentration in the waveguide) was held constant at
3 weight % . This relatively low molecular concentration allows us to exclude the influ-
ence of the molecules on the nanoantenna-waveguide coupling, but provides a significant
emission intensity to probe the coupling effects in the nanoantenna enhanced near-fields.
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Figure 3.6: (a) 3D schematic representation of the sample. An aluminum nanoantenna
array stands on a SiO2 substrate, and is covered by a luminescent slab waveguide of
thickness ¢. (b) Inclined-view (43° off the normal) scanning electron micrograph of the
nanoantenna array prior to the deposition of the waveguide.
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Figure 3.7: Extinction measurements of the structure in Fig. for a waveguide thickness
(a) t =300 nm, (b) ¢t =390 nm, (c) t = 490 nm, (d) £ = 550 nm, (e) t = 720 nm, and (f)
t = 1270 nm. The gray solid line, identical for all plots, indicates the Rayleigh anomaly
with a refractive index of 1.44 (the substrate). The cyan dashed line, shifting towards lower
k) for increasing ¢, indicates the TM guided mode calculated as discussed in the text. The
green dash-dotted line in (f) indicates TM; guided mode.

Figure [3.7]shows a series of extinction measurements of the same nanoantenna array
embedded in waveguides of different thickness. The sample is illuminated by a collimated
(angular spread < 0.1°) TM-polarized white light beam from a halogen lamp, while a fiber-
coupled spectrometer collects the transmitted light in the far-field. The experimental
setup is identical to the one in Figure 2.I(a). The extinction is defined as 1-T with Tp
the zeroth-order transmittance. We plot the extinction in color — same scale for all plots
— as a function of the incident photon energy and in-plane momentum kj. A computer-
controlled stage was used to rotate the sample by an angle 0,,, thereby changing the in-
plane component of the wave vector k; = ko sin(8;,)a. ko is the magnitude of the free space

54



3.3 From weak to strong coupling between LSPRs and guided modes

wave vector and a is a unit vector parallel to one of the two equivalent lattice vectors.
We refer to the magnitude of k as kj. The angular resolution of the measurements is
0.2°. We focus on TM polarization because excellent spectral overlap between the coupled
resonances and the emission from the dye molecules aids to bring out the nanoantenna-
waveguide hybridization effects in both emission and extinction of TM-polarized light.
However, the onset of strong coupling is not particular for one polarization, as confirmed
for instance by experiments with TE-polarized light in the previous section.

We now interpret the various features observed in the measurements in Fig. For
all ¢, the broad extinction peak near 2.07 eV with a flat angular dispersion at small k;
corresponds to the excitation of localized surface plasmon resonances (LSPRs). A plane
wave that excites LSPRs can also be diffracted grazing to the surface of the array, lead-
ing to the so-called Rayleigh anomaly (RA) condition. The gray solid line overplotted
on the measurements in Fig. indicates the RA in glass, with a dispersion given by
Er+(ky) = Z—;Ik” + mG|. Here, m = -1 is the relevant order of diffraction, G = 27” is the
magnitude of the reciprocal lattice vector, and ng = 1.44 is the refractive index of the glass
substrate. The periodic array may also enable the plane wave excitation of a guided mode
in the polymer layer, which has a refractive index higher than its surroundings. The cyan
dashed line, changing with ¢, indicates the dispersion relation of fundamental TM, guided
mode calculated using the formalism described by Yariv and Yeh [57]. We solve for the
bound modes in a dielectric slab with refractive index n,, = 1.58 (polystyrene), sandwiched
between semi-infinite media with n, = 1.0 (air) and ng = 1.44 (glass). The thickness ¢ of
the slab is obtained from profilometry measurements of the dye-doped polystyrene layer
in experiments.

Figure[3.7shows several dispersive features in extinction crossing or anti-crossing with
the LSPR depending on ¢. The feature near the RA condition remains as a small perturba-
tion on the LSPR for all £, and we therefore not dwell on it further. We focus on the feature
near the LSPR-TM,-guided-mode crossing, which varies pronouncedly with ¢. For ¢ = 300
nm, Fig.[3.7(a) shows a weak narrow feature crossing with the LSPR without significantly
affecting it. This thin waveguide is close to cut-off, so the weakly confined TM, guided
mode dispersion follows closely the RA dispersion. As ¢ increases, the guided mode shifts
away from the RA towards lower kj, and its signature in the spectra is clearly distinguished
from the RA feature. In Fig.[3.7[b) we begin to see signatures of hybridization between
the LSPR and TM, guided mode. For increased ¢ [Figs.[3.7|(c,d)], a mode splitting emerges
near zero detuning, where the energies of the bare LSPR and TM, guided mode cross but
the coupled modes anti-cross. As kj transits across the zero detuning point, the coupled
modes gradually exchange their resemblance to one or the other of the bare modes. This
adiabatic mode exchange across the zero detuning point is, qualitatively speaking, the
signature of strong coupling. Strong LSPR-guided mode coupling leads to hybrid modes
known as waveguide-plasmon polaritons, as discussed in the previous section. For ¢ = 720
nm [Fig. e)], the energy splitting between the same two modes is reduced, and for
t = 1270 nm [Fig.[3.7(f)] the splitting is much smaller than the linewidths (weak coupling).
For t = 1270, the higher order TM; guided mode [green dash-dotted line in Fig.[3.7(f)] is
also excited. However, we do not observe indications of strong coupling between the TM;
guided mode and the LSPR for any ¢.
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Figure 3.8: Extinction measurements at the value of kj corresponding to zero detuning
between the TMp mode and the localized surface plasmon resonance in arrays embedded
in waveguides of different thickness . For each cut, the value of kj and ¢ is indicated at
the left and right of the figure, respectively, in the same color as the measurement. For
successive increments in ¢, the extinction is increased by 0.5 for clarity. The black lines
overplotted with the measurements are fits with a coupled oscillator model as described
in the text.

An interesting observation in the dispersion diagrams in Fig.[3.7)is that the calculated
TM, guided mode and the corresponding feature in extinction are in better agreement
for thicker [Figs. e,f)] than for the thinner [Figs. (a,b,c,d)] waveguides. We believe
that this is due to the perturbation of the “bare” waveguide structure by the nanoan-
tennas. For thinner waveguides a higher fraction of the dielectric slab is occupied by
the nanoantennas. Therefore, the actual structure deviates more pronouncedly from the
planar layer considered in the calculations. The most significant deviations between the
calculated TM, guided mode and the corresponding feature in extinction are observed
for the structures displaying the strongest splittings [Figs.[3.7|(c,d)], likely because in these
cases the perturbative particle has a greater overlap with the guided mode eigenfield.

Next, we analyze in Fig. the extinction measurements for various ¢ [more values
than shown in Fig.a)- ()] at the value of k) corresponding to zero LSPR and TM guided
mode detuning. This value of k; (shown on the left of each plot) was established on the
basis of a non-linear least squares fit of a model system — coupled harmonic oscillators
— to the data, as we explain next. In matrix form, the equations of motion of the model
system are,

w%—wz—i)/Lw Qw xr) _ %e""‘” 3.1)
Qw wé(k”)—wz—i}fc;w XG 0 ’ ’

where we have assumed time-harmonic solutions. w; and wg(kj) are the eigenfrequencies

of the LSPR and TM, guided mode, y; and y are their respective loss rates, while x; and
x¢ are the oscillator displacements from equilibrium. Qw represents the coupling strength
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between the two oscillators. On the right hand side of Eq.[3.1Jappears the driving force per
unit mass, % e~ ! which represents the incident optical field with frequency w. This force
drives directly the LSPR only because in the absence of scatterers, the guided mode is not
directly driven by a plane wave incident from the far-field. The guided mode is excited
indirectly through the array. Our model assumes frequency-independent dissipative and
coupling terms, which is valid for restricted energy ranges only. While relaxing these con-
straints could lead to a better quantitative agreement with the experiments, we show that
a good fit and a reasonable description emerge in the spectral region of interest despite
these simplifications. Finally, we point out that under the assumption that all coupling
(Qw) and loss (yrw and ygw) terms scale linearly with the driving frequency w, their values
can be directly compared quantitatively for any w.

To establish the zero-detuning point [values of kj shown on the left of each lineshape
in Fig. , we first let wg and wy, be independent fit parameters. We fit the total power
dissipated by both oscillators to the extinction spectra, and zero-detuning is identified
as the value of kj for which the difference between wg and wy is minimized. Having
established this value, we then fit the model to the selected measurements once more, but
now with the strict equality wg = w. The black lines in Fig. [3.8]are these fits. The model
spectra capture the behavior in our measurements reasonably well. In Fig. we plot
the fitted coupling and loss rates as a function of the experimental waveguide thickness t.
The error bars in energy represent a 20 (= 95%) confidence interval on the fits. The error
bars in ¢ are due to the uncertainty in the measurements of the waveguide thickness. The
curves overlying the data points are guides to the eye.

Figure [3.9]shows that the ratio of the coupling rate Q to the total loss rate y; + 7y is
maximized at an optimum waveguide thickness ¢ = 550 nm. For this value, Q > y¢ and
Q =y, (within the error bar). We interpret this condition as the onset of strong coupling.
For thinner or thicker waveguides, Q is less than at least one of the loss rates (mostly
vr).- This corresponds to the weak coupling regime, where energy dissipation is faster
than energy exchange between the oscillators. The finding that this system transitions
from weak to strong coupling for a limited range of waveguide thickness is a central result
of this section. We highlight that the system we investigate (periodic array of metallic
nanoparticles coupled to a dielectric slab waveguide) has been actively studied for its
ability to modify light propagation and emission in numerous ways [58} 59} 111} 112} 116}
141]. While several groups have presented evidence for strong or weak coupling between
LSPRs and guided modes in various configurations, to the best of our knowledge this is the
first time that the same plasmonic system is shown to transition between the two regimes.

Intuitively, the transition from weak to strong coupling can be explained in view of how
the waveguide thickness modifies the field overlap between the TM, guided mode and the
LSPR, which is localized near the base of the waveguide. In the thin waveguide limit, the
guided mode is weakly confined and a significant fraction of its energy lies outside the slab.
The coupling is therefore weak, because the field overlap with the nanoantennas is poor.
In the thick waveguide limit, the fundamental guided mode is well confined. However,
its electric field amplitude is greatest close to the center of the waveguide, far from the
nanoantennas. Therefore, once again the coupling is weak because the field overlap with
the nanoantennas is poor. An optimum coupling arises for an intermediate thickness,
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Figure 3.9: Rates extracted from the coupled oscillator model (Equation fits to the
extinction measurements as shown in Fig. Black squares are coupling rates, dark gray
circles are loss rates of the TMy guided mode, and light gray triangles are loss rates for
the localized surface plasmon resonance. Error bars in energy represent a 20 confidence
interval on the fits. Error bars in thickness represent the uncertainty in the measurements
of the waveguide thickness. The continuous lines overlplotted with the data points are
guides to the eye. The horizontal red dotted line indicates the absorption rate of the
molecules embedded in the waveguide at the average zero detuning energy.

where the field overlap is greatest.

We now comment on the dependence of the loss rates on ¢. yy is affected by the local
density of optical states at the position of the nanoantennas. As shown by Buchler and
co-workers, LSPR radiative losses are affected by a nearby dielectric interface [142]. Here,
the proximity of the air-polystyrene interface to the nanoantennas (determined by ) leads
to a modified LSPR linewidth. This effect is more clearly visible in the measurements for
the thinnest waveguides in Fig. Besides this effect, we suspect that slightly different
optical qualities (e.g. roughness) of the waveguides could also exert a small influence
on our measurements. Regarding y¢, its non-zero value could be considered surprising
based on the fact that a bare guided mode in an unstructured dielectric slab is a bound
mode, which implies zero decay rate. As we explain next, y¢ includes both radiation losses
due to the structuring of the waveguide, and absorption losses due to the molecules in
the waveguide. Radiation losses are enhanced for small ¢ because the actual dye-doped
polystyrene waveguide — spatially modulated by the presence of the nanoantennas — de-
viates more pronouncedly from the flat layer supporting a strictly bound mode. Our data
agrees with this intuition, since Fig. shows that y; decreases as ¢ increases. At large
t, Yc asymptotically approaches the absorption rate of the molecules in the waveguide
(5.3 +2 meV), which is indicated by the red dotted line in Fig. This absorption rate is
derived from the complex refractive index of the dye-doped polystyrene layer, nj, + ik,
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Figure 3.10: Photoluminescence enhancement (PLE) measurements of the structure in
Fig. for a waveguide thickness (a) ¢ = 300 nm, (b) ¢ = 390 nm, (c) ¢ = 490 nm, (d)
t =550 nm, (e) ¢ =720 nm, and (f) ¢ = 1270 nm. The gray solid line, identical for all plots,
indicates the Rayleigh anomaly with a refractive index of 1.44 (the substrate). The cyan
dashed line, shifting towards lower k; for increasing ¢, indicates the TMy guided mode
calculated as discussed in the text. The green dash-dotted line in (f) indicates TM; guided
mode.

which we obtained from ellipsometric measurements. Since the ratio n,/k, gives the
number of optical cycles after which the energy density of a wave decays, the absorption
rate at frequency w is y = kj/npw. For the calculation in Fig. we set w = wg, where the
overbar indicates an average for all measured ¢. The +2 meV in the value quoted above
represents slight variations of wg as a function of ¢, which change the value of k, due to
the frequency dispersion of the refractive index. It should be mentioned that a radiative
contribution to y¢ implies, by reciprocity, the possibility of direct radiative excitation of
this mode. Therefore, the assumption in our model (Eq. that only the LSPR mode
is driven directly by the harmonic force holds only approximately for small ¢, and more
faithfully for large ¢.

Next we present photoluminescence measurements corresponding to the same sam-
ples discussed in Fig. [3.7|and Fig.[3.8] The experimental setup is identical to the one in
Figure[2.1|(b). The samples were pumped by a 2.8 eV continuous wave laser at a fixed angle
of incidence 5°. The variable angle emission was collected by a fiber-coupled spectrom-
eter rotating in the far-field, with an angular resolution of 0.2°. The pump irradiance (5
mW/mm?) was far below the saturation threshold of the molecules. Figure Elshows the
photoluminescence enhancement (PLE) in color — varying scales — as a function of the
emitted photon energy and k. The PLE is defined as the ratio of the photoluminescence
from the waveguide with and without the nanoantenna array.

The PLE displays an intricate dependence on ¢ that does not directly correlate with
that of extinction. For # = 300 nm [Fig.[3.10(a)], the PLE is dominated by the LSPR yielding
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a maximum 12-fold enhancement. For ¢ = 390 nm [Fig. [3.10|b)], the LSPR shows weak
signatures of hybridization with the TM, guided mode, while the maximum PLE increases
to roughly 16-fold. For £ = 490 nm [Fig.[3.10{c)], the PLE from the weakly hybridized LSPR
and TM, guided mode are roughly equal, reaching a maximum 12-fold enhancement. For
the three thickest waveguides [Figs. d,e,f)] the LSPR enhancement is reduced and the
PLE is dominated by the TM, guided mode. Notice that for the 4 measurements with ¢ >
390 nm [Figs.c,d,e,f)], the maximum PLE monotonically decreases. We attribute this
reduction in PLE to a higher fraction of dye molecules that are effectively uncoupled from
the nanoantenna array. These are the molecules near the top of the waveguide, where the
nanoantenna-enhanced fields have significantly decayed.

We now focus on the relative strength of the PLE features and their connection to the
properties of the coupled modes. We previously established, based on our analysis of the
extinction spectra, that for the thinnest and thickest waveguides the system lies well into
the weak coupling regime. In this case, the relevant eigenmodes are the LSPR and the TM,
guided mode — not their mixture. On either the small or large ¢ weak coupling regime,
the extinction displays comparable LSPR lineshapes only marginally affected by the TM,
guided mode [Figs.a,f)] . In contrast, the PLE differs remarkably in these two weak cou-
pling regimes. For small ¢ the greatest PLE contribution is due to the LSPR [Fig. [3.10(a)],
while for large it is due to the TM, guided mode [Fig. 3.10(f)]. We attribute this dis-
crepancy between extinction and PLE to the following reason: Extinction is governed by
phase differences between incident and scattered fields, while PLE is governed by local
field enhancements at the positions of the emitters. Previously, discrepancies between
extinction and emission have been attributed to the shift of the near-field with respect to
the far-field [104H106)} 143]. This effect bears an interesting analogy to the spectrum of a
single harmonic oscillator, where the displacement peak (commonly associated with the
near-field or emission) is always shifted down in frequency with respect to the dissipated
power peak (commonly associated with the far-field or extinction) [I39]. However, as
shown in the previous section, in the presence of more than one resonance interference
can lead to a more complex behavior of the near-field with respect to the far-field. In
fact, the far-field extinction can be minimized at the same frequency, wave vector, and
polarization, for which the near-field is enhanced [98} (119, [144]. While the relevance of
this condition for enhancing light emission has been demonstrated, its relation to the
weak-to-strong coupling transition has hitherto not been discussed. Here, by mapping
this transition we demonstrate the different regimes in which waveguide-coupled light-
emitting optical antenna arrays can operate. On one hand, the results at small ¢ provide a
design principle (optimum layer thickness) for generating angle-independent light emis-
sion enhancements. On the other hand, the results at large ¢ provide a design principle
for generating directional narrowband light emission enhancements, which follow the
dispersion of guided mode. For intermediate ¢, we observe that the spectral window of far-
field induced transparency at zero LSPR-guided mode detuning results in only a shallow
dip in the PLE spectrum. Thus, it appears that in this region the near-field to far-field
contrast is greatest.

We finalize the discussion around the PLE measurements by making a comparison
with the measurements in the previous section, where a nanoantenna array stands on
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Figure 3.11: Photoluminescence enhancement (PLE) measurements at the values of k
corresponding to zero detuning between the TMp mode and the localized surface plasmon
resonance in arrays embedded in waveguides of different thickness. The value of k) for
each cut is shown at the left of the figure. At the right we indicate the amount by which the

«,n

PLE data was offset (after the “+” sign) and the thickness ¢ of the waveguide. The black line
overplotted with the measurement for ¢ = 390 nm is a fit with a coupled oscillator model
as described in the text.

rather than in a light-emitting waveguide. The greater field overlap between the optical
modes enabled by the present configuration allows us to observe enhanced (but still weak)
hybridization effects in PLE in the vicinity of the strong coupling regime (390 nm < t < 630
nm). We stress the term “weak hybridization” because the dispersion and linewidths of the
resonances are clearly modified [Fig. b,c,d)], but their energy splitting never exceeds
their linewidths. To illustrate this, we present in Fig. cuts of the PLE measurements
at the value of kj corresponding to zero detuning. The black line in Fig. is a fit to the
PLE spectrum for a selected waveguide thickness (yielding the most pronounced splitting)
with the same model used for the extinction spectra (Eq.[3.1). The fit yields Q = 29 +5 meV,
YL =75+5meV, and y¢ = 17+ 7 meV, which corresponds to weak coupling. We believe that
the apparent contradiction in the values of the coupling and loss rates for the same system
is due to the inadequacy of the model to describe the PLE data. In particular, in a PLE
experiment the system is not subjected to a time-harmonic driving of only one mode, as
assumed in Eq. Instead, the PLE is associated with a local excitation by the molecules
in the waveguide. We also note that the maximum splitting in PLE occurs for ¢ = 390 nm
rather than ¢ = 550 nm, as in extinction. The dependence of the apparent mode splitting
on the observable quantity has been highlighted in view of transmission, reflection, and
absorption measurements [127, [145]. Here, we introduce a new quantity that needs con-
sideration in emitting systems aimed to operate in the strong coupling regime: the PLE.
While an unambiguous determination of the coupling strength is in principle only possi-
ble through an eigenmode analysis, experiments always retrieve observables in a driven
system. It is therefore important to understand the dependence of these observables on
the system’s key paramters (e.g., ¢ in our case). Furthermore, we point out that PLE and
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absorption measurements are not related through reciprocity. While Kirchoff’s Law relates
absorption and emission at any point in space, an absorptance measurement of our sam-
ple largely probes the local field enhancements at the position of the nanoantennas, while
PLE measurements probe the local field enhancements at the position of the molecules.
As we show next, these two quantities can differ pronouncedly depending on the coupling
strength and frequency detuning.

3.3.2 Numerical simulations

In what follows, we study the transition from weak to strong coupling between the
LSPR and the TMy guided mode using full wave numerical simulations. Firstly, we
confirm the features observed in experiments. Secondly, we interpret these features in
terms of near-field maps. We have used two distinct methods bench-marked against each
other. These are the Fourier modal method (S*) and finite-element method (COMSOL).
The Fourier modal method [146] is a plane wave expansion method to calculate the
transmission, reflection and diffraction of layered biperiodic discontinuous structures,
i.e. stratified grating systems. We use the free implementation S* of Liu and Fan [147] .
We find good convergence using just 289 plane waves provided we use parallellogramic
truncation, and employ the proper factorization rules of Li [148] appropriate for high-
index contrast crossed gratings. We take the same refractive index values used in the
dispersion calculations (n, = 1.0, ng = 1.58, and ng = 1.44), and model the aluminum
nanoantennas as cylinders of height 150 nm and diameter of 118 nm. The aluminum
dielectric constant we use is a polynomial parametrization of measured ellipsometry data.

To model the PLE and visualize the near-fields, we use COMSOL rather than S*. The
Fourier modal method is not optimized for high accuracy in fields according to a point-
by-point local measure, while finite element simulations are optimal for real-space in-
sight. As geometry we take the same parameters as in S*. The computational domain
in COMSOL spans the unit cell in the periodicity plane, and extends several wavelengths
perpendicularly into to the substrate and superstrate. We apply Bloch-Floquet boundary
conditions at the edges of the unit cell and periodic port conditions for the remaining
domain walls. The zero-order port on the air side is set for angled plane wave excitation.
We have benchmarked the COMSOL simulations against S* by comparing the calculated
extinction for the ¢ = 300 nm structure. We find percent-level agreement for wave vectors
below the RA in glass, i.e., in the range of the experiment. However, just beyond the RA in
glass COMSOL shows fringes in extinction, which we attribute to spurious reflections off
the periodic port boundary condition that occur when a diffracted order is grazing along
the port in the substrate or superstrate. These artifacts could be reduced by extending
above 7 wavelengths the computational domain in the direction perpendicular to the lay-
ers. However, this comes at the expense of an increased computational time compared
to S*. Since we find excellent correspondence for extinction at all energy and momenta
below the RA in glass, we conclude that the finite element simulation is fiducial for PLE
and near-field maps in this spectral region.

Figures[3.12f(a,b,c) show the extinction (1-Ty, for TM-polarized light, incident from air)
simulated with S* for a set of three waveguide thicknesses: (a)t = 300 nm, (b)f = 420 nm,
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Figure 3.12: Numerical simulations of the light extinction (a,b,c) and electric field
intensity enhancement averaged over the waveguide volume (d,e,f) of the structure shown
in Fig for different waveguide thickness ¢. For (a,d) ¢ = 300 nm, for (b,e) ¢t = 420 nm,
and for (c,f) ¢ = 550 nm. The gray solid line, identical for all plots, indicates the Rayleigh
anomaly with a refractive index of 1.44 (the substrate). The cyan dashed line, shifting
towards lower kj for increasing #, indicates the TMy guided mode calculated as discussed
in the text. The open symbols in (a) and (c) indicate the energy-k; points inspected in

and (c)¢ = 550 nm. The simulations capture the behavior in the measurements (Fig.
well, both displaying a gradual transition from weak to strong coupling as t increases.
Figures [3.12{(d,e,f) show the spectrally resolved electric field intensity enhancements for
the same three waveguides, simulated with COMSOL. The enhancement is defined as
|E|2/|Ey|?, with E and E, the total and incident electric field, respectively, both spatially
averaged over the waveguide volume. |E [2/|Ey|? is related to the PLE by reciprocity, which
states that the local electric field enhancement in the waveguide upon far field plane wave
illumination is equivalent to the plane wave strength in the far field due to a localized
source. Since our experiment averages over emitter positions and orientations in the
entire waveguide, we integrate the total electric field intensity enhancement over the en-
tire unit cell and waveguide thickness (excluding the particle). The resultant quantity
can be regarded as the radiative part of the fractional (angle-resolved) local density of
optical states. Comparing Fig. [3.12|d) with Fig. B.10|a) shows that for r = 300 nm, the
dominant contribution to the field enhancement in the waveguide comes from the LSPR,
and this results in a broadband PLE spectrum with a flat angular dispersion. For ¢ = 550
nm, the |E|?/|Ey|?> and PLE spectra in Figs. (f) and Fig. m(d), respectively, display
mixed features of the LSPR and guided mode with a weak anti-crossing between them. For
intermediate values of ¢, the |E|?/|Ey|? and PLE spectra show characteristics in between
these two cases. Overall, the simulated quantity |E|2/|Ep|? qualitatively reproduces the
PLE measurements. The agreement is better at lower than at higher energies because
absorption by the molecules (not taken into account in the simulations) limits the PLE
at higher energies. Indeed, the imaginary part of the refractive index of the dye-doped
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polystyrene layer, kp, is roughly a factor of four higher at 2.15 eV than at 2.06 eV (the aver-
age eigenfrequency of the TM, guided mode, wg, as obtained from the coupled harmonic
oscillator fits). Hence, we expect re-absorption of the enhanced light emission to more
seriously hamper the PLE at higher energies as the waveguide thickness increases. This
expectation is in agreement with our measurements in Fig. where the sharp feature
in PLE associated with the guided mode gradually fades for energies above ~ 2.06 eV, and
this effect becomes more pronounced as ¢ increases.

We now inspect the near-fields of the structure at selected energies and kj to illustrate
the key differences between weak and strong coupling. In Fig. we plot |E|/|Ep| at
a plane parallel to the incident electric field and intersecting the nanoantennas at their
center. Figures [3.13|a,b,c) correspond to ¢ = 300 nm, while Figs. 3.13|d,e,f) correspond
to t = 550 nm. Figure [3.13(a) is close to zero detuning, as indicated by the open cir-
cle in Fig.[3.12[a). Figures [3.13|(b,c) represent a large detuning, occurring at kj = 1.123
rad/pm. In Fig.[3.13|b) the photon energy is 2 eV, as indicated by the downwards triangle
in Fig.[3.12(a); this corresponds to the approximately bare LSPR. In Fig.[3.13|c) the photon
energy is 2.147 eV, as indicated by the upwards triangle in Fig.[3.12|(a); this corresponds to
the approximately bare TM, guided mode. The similarity of the fields in Fig.3.13|a) and
Fig.[3.13|b) is due to the weak coupling, which induces a negligible modification to the
LSPR even at zero detuning with the guided mode. In contrast to both Figs.[3.13{a,b), the
electric field enhancement in Fig. [3.13(c) is stronger and more delocalized. The weaker
confinement of the field to the metal explains the narrower resonance linewidth at the
conditions of Fig.[3.13|c).

Figures d,e,f) illustrate the near-fields for three different energies all at k; = 1.95
rad/pm, which is close to zero detuning for ¢ = 550 nm. Strong coupling leads to two
new eigenstates, which we label as P_ and P, in Fig. .13{d) and Fig. B.13(f), respec-
tively. The energy and k; of P_ and P, are indicated by the downwards and upwards
triangles in Fig. [3.12|(c), respectively. The field profiles of P_ and P, are similar to each
other because the strong coupling has hybridized the modes such that their individuality
is lost. Here, waveguide-plasmon polaritons are a linear superposition of the bare LSPR
and TM, guided modes with equal weights. If the detuning parameter is varied from
kjy =1.95 rad/pm, the field solutions along the upper and lower polariton branches depart
from this condition, gradually acquiring a resemblance to one or the other of the bare
modes. Finally, an interesting situation occurs in Fig.[3.13(e), the energy and k; of which
is indicated by the circle in Fig.[3.12|c). Here the local fields in the waveguide are still
significantly enhanced but the extinction is reduced. This spectral region is particularly
attractive for light-emitting plasmonic systems, as it enables simultaneously enhanced
local fields at the position of the emitters (and therefore large fluorescence enhancements)
and suppressed absorption losses in the metal.

3.3.3 Concluding remarks for this section

In conclusion, we have investigated the dispersive properties in light extinction and
emission of an aluminum nanoantenna array coupled to luminescent dielectric slab
waveguides. By varying the waveguide thickness we demonstrated a transition from
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t =550 nm

0

Figure 3.13: Electric field enhancements for the 300 nm waveguide in (a,b,c), and for
the 550 nm waveguide in (d,e,f). The energy and k| corresponding to panels (a,b,c) are
indicated Fig. a):(a) is at the circle, (b) is at the downwards triangle, and (c) is at
the upwards triangle. The energy and kj corresponding to panels (d,e,f) are indicated in
Fig. c): (d) is at the downwards triangle, (e) is at the circle, and (f) is at the upwards
triangle.
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weak to strong coupling between localized surface plasmon resonances (LSPRs) and the
fundamental TMy guided mode in the slab. Our results provide a design principle for
hybrid dielectric-metallic resonators aimed at improving the performance of solid-state
light-emitting devices, and shed new light on the near-field to far-field contrast of optical
antenna arrays. From a fundamental perspective, we envisage these results to stimulate a
quest for a more comprehensive description of hybrid light-matter excitations in strongly
coupled systems, as we have here shown that their properties (e.g. dispersion relation)
depend pronouncedly on the nature of the excitation source.
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CHAPTER 4

SURFACE LATTICE RESONANCES
COUPLED TO MOLECULAR EXCITONS

We investigate a periodic array of metallic nanorods covered by a polymer layer
doped with an organic dye at room temperature. Surface lattice resonances of the
array — hybridized plasmonic-photonic modes — couple strongly to excitons in
the dye, and bosonic quasi-particles which we call plasmon-exciton polaritons
(PEPs) are formed. At low momenta, PEPs behave as free quasi-particles with
an effective mass, lifetime, and composition tunable via the periodicity of the
array. By increasing the PEP density through optical pumping, we observe
thermalization and cooling of the strongly coupled PEP band in the light
emission dispersion diagram. For increased pumping, we observe saturation of
the strong coupling and emission in a new weakly coupled band, which again
shows signatures of thermalization and cooling. These results are relevant for
the design of plasmonic systems aimed at reaching the quantum degeneracy
threshold, wherein a single quantum state becomes macroscopically populated.
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4.1 Introduction

Surface plasmons are bosons, and by virtue of bosonic stimulation, transition rates
into a quantum state are enhanced when the final state occupation exceeds unity.
Bosonic stimulation underlies the laser through stimulated emission, and condensation
through stimulated scattering. The former has allowed plasmonics to open a new
era of nanoscopic coherent light sources [149HI53]. In contrast, condensation of surface
plasmons into a single quantum state appears to have never been considered. The reasons
for this are likely manifold: One one hand, propagating surface plasmon polaritons
(SPPs) do not have a cut-off energy — their ground state is at zero frequency, such that
thermalization is not number-conserving and condensation does not occur. On the other
hand, localized surface plasmon resonances (LSPRs) have a flat dispersion, implying
infinite effective mass. Condensation is more easily achieved with low-mass quasi-
particles, as it occurs when the mean thermal wavelength A7 = h/+\/2nmkpT exceeds the
interparticle spacing. Additionally, the requirement for the quasi-particles to thermalize
poses a challenge for plasmonic systems with typical lifetimes < 10 fs.

We propose that a periodic array of metallic nanoparticles covered by organic
molecules in solid-state may overcome the aforementioned limitations. As shown in
Chapter [2} such arrays exhibit surface lattice resonances (SLRs) due to the radiative
coupling between LSPRs and Rayleigh anomalies (RAs) [23]} [74} [76H78, [86]. The narrow
linewidth (few meVs [74]) and tunable dispersion of SLRs [80, 81] enables the excitation
of low-mass polaritons with relatively long lifetimes. These properties are ideal to
achieve strong coupling to excitons in organic molecules. In turn, the relatively fast
rovibrational relaxations of organic molecules may provide a thermalizing pathway for
the emergent polaritons, allowing them to cool, and eventually condense. While strong
coupling between excitons and SPPs has been investigated for propagating modes in
flat [123} (128 [154] and perforated [124} 125} [127] metallic layers, as well as for localized
modes in nanostructures [126)} [I55, 156], the strong coupling of SLRs to excitons was
only recently explored for the first time [129}[157}[158]. The strongly coupled SLR-exciton
quasi-particles we hereby introduce can be considered as low-mass (~ 10~/ times the
electron rest mass) analogues of exciton-polaritons in semiconductor microcavities, for
which condensation has been observed in several groundbreaking experiments [159H161].
We therefore call them plasmon-exciton polaritons (PEPs).

In this Chapter, we discuss the suitability of PEPs in metallic nanoparticle arrays for
quantum condensation. We show that they thermalize, with their effective temperature
approaching the lattice temperature when their density is increased through optical
pumping. In the present system, we observe a saturation of the strong SLR-exciton
coupling before condensation sets in. This leads to a transition from strong to weak
coupling, after which we observe thermalization and cooling of the weakly coupled
SLR mode. While quantum condensation in a plasmonic system remains unreported
at the time of writing, the results in this Chapter lay the foundations for tuning the PEP
properties relevant for its possible realization.
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Figure 4.1: (a) A silver nanorod array on an SiO» substrate covered by a thin SizgNy layer
(gray) and a R6G/PVA layer (orange). An incident laser (green) pumps the R6G exciton
reservoir. (b) Scanning electron microscope image of the imprinted resist layer used
for the fabrication of the nanorod array. (c) Normalized photoluminescence (red) and
absorptance (green) of the R6G layer without the nanorod array. The solid line indicates
the pump energy, while the dashed line indicates the emission energy of the saturated
ground state at the highest pump power.

4.2 Sample and experimental setup

Figure illustrates the sample. A periodic array of silver nanorods was fabricated
onto a fused silica substrate by substrate conformal imprint lithography [100]. A scan-
ning electron micrograph of the imprinted resist layer used for the fabrication is shown
in Fig. b). The rod dimensions are 230 x 70 x 20 nm3, and the lattice constants are
ax =380 nmand a, = 200 nm. A 20 nm layer of Si3N4 on top of the array prevents the silver
from oxidizing. A 300 nm layer of polyvinyl alcohol (PVA)—with Rhodamine 6G (R6G) dye
molecules for the emission experiments—was spin-coated on top. Figure c) shows the
absorptance and the normalized emission of the R6G layer.

We measured the variable angle extinction and photoluminescence (PL) of the sample.
The experimental setups used are the same as in Figs. [2.1(a,b). The measurements were
done using computer-controlled rotation stages with an angular resolution of 0.25°. For
the extinction, we measured the transmittance through the array of a collimated (angular
spread < 0.1°) and linearly polarized light beam from a halogen lamp. The spot size was
500 um. We define the extinction as 1 — Ty, with Ty the zeroth-order transmittance. For
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Figure 4.2: Extinction spectra of the nanorod array covered by a polymer layer (a) without
and (b) with R6G molecules, both in the same color scale. In (a): the dispersive solid lines
indicate the Rayleigh anomalies, while the horizontal solid line indicates the localized
surface plasmon resonance. The dashed lines indicate the surface lattice resonances. In
(b): The solid line indicates the R6G exciton energy, the dashed line is the upper SLR from
(a), and the dotted lines indicate the mixed states (plasmon-exciton polaritons).

the PL measurements, the pump beam was generated by an optical parametric oscillator
with peak energy 2.33 eV, ~200 fs pulses, and 80 MHz repetition rate. The pump beam was
lightly focused (spot size of 130 pm) and impinged with kj = 2.05 rad/pm (10 degrees off
the normal). The emitted light was collected by a fiber-coupled spectrometer preceded
by a polarization analyzer. The pump power was varied with a neutral density filter, and
measured in front of the sample. Both extinction and PL measurements shown in this
Chapter correspond to s-polarized light (y-axis, parallel to the short axis of the nanorods)
with in-plane momentum kj % (parallel to the long axis of the nanorods). All experiments
are performed at room temperature (300 K).

4.3 Extinction spectra

Figure shows two extinction measurements: In Fig. [4.2|@a) the PVA layer has no
R6G molecules, while in Fig. b) R6G molecules were embedded at 23 weight % with
respect to the PVA (R6G number density =~ 3.6-10% um™3). The dispersive extinction bands
in Fig. a) are SLRs associated with the (+£1,0) diffraction orders. These hybrid modes
arise from the coupling between the LSPR (dispersionless solid line) and the (+1,0) RAs
(dispersive solid lines). We calculate the SLR energies (dashed lines) with the following
3 x 3 model Hamiltonian,

EL - i)/L QL+ QL_
Hsir=| Qi+ ER+ —iYR+ Qy , 4.1)
QL_ Qi Ep_ - i']fR_

where the subscripts “L”, “R+", and “R—" stand for LSPR, (+1,0) RA, and (-1,0) RA, respec-
tively. We set E; — iy = (2.5—0.12i) eV for the LSPR, and yg+ = ygr- = 10meV for the RA
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4.3 Extinction spectra

losses. The RA dispersion follows from equation Ery(ky) = f—;lk” + mGy|, where m is

the order of diffraction, G, = 2—” is the x-component of the reciprocal lattice vector, and
Nop = 1.46 is the refractive index. Eg+ (kj) are shown as solid dispersive lines in Fig.a).
Diagonalizing Hsrr yields the complex SLR energies, with real parts plotted as dashed
lines in Fig.[4.2a). The coupling constants Q7 = Q;_ = 184meV and Q, = 105meV are
fitted to reproduce the experimentally observed dispersion. Notice in the measurements
that as | k| decreases, the upper SLR extinction increases (it becomes bright) while the
lower SLR extinction decreases (it becomes dark). This leads to a small gap in the spec-
trum, near 2.15 eV. The bright/dark character of SLRs is due to an even/odd parity of the
electric field at the corresponding energy and momentum of the modes [80]. We refer to
Chapter[2]for further details on the spectral and spatial properties of SLRs.

Figure [4.2b) shows the extinction of the same array but with the R6G molecules em-
bedded in the PVA. The solid line indicates the peak energy of the R6G exciton. The dashed
curve is the upper SLR as shown in[4.2]a). The energies of the hybrid modes — plasmon-
exciton polaritons (PEP)— are calculated in a similar manner as the SLR energies. The
relevant states are now the upper SLR and the R6G exciton. We neglect the lower SLR and
the highest state (~LSPR) in what follows because of they do not cross with the exciton
resonance. With these assumptions, the Hamiltonian is

Ex—iyx Qxs

. . 4.2)
Qxs EsLr—1iYsLr

Hpgp =
Diagonalizing Hpgp yields the PEP energies. For the calculation, we input the complex
upper SLR energies obtained from diagonalizing Hsrr, we set Ex — iyx = (2.27—-0.1i)eV
for the exciton, and the mutual SLR-exciton coupling Qxs = 0.127eV is obtained by fitting
to the experimental data. The eigenenergies of Hpgp (the upper and lower PEP bands) are
indicated by the dotted curves in Fig.[4.2b). At zero SLR-exciton detuning, the upper and
lower PEPs are split by 250 meV, which is roughly 2Qxg as expected.

We have so far assumed Qxg to represent an effective coupling constant between the
ensembles of molecules and SLRs. However, an inhomogeneously broadened distribution
of coupling strengths could be expected based on the various projections of the inho-
mogeneous SLR fields (decaying out of the periodicity plane) on the different positions
and orientations of the molecular dipole moments. Furthermore, the coupling strength
is also expected to depend on the photon energy because the field overlap between the
ensembles of emitters and SLR modes varies as a function of kj (and therefore energy). Yet
another source of inhomogeneity in the coupling arises from the rovibrational manifold
of the molecules. These levels enter into the properties of the collective Dicke state that
forms the excitonic part of the 2 x 2 Hamiltonian Hpgp. Despite all these complications,
initial theoretical results showed that in the case where Hpgp is diagonal (PEPs are the
eigenstates), the broadening does not affect the strength of the splitting and the split states
are not, in general, inhomogeneously broadened [162]!. In this case, the simple 2 x 2
Hamiltonian framework we employ is faithful to the physics and therefore well justified.

1 Actually, Ref. [162] focused on exciton-polaritons in inorganic semiconductor microcavities. However, the
form of the Hamiltonian is identical, so the fundamental result holds for PEPs as it holds to exciton-polaritons.
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Figure 4.3: Eigenstate fractions for the lower plasmon-exciton polariton band in Fig.b)
as a function of the incident wave vector. The black line represents the exciton fraction
|x|2, and the grey line represents the SLR fraction |s|2.

However, it is important to keep in mind the assumptions in place and ponder upon the
limits of their validity. For example, recent theoretical work has shown that the coherence
properties of polaritonic peaks depend crucially on the shape of the inhomogeneously
broadend distribution (e.g. Gaussian or not), and not only on its width [163]. Such an
analysis is beyond the scope of this thesis, and we refer to Refs.[128 162} [163] for further
theoretical considerations.

Focusing once more in the measurements in Fig.[4.2|(b), we observe that the extinction
of the upper PEP band is smeared out. This is likely due to the increased SLR linewidth
at higher energies, which is due to the smaller detuning between the RA and the LSPR
(the most lossy of all the eigenstates). Possibly, another mode [see near 2.4 eV at k) =0in
Fig.[4.2b)] also has an influence on this linewidth broadening. However, the properties of
the upper PEP are mostly irrelevant for what follows. We focus on the lower PEP because
the emission from the upper PEP is negligible.

In the low momentum regime, lower PEPs behave as free quasi-particles with a
parabolic-like dispersion [I58]. Their effective mass is therefore m,, = 1*/(0°E/0k}).
From the measurements in Fig. |4.2(b), we find m,, ~ 2.0-107 kg, which makes PEPs
10'° - 10'2 times lighter than atoms [I64, [165], and ~ 100 times lighter than exciton-
polaritons [166]. Our system operates at room temperature (~ 300 k), and the effective
polariton temperatures (shown ahead) are on the order of 1000 K. Compared to atomic
BECs these temperatures are about 108 — 10!! times higher [164} 165], while compared to
GaAs and CdTe exciton-polariton systems they are 100 times higher [166]. Therefore, the
mass-to-temperature ratio is similar for all these systems.

The PEP effective mass is determined by the relative weights of the bare states in the
admixture. The PEP eigenstates can be expressed as |g<)(k”)> = x(kp) 1 X + s(ky) |S), where
|X) and |S) are the exciton and SLR components of the PEPs, respectively. The coeffi-
cients in the expansion of light-matter quasi-particles are known as the Hopfield coeffi-
cients [166], honoring J.J. Hopfield, who: i) showed that excitons are approximate bosons
(a key element enabling Bose condensates in excitonic systems), and ii) introduced the
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term “polariton” to describe the exciton-photon admixture [167]. Here, the Hopfield coef-
ficients are the components of the eigenvector associated with the PEP’s eigenenergy. The
magnitude squared of the Hopfield coefficients yields the eigenstate fractions of the ad-
mixture. These fractions depend on kj because the exciton-SLR detuning depends on k.
At zero SLR-exciton detuning, PEPs are half-SLR half-exciton quasi-particles. For variable
ky, Figure[4.3|shows the eigenstate fractions corresponding to the lower PEP in Fig. [4.2|b).
The black line is the exciton fraction |x(k)) |2, while the gray line is the SLR fraction |s(kj) 12.
Conversely, for the upper PEP the black line is | s(kj) |2 and the gray line is Ix(k“)lz. For the
lower PEP at k; = 0, we find |x(0)|? = 0.3 and [s(0)|* = 0.7. Thus, despite the large SLR-
exciton detuning (—118 meV), the ground-state exciton fraction is not negligible.

The properties of the PEP ground state, e.g. effective mass and lifetime, can be con-
trolled via the detuning of the bare SLR-exciton states. In Ref. [158] we demonstrated this
control by varying the lattice constant a, of the nanorod array. We measured the extinction
spectra of nanorod arrays with a, = 350 nm, a, = 360 nm, and a, = 370 nm, and otherwise
identical dimensions to those in Fig. For these three additional measurements, the
concentration of R6G molecules was increased to 30 weight % with respect to PVA in order
to increase the lower PEP ground-state exciton fraction. This is expected to increased
the thermalization strength because both vibrational relaxation and inelastic PEP-PEP
scattering are expected to increase for increased molecular concentration and/or exciton
fraction. Furthermore, since the Rabi frequency scales with the square root of the concen-
tration of molecules, the increased molecular concentration resulted in a larger splittings
(180 — 190 meV for the three arrays) and a flatter dispersion. The angular resolution of
these measurements was increased to 0.1 degrees to better resolve the dispersive features.

In Fig. [4.4)we analyze the dispersion and linewidth of the lower PEP bands observed
in the three samples with increased concentration as discussed above. The lower PEP
lineshape measured at each wave-vector was approximated as a Lorentzian resonance,
which we fit by a nonlinear least-squares method to the measurements. Figure [4.4{a)
shows an example of such fitting at k; = 0 to the lower PEP resonance of the three arrays.
The data points are the measurements, and the solid lines are the Lorentzian fits. The fits
cover a limited energy range only (same range for all kj, different for each array) to exclude
the influence of other resonances at kj # 0. We extract the central energy and full width at
half maximum (FWHM = 2y with y the damping) of the fitted Lorentzians as a function of
kj, and we plot these in Fig.[4.4[b) and Fig.[4.4c), respectively. In Figs.[4.4(a)-(c), the blue
squares correspond to the a, = 350 nm array, the gray circles to the a, = 360 nm array, and
the red triangles to the a, = 370 nm array. The error bars in the central energy and FWHM
represent a 20 (95%) confidence interval in the fits.

The PEP effective masses are retrieved from the dispersion relations in the low mo-
mentum regime, as shown in Fig. (b). The black lines are fits of a quadratic function to
the PEP dispersion. The good agreement between the fits and experimental data for the
3 arrays confirms that PEPs behave as free quasi-particles, with an effective mass m* =
#*(9*E/10kD)~". This yields m* =5.4+0.3 x 10737 kg for a, =350 nm, m* =3.1+0.1x 10~
kg for a, = 360 nm, and m* = 2.6+ 0.1 x 10737 kg for a, = 370 nm. The uncertainty in
the mass represents a 20 (95%) confidence interval in the quadratic fits to the dispersion
relation in the plotted range. We attribute the observed changes in effective mass to the
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Figure 4.4: (a) Extinction spectra at kj = 0, (b) dispersion relations, and (c) full width at
half maximum (FWHM), of the lower plasmon-exciton polariton in nanorod arrays with
varying lattice constant ay. The blue squares, grey circles, and red triangles in all figures
correspond to the arrays with ay = 350 nm, ay = 360 nm, and ay = 370 nm, respectively.
The error bars in (b) and (c) [smaller than the data points in (b)] represent a 20 confidence
interval in fitting the measured resonance with a Lorentzian lineshape at each kj. An
example of such fitting procedure is shown in (a), where the fitted Lorentzians are shown
as solid black lines. The dashed black lines in (b) are quadratic fits used to retrieve the
plasmon-exciton polariton effective mass.

variable composition of PEPs. As the bare SLR ground state is increasingly detuned from
the bare exciton state, the lower PEP effective mass is reduced. Indeed, in Fig. b) it is
shown that for increasing a, the curvature of the lower PEP band increases, implying a
reduced effective mass. In Ref. it is shown that in parallel to this trend, the lower PEP
ground-state exciton fraction decreases from |x(0)| = 0.47 for a, = 350 nm to |x(0)| = 0.37
for a, =370 nm.

Next, we analyze in in Fig. c) the FWHM of the PEPs. It is clear that both a, and
ky affect the FWHM. The dependence of the PEP FWHM on a, can be traced to the de-
pendence of the SLR FWHM on the LSPR-RA detuning, as discussed in Chapter[2] For
increasing a, and otherwise fixed dimensions, the LSPR-RA detuning at k; = 0 increases.
Within the framework of the Hamiltonian model employed in this section (i.e. Hgrg), this
means that the LSPR fraction at kj = 0 is reduced. Since the LSPR is the mostlossy amongst
the underlying SLR constituents, a reduced LSPR fraction implies a reduced SLR FWHM.
In turn, a reduced SLR FWHM grants the PEP it composes a reduced FWHM. The PEP
FWHM has a secondary dependence on kj, which is also based on the properties of the
underlying SLR. For small k|, the mutual coupling between upper and lower SLRs modifies
their linewidth and dispersion [80]. Standing waves are formed in the upper SLR band, and
the balance between radiative and non-radiative losses varies pronouncedly in a narrow kj
range [96]. This is origin of the k -dependent FWHM of PEPs observed in Fig.[4.4{c). While
Ohmic losses set a lower limit on the FWHM, we envisage that by fine tuning the geometry
of the nanorods and the periodicity of the array, radiative losses can be minimized even
further to yield PEPs with narrower linewidths and non-vanishing excitonic content.

The results in this section demonstrate the opportunities and challenges that
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plasmon-exciton polaritons may face in their way towards quantum condensation. For
increasingly negative SLR-exciton detuning (larger lattice constant in the configuration
here used), the effective PEP mass is reduced and this is beneficial for increasing the
critical temperature required for condensation. However, it should be noted that the
ground-state of such an admixture has a reduced plasmonic and excitonic content.
Another important parameter is the FWHM of the resonance, which also decreases for
increasingly negative SLR-exciton detuning as shown in Fig. [4.4[c). The lifetime of the
excitations (the inversely of the FWHM if inhomogeneous broadening is neglected) is a
key element to consider in the pursuit of a quantum condensate, as it will influence the
dynamics (e.g. equilibrium vs non-equilibrium) of the system. In summary, we reckon
the simultaneous decrease in linewidth and plasmonic content as a manifestation of the
well-known trade-off between localization and losses in plasmonic systems.

We finalize this section with a few words of caution regarding the theoretical models
we have used to interpret our data. Many of our observations have been qualitatively
explained through simple Hamiltonian models. For example, the linewidth and dispersion
of the mixed states (PEPs) are roughly the average of the bare states (SLR and exciton)
weighted by the factors Ix(ku)l2 and Is(k||)|2. However, our interpretation of these quanti-
ties as eigenstate fractions relies on a closure relation (|x|2 +|s|? = 1), which does not hold
in general for a non-Hermitian Hamiltonian. We have departed from Hermiticity by incor-
porating complex energies (lossy states), such that |x|*> + |s|> # 1. Thus, strictly speaking,
the meaning of |x|? and |s|? as eigenstate fractions is lost due to the incompleteness of the
spectrum. Nevertheless, when the real parts of the eigenenergies are much greater than
the corresponding imaginary parts, |x|2+|s|2 ~1and a qualitative interpretation still holds.
This can be verified in Figure and Ref. [158], where non-Hermitian Hamiltonians were
used and |x|? + [s|*> = 1. For a more rigorous description of these effects — including
generalized closure relations and the phenomenon of self-orthogonality in non-Hermitian
Hamiltonians —,we refer to Moiseyev [168].

4.4 Emission spectra

In Fig.[4.5(@) we present a series of emission measurements obtained by increasingly
pumping the sample (as described in section from the measurements in Fig. [4.2(b).
Figure[4.5{a) shows the forward (k = 0) emission spectrum as a function of the pump irra-
diance. The peak at ~2.08 eV, which dominates the spectrum below a critical irradiance of
P, ~ 60 W/cm?, is the emission from the lower PEP. The shoulder at 2.065 eV is attributed to
the lower SLR, which is dark at kj = 0 but appears in the spectrum due to the finite angular
resolution of the experiment. As pumping increases, the lower PEP peak blue-shifts and
broadens. Above P, a new peak emerges at ~2.15 eV, and at ~ 2P, its emission exceeds
the lower PEP emission. As we explain next, we attribute the shift of the coupled states
towards the uncoupled states to saturation of the exciton-SLR coupling with increasing
density of excitations. Saturation phenomena have been observed in different plasmonic-
excitonic systems as a diminished normal mode splitting in the frequency-domain, and as
areduced Rabi frequency in the time-domain [169} 170].

75



4 Surface lattice resonances coupled to molecular excitons

20

P (W/em?)
214

(a) (b)

15

Emission ( 10° counts/s)

205 21 215 22 205 21 215 22
Photon Energy (eV) Photon Energy (eV)

Figure 4.5: Light emission of the sample in Fig. |4.1| collected at kj = 0, (a) for different
experimental input power densities encoded in color, and (b) predictions by a model
based on local saturation of the SLR-exciton coupling strength (see text for details).

Saturation of the exciton-SLR coupling alone leads to a smooth blue-shift of the emis-
sion peak from the PEP energy towards the bare SLR energy. Instead, we observe the coex-
istence of two emission bands with relative amplitudes depending on the pump power. In
the following, we explain this phenomenon through a phenomenological model describ-
ing how the spatiotemporal profile of the excitation density influences the eigenstates of
the Hamiltonian. We focus on the emission from the lower eigenstate of the 2 x 2 Hamil-
tonian Hpgpp (equation, from which the PEP dispersion in Fig.b) was calculated.

We start by departing from the assumption that the exciton-SLR coupling Qxs is a
constant. Instead, based on earlier works on exciton-polariton [171} [172], we consider
that Qxg saturates as a function of the excitation density n as follows:

Qxs,0

VI+ning:

Here, Qxs o is the unsaturated coupling strength, and ngy; is the saturation density. Fur-
thermore, we consider that the density of excitations, n, varies spatially and temporally.
Since the excitation spot (~ 130u) is much greater than the propagation length of the PEPs
(on the order of 10um [79,[85]), the spatial variation of the excitation density follows the
profile of the pump beam, which is gaussian. In time, the excitations decay much faster
than the repetition rate of the laser, which gives a pulse every 12.5 ns. Therefore, the
spatiotemporal profile of the excitations is

Qxs(n) = 4.3)

27,2
n(r, 1) < Pmaxe " ot (4.4)

where r = /x2 + y2 is the distance from the beam center in the plane of the array,
and rg and fy are the spot size and excitation lifetime. Here we have assumed a constant
density of excitations along the optical axis. Then, since the PEP lineshape is approx-
imately Lorentzian (see previous section), we model the emission spectrum from each
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point in space with a Lorentzian function centered around the local PEP energy. Further-
more, based on the input power dependence of the total emission spectrum (Fig. [4.6),
we deduced the emission intensity is proportional to n(r, t) + av/n(r, t), where the sublin-
ear square-root term is likely due to bimolecular quenching [173]. Therefore, the output
power is

(n(r, 0 +avn(r, D)y

Pout(E, 1, 1) o< )
out (E— Epgpln(r, 1) +y?

4.5)

where y is the emission linewidth, which in principle could also depend on the local
density of PEPs. As the change of y when going from the fully coupled PEP to the bare
SLR is expected to be small, it is chosen constant here for simplicity. This constant value
is obtained from the experiments at low pumping. The total emission spectrum is then
given by the integral of{4.5|over space and time:

Tout(E) Zﬂffrpom(E, r,t)dtdr, (4.6)
00

where we have exploited the radial symmetry of the integrand. Note that the final result
does not depend on ry or fy apart from a global scaling. In the following, we do not fix the
proportionality factor between input power and n(r, t), but instead set ng,¢ and « in units
where n(r, t) is given in W/ cm?, and set Ppay to the total input irradiance. Finally, we add
the contribution from the molecules which are a priori uncoupled to the SLR mode. The
uncoupled molecules decay directly into free-space photons, and their spectrum therefore
follows the bare R6G emission lineshape.

The results from the above model are presented in Fig. [4.5(b). The parameter val-
ues used for the calculations are y = 16 meV, ngy = 5W/cm?, a = 25(W/cm?)1/2, Esip =
2.162eV, and Qxs o = 0.123eV. A good agreement between experiments and theory is ob-
served. We note that Es; g and Qxs are slightly different from the values used to reproduce
the extinction measurements, due to the differences between emission and extinction
described in earlier chapters.

At zero detuning, strong coupling occurs when the energy exchange rate Qxs is larger
than the decay rates yx and ys of the exciton and SLR, respectively. Although a formal
distinction is less clear for non-zero detuning, as in the present case, the two extreme
cases can be readily identified: Small n leads to strong coupling (Qxs > yx,ys), while
n > ngy leads to weak coupling (Qxs < vx,Ys). From the model, it follows that the
low-energy emission peak stems from regions with low density where the emission from
the strongly coupled PEPs dominates. For increased pumping the lower PEP emission
saturates, and a new peak emerges at higher energies. The high-energy peak stems from
regions with high density where the emission from the weakly coupled SLR dominates.
Notice that both peaks blue-shift towards the bare SLR state, and the high-energy peak
closely approaches it. The intermediate spatial regions form a continuum of populations
with different coupling strengths that are not resolved as isolated peaks. This continuum
effectively broadens the peaks associated with the two extrema.
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Figure 4.6: (a) The grey circles are the measured light emission intensity of the sample
in Fig. at kj =0 for P = 141 W/cm?. This is fitted (black solid line) with the sum
of two Lorentzians (red solid line and blue dash-dotted line) and the background R6G
emission (green dashed line). (b) Emission for the different states as a function of the
pump irradiance. The red triangles correspond to the lower plasmon-exciton polariton
which saturates. The blue circles correspond to the upper band approaching the bare SLR
state. The grey squares are the total output power obtained by combining the previous two
and the background R6G emission. The black line is a fit to the experimental data, with
linear and square root terms as described in the text.

Next, we quantify the relative contributions from the strongly coupled PEPs and weakly
coupled SLRs at kj = 0 for different pump powers. The emission spectrum at k; = 0 can
be well fitted with the sum of two Lorentzians and the background R6G emission. The
two Lorentzian peaks correspond to the strongly and weakly coupled extrema discussed
above. Their lineshapes are thus not expected to be purely Lorentzian, but include inho-
mogeneous broadening. For simplicity, we use Lorentzian lineshapes in the following. The
background R6G emission stems from the fraction of excited molecules that decay directly
into free-space photons. In other words, the § factor (as known in the laser literature),
which quantifies the spontaneous emission fraction into the cavity mode, is less than
unity. Figurea) shows one such fit for the case P = 141 W/cm?. Therein, the grey circles
are the measured intensity, while the black solid line is obtained by summing the two
Lorentzians (red solid line and blue dash-dotted line) and the background R6G emission
(green dashed line). The good agreement between the data and the fit partially validates
the choice of pure Lorentzians. Similar fits were performed for the different pump powers.
From the area under the fitted Lorentzians, we calculated the emitted power by each of the
bands as a function of the pump irradiance. This is shown in Fig. [4.6(b), where the blue
circles correspond to the high-energy (SLR-like) peak, the red triangles correspond to the
low-energy (PEP-like) peak, and the grey squares are the total emitted power. The black
solid line is a fit of the total emitted intensity I,,; to a function of the form I,,; & I;, +
a/Tiy, with I;;, the pump irradiance and « a fit parameter. The good agreement between
the fit and the data validates the form of the Lorentzian pre-factor used in equation[4.5]to
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Figure 4.7: (a-h) Variable angle light emission of the sample in Fig.for increasing pump
irradiance P (in units of W/ cmz). The colorbar pertains to all spectra, with the maximum
intensity Iy indicated in 103 counts/s. The dashed and dotted lines are the SLR and PEP
energies.

model the intensity-dependent density of excitations n, i.e. n(r, t) + av/n(r, t). The weakly
coupled SLR peak (blue triangles in Fig. displays a clear threshold as function of the
pump power. According to our model, this threshold corresponds to the emergence of a
saturated population from the background emission. The emergence of this peak is not
only dictated by the pump irradiance and the saturation density 4, but also by the f
factor of the mode. The latter is embedded in our model via the relative amplitude of the
background R6G emission with respect to the two Lorentzian peaks.

We now study the dispersion of the observed bands through their angle-dependent
emission intensity, shown in Figures [4.7|(a)-(h) for several pump powers. These are the
same measurements as in Fig.[4.5} but now for variable angles. Even for the lowest pump-
ing, we find that the lower PEP band is slightly blue-shifted compared to the extinction
measurements. It is also flatter, corresponding to a slightly higher effective mass of = 2.6 -
10‘37kg (extracted from the curvature of the band at k; = 0). We attribute these differences
between extinction and emission spectra to the shift of the near-field with respect to the
far-field. Extinction stems from the interference between direct and scattered radiation,
while emission does not contain a direct part. This leads to a shift of the peak emission
energy, which can also affect the extracted effective mass if it is angle-dependent.

Next, we discuss the thermalization behavior. Condensation as a thermodynamic
phase transition requires the system to approach thermal equilibrium, which constrains
the ratio of thermalization to decay time. For inorganic exciton-polaritons, both of
these times can be 1 —10ps, and consequently both equilibrium and non-equlibrium
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condensation have been observed [160, 161} 166} [174H178]. For the present system, we
estimate a PEP lifetime of at least ~ 17fs from the inverse linewidth of the associated
emission peak. However, the lifetime could be much longer if the linewidth is broadened
inhomogeneously. Vibrational relaxation of R6G, and thus PEP-phonon scattering,
occurs on a scale of ~100fs [179], while PEP-PEP scattering rates are currently unknown.
Therefore, equilibrium dynamics seem unlikely in our case. As we show next, we
nevertheless observe thermalization and cooling for increased pumping, possibly due
to more efficient PEP-PEP scattering, increased phonon emission at high density, or
a longer polariton lifetime. The latter possibility appears particularly relevant in light
of recent results by Schwartz et. al. [180], who have shown that the lower polariton is
intrinsically long-lived. The system studied in Ref. [I80] comprises organic molecules
at room-temperature strongly coupled to a photonic mode between two metal mirrors,
thereby making it much closer conceptually to our system than the low-temperature
inorganic systems traditionally used in exciton-polariton research.

Figures [4.7((a)-(d) display a greater emission from the strongly coupled band at low
pumping, while Figs.[4.7(e)-(h) display a greater emission from the weakly coupled band
at high pumping. We study this in detail by analyzing the occupation n,. as a function
of the emitted photon energy, shown in Fig. [4.8(a) for the strongly coupled band and in
Fig.[4.8[c) for the weakly coupled band. The occupation is extracted from the emission
intensity I(k;) along the corresponding band, integrated over a fixed bandwidth of 40
meV. We take into account that PEPs are composite quasi-particles and only their photonic
component leaks out of the open system. Thus, as in exciton-polariton systems [172} 181],
we correct for the SLR fraction |s(k;)|?, giving noc o< I(ky)/|s(k;)|?. Here we have assumed
that SLRs mainly decay radiatively due to their large Rayleigh anomaly fraction and the
predominantly radiative decay of LSPRs. The gray lines in Fig.[4.8](a) and Fig.[4.8|(c) are fits
of the occupation to a Maxwell-Boltzmann distribution n,, < exp[(—E — Ep)/ kpTe], from
which we extract the effective temperature Teg. This is shown as a function of the pump
irradiance in Fig.[4.8(b) and Fig.[4.8|d) for the strongly and weakly coupled band, respec-
tively. The error bars represent a 20 (= 95%) confidence interval, and stem mostly from
a small asymmetry of n,, for positive and negative kj. This asymmetry is possibly due to
angle-dependent variations in collection efficiency and intensity fluctuations during the
measurements.

The effective temperature of the lower PEPs displays an initial decrease, but remains
warmer than the lattice. This observation, which is similar to early works on exciton-
polariton condensates [159} [161], indicates that the system approaches but does not fully
reach thermal equilibrium with the heat bath (the molecule phonons). In addition, we
observe in Fig. [4.8b) that for increased pumping the ground state (Ey) occupation in-
creases slightly above the Maxwell-Boltzmann fit. This could be an indication that the
bosonic statistics of the PEPs are becoming relevant, implying that condensation is being
approached, although not reached. Consequently, the ground state occupation remains
lower than in exciton-polariton condensates [160} [161]. As the power increases and sat-
uration is approached, Tes increases again, although the experimental uncertainty from
the fits also increases. This increased uncertainty implies a stronger deviation of the n,
from a thermal distribution near the strong-to-weak coupling transition. Therefore, while
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Figure 4.8: Normalized occupation of the (a) lower (PEP) band below saturation and
(b) upper (SLR) band above saturation. Data points of different colors correspond to
measurements at different pump powers. The two groups of points for each power
correspond to the occupation for +kj, i.e. the data is slightly asymmetric. The solid gray
lines are Maxwell-Boltzmann fits. The color corresponding to each pump power can be
inferred from (b) and (d), which show effective temperatures retrieved from the fits in (a)
and (c), respectively.

cooling of PEPs is observed, saturation of the SLR-exciton coupling sets in before con-
densation is reached, and the new band with weaker coupling emerges and blue-shifts
towards the bare SLR state. The effective temperatures in this new band [Fig. d)] are
higher than in the PEP band. Nevertheless, T decreases monotonically as pumping
increases. This cooling implies that condensation of bare SLRs could be within reach,
analogous to the condensation of cavity photons observed by Klaers et al. in a dye-filled
optical microcavity [182]. In our samples, further pumping was not possible because the
molecules bleached.

4.5 Experimental details

In this section we provide further experimental details that may not be necessary to
understand the physics, but may have technical value for others wishing to reproduce our
results.

4.5.1 Excited molecule density

Here we estimate the fraction of excited R6G molecules by each laser pulse. The pump
laser has a photon energy Epump = 2.33eV and a repetition rate f = 80 MHz, corresponding
to a pulse every 12.5ns. As the longest lifetime of any excitation in the system (in the ps
range) is orders of magnitude shorter than the repetition rate, all excitations decay before
the next pulse arrives. For the highest average pump irradiance, Ppyax = 214W/cm?, the
2D photon density per pump pulse is ppump = Pmax/ (f Epump) = 7.25+ 10* um=2.

The R6G molecules are embedded in the PVA layer at 23 weight %, corresponding
to a density of 0.29g/cm®, and a number density of ngeg = 3.6- 108 um™3. The thick-
ness of the layer is fpya = 300nm, giving a 2D density of npegtpva = 1.1-10% um=2. The
absorption cross section of R6G at Epump and at high concentration is on the order of
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4 Surface lattice resonances coupled to molecular excitons

o =~ 2-1078 um? [183]. This gives an optical density of OD = o nreg tpva = 2.2, and a cor-
responding absorptance of A =1 —exp(—OD) = 0.89. This agrees reasonably well with the
measured absorptance of the bare layer [Figure [4.1)c)]. Thus, almost all photons of the
incoming pulse are absorbed. The 2D excitation density is then Appymp ~ 6.5+ 10* um=2,
which means that the fraction of excited molecules is about 5.9-107%.

4.5.2 Time scales and experimental limitations

An important experimental parameter in the PL measurements is the time duration
of the pump pulse (~ 200 fs). The pulse duration was roughly a factor of 2 higher than
the expected vibrational relaxation time scale of the organic molecules, which poses a
challenge for an equilibrium state to be established. The unlikelihood of an equilibrium
state with a true temperature in the usual sense is already manifest in the high effective
temperatures reported in Fig The fact that these effective temperatures are much
higher than the lattice temperature indicates that while plasmon-exciton polaritons may
achieve local self-equilibrium amongst themselves through inelastic scattering, they re-
main out of equilibrium with their surroundings. However, the relatively short pulse du-
ration was chosen for a reason: A shorter pulse yields higher peak powers compared to
continuous-wave or long-pulse lasers with equal average power. The high peak power
leads to a high density of excitations, while the removal of the pump power shortly after (at
the end of the pulse) assists in heat dissipation. Thus, greater “instantaneous” densities —
which are essential for the main results of this Chapter— can be created before reaching
the damage threshold of the molecules. In fact, this damage threshold (an irreversible
photobleaching) prevented us from using higher pump powers in the PL experiments.
As the system dynamics depend sensitively on the excitation source, we expect future
experiments using different sources to reveal novel phenomena, and to further clarify the
influence of the pulse duration on the thermalization dynamics.

4.6 Conclusions

In conclusion, we have presented experimental indications of thermalization and
cooling of quasi-particles in an array of silver nanoparticles covered by organic molecules.
This array supports surface lattice resonances, which form plasmon-exciton polaritons
(PEPs) through strong coupling to molecular excitons. In view of the low PEP mass,
which is furthermore tunable via the surface lattice resonance dispersion, we believe
that plasmonics holds great promise for solid-state studies of macroscopic quantum
many-body physics at and above room-temperature. While the short lifetimes typically
characterizing SPPs make thermodynamic equilibrium challenging, we envisage these
results to open a new avenue for studying non-equilibrium quantum dynamics. We
also point out that while the results in this Chapter were under review, SLR lasing
was demonstrated by Zhou and co-workers [91], and shortly after, organic polariton
condensates in dielectric microcavities were demonstrated [184}[185].
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CHAPTER 5

LOCALIZED SURFACE PLASMONS
COUPLED TO DIFFRACTED ORDERS
IN MAGNETOELECTRIC
NANOPYRAMID ARRAYS:
FORWARD-BACKWARD LIGHT
EMISSION SYMMETRY BREAKING

We propose aluminum nanopyramids (ANPs) as magnetoelectric optical anten-
nas to tailor the forward versus backward luminescence spectrum. We present
light extinction and emission experiments for an ANP array wherein magneto-
electric localized resonances couple to in-plane diffracted orders. This coupling
leads to spectrally sharp collective resonances. Luminescent molecules drive
both localized and collective resonances, and we experimentally demonstrate an
unconventional forward versus backward light emission spectrum. Full-wave
simulations show that localized and delocalized magnetic surface waves, with
an excitation strength depending on the plane wave direction, direct the forward
versus backward emitted intensity.
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5 Forward-backward light emission symmetry breaking

5.1 Introduction

In a celebrated paper, Pendry and co-workers laid the theoretical foundations for en-
hancing magnetism at optical frequencies with metals [186]. When subwavelength fea-
tures are imprinted on metals, magnetism emerges from the coupled capacitive and in-
ductive response to the incident radiation. This principle has guided great advances in the
field of metamaterials: artificial structures possessing properties absent in natural mate-
rials. Initial interest in metamaterials focused on their effective medium properties (ho-
mogenization) [187], aimed at the realization of non-trivial phenomena such as negative
refraction [188H190], subwavelength resolution [I91H193], and cloaking [135} 194} 195].
Recently, interest has extended towards understanding the electric, magnetic, and mag-
netoelectric response of the constituent resonators [I96H202]. Such understanding has
important connections to the field of optical antennas, where the constituent metamate-
rial (leaky) resonators are employed to interface plane waves with near-field sources [38].
Thus, for metamaterials as for optical antennas, nanostructured resonators with an en-
hanced magnetic response are pivotal for achieving full control of electromagnetic waves.
Among the many possibilities enabled by this control, an effect that has attracted increas-
ing interest is the modification of forward and backward scattering in anomalous ways.
This occurs for dielectric nanoparticles when their electric and magnetic moments are
comparable in magnitude, at the so-called Kerker condition [60} 203H206]. Unbalanced
forward and backward scattering from passive structures has inspired several studies re-
visiting fundamental concepts in electromagnetism (e.g. the optical theorem [207]), and
predicting intriguing effects such as cloaked sensors [135] and nanoscale control of elec-
tromagnetic hotspots [117]. However, the possibility to unbalance the forward to back-
ward emission ratio from planar near-field sources (e.g. thin luminescent layers) remains
unexplored. Interestingly, since planar structures are nearly always designed to emit into
the “forward” rather than backward direction (the latter resulting in losses), controlling
this directional emission represents an important functionality that magnetoelectric opti-
cal antennas may address.

In this Chapter we demonstrate strong spectral modifications in the forward versus
backward emission from a thin polymer layer doped with luminescent molecules cou-
pled to magnetoelectric metallic nanostructures. We investigate aluminum nanopyramids
(ANPs) sustaining localized and collective resonances in spectral overlap with the lumi-
nescent molecules. Collective resonances arise in periodic arrays of metallic nanoparti-
cles when Rayleigh anomalies (RAs) couple to localized surface plasmons. This coupling
leads to hybrid plasmonic-photonic resonances known as surface lattice resonances, the
physics of which we discussed in Chapter[2] Previously, we showed that SLRs (Chapter[2)
and waveguide-plasmon polaritons (Chapter[3) in arrays of shallow antennas with a dom-
inant electric dipole moment are sufficient for achieving light emission directivity gains
within a certain half-space of the array. In contrast, unbalancing the emitted intensity
into the two half-spaces surrounding the array requires a structural asymmetry and/or the
interference of multiple electromagnetic moments. Here we present experiments for a lat-
tice of asymmetric resonators with enhanced magnetic, magnetoelectric, and quadrupo-
lar response, demonstrating an unconventional forward versus backward luminescence
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enhancement. Through full-wave simulations we link these effects to the directional exci-
tation strength of localized and delocalized magnetic surface waves in the array. While in
this chapter we investigate a structure within a stratified medium (the array is covered by
a thin luminescent layer), supporting calculations in Appendix[A]confirm that the physics
we discuss remains even when the bare resonators are embedded in free space. Thus,
unbalanced forward-backward light-emitting optical antennas could be integrated with a
broad class of photonic building blocks in various environments. A clear application of
the physics we discuss relates to light-emitting devices (LEDs), whose external quantum
efficiency is typically degraded by absorption of the backwards emission into the device.
As we will see, magnetoelectric nanoantennas can minimize this backwards emission. In
turn, this effect may pave the way for a new generation of high-efficiency nanoantenna-
enhanced LEDs free from lossy secondary optics used to partially recover the backwards
emitted light.

5.2 Experiments

For the experiments, we fabricated an aluminum nanopyramid (ANP) array onto a
fused silica substrate by substrate conformal imprint lithography [100]. We choose alu-
minum to operate in the visible spectrum. Its relatively high plasma frequency with re-
spect to gold and silver renders blue-shifted resonances in structures with equal dimen-
sions. The fabrication began by ultra- and mega-sonically cleaning the silica substrates
with ozonated water, and drying with a nitrogen flow. Next, 150 nm of aluminum was
sputtered on the silica substrate. A UV assisted curable silica sol-gel layer was spin-coated
next in order to structure the aluminum layer. A pattern of pillars was then imprinted on
this layer using a X-PDMS/soft-PDMS/thin glass stamp by means of the substrate confor-
mal imprint lithography technology [100]. After curing the sol-gel for 5 minutes, the stamp
was removed and a silica pattern of pillars remained. A residual layer of silicon oxide sol-
gel was removed by a CF4/Nj reactive ion etching to expose the aluminum between the
sol-gel pillars. Subsequently and without breaking vacuum, chlorine based etching with
passivation from nitrogen and methane was used to etch the aluminum. The etching leads
to aluminum structures tapered at a rate controlled by the ratio of chlorine to nitrogen
and methane. Finally, samples were cleaned with an oxygen plasma to remove reactive
species from the surface. The aluminum nanopyramids (ANPs) studied here have a height
h =150+ 10 nm, base length b = 150 + 10 nm, and top length ¢ = 70 + 10 nm. The lattice
is squared with a constant a = 400 nm. The inset in Fig. [5.1{a) displays an inclined-
view scanning electron micrograph of the array. On top of the array we spin-coated a
250 nm layer of polystyrene doped with the organic dye Lumogen F305 at 1 weight %
concentration, in order to probe the emission enhancement from this array.

Figure 5.1a) shows the zeroth-order extinction spectrum, given by 1 — T with Tj the
zeroth-order transmittance. A collimated beam from a halogen lamp impinges at normal
incidence, and the detector is a fiber-coupled spectrometer in the far-field. The incident
polarization is parallel to either of the two equivalent orthogonal lattice vectors. As ex-
pected based on Lorentz reciprocity, and demonstrated by the overlapping black and gray
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Figure 5.1: (a) Measured extinction, and (b) photoluminescence enhancement (PLE)
towards the top (black line) and bottom (gray line) of the pyramids. The inset in
(a) displays a scanning electron micrograph of the fabricated structures prior to the
deposition of the luminescent layer. The dashed line in (b) indicates the Rayleigh anomaly.

lines in Fig. [5.1a), the extinction is identical when the sample is illuminated from the
top (black line) or from the base of the ANPs (gray line). The broad peak near 650 nm in
Fig. (a) is a localized surface plasmon resonance (LSPR) in the individual ANPs. The
dip near 600 nm is attributed to the degenerate (+1,0) and (0, +1) RAs. The dashed black
line indicates the RA condition, calculated for a refractive index of n = 1.5, intermediate to
the index of the substrate (n = 1.45) and of the polystyrene layer (n = 1.58). The diffracted
wave acquires an intermediate effective refractive index because its energy is divided be-
tween two media [86]. The narrow extinction peak at 584 nm is a SLR associated with the
LSPR-RA coupling. The dye-doped polystyrene layer is sufficiently thin to only support
one resonance near the diffraction edge, because the fundamental guided mode is close
to cut-off. The association of the resonance peak in Fig. [5.1fa) with a SLR is confirmed
by complementary measurements (not shown) indicating that for even thinner layers,
where the fundamental guided mode is definitely cut-off, this resonance remains in the
spectrum. For thicker layers a new resonance emerges due to the fundamental guided
mode.

Next, we optically pump the sample and measure the emission towards the top and
bottom of the ANPs. The pump is a 442 nm laser with a power far below saturation,
impinging from above at 8;,, = 5° from the normal. The detector is a fiber coupled spec-
trometer with NA = 4 x 1073, In correspondence to extinction measurements, we set a
polarization analyzer in the collection path to only detect light polarized along one of the
two equivalent lattice vectors, and approximately parallel (with a 5° offset) to the polar-
ization axis of the pump laser. In Fig.[5.1b) we plot the photoluminescence enhancement
(PLE), given by the ratio of the emission from the dye layer with and without the ANPs.
In both directions the PLE peaks at the LSPR and SLR wavelengths, but the magnitudes
of these peaks are different. This unbalanced forward-backward light emission can be
regarded as an emission counterpart of the Kerker condition in arrays of ANPs. Our find-
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Figure 5.2: Extinction spectra obtained from full-wave simulations when the aluminum
nanopyramid array is illuminated from the top (solid black line) and from the bottom
(dashed gray line).

ings demonstrate the potential of magnetoelectric nanostructures to spectrally modify the
emission from planar sources otherwise emitting with equal intensities towards opposite
directions. In what follows, we explain this effect by considering the local electromagnetic
field enhancements at the LSPR and SLR wavelengths for opposite plane wave directions.
For the LSPR, the greater PLE towards the bottom can be explained in terms of the radiative
local density of optical states (LDOS) enhancement by the ANP. In Appendix[A] we show
that dipoles above the ANPs in a homogeneous medium preferentially radiate towards the
bottom, as observed in experiments. It could be expected that, in the absence of any scat-
terer, the stratified medium favors emission into the substrate. However, measurements
of the bare dye layer emission (shown in Ref. [208]) confirm that this effect is marginal.
We stress that the PLE for each direction is referenced to the emission of the bare dye
layer into the same direction. Furthermore, as demonstrated in Appendix[A] the magneto-
electric LSPR alone imposes a large forward-backward emission asymmetry, in agreement
with our measurements. An interesting effect in the measurements in Fig.[5.1|b) is that
the SLR-enhanced emission is greater towards the top of the ANPs, opposite to the LSPR
enhancement. Next, we explain this effect by means of numerical simulations.

5.3 Numerical simulations

In this section we present 3D finite element method (COMSOL) simulations to explain
the nanoantenna enhanced anisotropic emission. First, by interchanging the positions
of source and detector, we calculated the extinction spectrum for opposite plane wave
directions. Figure shows the extinction spectrum as a solid black line when a plane
wave impinges from the top, and as dashed gray line when a plane wave impinges from
the bottom. As expected based on reciprocity, the two extinction spectra are equal. The
simulations display LSPR and SLR features in qualitative agreement with the experiments
shown in Fig.[5.1|(a). The LSPR peak wavelength in the simulations is somewhat red-shifted
with respect to the experiments, possibly due to the experimental uncertainty in the di-
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mensions of the fabricated structures and differences in the permittivity of aluminum (we
used data from Palik [95].)

To connect experiments with simulations we use reciprocity: plane waves emitted by
near-field sources correspond to near-fields illuminated by plane wave sources. While
reciprocity establishes this relation [38}209], it does not require the local fields to be iden-
tical for opposite illumination directions. Indeed, in previous Chapters we have addressed
the shift of the near field with respect to the far field (see e.g. Chapter[3). Here, we illustrate
the different local electromagnetic fields for the two different plane wave directions yield-
ing the two spectra in Figure[5.2] We present the electric (E) and magnetic (H) field profiles
at different planes of the structure, for the LSPR in Fig. and for the SLR in Fig.
Panels (a-e) in both figures correspond to top-illumination, while panels (f-j) correspond
to bottom-illumination. The color scale indicates the field intensity enhancement with
respect to the incident wave, and the arrows represent the scattered field. In panels (a-
d,f-i), in both Fig. [5.3|and Fig. both enhancement and scattering pertain to the same
field, either E or H as indicated on the top right corner of each figure. Panels (e,j) in
both Fig.[5.3|and Fig. 5.4]show magnetic field enhancement in color and electric scattered
field as arrows to visualize the magnetoelectric response, i.e. the excitation of magnetic
moments by electric driving fields and viceversa. Next we interpret the results.

Figures [5.3{a,c) show two opposed electric dipoles at 140 nm and 10 nm from the
base of the ANPs, respectively. In light of Faraday’s law, from the curl of these two vector
fields we expect an orthogonal magnetic dipole at an intermediate plane. Figure [5.3|b)
shows H at such plane (50 nm above the base of the ANPs), where a magnetic near-field
pattern is observed. Figures 5.3|d,e) show magnetic field enhancements localized near
the lower half of the ANP. Notice in Fig. [5.3(d) that the magnetic scattered field circu-
lates the ANP without significantly coupling to adjacent ANPs. Hence, the mode is local-
ized. Figures[5.3(f-j) display similar field profiles for the LSPR excited from the bottom,
but the field enhancements above the ANPs [Figs. (f,g,i,j)] are greater than for top-
illumination. By reciprocity, this implies an enhanced emission towards the bottom, in
agreement with our experiments. An important property of these localized electromag-
netic resonances is that the electric and magnetic dipole moments are parallel to incident
electric and magnetic fields, respectively. This contrasts with shallow planar structures
(e.g. dolmens [202] and split rings [201]) where the magnetic dipole moment is orthog-
onal to magnetic driving field. Therefore, ANPs are ideally suited to realize the gener-
alized near-field Kerker condition [210] and modify the forward-backward scattering or
emission. Furthermore, as shown in Appendix[A} the magnetoelectric response [magnetic
(electric) dipole moment induced by electric (magnetic) field] saturates for ANPs higher
that those used here. Hence, unnecessarily high structures should be avoided in order to
minimize Ohmic losses.

In Fig. [5.4] we present a similar analysis for the SLR. Electric and magnetic dipole-
like excitations are observed at the same planes as for the LSPR. However, the SLR field
enhancements are greater and the modes are collective rather than localized. SLR fields
with similar pattern but greater intensity than the associated LSPR fields also arise in struc-
tures with a dominant electric polarizability [76, 85, 186} [211]. The LSPR-RA hybridization
is responsible for the similar field patterns, while the large detuning makes the coupled
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Figure 5.3: Electric (E) and magnetic (H) fields at the wavelength of the localized surface
plasmon resonance. The color scale — equal for all plots in Fig.and Fig.@— indicates
the local field intensity enhancement with respect to the incident field indicated at the top
right corner of each panel. The blue arrows represent the scattered field. Both color and
arrows pertain to the same field, except in (e) and (j) where we show the H-field intensity
enhancement and scattered E-field. Panels [(a)-(e)] correspond to top-illumination, while
panels [(f)-(j)] correspond to bottom-illumination. The 3 horizontal dashed lines in figures
(d,e,i,j) indicate, from top to bottom, the planes at which figures (a,b,c) are evaluated for
top-illumination, and (f,g,h) for bottom-illumination.
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Figure 5.4: Electric (E) and magnetic (H) fields at the wavelength of the surface lattice
resonance. The color scale — equal for all plots in Fig. and Fig.— indicates the
local field intensity enhancement with respect to the incident field indicated at the top
right corner of each panel. The blue arrows represent the scattered field. Both color and
arrows pertain to the same field, except in (e) and (j) where we show the H-field intensity
enhancement and scattered E-field. Panels [(a)-(e)] correspond to top-illumination, while
panels [(f)-(j)] correspond to bottom-illumination. The 3 horizontal dashed lines in figures
(d,e,i,j) indicate, from top to bottom, the planes at which figures (a,b,c) are evaluated for
top-illumination, and (f,g,h) for bottom-illumination.




5.4 Conclusions

resonances resemble the bare ones. In particular, the localized field enhancements of the
hybridized LSPR resemble those of individual particles, while the SLR has delocalized field
enhancements characteristic of long-range photonic modes. The long-range coupling at
the SLR wavelength is more clearly visible in the out-of-plane magnetic [Figs. [5.4(d,i)]
and magnetoelectric fields [Figs. e,j)]. In contrast to the LSPR, the SLR fields in the
luminescent layer are greater for top-illumination, in agreement with PLE measurements.
This is likely due to a different phase relationship between the electric and magnetic dipole
moment. The LSPR favors a fixed phase relationship, as in a split ring where these two
dipole moments are dephased by 71/2 [198]. At the SLR, lattice interactions renormalize the
polarizability [200], such that the phase relation may reverse, and thereby the direction-
ality. Finally, note that the opposing in-plane electric dipoles for the LSPR [Figs.[5.3|a,c)]
and SLR [Figs. [.4(a,c)] imply the existence of out-of-plane electric quadrupoles besides
magnetic dipoles. While comparing the strength of these moments from simulations is
difficult, calculations of & as shown in Appendix@ can be insightful.

Notice also in these figures that, in contrast to the LSPR fields, the SLR fields in the lu-
minescent layer are greater for top-illumination. This is in agreement with the contrasting
LSPR-SLR PLE in our measurements. As a final remark, we note that the opposite in-plane
electric dipoles for the LSPR and SLR, in Figs. a,c) and Figs. a,c) respectively, im-
ply the existence of out-of-plane electric quadrupoles besides the aforementioned mag-
netic dipoles. While distinguishing the relative strength of magnetic dipoles and electric
quadrupoles from numerical simulations can be difficult, analytical calculations of the
the superpolarizability tensor can be insightful [202]. These calculations are presented
in Ref. [208] for the bare aluminum nanopyramids in free space — in the absence of any
stratified medium, as in the experiments. Therein, it is shown that the ANP tapering and
height enhances these otherwise weak magnetoelectric and quadrupolar moments, and
that this enhancement aids in breaking the light emission directional symmetry out of the
periodicity plane.

5.4 Conclusions

In conclusion, we have demonstrated an unconventional forward versus backward
luminescence enhancement from aluminum nanopyramid arrays. Underlying this effect
is an enhancement of the magnetic, magnetoelectric, and quadrupolar response of the
nanopyramids due to their tapering and height. Diffractive coupling of localized reso-
nances in individual nanopyramids leads to collective resonances with full electromag-
netic character, which constitute an unprecedented method for controlling light emission.
The physics here explored provides a design principle for unidirectional light-emitting
devices, and by reciprocity, for boosting light absorption in thin-film solar cells that are
unidirectionally illuminated. From a fundamental perspective, we believe that the advent
of magnetic surface lattice resonances holds great promise for the creation of novel light-
matter states through strong coupling to quantum emitters. For instance, by increasing
the concentration of molecules covering the nanopyramid array, we envisage the emer-
gence of plasmon-exciton polaritons as discussed in Chapter[4} but with magnetic degrees
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of freedom.
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CHAPTER 6

ACTIVE CONTROL OF NANOANTENNA
ENHANCED LIGHT EMISSION WITH
LIQUID CRYSTALS

We demonstrate active spectral and directional control of narrowband (~ 6 nm)
light emission enhancements by a nanoantenna array. The system we study
comprises an aluminum nanoantenna array on top of a light-emitting quantum
dot waveguide and covered by a thremotropic liquid crystal (LC). The orientation
of the LC molecules (and thus the effective refractive index of the layer they
compose) depends on the local temperature, and this allows us to modify the light
extinction and emission due to hybrid plasmonic-photonic resonances.
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6 Active control of nanoantenna enhanced light emission with liquid crystals

6.1 Introduction

In Chapters we have shown how metallic nanoparticle arrays can provide
light emission directivity gain, polarization control, intensity enhancements, and spectral
shaping. A long-standing goal in nanophotonics is to actively control these coupling-
enhanced emission properties by means of an external tuning parameter. This can be
achieved by incorporating materials with a refractive index or geometry that depend on
an applied voltage, heat, strain, or illumination profile [212H216]. Liquid crystals (LCs)
are interesting materials for this purpose, because their tunable orientation can modify
the resonance conditions of nearby optical resonators. Indeed, LCs have enabled ac-
tive control of resonances in diverse metallic structures, including metallic nanoanten-
nas supporting localized surface plasmon resonances (LSPRs), and continuous metal-
lic films supporting propagating surface plasmon polaritons [217H226]. While powerful,
these approaches suffer from inherent drawbacks in the context of light emission. On
one hand, the influence of LSPRs is spatially restricted to emitters located within their
characteristic decay lengths (typically < 40 nm) [4]. On the other hand, the large amount
of non-radiative decay channels in continuous metallic films can lead to emission quench-
ing [I0I]. An interesting approach to overcome these limitations consists of coupling
LSPRs in individual nanoantennas to long-range photonic modes in dielectric structures,
e.g. diffracted or guided modes. This coupling leads to hybrid plasmonic-photonic modes
such as surface lattice resonances (Chapters [2| and |4) or waveguide-plasmon polaritons
(Chapter. The dispersion, linewidth, and field confinement of these hybrid modes can
be flexibly designed via the geometry and dimensions of the structures (Chapter 2), or
of the emitting layer (Chapter[3). Moreover, their fields can be constructed to spatially
overlap with nearby emitters extended over large areas in a polarization, frequency, and
angle-dependent manner. The long-range character of these hybrid modes is well suited
to modify the emission from spatially extended sources in the periodicity plane, while
preserving sub-wavelength confinement out of the same plane. Thus, we envisage that
active control of these hybrid modes holds great promise for applications in solid state
lighting, lasers, and on-chip photon sources.

In this Chapter we demonstrate active LC tuning of a spectrally narrow photolumi-
nescence enhancement (PLE) by a periodic array of plasmonic antennas coupled to a
waveguide. The structure we investigate consists of an aluminum nanodisk array fab-
ricated on top of an emitting layer (acting as a waveguide) of colloidal quantum dots
(QDs), and coated with a thermotropic LC. Colloidal QDs are convenient emitters for this
purpose as they offer sharp and tunable emission properties, even at ambient or higher
temperatures, in combination with a versatile processability [227]. The active tuning is
achieved by changing the temperature of the sample. Above a critical temperature T,
the orientation of the LC becomes randomized and the effective refractive index switches
from birefringent to isotropic. Through variable angle extinction and photoluminescence
measurements at temperatures well below and above T, we evidence the impact of this
transition on the optical resonances of this system. Numerical simulations utilizing the
finite element method are used to elucidate the tuning mechanism. As we show, from the
interplay between coupling, detuning, and radiative losses of this system, emerges a pow-
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Figure 6.1: Schematic representation of the sample. (a) At room-temperature (~ 23°C)
the liquid crystal is ordered, making the medium overlying the plasmonic antennas
birefringent. (b) At higher temperatures (> 58°C) the liquid crystal is disordered, yielding
an isotropic refractive index in the same medium.

erful approach to actively control the emission spectrum and directionality of extended
sources.

6.2 Sample fabrication

Figureshows a sketch of the sample investigated in this Chapter. First, CdSe/CdS/ZnS
core-shell QDs were synthesized starting from CdSe seeds with a zinc blende struc-
ture [228] through a successive ion layer adsorption and reaction procedure [229]. The
resulting QDs had an average diameter of 6.5 nm and a peak emission at 585 nm. The QDs,
dispersed in toluene, were spin-coated on a glass substrate. This resulted in a 120 nm thick
QD layer as determined by atomic force microscopy. A protective silicon nitride layer of 15
nm was deposited on top of the QD layer by plasma-enhanced chemical vapor deposition
in order to planarize the surface. A relatively low temperature (120°C) was used in the
deposition to avoid degradation of the QDs. Aluminum nanodisk arrays were fabricated
on top of the silicon nitride layer by substrate conformal imprint lithography [100]. The
nanodisks have a nominal height of 150+20 nm, diameter of 120+20 nm, and are arranged
in a square lattice with a periodicity of 390 £ 10 nm. To control the LC orientation, we
placed a thin layer of nylon alignment material over the array (not shown in Figure 6.1).
This material is mechanically rubbed to force the LC to orient in a planar direction along
one of the lattice vectors. Finally, UV curable glue containing spacer balls with a diameter
of 6 um (not shown in Figure[6.1) is placed at the edge of the substrate, away from the
array, to attach a glass plate to the sample. The space between the array and the top glass
plate is filled with LC E7 (Merck) which has a critical temperature T, = 58°C [230].
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Figure 6.2: (a) Measured normal incidence extinction spectra at 23°C (blackline) and 75°C
(gray line), which are below and above the liquid crystal critical temperature, respectively.
(b) Simulated extinction spectra for birefringent (black line) and isotropic (gray line) liquid
crystal conditions, in correspondence to experiments at 23°C and 75°C, respectively.

6.3 Normal incidence extinction and forward emission

We measured the normal incidence extinction spectrum of the sample at room tem-
perature (23°C) and above T, (75°C). A collimated beam (angular spread < 0.1°) from a
halogen lamp illuminates the sample with a linear polarization along the extraordinary
index direction of the LC, which is aligned with one of the lattice vectors of the array. A
fiber-coupled spectrometer measures the zeroth order transmittance Ty in the far-field.
The extinction follows as 1 — Tj.

Figure a) shows the extinction spectra at 23°C as a black line, and at 75°C as a
gray line. At both temperatures, the two peaks in extinction correspond to hybridized
plasmonic-photonic resonances. These resonances arise from the coupling between
localized surface plasmons in the nanodisks and the fundamental Transverse Magnetic
(TMp) guided mode in the QD layer. The properties of the bare TM, guided mode
are discussed further below, in view of numerical simulations results. In Chapter
it was shown that strong coupling between localized surface plasmons and guided
modes leads to hybrid waveguide-plasmon polaritons. When the bare LSPR and guided
mode frequency detuning is zero, the emergent waveguide-plasmon-polaritons are half
plasmon-like and half guided mode-like. In contrast, the LSPR and TM, guided mode in
this Chapter are coupled but largely detuned, i.e., their peak wavelengths are significantly
apart. The large detuning makes the coupled modes resemble one or the other of the bare
modes. In Fig.[6.2[(a) particularly, the broad resonance at long wavelengths is reminiscent
of the LSPR, while the sharper resonance at short wavelengths is reminiscent of a quasi-
guided mode. The coupled mode is quasi-guided because its radiative coupling to the
antennas makes it leaky. In view of these effects, we shall hereafter refer to the broad
resonance as the hybridized LSPR and to the narrow resonance as the quasi-guided mode.
We reserve the term waveguide-plasmon polariton for the case where these hybrid modes
are tuned in resonance, as shown in Chapter[3]
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Notice in Fig. [6.2f@) that, upon increasing the temperature of the sample, the
hybridized LSPR and quasi-guided mode shift. The shift is due to a transition of the
LC from an ordered [Fig.[6.1)()] to a disordered [Fig.[6.1|(b)] state. This transition removes
the birefringence characterizing the LC effective medium at room temperature, and
an isotropic refractive index sets in at high temperature. The observed spectral shifts
were experimentally verified to be reversible upon successive heating and cooling of the
sample. An interesting aspect in Fig.[6.2]@) is the fact that the two extinction peaks shift
in opposite direction: the hybridized LSPR blue-shifts, while the quasi-guided mode
red-shifts. The LC phase transition affects the optical modes differently, indicating that
in the birefringent state (at room temperature) each mode mainly samples a different
refractive index.

To understand the temperature dependence of the optical resonances, we simulated
the response of the system using a finite element method (COMSOL). In the simulations,
plane waves impinge from the LC layer, which is assumed to have infinite thickness above
the array. Below the critical temperature, we assume that the LC layer is perfectly ordered
and aligned along the rubbing direction. Consequently, the LC constitutes a homogeneous
anisotropic material with a weakly dispersive ordinary (n, = 1.52) and extraordinary (rn, =
1.73) refractive index. Above T, the LC layer is assumed to be completely isotropic, with
a refractive index n, approximately given by the weighted average of the ordinary and
extraordinary refractive indices: n; = @notne) ~1.59. The frequency-dependent LC refrac-
tive index is taken from literature [230} [231], while for the glass, QD layer, and aluminum
we have obtained them from ellipsometric measurements.

Figure [6.2[b) shows the 1 — Ty spectra where Ty is the total transmittance ob-
tained from the simulations. The simulated spectrum displays resonance wavelengths and
shift directions in good agreement with the experiments. To achieve this good agreement,
the dimensions were slightly changed in the simulations with respect to the nominal val-
ues of the fabricated structures. Specifically, the simulated particle height and diameter
both are 100 nm, while the lattice constant is 378 nm. We attribute these deviations to
uncertainties in the fabrication, which could have rendered structures with dimensions
differing from the nominal ones. In addition, small discrepancies between the simulated
and experimental refractive indices could also exert an influence on our results.

The connection between the sharp resonance at shorter wavelengths in our measure-
ments with the TMy guided mode in the QD layer was established through eigenmode
simulations using COMSOL. We calculated the dispersion of the TM, guided mode in
the same multi-layer structure discussed above, but without the nanodisk array. Both
anisotropic and isotropic LC conditions were considered. The simulations indicate that
the multi-layer structure supports an eigenmode — the TM, guided mode in the QD layer
— with a dispersion relation closely following the dispersion relation of the sharp feature
in our measurements. The dispersion of this mode is shown below, in Figure in con-
nection to angle-resolved data. While such a guided mode is bound to the high refractive
index layer in absence of the nanodisk array, the periodic array can couple a normal inci-
dent plane wave into (or out of) this mode at wavelengths close to the diffraction edge.
This is the origin of the sharp resonance in the measurements of Figure [6.2(a), which
is related to the plane wave excitation of a guided mode via the first diffraction order.

97



6 Active control of nanoantenna enhanced light emission with liquid crystals

— 80 610nm [ 1°

Silicon

nitride

y X 0 0

Figure 6.3: Total field enhancement for isotropic LC (above T¢) at a wavelength of (a)
665 nm (hybridized LSPR) and (b) 610 nm (quasi-guided mode). The incoming field is
polarized along x. For all graphs, the blue arrows show the E field at a certain phase.

We verified (details in Ref. [232]) through full field simulations that when the QD layer
thickness is increased, the short wavelength resonance red-shifts. This is in agreement
with the expected behavior of the fundamental TM, guided mode in the QD layer.

To examine the coupled nature of the modes in more detail, we plot the field enhance-
ment |E|/|Einpyut| at an xz-plane intersecting the nanodisks at their center. We do this for
the broad resonance at 665 nm in Figure[6.3(a), and for the narrow resonance at 610 nm
in[6.3(b), both above T.. The field profiles are very similar below Tc. In Figure[6.3(a) we
observe that the electric field enhancement is mostly localized near the metallic nanos-
tructure, resembling the characteristics of bare LSPRs. In contrast, Figure b) shows a
delocalized field enhancement, characteristic of a guided mode close to cut-off (as it may
be expected due to the small waveguide thickness and the asymmetry of the refractive in-
dex of the upper and lower media). Note, however, that this delocalized field enhancement
is relatively strong in the vicinity of the nanodisks, indicating once more that waveguide-
LSPR coupling is present.

An interesting observation in Figure [6.3| concerns the dominant field components of
each mode. In fact, this is the reason behind the different shift directions upon tempera-
ture increase. The hybridized LSPR has a dominant electric field component parallel to
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the input plane wave polarization [x direction, along the blue arrows in Figure [6.3(a)].
Therefore, this mode mainly samples the extraordinary refractive index n, of the LC layer
in the birefringent state. In contrast, the quasi-guided mode has a dominant electric field
component along the z-direction [blue arrows in Figure[6.3|(b)], because the guided mode
is TM polarized. Therefore, this mode mainly samples the ordinary refractive index n,
of the LC layer in the birefringent state. Note that the relation between the LC refractive
indices is n, < n. < n,. Hence, in the transition to the isotropic state, the quasi-guided
mode experiences an increase of effective index (and therefore a red-shift) while the op-
posite occurs for the hybridized LSPR (it blue-shifts).

Next we discuss the light emission enhancement rendered by the quasi-guided mode,
which is in spectral overlap with the QD emission. For this purpose, we measured the
photoluminescence enhancement (PLE) of the sample at 23°C and 75°C. The QDs were
pumped with a 450 nm laser beam at a fixed angle of incidence (5°) from the normal. The
emitted light at different directions was collected by the same fiber-coupled spectrom-
eter used for the extinction measurements. The PLE is defined as I;;,/1,y;:, with I;; the
emitted intensity from the QDs in the presence of the nanodisk array, and I,,; without
the array. Figure[B.1f@) shows the PLE spectra in the direction normal to the periodicity
plane. The inset of Fig. [B.Ifa) shows the raw spectra of the bare QD layer without the
nanoantennas as a black line, with the nanoantennas and the LC layer at 23°C as a dark
gray line, and with the nanoantennas and the LC layer at 75°C as a light gray line. Up
to six-fold directional light emission enhancement by the quasi-guided mode is observed
in the PLE measurements above T.. As in extinction, the PLE feature due to this mode
red-shifts, and its linewidth becomes narrower when the temperature is increased. Fur-
thermore, the PLE is greater at higher temperatures. By fitting the PLE peak at 75°C with
the Fano formula (Eq. [1.6), we retrieve a linewidth of 6 nm, which is remarkably narrow
for plasmonic-coupled systems. This narrow PLE linewidth demonstrates the strength
of hybrid plasmonic-photonic modes for emission enhancement purposes by providing
nanoscale spectral selectivity and low loss. We highlight that maximizing the PLE factor
is not the subject of this Chapter, as this has been done in previous works [90]. Instead,
we demonstrate the possibility to actively control the PLE by means of an external tuning
parameter (the temperature change in this case).

To elucidate the PLE measurements, we simulate the spectral dependence of the field
enhancement in the QD layer. We define the electric field intensity enhancement in the
QD layer by the nanodisk array as Ig = |E 12/|Ep|?, with E and Ej the total and incident
electric field spatially integrated over the QD layer. While in the simulations I is a mea-
sure of the excitation strength of an optical mode, by reciprocity it also represents a decay
strength of the same mode to outgoing plane waves with the same direction. Thus, Ig
correlates with the PLE in the measurements.

Figure shows I for a plane wave at normal incidence. The calculated peak in
Ig due to the quasi-guided mode reproduces the temperature dependence observed in
our PLE experiments. This peak experiences a red-shift and linewidth narrowing. Fur-
thermore, the enhancement also increases. Inspection of the field profiles reveals that the
linewidth narrowing is associated with a weaker confinement of the mode to the metallic
structure in the isotropic state. The weaker confinement is due to a lower index contrast
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Figure 6.4: (a) Measured photoluminescence enhancement in the direction normal to the
sample at 23°C and at 75°C. The red dotted curve is a fit of a Fano function to the PLE peak
at 75°C. The inset in (a) shows the QD emission with (gray line) and without (black line)
the array, both at 23°C, all for the same pump intensity. (b) Calculated integrated intensity
enhancement in the QD layer I for perfect anisotropic and isotropic LC conditions.

between the QD layer and the isotropic LC layer, and results in lower Ohmic losses.

6.4 Variable angle extinction and emission

We now analyze the variable angle extinction and PLE spectra, measured with the ex-
perimental setups shown in Figs.a,b). Figurea,b) shows the measured extinction at
23°C and 75°C respectively, while Fig.[6.5|c,d) displays the PLE, for the same two temper-
atures. In all plots the bands of enhanced extinction or PLE correspond to the excitation
of quasi-guided modes. The variable angle data shows a similar shift of this resonance in
both extinction and PLE over the entire band when the LC layer transitions from birefrin-
gent to isotropic, as observed at normal incidence [Figures and (a)]. Consequently,
the directionality of the emission enhancement provided by the quasi-guided mode is
actively tuned by the LC transition.

Comparing Figs.[6.5(a) with [6.5|(c), and [6.5|(b) with [6.5(d), one sees that the dispersion
of the quasi-guided mode in PLE closely resembles that in extinction. Furthermore, in
all dispersion diagrams the quasi-guided mode closely follows the calculated dispersion
of the TM guided mode for the structure without the nanodisk array, indicated by the
white dashed lines in all panels of Fig. The proximity in wavelength of the quasi-
guided mode to the bare guided mode suggests once more that the hybrid mode resembles
the bare mode, and that the coupling to the LSPR has a small influence due to the large
detuning between the modes. This is, however, not a detriment for our purpose of actively
tuning the PLE due to the quasi-guided mode via the LC phase transition. In fact, the large
out of plane fields of the bare TM, guided mode (and also of the coupled mode resembling
the bare one) make it more sensitive to refractive index changes in the LC layer. Clearly,
this allows for a greater degree of tunability given the fixed contrast between the ordinary
and extraordinary refractive indices of the LC layer.
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Figure 6.5: Measured extinction dispersion spectra at (a) 23°C and (b) 75°C. Measured
photoluminescence enhancement dispersion spectra at (c) 23°C and (d) 75°C (above T¢).
The white dashed lines in all the plots represent the dispersion of the TMy guided mode
in the same multi-layer structure but without the nanoantenna array.

6.5 Conclusions

In conclusion, we have demonstrated active spectral and directional tuning of the
enhanced light emission of quantum dots coupled to optical antennas. For this purpose,
we employed a spectrally sharp (~ 6 nm) hybrid plasmonic-photonic mode emerging from
the radiative coupling between localized surface plasmons and a guided mode in a quan-
tum dot emitter layer. The tunability was achieved by covering the array with a ther-
motropic liquid crystal (LC), which changes from a birefringent to an isotropic state above
a critical temperature. In turn, this modifies the resonance conditions of the coupled
system. Supporting our experiments with numerical simulations, we have shown that the
tuning mechanism depends on the field profile, and more specifically on the orientation
of the dominant mode polarization in the LC layer with respect to the LC axis. Having
established the suitability of these hybrid modes for active control of light emission en-
hancements from optical antennas, we envisage future works to boost the enhancement
factors by optimizing the field overlap between the optical mode and the emitters. For
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even greater field overlaps (coupling strengths), this system could enter into the strong
coupling regime, where the coupling rate exceeds the loss rates. In this case, active con-
trol of strong coupling appears as a fundamentally interesting possibility [127]. From an
applied perspective, we believe that these results hold great promise for smart lighting
applications profiting from active beaming and color tuning. Active light emission tuning
is especially attractive in the wavelength range explored in this Chapter, because in this
range the human eye translates small wavelength variations to significant color differ-
ences.
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APPENDIX A

SUPPORTING CALCULATIONS FOR
CHAPTERG

A.1 Superpolarizability tensor calculations of bare alu-
minum nanostructures

In Chapter [5| we argued that even the bare aluminum nanopyramids (ANPs) in free
space — in the absence of a stratified medium, as in the experiments — sustain an en-
hanced magnetoelectric and quadrupolar response due to the tapering and height of the
nanostructures. In this section, we support this claim through analytical calculations
of the ANP’s electromagnetic response separate from lattice and interface effects. The
calculations in this appendix were performed by Felipe Bernal Arango, working in the
group of Femius Koenderink at AMOLE and in close collaboration with our group.

We present calculations of the 11 x 11 super polarizability tensor a5 [202} 233} [234]
of ANPs in free space (n = 1). a5 quantifies the electric, magnetic, and magnetoelectric
dipole moments, as well as the quadrupole moments of an arbitrary structure. The upper
left 6 x 6 elements of a5 describe the excitation of dipolar electric p and magnetic m
moments by electric E and magnetic H driving fields. In this block, the diagonal 3 x3 blocks
represent purely electric and magnetic polarizability (p = agE, and m = agH ) dipoles,
whereas the off-diagonal magnetoelectric coupling terms represent ‘bi-anisotropy), i.e. the
excitation of electric (magnetic) dipoles by magnetic (electric) fields. The bottom 5 rows
of @5 describe the quadrupolar moments Q driven by E and H. The rightmost 5 columns
represent the induced dipole moments p and m due to symmetric gradients of the field
QE, with the symmetric gradient operator ¢ defined as OE = (1/2){(0xEy + 8, Ey), (0xE; +
0Ex), (0yE; +0,Ey),20xEx, 20, E,} when acting over a 3-vector E. The 5 x 5 lowest diago-
nal block is the quadrupolarizability tensor [235], representing the quadrupolar moments
excited by QE. The superpolarizability is obtained by full-wave calculations for 11 linearly
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Figure A.1: (a) Superpolarizability tensor a5 of an aluminum pyramid with t=84 nm,
h=150 nm and b=144 nm, at the electric dipolar resonance wavelength. (b) Schematic
of the structure, and legend of Figs. (c,d). (c) and (d) display the most significant elements
of &S as function of the tapering and height of the pyramids, respectively.

independent incident conditions of the object scattering response, that we project onto
vector spherical harmonics [234].

Figure a) shows a graphical representation of a® for ANPs with top size t = 84
nm, height /2 = 150 nm, and base b = 144 nm, in reference to Fig.[A.I[b). The excitation
wavelength is 660 nm. In the system of units we use (see Units section[A.3), all elements of
a® can be compared quantitatively, i.e., as yielding identical scattering power at identical
value. The ANPs in Fig.[A.T[a) posses a strong magnetoelectric cross-coupling polarizabil-
ity ac (tensor elements [4,2],[2,4],[5,1] and [1,5]). Comparing this to the electric polariz-
ability, we find |ag|/|acl|=13. This resembles split ring resonators — the archetypical meta-
material building blocks due to their enhanced magnetic and magnetoelectric response
— operating at infrared frequencies [234} 236], but now operating at visible frequencies.
Figure[A.I[(a) further shows that x or y polarized plane waves, without a strong gradient,
directly induce quadrupoles in the xz and yz planes. The magnetic dipoles along x and y
and the quadrupoles in the yz and xz planes, respectively, are intimately related through
the rotational symmetry of the structure.

We now analyze how a® depends on the ANP dimensions. To fairly compare differ-
ent structures, we divide a® by the volume of the corresponding structure. The exact
geometries and volumes of the calculated structures are provided in next section, i.e.
We consider x-polarized illumination, for which the most significant elements of a’ are
indicated by the legend in Fig. b). a’ is evaluated at the electric dipolar resonance
wavelength for each structure, which varies from 660 nm due to the different dimensions.
Firstly, we fix b = 144 nm, /1 = 150 nm, and we vary ¢ as shown in the top part of Fig.[A.Tc).
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Figure c) shows that the magnetoelectric (a%,) and quadrupolar (ag’;cz) response are
weak without tapering, but increase monotonically by 3 orders of magnitude for increased
tapering. Secondly, in Fig.[A.1(d) we fix ¢ = 84 nm, b = 144 nm, and vary h. The magnetic
(a%’,), magnetoelectric (aﬁlﬁ,), and quadrupolar (ag’; ) response increase monotonically
while the electric dipole (agﬁ) response decreases. Thus, the results in Figs. c,d) con-
vey a geometrical design strategy for @, enabling to increase the magnetoelectric and
quadrupolar response via the ANP’s tapering and height. This enables us to approach
the generalized near-field Kerker condition as described in Ref. [210], without modifying
the magnetic permeability p. In turn, radiation patterns with a pronounced forward to
backward asymmetry are expected. Note that the magnetoelectric enhancement saturates
for increased h. Therefore, unnecessarily high structures must be avoided to minimize
Ohmic losses without degrading the magnetoelectric response. In this spirit, we indicate
by vertical lines in Figs. c,d) the ANP in our experiments in Chapter for which a is
shown in Fig.[A.I[a).

A.2 Geometries and Volumes of the Structures in Figure[A.]]

Here we provide further details on the structures for which the super polarizability
tensor, a’, is calculated in Fig. a). The top row in Fig. displays a variation in
the top size ¢, yielding the results in Fig.[A.I{c). From right to left, the volumes of these
structures are: 3.03 x 10‘3,um3, 2.64 x 10‘3,um3, 2.29 x 10‘3ym3, 1.97 x 10‘3,um3, 1.7 x
1073um3, 1.47 x 1073 um3. The bottom row displays a variation in the height h. From right
to left, the volumes of these structures are: 2.37x1073um3, 1.97x1073um?3, 1.58 x 1073 um3,
1.19 x 103 um3, 0.793 x 10~3um3. The lightest gray pyramid in the top and bottom rows in
Fig.[A.2|(these two are identical) is the one used for the experiments in Chapter[5} which is
also the one for which & is shown in Fig.|A.1{a).

The elements of a$ shown in Fig. ) are evaluated at the electric dipolar reso-
nance wavelength of each pyramid. For the structures in the top row of Fig. from left
to right these wavelengths are: 600 nm, 620 nm, 660 nm 680 nm, 720 nm and 740 nm.
For the structures in the bottom row of Fig. from left to right these wavelengths are:
560 nm, 580 nm, 620 nm, 660 nm and 700 nm.

A.3 Units

In order to make a fair quantitative comparison between the different elements of a’®
for different structures, we employ a system of units in which elements with identical
strength radiate equal power into the far-field. Thus, we use a non-SI scaling of the ele-
ments similar to the CGS unit system. Here we give the conversion from this units system
to the SI units system.

We begin by scaling the fields, so that the electric field, magnetic field, and the sym-
metrical gradients of the field share as common unit volts per meter [V/m]. In this way, a
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Figure A.2: Geometries of the pyramids used for the calculations in the manuscript. The
top line shows the array of pyramids with variations in their top size. The bottom line
shows the array of pyramids with variations in their height.

simple plane wave represents unit strength for all its nonzero components. The conver-
sion between the new units and SI units is:

E=Es;, H=7Hs and OE=k{QEqg. (A.1)

Here, Z; is the free space impedance and k = 27/A is the magnitude of the wave vector.
Subsequently, we scale the induced moments from their definition in SI units in order to
obtain [C-m] (Coulomb meter) as a common unit, such that any dipolar or quadrupolar
moment of unit strength radiates equal power into the far-field. The conversion between
the new units and SI units is:

k

p=ps;,; m=(1/c)mg; and Q @QSI- (A.2)
The factor k/v/60 follows from the formula P = ¢? Zyk®/(14407) ¥4 s |Qs1,q,p/?, Which is
the equivalent of Larmor’s formula and gives the power radiated into the far-field by a
quadrupole. For a dipole, Larmor’s formula states that P = ¢ Zyk*/(127)|ps;|? is the power
radiated into the far-field by a dipole. Finally, we note that in this system of units, a® has
units of egm? for all entries, with equal entries contributing equally to the scattered power.
For convenience, here we show the conversion for all elements. The block diagonals are
converted in the following way;,

2

1 k
E__ E H__1 H OE_ K" OE
ap = Aslp, Ay = ZocaSIm’ and ag = @aSIQ , (A.3)
while the off-diagonal blocks are converted as follows
1 1 k
E E H H E E
Om = —ASIpyy Op = asip, Qg = asig»
m = OStmy ¥p =7 Aslp, G = TE5dsIg
k k
OE _ OE QOFE _ O
———asip, Q@ =kasy , Qg =—as (A.4)
e~z 60 @ P P m Ip
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Also, due to our definition of the quadrupolar moment vector (instead of 6 tensor) Q =
2Qxy,2Qxz,2Qyz, Qxx, Qyy, the rows 7, 8 and 9 in a$ are divided by 2. Finally, we factor
out €p so that the plotted quantity has units of volume and can be directly compared for
various particle volumes.

A.4 Far-Field radiated power by a single pyramid

Here we provide further calculations to prove that the unbalanced top-bottom emis-
sion directivity can be achieved by a single pyramid in free space, without coupling to a
symmetry-breaking half-plane substrate or high index surroundings. In Fig.[A.3|(a) we plot
the far-field scattering pattern of our pyramidal antenna (light gray structure in Fig.[A.2) for
different excitations. The source is a single dipole positioned in the vicinity of the pyramid.
For the red curves, the dipole is positioned 25 nm above the top surface of the pyramid. For
the black curves, it is positioned 25 nm below the bottom surface of the pyramid. The left
panel corresponds to an in-plane dipole, while the right panel corresponds to a vertically
aligned dipole, as shown in the corresponding insets. In both cases, the driving dipole
has a wavelength of 660 nm. The radiated power is evaluated in the far-field, at 100 pm
from the center of the antenna (~ 200 wavelengths away). The unbalanced emission in
both cases indicates that selectively positioning emitters, as it was done in the experiment,
yields an unbalanced top-bottom emission directivity.

In Fig.[A.3|b) we analyze the modification of the radiative local density of optical states
(LDOS) due to the pyramid. For this purpose, we integrate the radiated power into the top
half sphere p;, or the bottom half sphere p;, only, while considering for both cases the three
different cartesian orientations of dipoles positioned around the pyramid. Dividing by pg
— the free space radiative LDOS — we get the LDOS modification. These calculations
where done with a home-written surface integral method based on the algorithm devel-
oped by A. Kern and O. Martin [237]. In Fig.[A.3]c,d,e) we plot the top-bottom difference
in LDOS enhancement, (p; — pp)/ po, with respect to the free-space LDOS py. Therein, we
observe that for both in-plane and out-of-plane dipoles radiation is enhanced towards the
bottom. Not surprisingly, the effect is the same when all dipoles are considered, as shown
in Fig.[A.3|e). This behavior is in agreement with the greater emission enhancement to-
wards the bottom at the LSPR wavelength in our experiments. The presence of these
effects for a single pyramid in the homogenous medium excludes the stratified medium
as being at the origin of the pronounced top-bottom emission asymmetry at the LSPR
wavelength. However, spectral modifications and different intensities could indeed be
expected in the presence of interfaces.
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Figure A.3: (a) Radiation pattern for an electric dipole positioned above (red line) or
below (black line) the pyramid, and oriented parallel (left panel) or perpendicular (right
panel) to the top and bottom facets of the pyramid. The dipoles are located 25 nm from
the top and bottom facets of the pyramid, as shown in the insets. (b) Top and bottom
directed radiative local density of optical states (LDOS), p; and pj, respectively, for x, y
and z oriented dipoles near the pyramid, normalized to the free-space LDOS pg. The
top-bottom difference in LDOS enhancement, (p; — pp)/po, with respect to the free-
space LDOS pg, is shown for planar dipoles in (c). This graph shows that a horizontal
dipole radiates more efficiently towards the bottom if positioned on top of the pyramid,
or towards the top if positioned under the pyramid. (d) and (e) show a similar analysis for
vertical and randomly oriented dipoles, respectively.
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APPENDIX B

TIME-RESOLVED EMISSION OF
QUANTUM DOTS ON A METALLIC
NANOPARTICLE ARRAY

Throughout this thesis we showed that hybrid plasmonic-photonic modes in metallic
nanoparticle arrays can modify the emission spectrum, directionality, and polarization
of luminescent layers. An important question concerns whether the array also modifies
the spontaneous emission rate, i.e. the probability per unit time that an excited state
spontaneously relaxes to the ground state via the emission of a photon. In this appendix,
we present measurements indicating that the answer to this question is negative. The
experimental results in this appendix hold for a single resonant system, but the discussion
is of a general character. We begin by reviewing the fundamentals, and we proceed to
highlight a series of relevant points to consider in time-resolved photoluminescence stud-
ies involving ensembles of emitters coupled to extended modes in resonant structures.
Finally, we present our experimental findings and compare these to a recent paper where
a similar system was studied.

B.1 Background

Consider a two-level system with initial and final states labeled as i and f, respectively.
When the coupling between the emitter and the radiation field is weak, Fermi’s Golden
rule gives the spontaneous emission rate:

2 N
L= [ 1D] ;- 0). (B.1)
f
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B.1 Background

Hj is the interaction Hamiltonian, which in the dipole approximation is H; = —fi - E with
fi the dipole moment operator and E the electric field operator. The §-function selects
the emitted photon energy on the basis of energy conservation: the difference in energy
between the initial and final state of the emitter equals the photon energy.

Now consider a continuum of final states, each one having the same energy difference
with the initial state but different wave vector k. In this case, it can be shown that the
spontaneous emission rate is given by [238]

= —IMI pulr,w), (B.2)

where we have introduced the quantity p,, known as the local density of optical states
(LDOS) [239]. The LDOS counts the number of states to which an emitter at position r and
with dipole moment p can decay via the emission of a photon with frequency w.

It was Purcell who first noted that the spontaneous emission rate is not an inherent
property of the emitter [7], but rather depends on the environment. In particular, Purcell
realized that by coupling an emitter to a resonator, the spontaneous emission rate can be
enhanced with respect to emission rate in free-space. The enhancement factor, known as
the Purcell factor, is given by

3 Q
an? v
where Q is the quality factor of the resonator, V is the mode’s volume, and A is the radiation
wavelength. !

Present day nanophotonics research devotes significant efforts to the design of struc-
tures with high Q/V, which are expected to increase the Purcell factor [240]. Although
an increase in Q usually comes with an increase in V (implying a trade-off for enhancing
the Purcell effect), recent proposals have shown that certain systems may overcome this
limitation [241H243]. Examples in this thesis of the general relation between Q and V are
LSPRs which have low Q and low V, and diffracted or guided modes which have high Q and
high V. As a word of caution, Koenderink noted that the Purcell factor may be inadequate
as a quantitative figure of merit for the spontaneous emission rate of an emitter coupled to
a plasmonic antenna [244]. This inadequacy stems from the strong dissipative character
of plasmonic antennas, and the presence of more than one mode in the spectral region
under consideration.

For experiments aimed at the observation of a modified spontaneous emission rate,
the spectral properties of the emitters also need to be considered. In particular, the mech-
anism by which their spectral linewidths are broadened is a decisive factor for observ-
ing frequency-dependent lifetime changes in time-resolved photoluminescence experi-
ments [245]. Organic dye molecules, such as those used in Chapters[3.3|and[4} typically

Fp=—=13, (B.3)

1The Purcell effect modifies the spontaneous emission rate via the LDOS term, p o in Eq. In general, the
dipole moment p does not need to be modified by the coupling to the resonator. This is due to the different
length scales over which the dipole moment and the LDOS vary. The dipole moment is influenced within the
length scale of the emitter’s wave function, which is typically 1 A - 1 nm, depending on the emitter. In contrast,
the LDOS is typically influenced within length scales comparable to the effective wavelength. For visible light
in free-space this is roughly 400 — 700 nm, but for resonant systems with deep sub-wavelength excitations [e.g.
localized surface plasmon resonances (LSPRs) in metallic nanoparticles] the LDOS can vary over much shorter
scales, e.g. ~ 10 nm.
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B Time-resolved emission of quantum dots on a metallic nanoparticle array

have a homogeneously broadened spectrum. By homogeneous broadening we mean that
all of the molecules in a statistical ensemble can emit radiation of any frequency within
the fluorescence bandwidth. In the organic molecules, this bandwidth is due to the man-
ifold of vibrational states comprising their electronic structure. As a consequence of this
homogeneous broadening, the spontaneous emission rate of fluorescent molecules typi-
cally displays a negligible dependence on the emission frequency. In contrast, inorganic
colloidal quantum dots as used in Chapters[2|and[6|have an inhomogeneously broadened
spectrum. Each quantum dot in an ensemble displays a spectrally sharp excitonic tran-
sition giving a narrow emission linewidth. However, the variation in size of the quantum
dots comprising the colloid leads to a spectral linewidth for the ensemble that is much
broader than the linewidth of the individual quantum dots. As a consequence, the quan-
tum dot ensemble emission typically displays a frequency variation in the spontaneous
emission rate that follows the LDOS.

The significance of the linewidth broadening mechanism for observing changes in the
spontaneous emission rate is determined by the spectral sharpness of the resonance to
which the emitter couples. LSPRs have linewidths on the order of 100 nm, which are
comparable to the linewidths of organic molecules. It is likely that for this reason, a good
spectral and spatial overlap between LSPRs in metallic nanoparticles and molecular ex-
citations in organic dyes has resulted in strong modifications of the spontaneous emis-
sion rate [48]. In contrast, surface lattice resonances (Chapter [2]and [5) and waveguide-
plasmon polaritons (Chapter[3) can have much narrower spectral linewidths (1-10 nm).
The influence of such narrow resonances on the spontaneous emission rate of organic
dye molecules is likely to be “washed out”, because only a small fraction of the molecular
manifold will be affected by the coupling to the resonator. For this reason, in this section
we study the spontaneous emission of colloidal quantum dots which are well known to
display spectrally narrow homogeneous emission linewidths (much narrower than the
optical resonance linewidths of the array).

In relation to the theory, we should bear in mind that Fermi’s golden rule describes the
time evolution of a single emitter. In contrast, we will present statistical measurements for
an ensemble of emitters. These two scenarios can be equated by assuming ergodicity.
Light emitters are good examples of ergodic systems [246], where time averages equal
ensemble averages. An important point to consider in ensemble measurements is that
the position r and the orientation of the dipole moment p of the emitters vary randomly
throughout the excited volume. Therefore, position and orientation averaging of the LDOS
in this volume is expected.

B.2 Experiments

In what follows, we present a time-resolved study of spontaneous emission under the
influence of the standard resonant system studied in this thesis. We investigate a periodic
array of aluminum nanodisks covered by a 420 + 20 nm layer of polystyrene doped with
CdSe/CdS core/shell quantum dots. The ensemble quantum dot emission peaks at wave-
length of 590 nm, has a full width at half maximum of 25 nm, and was embedded at a low
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Figure B.1: (a) Measured extinction spectra of an aluminum nanoparticle array covered by
a 420 nm layer of polystyrene doped with CdSe/CdS quantum dots. The blue dashed lines
indicated the dispersion of the fundamental TMy guided mode in the polystyrene layer.
(b) Time-resolved photoluminescence measurements at 580 + 5 nm of the emitting layer
in (a). The light and dark gray lines are the emission of the quantum dots in the presence
of the metallic nanoparticle array, with the detector located at 1.5° [black circle in (a)] and
at 7° [white triangle in (a)], respectively. The black line is the emission of the quantum dots
out of the influence of the metallic nanoparticle array. The dashed cyan lines overplotted
with the measurements are monoexponential fits.

concentration of 1 uM with the polystyrene?. The quantum efficiency of the quantum dot
colloid in toluene was measured to be 50%. The aluminum nanodisks have a height of
150 + 10 nm, a diameter of 130 + 20 nm, and are arranged in a square lattice with constant
a =390 nm. The array is similar to the one investigated in Chapter[3.3} the only difference
being a slightly larger lattice constant here (by 20 nm).

Figure [B.Ifa) shows variable angle light extinction measurements of the sample dis-
cussed above. We measured the transmittance through the array of a collimated (angular
spread < 0.1°) and TM-polarized light beam from a halogen lamp. The angle of incidence
was varied using a computer-controlled rotation stage with an angular resolution of 0.2°.
We define the extinction as 1 — Ty, with Ty the zeroth-order transmittance. In Fig. a),
the extinction is shown in color as a function of the incident angle and wavelength. The
dashed lines overplotted with the measurements are calculations of the fundamental TM,
guided mode dispersion coupled via the first diffracted orders. As in Chapter[3} these are
calculated using the formalism described by Yariv and Yeh [57], considering a dielectric
slab with refractive index n, = 1.58 (polystyrene), sandwiched between semi-infinite me-
dia with n, = 1.0 (air) and ng = 1.44 (glass). The thickness of the slab, 420 +20 nm, was de-
termined by profilometry measurements. We attribute the dispersive peaks in extinction
close to the dispersion of the TM guided mode to quasi-guided modes. These resonances
arise from the coupling of the TM, guided mode to the LSPRs in the aluminum nanodisks.

Time-resolved measurements of the quantum dot photoluminescence with and with-
out the array were done with a time-correlated single photon counting setup (Picoquant
Gmbh). The quantum dots were excited by a pulsed laser with a central wavelength of

2This low concentration was selected to reduce inasmuch as possible energy transfer between the quantum
dots.
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B Time-resolved emission of quantum dots on a metallic nanoparticle array

450 nm, a time duration of 200 ps, and an intensity of 0.1 W/cm? at the sample. The
photoluminescence was collected by a fiber mounted on a rotating arm, and was spec-
trally filtered by a bandpass filter at 580 + 5 nm. Only TM-polarized light was selected
by a polarization analyzer in the collection path. Figure B.I[b) shows the time-resolved
emission for the sample discussed above, collected at two different angles. For the light
gray line, the detector was placed at 1.5°, which is in resonance with the quasi-guided
mode. For the dark gray line, the detector was placed at 7°, which is out of any resonance
of the system. These detected wavelength-angle points — determined by the spectral filter
and the collection angle — are indicated by the circle and triangle in Fig.[B.1{a). The black
line in Fig.[B.I|(b) is a measurement of the same quantum dot layer but in the absence of
the metallic nanoparticle array.

We analyze the data by fitting the measured intensity with a monoexponential function
of the form I(t) = Ae”"/*. The dashed cyan lines in Fig. b) are the fits, from which
we retrieve the emission lifetime 7 and the constant A. Inside the array, detecting in
resonance at 1.5° we find 7,.5 = 9.39 £ 0.02, and out of resonance at 7° we find 7,es =
9.47 £0.02. Outside the array we find 7,,; = 9.02 £ 0.03. The uncertainties represent 20
confidence intervals on the fits. The fitted values indicate that the emission lifetime does
not significantly depend on the collection angle, and there is only a small difference with
respect to the value outside the array. We believe that the increased emission lifetime
inside the array (of roughly 0.4 ns) is within the edge of the total experimental uncertainty,
including the intrument'’s precision and spatial variations of both the quantum dot layer
and the metallic nanoparticles. Therefore, we consider that the emission lifetime is essen-
tially unmodified by the array or the detection angle.

From the fits we also retrieve the constant A, which represents the intensity at £ =0, i.e.
1(0). The fitted value of 1(0) is not exactly equal to the measured intensity at ¢ = 0 because
the fit starts slightly after (at £ = 1 ns). Between ¢ = 0 and ¢ = 1 ns the decay rate is actually
slightly slower for an unknown reason, * and we therefore ignore this time span. Inside
the array, collecting on-resonance at 1.5° we find A, = 1.66- 10%, and out-of-resonance
at 7° we find A pres = 1.15-10°. Outside the array we find A,y = 0.41-10°. All errors (not
quoted) are in the third digit after the decimal or beyond. We attribute variations in A to
a combination of processes at both the excitation and emission wavelengths. Comparing
the dark gray line to the black line in Fig.[B.I|(b), we observe that even in the absence of any
resonance at the collected emission wavelength and angle, A is enhanced by the presence
of the metallic nanoparticle array. We attribute this to an enhanced excitation of the quan-
tum dots due to scattering of the pump light by the metallic nanoparticles. Comparing
the light and dark gray lines shows that A is further enhanced when the collection angle
matches a resonance at the emitted wavelength.

The above results suggest that the metallic nanoparticle array enhances the quantum
dot emission intensity at certain wavelengths and angles, but the decay rate 4 remains
mostly unchanged. This finding can be regarded from two different viewpoints: On the

3This is possibly an experimental artifact due to the time resolution of the instrument, which is on the order
of a few hundred picoseconds.

4Time-resolved photoluminescence measurements are sensitive to the total decay rate, which includes both
radiative and non-radiative relaxation.

114



B.2 Experiments

one hand, the results in Fig.[B.I|(b) give little hope of modifying the spontaneous emission
rate with surface lattice resonances, quasi-guided modes, or waveguide-plasmon polari-
tons. On the other hand, the unmodified decay rate indicates that the average internal
quantum efficiency (QE) of the ensemble of emitters remains unaltered by the presence of
the array. This finding has important consequences for applications in solid-state lighting,
where it is desired to have a mechanism by which light of different colors is beamed into
different directions without introducing losses. In this case, a negligible modification
of the total decay rate implies that the introduction of the metallic nanoparticle arrays
does not quench the total emitted intensity, as it could be expected due to the presence
of non-radiative decay channels into the metal [9]. We emphasize that this conclusion
pertains only to the internal QE, and not to the external QE. The internal QE considers the
fraction of emitted photons per excited emitters. The external QE considers the fraction of
emitted photons per incident photons. These two quantities can mutually differ because
the metallic nanoparticles can absorb, and not only scatter, the pump light. Such a process
will degrade the external QE, but the internal QE [to which the results in Fig.[B.I|(b) relate]
would remain intact.

The interpretation so far should be taken with some caveats, because the spontaneous
emission rate only reflects LDOS enhancements for high QE emitters [247]. In general,
emitters can be classified as being constant power or constant amplitude sources [248].
For organic dyes, this classification has a connection with the QE: low QE molecules are
constant amplitude sources (CAS), while high QE molecules are constant power sources
(CPS). For a CPS, the spontaneous emission rate is indicative of the LDOS, and the total
radiated power scales with the pump rate. In contrast, for a CAS the emission power is sen-
sitive to the LDOS, but the total decay rate is not because it is dominated by non-radiative
relaxation. Unfortunately for the present discussion, the extension of this classification to
colloidal quantum dots is non-trivial. Input-output power measurements of a quantum
dot ensemble, as performed here and in many other works in the literature, measure an
ensemble average. These measurements are affected by variations in the quantum dots
constituting the excited ensemble, some of which may be bright and others dark. To assess
whether a certain source is best classified as CPS or CAS one needs the internal quantum
efficiency instead. As an outlook for the future, this could be measured, for example, by
the technique introduced by Lunneman and co-workers [249], which is in the spirit of the
seminal experiment by Drexhage [T1].

To finalize this appendix, let us now elaborate on the significance of performing time-
resolved measurements at different collection angles. The authors of Ref. [49] claim that
the radiative relaxation rate of a quantum dot ensemble deposited on a metallic nanopar-
ticle array is greater when detected at a wavelength, angle, and polarization that corre-
sponds to a maximum in extinction measurements. Figure is a reproduction of the
key figure in Ref. [49]. It shows that when the detector is placed at 50° off the normal,
and collects p-polarization but not s-polarization, the PL dynamics displays an initial
acceleration. This acceleration is attributed to a surface plasmon mode in the array, which
overlaps with the quantum dot emission only at at 50° and for p-polarization.

It is known from the work of Drexhage that the spontaneous emission rate depends on
the projection of the emitter’s dipole moment with the electric field (polarization) at the
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Figure B.2: Reprinted with permission from Yikuan Wang, Tianyu Yang, Mark T. Tuomi-
nen, and Marc Achermann, Physical Review Letters, 102, 163001 (2009). Copyright 2009 by
the American Physical Society. http://link.aps.org/doi/10.1103/PhysRevLett.
102.163001. Readers may view, browse, and/or download material for temporary
copying purposes only, provided these uses are for noncommercial personal purposes.
Except as provided by law, this material may not be further reproduced, distributed,
transmitted, modified, adapted, performed, displayed, published, or sold in whole or part,
without prior written permission from the American Physical Society.

transition frequency [I1]. The novel element in the above claim is that the spontaneous
emission rate depends on the collection angle. At first glance, an angular dependent
emission rate seems incompatible with Fermi’s Golden rule because the LDOS is a wave
vector (and therefore angle) integrated quantity. Therefore, the spontaneous emission rate
is a measure of the total power radiated by the emitter into any direction. This element
of the theory seems to have been ignored in Ref. [49], where the total emission rate was
argued to be proportional to the electric field enhancement at the position of the emit-
ters due to a single resonant plane wave (no integration over all wave vectors). There is,
however, an important point raised by the authors of Ref. [49] which could explain the
observed angular dependence of the decay rate: At each angle the detector receives light
from different emitters. This is due to the extended nature of the source, which includes
a multitude of quantum dots each having a dipole moment with a different projection
onto the surface plasmon modes at different wavelengths, angles, and polarization. We
interpret this condition not as a dependence of the spontaneous emission rate on the
angle. Instead, at different angles one detects different spontaneous emission rates which
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B.3 Conclusions

correspond to spatially separated emitters [p = p(r)].

In view of the above results we embarked upon trying to measure any possible angular
dependence of the quantum dot decay rate. As the measurements in Fig. [B.I(b) show,
no clear angular dependence was found here. Our findings are perhaps surprising when
compared to those in Ref. [49], since here we employ much higher quality factors Q, have
a higher signal to noise ratio, and we have a more dilute quantum dot layer allowing us to
more safely exclude interactions amongst the quantum dots themselves. In contrast, our
quantum dot layer is much thicker (400 nm instead of a quantum dot monolayer), and this
is certainly an important factor which may give rise to differences. Therefore, we do not
regard our results to be in contradiction with those in Ref. [49] because there are important
differences between the two experiments. However, from these results we learn that time-
resolved studies involving ensembles of emitters contain a multitude of parameters that
need to be well controlled and accounted for in order to make quantitative conclusions
about how metallic nanoparticle arrays modify the spontaneous emission rates.

B.3 Conclusions

To conclude, we believe that the dependence of the detected decay rate on the col-
lection angle is potentially an intriguing effect which deserves further attention. So far,
we are unaware of demonstrations by other groups (besides the one in Ref. [49]) showing
resonance-induced angular dependent decay rates. Our finding of a marginally modified
quantum dot decay rate is nevertheless not a discouraging one. In particular, solid-state
lighting applications may profit from the directional color beaming rendered by metallic
nanoparticle arrays which do not degrade the quantum efficiency of the emitters.
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COUPLING LIGHT AND MATTER IN

METALLIC NANOPARTICLE ARRAYS:
SUMMARY

Advancing the current understanding of light-matter interactions is at the forefront of
fundamental and applied physics. The advent of nanotechnology constitutes a milestone
in this endeavour. Advanced nanofabrication and characterization methods have enabled
humankind to create and observe fascinating phenomena that emerge when matter is
structured on the length scale of its interaction with light: the nanoscale. This thesis brings
together a number of experiments, and accompanying theoretical description, aimed at
deepening the current understanding of how light behaves at the nanoscale. The system
of choice is a periodic array of metallic nanoparticles. Emphasis is placed on the poten-
tial of this system for enhancing light emission. The investigations here presented were
performed in the context of an industrial partnership program between FOM Institute
AMOLF and Philips Research.

This thesis focuses on the observation of distinct optical resonances in the light ex-
tinction and emission spectra of periodic arrays of metallic nanoparticles. Experimental
optical methods include angle and polarization resolved light extinction spectroscopy;,
photoluminescence spectroscopy and dynamics. Chemical methods were used for the
fabrication of luminescent layers in the vicinity of metallic nanoparticle arrays. Numerical
methods were employed to model wave propagation in complex nanophotonic systems.
Further insight is obtained by means of analytical methods describing the interaction of
multiple resonances in coupled systems. Given the variety of optical modes studied in
this thesis, each chapter is devoted to the coupling between two or more of these modes
with different properties. In this summary, we provide a brief description of each chapter,
highlighting the main achievements and concluding with an outlook for the future.

Chapter 1 provides a general introduction to the coupling of light and matter. We
begin with a discussion of the characteristic length and energy scales involved in this
coupling. Since optical resonances permeate every chapter of this thesis, a general dis-
cussion of resonance conditions is here presented. We proceed to review some of the most
significant contributions to the field of optical resonances in metallic nanoparticles, and
arrays of such nanoparticles. In particular, we discuss localized surface plasmon reso-
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nances (LSPRs) associated with the collective oscillation of conduction electrons driven
by the electromagnetic field. Metallic nanoparticles sustaining LSPRs can act as optical
antennas, converting free-space radiation into localized energy and viceversa. We then
explain the origin of diffracted and refractive index guided optical waves. The necessary
conditions for the excitation of these waves in periodic arrays of metallic nanostructures
are explained. Finally, we introduce the general properties of coupled modes, including
their relation to the underlying bare modes.

In Chapter 2 we explore the coupling of LSPRs to Rayleigh anomalies (RAs), i.e.
diffracted waves in the plane of a periodic array. This coupling leads to hybrid
plasmonic-photonic collective resonances, known as surface lattice resonances (SLRs).
We investigate the physics of SLRs in arrays of metallic nanoparticles with variable
dimensions. All these arrays are embedded in a fully homogeneous dielectric medium,
which simplifies the physics with respect to stratified media. Next, we cover a metallic
nanoparticle array with a thin luminescent layer to demonstrate how SLRs can enhance
the directionality and polarization of the emitted light.

In Chapter 3 we investigate the coupling of LSPRs to refractive index guided modes.
First, we investigate a metallic nanoparticle array standing on a light-emitting slab waveg-
uide. Signatures of strong coupling between LSPRs and guided modes are shown. We
demonstrate that when the LSPR-guided mode frequency detuning is zero, the hybrid
light-matter quasi-particle known as waveguide plasmon polariton (WPP) displays an ex-
traordinarily enhanced light emission at frequencies and wave vectors of far-field induced
transparency. In the second part of this chapter, we investigate the physics of the transition
from weak to strong coupling between LSPRs and guided modes in a luminescent slab.
For this purpose, we use a complementary system wherein the metallic nanoparticle array
stands in, rather than on, a light-emitting waveguide. The transition from weak to strong
coupling occurs as a function of the waveguide thickness. It is shown that this thickness
modifies the coupling and loss rates of the modes in a non-trivial way. Hence, the waveg-
uide thickness drastically modifies the light emission spectrum and directionality of the
nanoantenna array.

Chapter 4 builds on the knowledge of SLRs presented in Chapter 2, to access the
strong coupling regime between SLRs and excited electronic states (excitons) in organic
molecules. This strong coupling leads to a hybrid light-matter quasi-particle called
plasmon-exciton-polariton (PEP). The PEPs we investigate display an exceptionally light
effective mass which is furthermore tunable via the periodicity of the array. This is relevant
for the realization of a quantum condensed state of light and matter in a plasmonic system
— ayet unreported phenomenon. Here, by optically pumping the sample we demonstrate
that PEPs can thermalize, and their effective temperature cool upon increased optical
pumping. Optical pumping also induces a saturation of the strong SLR-exciton coupling,
which is explained with a phenomenological analytical model. Due to experimental
limitations, condensation was not observed. Nevertheless, it is envisaged that the results
in this chapter may serve as a stepstone for its future observation in periodic arrays of
metallic nanoparticles.

Chapter 5 deals once more with the coupling between LSPRs and RAs in the pres-
ence of luminescent molecules, but with an additional complexity. In contrast to most
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plasmonic structures displaying a dominant electric dipole moment, the structures here
investigated display enhanced magnetic and quadrupolar moments. This unconventional
electromagnetic response is due to the tapering and height of the particles. We investigate
tall metallic pyramids, rather than pillars. Previous work had established that enhanced
magnetic and quadrupolar moments hold the key to tailor the ratio of forward to back-
ward scattering in anomalous ways. Here, we demonstrate that periodic arrays of metallic
nanopyramids can tailor the forward to backward light emission in unconventional ways.
The pyramids we investigate are shown to operate distinctly at different frequencies, di-
recting the emitted light of one color mostly in the forward direction, and of a different
color in the backward direction. This new effect holds great promise for its application to
solid-state light-emitting devices, where light that is emitted backwards into the device is
often re-absorbed and limits the system’s efficiency. Therefore, the results in this chapter
provide a design principle for overcoming a long-standing problem of the increasingly
present light-emitting device technology.

In Chapter 6 we combine a resonant metallic nanoparticle array, a liquid crystal, and
a colloidal quantum dot waveguide, to create a tunable light source with unprecedented
spectral and directional selectivity. This system supports hybrid plasmonic-photonic res-
onances which arise from the interaction between the nanoparticle array and the quan-
tum dot waveguide. The liquid crystal provides the tuning mechanism via a temperature-
dependent phase transition which modifies its optical properties. In turn, this transition
modifies the resonance conditions of the coupled system, allowing us to actively control
the emission wavelength and directionality via an applied heating. The narrow resonance
linewidths of this system, in both wavelength and angle, enable strong emission enhance-
ment peaks with a bandwidth of a few nanometers and an angular width of less than one
degree. The results in this chapter pave the way for a new generation of light-emitting
devices where the various effects discussed in the previous chapters, and in other works,
could be actively modified.

Overall, the research presented in this thesis contributes to a deeper understanding
of light-matter interactions at the nanoscale, and in particular to the field of plasmon-
ics or metallic nano-optics. Many of the effects here discussed will serve to enable new
functionalities for light-emitting devices. In fact, several patent applications related to
this work have already been filed in collaboration with Philips Research. It is presently
envisaged that large area (> cm?) metallic nanoparticle arrays, such as those investigated
here, may become an important future techonology in the field of solid-state lighting.
For this to occur, important questions related to the overall system efficiency need to be
explored in further detail. Furthermore, for applications intended to direct light into a
limited angular cone, metallic nanoparticle arrays with higher rotational symmetry would
be beneficial. Nonetheless, the general guidelines here presented for coupling light and
matter in metallic nanoparticle arrays are expected to serve as a stepstone for the emer-
gence of new physics and applications in the fascinating field of metallic nano-optics.
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