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Abstract

Light-matter interactions may be described as the energy transfer between an
electronic transition (emitter or two-level system) and an optical cavity. In weak
interactions such transfer is mainly from one component to the other. Thus, the
transition rate of the two-level system can be changed, via the so-called Purcell ef-
fect. Whereas strong interactions are characterized by a reversible energy transfer
between the components and giving rise to a hybrid system with properties differ-
ent than the original components. This allows to tailor fundamental properties of
matter by strongly coupling the transition to light [1].

This work studied the interaction between interband transitions (IBTs) in Alu-
minum and resonances of two different kind of cavities: plasmonic nanodisks and
asymmetric microcavities in a perfect absorber configuration. The system is peculiar
because the cavity is coupled to an intrinsic transition of the material that composes
it. Calculations using Drude-Lorentz model for the dielectric function of Al were
perfomed to model the coupling on both cavities. Extinction and scattering spectra
were calculated for nanodisks, and reflectivity spectra for microcavities. Both sys-
tems were fabricated and optically characterized by taking extinction, scattering,
and reflection spectra of the samples.

The resulting interactions between IBTs and the two cavity modes were weak,
which is enough to modify the absorption rate of the IBTs, but not enough to
change fundamental properties of Al. Calculations suggest that by improving Al
quality during deposition, the interaction gets stronger, such that it is on the edge
of strong coupling. A surprising result of this work is the potential of asymmetric
microcavities as open cavities to study light-matter interactions even without the
contribution of IBTs.

Keywords: Interband transitions, Aluminum nanodisks, Localized Surface
Plasmon Resonance, asymmetric microcavities, perfect absorber, weak coupling,
strong coupling.
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1

Introduction

Light-matter interactions have allowed us to perceive and study the world.
At the core of these interactions is the absorption or emission of a photon by an
electronic transition. Thus, the interaction has been studied through a single two
level system (such as an atom) and an optical cavity by quantum optics. Such studies
have been extended to different kinds of transitions (emitters) and to ensembles of
particles, such as molecules or excitons in 2D materials [4].

There are two main regimes of light-matter interactions: weak (Purcell) regime
and the strong coupling regime. The coupling regime in which a certain system is
found depends on the coupling strength, g, between the components. The coupling
strength is a measure of the rate at which both components exchange energy between
them. It depends directly on the dipole moment of the transition and inversely on
the mode volume of the cavity.

When g is small, the energy is mainly transferred from one component to the
other. This is called Purcell or weak coupling regime, in which the emission rate of
the emitter is modified due to the presence of the cavity.

In the case of g being larger than the average dissipation rates i the system,
the energy transfer between the components becomes reversible. Then, energy will
oscillate from one component to the other in what are called Rabi oscillations. This
regime is called strong coupling regime [5, 6].

A strongly-coupled system is a hybrid where the newly formed quasiparticles,
called polaritons, have properties of both light and matter. Thus, polaritons are a
way of increasing photon-photon interaction, and the bosonic part of a polariton
can be used for lasing or condensation of originally fermionic systems [4].

Additionally, it has recently been shown that some material properties are
affected by strong coupling, such as charge transport and chemical reactivity [7, 8,
6]. Opening new opportunities to tailor material properties. Another application
for strongly-coupled systems is on quantum information processing, because Rabi
oscillations are a coherent process.

The problem is that most cavities are closed, meaning that the emitter is
physically between two mirrors, which hinders the applicability of strongly-coupled
systems. Therefore, it is important to look for open cavities as platforms for strong
coupling. For this purpose, part of the strong coupling community now uses plas-
monic nanoresonators [5].

Plasmonic nanoresonators have allowed to manipulate light at the nanoscale.
They behave as a sub-diffraction wavelength resonator due to the collective oscil-
lations of free electrons in metals, which are called localized surface plasmon res-
onances (LSPR). Even though, being a metallic system increases dissipation, the
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poor quality of the cavity is compensated by nanometer scale mode volume [5].

The objective of this work was to study the coupling between interband tran-
sitions of Al and light. Two different types of Al cavities where used: plasmonic
nanoresonators and asymmetric metallic microcavities.

This is a peculiar system to study because the cavity is coupled to an intrinsic
transition of the material that composes it. In a sense, the cavity is coupled to itself.
Therefore, an important highlight of this work is the simplicity of the samples where
light-matter interaction can be studied.

Furthermore, as mentioned before, it is necessary to find a platform with an
open cavity for strong coupling. The asymmetric microcavity studied here has po-
tential for such purpose. Experiments will be performed to test its applicability
soon, as described by the end of this thesis. However, they are outside the scope of
this work.

1.1 Thesis outline

To understand the importance of the results of this work, the thesis is struc-
tured in the following way. In the beginning, chapter 2 presents the uncoupled
characteristics of the system: optical properties of metals, the interband transi-
tions (IBTs) in Al and the two types of cavities. Thus, the chapter focuses on the
two ingredients that will compose the coupled system. Throughout this thesis, the
nanodisks are discussed before the microcavities.

An important concept to highlight in section 2.1 is the Drude-Lorentz model
of the dielectric function, since it is used in all the calculations in this work. Once
the dielectric function is introduced, a description of the two types of cavities used
to study light-IBTs interaction is given in section 2.2. The theory presented there
was used for the calculations of both systems.

This is followed by chapter 3, which focuses on the interaction of both ingredi-
ents. It presents an explanation on the different light-matter regimes, the character-
istics of strong coupling, and the previous studies regarding light-IBT interactions.
Likewise, it includes a description of the coupled oscillator model, that was used to
calculate the coupling strength, g.

The methods used in this work are described in chapter 4. Including the
calculations made in both types of cavities. Also, the fabrication process of Al
nanodisks and microcavities. Lastly, the optical characterization of the samples is
explained.

Chapter 5 contains the results obtained in this work and it is divided in two
sections. On the one hand, section 5.1 covers IBT-LSPR coupling in Al nanodisks.
On the other hand, section 5.2 describes the results obtained for the asymmetric
microcavities. Both sections contain the information given by calculations first and
the experimental measurements after. Every section is closed by a brief summary
of the important points discussed to facilitate comprehension of the main results of
the full work.

Finally, chapter 6 gives an overview of the main results, discusses the encoun-
tered problems and some ideas to overcome them, as well as perspectives and ideas
for future work, closing with a general conclusion.
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On light and matter

This chapter is devoted to the properties of interband transitions (IBTs) in
Aluminum (Al) and both cavity modes, in order to study the coupling between
them.

First, the dielectric function is described, since it contains the information
about the material optical response and is very important to understand the calcu-
lations made in this work. This is followed by a brief description of IBTs in Al.

Then the basic theory behind the two different structures to obtain the cavity
modes used to couple to the IBTs is covered. Both structures are resonators: Al
nanodisks (plasmonic nanoresonators) and asymmetric microcavities with Al mir-
rors.

2.1 Optical Properties of Metals

The optical properties of metals depend on the response of its bound and free
electrons to an external field. Such response is well described by either its complex
dielectric function, € = ¢ +ie", or its complex refractive index, N' = n + ix.

To calculate the dielectric function of the metal we can consider a microscop-
ical approach of both the free and bound electrons contributions. Which are well
described by Drude and Lorentz model, respectively.

This chapter covers first the Drude-Lorentz model, since it was used for e(w)
in the calculations. The nature of IBTs in Aluminum (Al) is discussed, allowing to
understand the choice of such material for this work.

2.1.1 Drude-Lorentz model

The general idea of the Lorentz microscopic model of polarization is to think
about bound ions and electrons in a material as harmonic oscillators when the
material responds to an applied electric field, E(w). This allows us to calculate the
polarization, P and thus, its dielectric function.

Then, the displacement from the equilibrium position, x, of any oscillator in
the material has an equation of motion given by

mx + myx + mwix = —eEge ™", (2.1)

Considering that the applied electric field is light, it oscillates with a given
frequency, w. In contrast to Lorentz model, Drude model for free electrons considers
that wg = 0, because there is no restoring force on free electrons in the metal.
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Figure 2.1: Al dielectric function. (a) Experimental data by Rakic [2] and Drude-
Lorentz model fit, with hwp = 13.3 eV, hy = 0.123 eV, hwy = 1.58 eV, hyg = 0.5 eV
and Gy = 13. (b) 4 considering only Drude part (Go =0).

In such case, by solving equation 2.1 we find that the displacement of each

oscillator is

e E(w)

= —— 2.2
x(w) mw? + iyw (22)
The induced dipole moment of each oscillator is p = —ex. If there are N
oscillators per unit volume, then the total polarization is
w2
P=Np= P_E. (2.3)

W+ iw

1/2
Where wp = (Z :Z) / is the plasma frequency of the metal, which depends on
the number of free carriers per unit volume N, and their effective mass, m. Given
that D = e(w)eoE = ¢oE + P, the dielectric function of a Drude metal is

Wb (2.4)

EDrude = 1— : .
w? 4+ iyw

Al dielectric function is well described by Drude model for most of the spec-
trum, due to its amount of free electrons. The only region where it is not well
described is in the near-infrared. There, light absorption by interband transitions
(IBTs) should be taken into account [9]. The full dielectric function, that considers
both free and bound electrons, is then e(w) = €pruge + €187

For Al IBTs, the solution of equation 2.1 is very similar to 2.2, but with
the restoring force different from zero, meaning that wy has a finite value (Lorentz
model). In which case the full dielectric function is given by

wh Gowg (2.5)

e(w) =1

W2+ iyw  wi—w? —iyw’

4
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Figure 2.2: (a) Band structure of Al. The black arrows show the bands resposible
for the interband transitions. Figure from [3]. (b) Al nanodisk used as a plasmonic
nanoresonator (c¢) Al asymmetric microcavity used as a perfect absorber.

w2\ 1/2
It is important to point out that wp # wp = ﬁx 22) / , since the former

considers free electrons, whereas the latter is for bound electrons. In equation 2.5
it is assumed that w}? = Gow?, where Gy represents the oscillator strength, vy the
damping, and wy the frequency of the spectrally localized IBTs in Al [10]. Let us
note that equation 2.5 is suitable for localized IBTs (as in Al), but it is not the best
description for extended IBTs (like in Au).

The measured dielectric function of Al was obtained from literature and it is
shown in figure 2.1 [2]. Such experimental data was fitted with Drude-Lorentz model
(eq. 2.5), for which hwp = 13.3 €V, hy = 0.123 eV, hwy = 1.58 €V, Ay = 0.5 meV
and Gy = 13. The fit is shown in figure 2.1(a).

2.1.2 Interband Transitions of Al

Al is a cheap, abundant, and a good conductor metal that has superconducting
properties, and more recently, has been considered as a good plasmonic material [11].

Interband transitions (IBTs) are direct transitions of electrons between differ-
ent bands in the metal due to the absorption of a photon. Those transitions are
possible because of the short penetration of the external field into the material. IBTs
are responsible for the colours in noble metals such as gold and copper.

As was briefly introduced above, IBTs can be broadly extended or localized
in a specific energy range depending on the material. Some of the metals in which
they are localized are nickel (Ni), iron (Fe), copper (Cu) and aluminum (Al). For
them, IBTs are around 4.7 €V, 2.5 eV, 2.1 eV and 1.5 eV, respectively [10].

In the case of Al, the spectrally localized IBT absorption is due to the parallel
band effect. In such effect, the absorption probability increases when a band below
the Fermi level is approximately parallel to another one above it. This increase
is related to Fermi’s Golden rule, since many electrons can make the same energy
transition the density of states is higher, thus the transition rate is larger. This effect
takes place between the bands marked with a black arrow in figure 2.2(b), where the
energy difference between the bands is around 1.5 €V [3]. We should remark that
these transitions are observed as a peak in Im(e,;) as showed in figure 2.1(a).
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2. On light and matter

2.2 Optical Cavity Modes

Two different kind of resonators were used in this work to couple the interband
transitions of Al to optical cavity modes. The first one was given by plasmonic
resonators (Al nanodisks) and the second by two Al mirrors forming an asymmetric
microcavity.

Both resonators are metallic, and therefore are considered highly lossy. The
quality factor, Q@ = w./v., quantifies how lossy a resonator is [12]. Where, w, is
the resonance frequency and 7. is the full width at half maximum (FWHM). The
latter is a measure of the spectral confinement of the cavity. Intuitively, ) gives
an idea of the time the photon is trapped inside the cavity before being lost to the
environment,.

2.2.1 Plasmonic nanoresonators

Metallic nanoparticles can be considered nanoresonators in the sense that light
is bouncing back and forth inside a nano-sized structure. This subwavelength res-
onators are possible thanks to the free electrons in the metal that oscillate as re-
sponse to an external field and are constrained to the nanoparticle size. Those
collective oscillations in surface charge densities are called localized surface plasmon
resonances (LSPR). Moreover, since they are a result of light coupled to the free
electrons in the metal, they are polaritons, thus they are also known as localized
surface plasmon-polaritons (LSPP) [13].

These plasmonic effects are found in materials where the complex dielectric
function has a negative real part and the imaginary part is not too large. Reason
for which metals are used.

The LSPR has a maximum when the natural frequency of the nanoparticle
resonates with the applied field. The resonance frequency depends on the geometry
and material of the nanoparticle, as well as the surrounding media. In this study,
the geometry is a nanodisk and the material is Al.

LSPR is experimentally characterized by the absorption, scattering or extinc-
tion spectra of the nanodisks, because the amount of light that interacts with them
has a maximum at the resonance.

2.2.1.1 Scattering by a small oblate ellipsoid

To analytically calculate the scattering and extinction spectra of nanodisks we
can model them as oblate spheroids (a = b < ¢). Let us consider small ellipsoids
compared to the wavelength, such that a,b, ¢ < A\, embedded in a homogeneous me-
dia with a dielectric function £4. Due to the long wavelength, the field is considered
spatially static for the particle, therefore it is called quasi-static approximation.

In such case, the applied field induces a dipole moment outside the particle
p = eqaEq. With the polarizability, « of the ellipsoid given by

_ 4dmabe e(w) — €4
a;(w) = 3 eq— Li(e(w) —eq)

(2.6)
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Where, i = {z,y, 2z} is the direction of polarization. For an oblate spheroid,
the geometric depolarization factor L, is given by

_9'(e)

T -1
L%y = g |:2 — tan g(e) 9 (27)
2 1/2 2
With g(e) = <1;§ > and ¢ = 1 — & [14]. Meaning that the geometrical

depolarization factor depends exclusively on the aspect ratio of the ellipsoid.

From equation 2.6 follows that when the real part of the denominator is zero
there is a maximum induced dipole moment. The frequency at which it happens
defines the LSPR resonance frequency, w..

In the quasi-static approximation, a(w) is independent of the nanoparticle
size, which is counterintuitive since larger nanoparticles have larger dipole moment,
thus they should radiate more. This issue is due to the assumption that the field
inside the nanodisk is homogeneous, and because the approximation ignores effects
related to retardation and radiation reaction. To solve the problem we can either
numerically solve the full electrostatic problem using Mie’s Theory, or we can use
the modified long wavelength approximation [14, 13].

2.2.1.2 Modified long wavelength approximation

To extend the applicability range of the quasi-static approximation, the mod-
ified long wavelength approximation (MLWA) includes two other effects: radiation
reaction and dynamic depolarization. The former is given by the fact that the
field induced by the dipole reacts on itself. The latter considers that the dipole is
oscillating at a finite speed, thus this term includes retardation [15, 13].

To include this terms, a depolarization field is proposed, such that p(w) =
a(w)eq(Eg + Eq4ep). By taking into account Eg, the polarizability is given by

a(w)

(2.8)

a = :
MEWA = K (w) — iga(w)

The polarizability a(w) was given in equation 2.6. The second term in the
denominator of eq. 2.8 is given by the dynamic depolarization and it is responsible
for the redshift of the resonance frequency, wpr, with the increase of particle’s
volume. The third term in the denominator is the radiation damping correction. It
broadens the resonance peak and decreases its magnitude for larger nanoparticles.

Strictly speaking the MLWA is valid for diameters up to ~ 100 nm, but exper-
imentally it has shown good agreement with nanodisks up to ~ 500 nm [16]. MLWA
is limited because it does not include high-order multipole terms nor the retardation
of the exciting field across the particle [15].

Cross sections for extinction (o..¢) and scattering (o, ) are defined to quantify
the amount of light interacting with the nanodisk [14].

(2.9)

Osca = %|OCMLWA|27
Oext = klm(aMLWA>-
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Both quantities can be measured and compared to the calculated ones via the
extinction and scattering efficiency. They are dimensionless parameters given by
Qscaext = Oscaent/(mr%). Where, 7 is the ratio of the particle.

2.2.2 Asymmetric microcavities

A microcavity consists of two reflecting surfaces separated by a transparent
dielectric media (spacer) which is usually a few micrometers thick (fig. 2.2(c)).
Then, light will be reflected from each mirror, allowing to trap it between them.

Moreover, the phase shift in every round-trip generates interference. This
creates a resonance condition for the microcavity that depends on the distance
between the mirrors. Thus, the wavelength of the trapped light depends on that
distance. Also, the time during which the light is trapped depends on the reflectivity
of the mirrors, determining its quality factor, Q.

The best known resonator of this type is a Fabry-Pérot resonator, which has
both mirrors with equal reflectivity, R. In that case there is a peak in transmission
for a wavelength \,,, = 2nL/m. Where m is the order of the mode, n is the refractive
index of the medium between the mirrors and L the distance between the two perfect
mirrors [17].

By breaking the symmetry of the mirrors, such that one of them is very thin, it
is possible to get a perfect absorber configuration based on the same concept as Sal-
isbury screens, which were developed for radars. The idea is similar to anti-reflection
coatings, and have been used in a metal-insulator-metal structure to absorb certain
frequencies of light [18].

The general idea of a Salisbury screen is based on destructive interference of
the incoming wave using a metal-insulator-metal structure such as the one depicted
in figure 2.2(c). The structure is such that a top thin mirror partially reflects the
incoming wave, the rest is transmitted and travels through a spacer of a thickness
~ Am/4. Where m is the order of the mode. Then the wave is reflected by a bottom
perfect reflector, such that there is a total = phase shift with respect to the wave
reflected in the top mirror. Hence, the destructive interference cancels reflection for
that wavelength, .

Given that the bottom mirror is a perfect reflector, the lack of reflection of the
full system means that the light is perfectly absorbed.

In fact, the dielectric layer is transparent and will not absorb much of the light
power. The absorbed power has been shown to be stronger in both metal-dielectric
interfaces inside the cavity [18].

In this work, the perfect absorption in asymmetric cavities was used to enhance
the absorption of light in the top mirror of an Al microcavity (fig. 2.2(c)).



3

Light-Matter coupling

This chapter is dedicated to the coupling between light and matter. In par-
ticular to IBT-light coupling. To begin, the characteristics of weak and strong
interaction regimes are described. Then, there is a discussion on the importance
and advantages of strongly coupled systems.

This is followed by a fully classical description of strongly coupled systems.
Such description was used to calculate the coupling strength of LSPR-IBT interac-
tion in Al nanodisk.

Finally, a description of previous works related to the interactions between the
interband transitions (IBTs) and LSPR is given.

3.1 Basics on weak and strong coupling

The most studied system of light-matter interaction is a two-level system (TLS)
inside a perfect cavity where a photon is bouncing back and forth. The dynamics of
this system is described by Jaynes-Cummings Hamiltonian. This is a very simplified
picture, hard to achieve experimentally. Nonetheless, the theory is robust enough
to be able to describe the system with an emitter instead of a TLSs. Hence, it has
become the working horse in quantum optics and quantum information [19].

To facilitate the comparison between theoretical and experimental results it is
even possible to include dissipation in the cavity (7.), and the emitter (v,) in the
Hamiltonian [4].

Higs — b |0~ 100/2 g (3.1)
g wc - 27(3/2

Where g = (d - €)/h is the coupling strength, which is a measure of the in-
teraction rate between the emitter and the cavity. This parameter depends on the
transition dipole moment of the emitter (d) and the vacuum field in the resonator
at the emitter position, £. The latter increases when decreasing the mode volume
of the cavity as £ o< 1/V/V.

When ¢ is small in comparison with the decay rate of the uncoupled compo-
nents, we say that the emitter interacts weakly with the cavity, In that case, if g > g
the spontaneous emission rate is modified due to the change of optical density of
states and Fermi’s golden rule, which gives rise to Purcell Effect. This effect allows
to tailor the decay rate of emitters, to either enhance their emission or protect them
from decaying to the environment [20].
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(a) No coupling (b) Weak coupling (C) Strong coupling
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Figure 3.1: Cavity-emitter coupling regimes depicted in the energy dependence
on the detuning, § = w. — wy. (a) Uncoupled: no interaction between the energy
levels. The emitter decays spontaneously. (b) Weak coupling: energy levels slightly
change, but no mode splitting is resolvable. The emission rate is modified by the
cavity optical density modes (Purcell effect). (c) Strong coupling: new energy
levels of the hybrid system are generated, giving rise to an anticrossing in energy
of hQlr. The spontaneous emission becomes reversible, such energy transfer between
them occurs at a frequency g.

The coupling strength can increase by increasing d or decreasing V. If the
interaction between the emitter and the cavity is strong enough, the energy will
bounce back and forth between the cavity and the emitter before it is dissipated
to the environment. At this point, spontaneous emission becomes reversible and
the observed energy oscillations between the emitter and the cavity are called Rabi
oscillations. This interaction is then considered in the strong coupling regime.

It is a very interesting regime because both systems (light and matter) are
interacting so strongly that it is not possible to distinguish them, they become a
hybrid. Then, the new system forms new energy levels (similar to the bonding and
anti-bonding energies of small molecules), which leads to an avoided crossing in the
energy when the detuning of both frequencies comes close to zero, § = w,. —wy =~ 0
(fig. 3.1).

The new frequencies related to the energy levels of the hybrid system depend
on the dissipation rates of the uncoupled systems and its original frequencies, as
follows,

wo+we 1 1 ' — 7))\ 2
Wt = 02 —4(70+7c)i\/92+4<5—2(%27)>- (3.2)

The Rabi splitting between the two states, (g, is given at the resonant condi-
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tion, 6 = 0. In this case the excitation is delocalized evenly between the cavity and
the emitter, creating a hybrid.

Op = \/4g2 - (%;7)2 (3.3)

Moreover, while the system remains hybridized the interaction is coherent,
making it a very interesting regime for quantum information processing and control.
Also, the new hybrid has characteristics of both light and matter, giving the new
system mixed bosonic and fermionic characteristics. This can be used to tailor
material properties to enhance exciton transport, to look for polariton condensates
and lasing, to change chemical reactivity, etc [4, 7, 6].

In fact, it has been shown that strong coupling modifies the work function of
molecules [8]. Also, there are theoretical studies to determine how much can the
molecular structure be changed when it is strongly coupled to a cavity [21].

3.1.1 The advantage of lossy cavities

Most of the strongly coupled systems have been achieved with high quality
factor (Q) cavities, such that the photons are trapped in the cavity for a long time,
increasing the chances of interaction with the emitter.

Nevertheless, from equation 3.3 it is deduced that the splitting will only be
real when 2g > |y9 — 7.|/2. Meaning that strong coupling can be achieved for a
smaller g when both components have similar dissipation rates.

Of course, having 79 ~ 7. is not enough to observe strong coupling. We can
consider that a system is strongly coupled when both hybrid modes are resolvable
and when the Rabi splitting is larger than the average dissipation rate of each
component, Qr > (o +7.)/2 [5, 4].

There are some emitters with very narrow linewidths (as single atoms or quan-
tum dots) which can strongly couple to high Q) cavities. However, when trying to
couple to emitters with broader linewidth (as some molecules) lossy cavities are
useful. In fact, lossy plasmonic nanoresonators have allowed to control the plasmon-
emitter strong coupling at room temperature and with open cavities [22, 5, 23].

For this study, IBTs of Al are very broad (79 ~ 500 meV), and working with
metallic systems give us cavity mode linewidths, ., of the same order for both
nanodisks and microcavities.

3.2 Classical Coupled Oscillator Model

Light-matter interactions can be understood in several levels, from a fully clas-
sical perspective, to a semiclassical, and even in a fully quantum mechanical picture
[5]. In this particular case, the simplest description of the IBT-light interaction is
fully classical. This picture was described first by Novotny [24]. Interestingly, that
picture was developed after the semiclassical and fully quantum mechanical theories
were broadly used by quantum opticians [19].

Here is presented a slightly different approach but with the same core idea, it
is called the Coupled Oscillator Model (COM).

11
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Let us think about two classical coupled oscillators: one given for the optical
cavity and one for the IBTs, or any other emitter. Their displacements from the
equilibrium position are given by x. and zq, respectively. The oscillators resonate
at w. and wy and each oscillator has a dissipation term ~. and . The coupling
strength between them is g. Then, the equations of motion under a driving force
field in the cavity, F., are given by,

. . 9 .
{x + Vele + %2960 + 9o = Fe, (3.4)
Zo + YoZo + wyTo — gx. = 0.

By considering that the solutions must be of the form x = x¢e~"*, the solutions
in frequency space are

(w2 — wg + Z‘("']")/0)170

(W = W + o) — Wl + i) — g? 35
WYL, (3.5)

Te =

Ty = :
07 W2 — W+ iwo
Now we can relate the displacement of the coupled cavity, z. to the scattering
cross section by the equation 2.9:
49, 12
Osca ™~ W' |Te|™,
{ [zl (3.6)

Ot ~ wIm(z,).

This simple picture allows us to estimate the coupling strength g between the
cavity and IBTs, by fitting the experimental data with the spectra given by equations
3.6.

Let us note that Drude-Lorentz model is very similar to this approach. But
here we are considering only two macroscopic oscillators, which interact in a very
simple way through g. Whereas Drude-Lorentz model assumes N microresonators
per unit area and the interaction is expressed in a less trivial way through the
polarizability, a(w). Yet, both descriptions are fully classical.

However, the COM is useful in this case because it allows us to calculate g for
our system, which is closely related to the ¢ in the Hamiltonian mentioned above
(eq. 3.1). Thus, giving us an idea of the Rabi splitting in our system.

3.3 Previously on IBT-light coupling

As mentioned above, light-matter interactions are usually studied in structures
with two different entities: a cavity, and an emitter. For this work the interband
transitions (IBTs) of Al are considered as the two level system (emitter) to which
we couple light. This system is peculiar because the cavity is coupled to an intrinsic
transition in the material that composes it. Thus in some way, the cavity is coupled
to itself.

IBTs have been usually considered undesired relaxation mechanisms, since
they introduce additional dissipative channels for plasmon resonances. Therefore,
nanoantennas are usually designed such that the LSPR avoids the interband regions
of the metals.

12
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Nevertheless, it has been shown that the interaction of LSPR with extended
IBTs results in a Fano-type resonance [25]. Also, the interaction of the LSPR with
spectrally localized IBTs has been addressed theoretically by Pakizeh [26] using
Drude-Lorentz model (eq. 2.5). In that case the interaction was treated in quasi-
static theory, as a dipole-dipole interaction that resulted in two hybrid modes.

The aforementioned study triggered a few experimental works considering
spectrally localized IBT-light interactions. The first one, observed for the first time
LSPR-IBT anticrossing, by using a nanohole array fabricated by colloidal lithogra-
phy [27].

Similarly, Lercarme et al., studied the interaction in Al nanorods [9]. They
considered that the interaction was analogous to the system LSPR-J-aggregates that
is usually studied for strong-coupling, but made no calculations to check if it was
indeed strongly coupled.

Finally, another study was conducted by Pirzadeh et al, using Nickel [10]. The
coupling was studied in Ni nanodisks fabricated by Hole-mask colloidal lithography
(HCL). In their study they observed an energy split of 1.1 eV, used a classical model
of strong coupling [24] to explain the mode splitting, and claimed that the two new
modes were too wide for the system to be considered in strong coupling.

The difference between Ni and Al is that the IBTs are around 4.5 eV, which
is far in the UV, representing a challenge for measurements in normal microscope
objectives due to UV light absorption in lenses and objectives.

In short, light-IBT interaction has been studied before using plasmonic nanores-
onators. Regarding microcavities, to my knowledge light-IBT interaction has not
been addressed in asymmetric microcavities as perfect absorbers, even though sym-
metric microcavities are broadly used by the strong coupling community [4, 20].
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4

Methods

This chapter consists of the description of the methods for calculations, fabri-
cation, and optical measurements of the aforementioned structures.

The theory behind the calculations of the cavity modes was covered in sec-
tion 2.2. The specifics regarding the calculations of the extinction spectra of the
nanodisks and the Transfer Matrix Method (TMM), used for the microcavities con-
figuration, are explained here.

This is followed by the description of the fabrication process of the nanodisks
for ensemble and single particle measurements. As well as the microcavities fabri-
cation.

Finally, the experimental setups used for the optical characterization of the
samples are depicted. Ensemble measurements were done with spectrophotometry,
and different setups in upright and inverted microscopes were used for single particles
and microcavities measurements.

4.1 Calculations

4.1.1 Extinction spectra of Al nanodisks

Analytical calculations of extinction and scattering efficiencies for Al nanodisks
were made in the quasi-static regime and MLWA using equations 2.9. For that, the
disks were assumed to be oblate ellipsoids surrounded by a homogeneous media,
such that the polarizability given by (eq. 2.8) is used for the calculations. The
theory behind the calculations was described in subsections 2.2.1.1 and 2.2.1.2. It
is important to notice that they are spectra originating from light interacting with
a single nanodisk, so no interaction between neighboring nanodisks is considered.

The extinction and scattering efficiency were calculated for Al nanodisks of
different diameters (170 — 230 nm) and heights (5 — 30 nm). For the calculations,
€prude Was considered for Al nanodisks without IBTs (eq. 2.4). The calculated
LSPR resonance with such dielectric function was considered to be the response of
the uncoupled cavity mode.

After, maintaining the same geometry, the calculations were made for the full
dielectric function of Al (shown in equation 2.5). This includes the Lorentz term
with Gy = 13, such that the calculations describe the IBT-LSPR interaction in good
quality Al. A low quality one was considered with Gy = 5.2, after the experiments
were made. This part will be explained in section 5.1.2.

As will be described in the next section, the nanodisks are fabricated on glass
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Figure 4.1: (a) Schema of Transfer Matriz Method (TMM). The interface and
propagation matrices are depicted for i and j—th layers. (b) Stack used in the
experiments and in calculations.

substrates, therefore they are not strictly immersed in a homogeneous medium. To
take this into account in the calculations, an effective refractive index is considered
such that n.s; = \/ (nZ,. +n2,)/2. Glass refractive index is fixed to 1.45, therefore
nerr = 1.25. This approximation does not consider the ~ 3 nm self-limiting oxide
layer that surrounds the Al nanodisks [11]. In the case of nanoparticles covered by
PMMA, the effective refractive index was considered of n.sr = 1.38.

4.1.2 Transfer Matrix Method

The Transfer Matrix Method (TMM) is a powerful and simple method that
allows us to obtain analytically a steady-state solution of the reflected and trans-
mitted light through a multilayered media. To do so it applies the Fresnel equations
in the boundaries of each layer and can take into account absorption of the wave
through a lossy material [17].

As depicted in figure 4.1, the idea of TMM is to relate the coefficients of the
E field, in the forward (E*) and backward direction (E~), right after the final layer
to the ones before the first layer. The relation is given through a total matrix, Mr,
that represents the full layered media, such that

[gﬂ ~ My Eﬂ . (4.1)

To build the total matrix, it is necessary to multiply every scattering matrix
of propagation through every layer (M;, for the j — th layer) and interface (M,;,
for the interface between layers i and 7). In general TMM, as Fresnel equations, are
polarization dependent. Calculations in this work were done for normal incidence, in
which case the equations are the same for both s and p polarization and the matrix
for propagation for a distance d through an homogeneous media is given by

M, = le_mkod 0 ] (4.2)

0 einkod
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Let us note that the refractive index, n, can be complex. Therefore, the wave
damping through a lossy media is taken into account. Additionally, the matrix
propagation through an interface is given by

(4.3)

1 [nj +n;, n;— nll
ij = :

N % n; —mn; nj—i—ni
Finally, the total matrix is found by multiplying the matrices for every layer
and interface in the stack

MT - MN(N—I)MN e M1M01. (44)

The reflection and transmission coefficients are given by the ratio between
reflected and transmitted coefficients of the field through the full stack. This infor-
mation can be obtained from the total matrix elements, Mr,;, when the incoming
field in the backward direction (starting from the final layer) is zero, Ey = 0.

Ey My

= = __"=2 4.5

' ES_ MT22’ ( )
E+

t= 7]17 = MT11 -+ ’I"MTU. (46)
EO

The stack of layers used in this work for the microcavities is shown in figure
4.1(b). In this case t = 0, since it includes a perfect bottom mirror. Thus, in this
case only the reflectivity of the film stack was calculated, which is given by R = |r|2.
For calculations, the refractive index for the glass substrate and the dielectric spacer
layer was fixed to ng = 1.45.

The complex refractive index of Al was calculated from the dielectric function
fitted by Drude-Lorentz model (eq. 2.5). Which considers IBT-cavity mode inter-
action. The cavity mode of the uncoupled cavity was calculated by using only the
Drude part (eq. 2.4) of the Al dielectric function. This was thought to consider
the geometrical configuration with perfect mirrors without IBTs. This was the only
possible way to separate both IBTs and cavity mode, since experimentally it is not
possible to obtain Al without IBTs.

4.2 Sample Fabrication

As mentioned before, light-matter interactions have been realized in several
structures with various kinds of cavities and emitters. This work focused on the
interaction of Al IBTs in simple structures, such as bare nanoparticles and metallic
microcavities. This section describes the fabrication methods of Al nanodisks and
asymmetric microcavities designed for this interaction to be studied.

All the samples of both structures were fabricated on 170 pm thick glass cov-
erslips (Deckglaser #1). Thus, the cleaning procedure for all the substrates was the
same. It consisted of 15 minutes in an acetone ultrasonic bath at 100 KHz and 55°C.
The same bath was repeated for isopropanol (IPA). Finally, the coverslips were dried
with nitrogen gas.
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(a) E-beam exposure (b) Resist development (c) Al evaporation (d) Lift-off

Figure 4.2: FElectron beam lithography process steps. (a) The substrate with positive
resist on top is exposed to the electron beam in a designed pattern. (b) The exposed
resist is developed, giving rise to holes in the resist (¢) 20 nm of Al is deposited by
e-beam evaporation to generate disks and (d) during the lift-off the rest of the resist
s washed away.

4.2.1 Nanodisks fabrication

Two different lithographic techniques were used to fabricate Al nanodisks:
Electron-beam lithography (EBL) and Hole-Mask Colloidal Lithography (HCL).
HCL allows to cover large areas with nanodisks randomly located and EBL was
used for single particle fabrication. Even though ensemble nanodisks were fabri-
cated first by HCL and arrays of single particles by EBL later, for clarity reasons,
the procedure to make single particles by EBL is described before the HCL process.

4.2.1.1 Electron beam Lithography

Single Al particles were fabricated by EBL on glass by following the process
depicted in figure 4.2. After the glass was cleaned, a positive resist (PolyMethyl-
Methacrylate - PMMA) was spin coated on top and baked at 180°C for 5 minutes.
Then, the resist was exposed to the electron beam with a pattern that consisted of
holes arranged in equally spaced rows and columns as shown in fig. 4.4(c). Followed
by resist development so that the cylinders are formed in the resist. A 20 nm layer
of Al was evaporated on top with two different deposition rates: 1- 2 A / and 20 A/s
(e-beam evaporator Lesker PVD 225). The last step was lift-off in acetone, to wash
away the resist and uncover the nanodisks.

The nanodisks were fabricated in an array of 7 columns and 9 rows equally
spaced by 5pm, as shown in the optical image of the array (fig. 4.4(c)). The
diameter of the nanodisks increases from 170 to 230 nm from the leftmost column
to the rightmost one. All the rows are the same for reproducibility tests.

The final shape of the nanodisks was checked by scanning probe microscopy
(SEM) to make sure it was correct before the optical characterization. A represen-
tative SEM image of a disk with a diameter of 230 nm and 20 nm height is shown
in figure 4.4(d).

EBL allows us to fabricate any kind of structure, in particular single particles.
Nevertheless, it is a slow process and an expensive tool, thus it is not the most
suitable approach for large area coverage.
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Figure 4.3: Hole-Mask colloidal Lithography (HCL) fabrication process flow. (a)
Spin coating of 240 nm of PMMA, followed by reactive oxygen plasma treatment
for 5 s at 50 W. (b) Formation of a self-organized layer of PS beads on the surface
by using a positively charged monolayer of PDDA. (c) Deposition of Cr to form
the metallic mask. (d) Removal the PS beads to uncover the holes of the mask by
tape-stripping. (e) Oxygen plasma etching to create the cylinders in the mask. (f)
Al e-beam evaporation to form the disks. (g) Lift-off in acetone.

4.2.1.2 Hole-Mask Colloidal Lithography

Hole-Mask Colloidal Lithography (HCL) is a method that allows to fabricate
nanodisks in large areas by taking advantage of the self-organization of charged silica
beads to form a metallic mask on top of the surface [28].

The steps to obtain Al nanodisks are showed in figure 4.3. First, a 240 nm
thick layer of (PMMA) is spin coated on top of a clean glass and the samples are
baked at 180°C during 5 minutes. This is followed by a reactive oxygen plasma
treatment at 50 W for 5 s to make the surface hydrophilic (fig. 4.3(a)).

Then, a monolayer of Poly-(diallyl dimethyl ammonium chloride) (PDDA) is
obtained by covering the sample with a solution of 0.2 wt% PDDA during 30 s,
rinsing with de-ionized water for 10 s and drying the sample with nitrogen gas. Now
a monolayer of polystyrene (PS) beads, with an average diameter of 172 and 200
nm, is formed. To do so, the sample is covered with a 0.1 wt% water suspension
of PS beads during 2 minutes, then the sample is rinsed with de-ionized water for
30 s and blown with nitrogen again (fig. 4.3(b)). The positively charged PDDA
improves the adhesion of the negatively charged PS beads to the surface and the PS
beads will arrange themselves randomly due to electrostatic repulsion between them.
Therefore, after this step we obtain a uniform layer of self-organized PS beads.

The next step is to evaporate 10 nm of Cr or Au on top of the beads (e-beam
evaporator Lesker PVD 225), depending on the preferred material for the metallic
mask (fig. 4.3(c)). In this work Cr was used. The beads will shadow some of the
evaporation, leaving holes in the Cr layer underneath them. To uncover the holes,
the beads are removed by tape-stripping (fig. 4.3(d)). This will give us a metallic
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Figure 4.4: Images of the obtained nanodisks by HCL and EBL. (a) SEM of HCL
nanodisks of 172 nm of diameter and 20 nm height. (b) SEM of HCL nanodisks of
200 nm of diameter and 20 nm height. (c¢) Dark-field optical image of an array of
20 nm height Al nanodisks fabricated by EBL, the diameter increases from 170 nm
(leftmost) to 230 nm (rightmost). (d) SEM of EBL nanodisk, with 20 nm height and
a diameter of 230 nm. (e) Image of the EBL array scattering spectra reconstructed
using hyperspectral imaging technique.

mask with holes of approximately the same diameter of the beads.

Once the mask is formed, the PMMA is etched with oxygen plasma for 4
minutes at 50 W, through the holes in the mask. (fig. 4.3(e)). This generates a set
of openings to the glass substrate. Then the desired height of Al (8, 10, 15, 20, 25
and 30 nm) is evaporated by e-beam evaporation (fig. 4.3(f)). Finally, the PMMA
is removed in acetone, along with the upper Al layer. Finishing with nanoparticles
randomly distributed of the desired diameter (fig. 4.3(g)).

It is crucial to point out the importance of the e-beam evaporation of the
metals in both EBL and HCL methods. Because for them to work it is necessary
to deposit the metals with directionality. Therefore, it is possible to create different
structures by depositing the metals with different angles. Moreover, the deposition
rate and vacuum (should be always below 5 x 10~7 Torr) are very important for the
quality of the Al in the nanodisks.

The final HCL structures consisted of Al nanodisks with diameters of 172 and
200 nm, and heights of 8, 10, 15, 20, 25 and 30 nm. The samples were checked with
SEM to make sure the diameter and shape were correct. Figures 4.4(a) and (b)
show images for 20 nm height HCL nanodisks with diameters of 172 nm and 200
nm, respectively.

4.2.2 Asymmetric microcavities

The samples with the layered structure showed in figure 4.1(b) were fabricated

on glass substrates.
Both mirrors were deposited by Sputtering (FHR MS150 Sputter). The thick-
ness of the top mirror was ¢t = 5,10 and 15 nm. The bottom mirror was fixed at 100
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Figure 4.5:  Optical characterization of Al nanodisks (a) Working principle of
extinction measurements with a spectrophotometer: collimated light is sent to a
monochromator (grating and slit) such that the light transmitted through the sample
at each wavelength is recorded. (b) Schema of Dark-Field spectroscopy setup: light
is sent in large angles through a 100X objective, the scattered light is collected by
the objective. The detection can be through a liquid crystal filter (LCF) to record the
image of the scattered light at a certain wavelength with a CCD, or through a fiber
coupled to a spectrometer.

nm. One type of spacer consisted on a layer of PolyMethylMethacrylate (PMMA)
spin coated and baked at 180°C for 5 minutes. The PMMA was spin coated to vary
between 175 and 300 nm in steps of approximately 25 nm.

Another badge of samples were fully fabricated by sputtering. With a top
mirror of ¢ = 5 nm and a bottom mirror of 100 nm. The SiO, thicknesses were
d = 150,175,200 and 225 nm.

4.3 Optical Characterization

Both nanodisks and microcavities were optically characterized. For the nan-
odisks, the extinction and scattering spectra of ensemble (fabricated by HCL), and
single particles (fabricated by EBL), was measured. The ensemble measurements
were taken by using spectrophotometer and the single particles were measured by
Dark-field spectroscopy in an upright microscope.

In the case of the asymmetric microcavities, their reflectivity spectra was mea-
sured at normal incidence in an upright microscope and also the reflectivity in the
back focal plane to obtain the dispersion in the cavities. In the following sections
the experimental setup is explained.
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4.3.1 Ensemble measurements: UV-Vis spectrophotometry

The extinction spectra of the Al nanodisks fabricated by HCL was measured
with a UV-Vis-NIR Spectrophotometer (Agilent Cary 5000). The working principle
of the spectrophotometer is depicted in figure 4.5. The light from a lamp is colli-
mated and sent to a grating and a slit to obtain monochromatic light. Then, the
monochromatic light normally incides in the sample with an initial intensity (1),
and the intensity of the transmitted light (I) is recorded for each wavelength.

The measurements were done in single beam and transmission mode (% T),
such that T" = 100(I/ly). A bare glass substrate was used as baseline. Then,
the extinction spectra was calculated from the transmission measurements. The
extinction is the sum of the absorption and scattering of the sample. Therefore,
assuming that the losses by reflection are negligible, the extinction and transmission
spectra are related through £ = —log(7'/100).

All the measurements with the spectrophotometer are macroscopic. To mea-
sure single particles it is necessary to use a microscope as is explained in the following
section.

4.3.2 Single particle measurements: Dark-Field microscopy

Dark-field (DF) microscopy allows us to make sure that the detected photons
have interacted with the sample. It is a very useful technique to enhance contrast,
thus it is particularly interesting for plasmonic nanoparticles, since they are excellent
scatterers.

The general idea of DF is that the light that interacts with the sample is
incident in high oblique angles, such that the reflected or transmitted photons that
did not interact with the sample are not collected by the detection objective. On
the other hand, the photons that interact with the sample are scattered in random
directions, therefore some of them will be scattered close to normal incidence, hence
will be able to reach the objective.

An important part of DF measurements is how to get the incident light to be
only in high oblique angles. For that, in front of the incident beam there is usually a
stop, added to a condenser, which blocks the light in the center of the beam. Then
the condenser focuses the light cone in the sample.

To measure the scattering spectra of single Al nanodisks an upright microscope
was used in DF mode with two kinds of detection: hyper spectral imaging and a
fiber coupled to a spectrometer. The schema of the setup is depicted in figure 4.5(b).

First, light from a tungsten halogen lamp is sent to a reflected light mirror
block, which has a spider light stop facing the incident light beam. Thus, it blocks
the central light beam and reflects the remaining light cone down to a reflective DF
objective (Nikon, 100x NA=0.8). This kind of objectives have an inner part that
works as a normal objective for the light scattered by the sample (in gray in fig.
4.5(b)) and an outer part that works as a condenser for the incident beam (in yellow
in fig. 4.5(b)). Hence, the objective focuses the light cone in the single nanoparticles
and gathers the light scattered.

The light collected by the objective was detected by two different means (in
separate experiments). In both techniques the reference of the measurements (lamp
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spectra) was taken from silica beads randomly distributed. The methods of detec-
tions are:

« Hyperspectral imaging technique:

Once the scattered light of the full sample is collected by the objective, it is
sent to a tunable liquid crystal filter (LCF) working in the range of 650-1100
nm. Images of the full sample are taken with a EM-CCD camera (Andor iXon)
at each wavelength.

Thus, we obtain an image of the array of particles for each recorded wavelength.
Each particle will show a different contrast in the image depending on the
scattering intensity of the particle at that specific wavelength. This allows us
to reconstruct the spectra of each particle by extracting the intensity values
of a given particle in every image [29].

This is a powerful technique because it allows to measure the scattering spec-
tra of several isolated particles at the same time by obtaining the spectral
information from images.

Figure 4.4(e) shows a stack of the CCD images for all the wavelengths of
the LCF. The color is given by the maximum wavelength in the scattering
spectra of the particle. Since the measured range is in the red and NIR, the
wavelengths in the image are artificially shifted such that the observed color is
in the visible region: Aimag = Ameasured —220 nm. We observe that the smallest
particles (in the leftmost with d=170 nm) scatter more in the blue and that
largest ones (in the rightmost with d=230 nm) scatter more in the yellow part
of the spectra. Which is the expected red shift for larger particles.

e Optical fiber coupled to a spectrometer:

In this case, instead of sending the scattered light of the full sample to a CCD,
an optical fiber (105 pm) collects the light scattered by a single particle and the
spectra of the scattered light is measured with a fiber-coupled spectrometer
(Andor Shamrock SR-303i) equiped with a CCD detector (Andor iDus 420).

4.3.3 Reflection measurements of microcavities

For the asymmetric microcavities, the bottom mirror is thick enough so that
the light is not transmitted. Then, in an upright microscope we measured reflection
at normal incidence. The experimental setup is shown in figure 4.6.

First, the light of a halogen tungsten lamp is focused through a 20x objective
(Nikon, NA=0.45) in the surface of the sample. For this measurements the NA of
the objective is desired to be low, such that only light reflected at almost normal
incidence is collected.

Then the reflected light is collected by the objective and detected by a fiber-
coupled spectrometer (Andor Shamrock SR-303). An Ag mirror was used as refer-
ence of the reflection spectra of the lamp.
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Figure 4.6: Schema of the reflection measurements setup of the microcavities. (a)
Normal incidence. Light is sent and collected at mormal incidence and detected by
fiber-coupled spectrometer. (b) Dispersion measurements. The microscope is used in
back focal plane (BFP) detection, with a very high NA objective (40x, NA= 0.95).
Spectra was taken for 4 different points along the black dotted line in the BFP.

4.3.4 Dispersion measurements

Since the cavities show dispersion, measurements of reflection depending on
the angle of incidence were conducted by using a back focal plane (BFP) imaging
setup in an inverted microscope (Nikon eclipse TE 2000-E) (fig. 4.6(b)).

All the rays reflected from the sample with the same angles are focused in a
circumference of the BFP of the objective, as shown in (fig. 4.6(b)). In the example
depicted, all the light reflected with angles 0¢, and 6, will be focused and projected
as points along the red or green circumferences, respectively. Light reflected in the
normal direction is focused in the center of the BFP (blue dot).

Using this setup, light is sent to the sample through a high NA 40x objective
(Nikon, NA=0.95), such that some of the light has large incidence angles (up to
0 = arcsin 0.95 ~ 72°). The reflected light at different angles is studied in the BFP,
as explained above. For that reason, spectra measurements were done for 4 different
points (Asinf = 0.19) along the black dotted line shown in figure 4.6(b). The
spectra was collected using a 105 pm optical fiber coupled to the spectrometer.
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Results

The main results obtained are discussed in this chapter, as well as some ideas
to follow up the project. The first part focuses on the LSPR-IBT interactions
in Al nanodisks. Whereas the second part is devoted to the interactions in the
asymmetric microcavities. In both cases the explanation for the calculations is
given first, followed by the analysis of the experimental results. Every section has a
summary in the last paragraph in order to guide the reader through the results.

5.1 LSPR coupled to interband transitions

5.1.1 Extinction calculations

In order to observe light-matter coupling in Al nanodisks, it is necessary to
tune the LSPR response of the disks to be near the frequency of the IBTs. Because,
as mentioned in section 3.1, one of the characteristics of strongly coupled systems
is the formation of two new eigenmodes when the detuning between the cavity and
the emitter is close to zero, § = w, — wy =~ 0.

As was pointed out previously, the system considered here is peculiar because
the cavity is coupled to an intrinsic property of the material of which it is formed
(Al IBTs). Therefore, it is not possible to obtain measurements of the uncoupled
cavity w,, specially at 6 = 0. Thus, to know the uncoupled value of w,. for a specific
nanodisk, the extinction spectra was calculated with a dielectric function only with
the Drude part, Gy = 0 in equation 2.5.

To be at zero detuning, it is necessary to match the resonance frequency of
the nanodisks, w,. with wy, by changing either the diameter, height, or the refrac-
tive index of the surrounding media. In figure 5.1, the diameter of a nanodisk is
increased from 80 to 200 nm, such that the LSPR is tuned to the IBTs. The IBTs
are considered to be centered around the dashed line in figure 5.1, Awy ~ 1.5 €V and
to have Ay ~ 500 meV.

Even when considering the LSPR frequency far from IBTs, there is a clear
difference between the spectra when considering IBTs in the calculation (red line in
fig. 5.1(b)).

Moreover, two peaks with similar intensity appear at 6 = 0 when considering
the IBTs contribution. On the contrary, there is only one peak without the IBTs
(fig. 5.1(b)). Meaning that the system is coupled.

For instance, it is possible to smoothly tune w. towards wy by changing the
refractive index that surrounds the disk. The variation of the uncoupled cavity is

25



5. Results

d=80 nm ——Drude d=200 nm ——Drude
-~ e —

— D —DL

flh/ - - IBTs || 51 - - -IBTs |-

3.5 1 1.5 2 2 5 3 3.5
Energy (

ot

5 1.05 4
35

3
2.5

9
Z 1.35 1.5

. 1
05 L4 0.5

Energy (eV) ]:11( rey (

o

o
L v o -l —

R(f[rl(fl\( 111(1(\

o

e ] N LW e = U o

Figure 5.1: Calculated extinction efficiency (Qest) of Al nanodisks. The disks are
10 nm in height and a diameter of (a) 80 nm, such that LSPR is far from Al IBTs,
and (b) 200 nm to obtain an overlap of LSPR and IBTs. (¢) Uncoupled cavity mode
of a nanodisk with d=200 nm and h=10 nm when changing the refractive index of
the surroundings. (d) Anticrossing of the cavity mode (on the left) and the IBTs (in
blue).

shown in figure 5.1(c) and an anticrossing behaviour between the cavity and the
IBTs is observed when using the full Drude-Lorentz model (figure 5.1(b)). In fact,
figure 5.1(b) is a cross section at n = 1.25 of figure 5.1(c) and (d).

The anticrossing is a clear indication of the interaction between the IBTs and
the LSPR. Nonetheless, to determine whether it can be considered a strongly coupled
system (eq. 3.3), it is necessary to calculate the coupling strength, g.

To obtain the coupling strength of the LSPR-IBTs, the extinction spectra of
the nanodisk was calculated using the coupled oscillator model, COM (sec. 3.2).
The two oscillators are given by the IBTs and the LSPR response (as the cavity).
IBTs were considered with Awy, = 1.5 €V and a linewidth of Avyy = 500 meV. The
frequency of the cavity and its linewidth, w. and 7., vary depending on the geometry
of the nanodisk.

Let us follow up the example given in figure 5.1(b), where hiwy ~ hw. ~ 1.5
eV (fig. 5.2(a)). The linewidth of the uncoupled cavity, 7., is calculated from the
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Drude response (dark blue spectra). Then, the obtained values of w, and . are used
to fit the DL spectra (red line) with the COM spectra (light violet line).

The anticrossing plots (fig. 5.2) show that 6 = 0 for a nanodisk with h ~ 9.8
nm, d ~ 203 nm and n ~ 1.25. That geometry is very close to the one considered
in fig. 5.2(a). In that case for COM, it is considered that Aw. ~ hwy = 1.5 €V,
hyo = 500 meV and 7, = 435 meV. The COM coupling strength is then hg = 460
meV. Let us note that, g given by COM was similar to the energy splitting for all
the calculations. This could happen since for the COM the coupling strength does
not necessarily has the same physical meaning as in the Hamiltonian (eq. 3.1).

In this case, h(vo+7.)/2 = 467.5 meV, and the Rabi splitting by COM is ~ 460
meV. Then, the LSPR-IBT system is on the edge of strong coupling. By considering
the energy difference between the two peaks at zero detuning in the plots in figure
5.2, Qr ~ 390 meV. Thus, COM gives a slightly larger value of the splitting at zero
detuning.

Also, in this specific case g varies for different 9, because  depends on the
geometry of the disks, then g oc py/1/V. Where p is the dipole moment of the
emitter (IBTs) and V' the mode volume of the cavity. The mode volume will be
different for different geometries of the cavities. As discussed previously, the mode
volume in plasmonic nanoresonators is not trivial [20]. Nevertheless, here a direct
variation of the mode volume (V') with the geometrical volume (V) was assumed.
This approximation is valid considering that in metallic nanoparticles the mode is
concentrated within it [4]. However, it is necessary to be careful, since the mode
volume for lossy cavities is not easy to define [30].

Let us consider the case of refractive index variation with fixed geometry (h=10
nm, d=200 nm). Fig. 5.2(b) shows color maps of the extinction spectra for the
former disks. The uncoupled modes are marked with dashed lines and the maxima
of Qcu are shown in red crosses. The maxima given by COM are marked in circles,
for that fit g decreases from 500 meV to 410 meV when increasing n from 1 to
1.5. This makes sense, because the mode will leak more into the surroundings when
increasing n.

Varying the refractive index of the surrounding media has the advantage of
maintaining the geometry of the cavity, decreasing any extra variation given by the
shape. But it is not simple to tune the refractive index experimentally. It is more
viable to tune the frequency of the cavity by changing either the height (h) or the
diameter (d) of the disks. The anticrossing in the case of those variations is shown
in figures 5.2(c) and (d).

Considering the diameter of the nanodisks as a variable to tune w., and by
assuming that mode volume varies directly as the volume of the disk, the increase
of g has to be linear because V o< d* and g o< 1/ VV x 1 /d. Thus, a linear variation
of g for the COM (inset in fig. 5.2(c)), is assumed such that it decreases from 510
to 400 meV when d increases from 170 to 230 nm.

In analogy, V o h. Therefore, g o< 1/v/h can be expected. The COM fit for
such dependence is shown in figure 5.2(d). As shown in the inset, the variation of ¢
is an almost linear decrease from 460 to 300 meV when increasing the height from
10 to 30 nm.

Calculations were made under several approximations, such that the disks are
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Figure 5.2: Coupled Oscillator Model fitting to Qewt Spectra calculated using DL
model. (a) Ezample of the fitted spectra for a disk of d=200 nm, h=10 nm and
n = 1.25. Anticrossing between IBTs and LSPR with the maximum of the DL and
COM spectra highlighted. The anticrossing is obtained by varying: (b) n of a disk
of d=200 nm and h=10 nm, (c) diameter of a disk of h=10 nm with n = 1.25 and
(d) height of a disk of d=200 nm and n = 1.25. The variation in g is shown as an
inset in each plot.

ellipsoids and that they are surrounded by homogeneous media. Even though, the
disks are sitting on glass, covered by a self-limiting layer of Al3O, of around ~ 3
nm [11] and surrounded by air. Also, let us be aware that the size of the disks used
here is already not strictly considered by MLWA. Thus, we should be careful with
claiming anything without the experimental results.

In brief, mode splitting was observed in calculations of LSPR—IBTs inter-
actions via extinction spectra. By using COM, a decrease in g is observed when
increasing the volume of the particle and when increasing n, which is attributed
to the increase of the mode volume of the cavity. The value of g is always around
~ 350 — 500 meV. Furthermore, at § = 0, g ~ 460 meV. By relating this value to
the energy splitting, we can say that the system is on the edge of strong-coupling.
Nevertheless, we should be cautious, because the observed splitting at § = 0 in figure
5.2 is 390 meV, which is not enough for the system to be in strong coupling.
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5.1.2 Ensemble experiments

To measure LSPR-IBT interaction, the height of HCL Al nanodisks was varied
while keeping the diameter fixed to 172 nm and 200 nm. Once the 172 nm nanodisks
were optically characterized, a layer of PMMA was deposited on top to redshift their
extinction spectra by increasing the refractive index of the surrounding media.

The extinction spectra measured for all the samples is shown in figure 5.3(a~
c¢). The first and second column contain the measurements for nanodisks with 172
nm of diameter, but for the second column the disks are covered with PMMA. For
the third column, d = 200 nm. As expected, the LSPR blueshifts when increasing
height and redshifts when the diameter and refractive index increase.

Even though it is possible to observe damping and broadening of the LSPR
around Aw =~ 1.5 eV, there is not a clear mode splitting as calculations indicated.
This is related to the dielectric function of Al.

The dielectric function used in calculations, e(w)py, was fitted to the experi-
mental data by Racik et al. [2]. Nonetheless, e strongly depends on Al deposition
conditions [11]. If the deposition rate is slow and the vacuum is not good enough
(> 1077 Torr), the amount of oxide inside the nanodisk increases (apart from the
~ 3 nm formed on the surface). This decrease in Al quality damps the magnitude
of both the imaginary and real part of e [11].

In order to take this damping into account to fit the experimental data, the
oscillator strength of IBTs, G, was decreased in the calculation of ep; from 13 to
5.2 (fig. 5.3(d-f)). This is an approximation, in reality most of the parameters in
equation 2.5 should slightly change to fit the experimental ¢, in particular wp.

The best way to do the calculations would have been to measure € of the
deposited Al by ellipsometry and then fit again € 4; with DL model to the measured
data, or even use the measured data for the calculations directly. Another possibility
is to measure the amount of Al,O5 in bulk Al by X-ray Photoelectron Spectrosocopy
(XPS) and use Bruggeman model to calculate the dielectric function as made by
Knight et al. [11].

However, the mentioned rough approximation was enough to fit the measured
data and calculate w,. and ~, for the three batches of samples (fig. 5.3(d-f)). With
the Drude part information, the linewidth and resonance of the uncoupled cavity
was estimated and the COM was used to fit the experimental data to obtain g.

As mentioned previously, g depends on the size and the surrounding media of
the nanodisks. The COM fit and the value of g for each curve is shown in figure
5.3(g-f). In this case, g < 300 meV, which is ~ 150 meV (~ 33%) smaller than the
calculated one. Thus, the system would is now on the weak coupling regime.

Moreover, if we consider the anticrossing plots for calculations considering the
low quality Al with Gy = 5.2 (fig. 5.4), mode splitting is barely visible in both cases
and the uncoupled IBTs moved from 1.5 to 1.55 €V. Plots in figure 5.4 also show
that the experimental system is in the weak coupling regime.

In a more rigorous perspective, the splitting should be measurable in absorp-
tion to make sure the system is strongly coupled. To measure it, an integrating
sphere in Cary 5000 would be required [10]. However, no mode splitting was ob-
served in absorption calculations even for good quality Al. The problem with ab-
sorption is that it is weak in comparison with scattering, because the nanodisks are
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Figure 5.3: (a-c) Extinction measurements of Al nanodisks fabricated by HCL. The
extinction for different heights is shown with an offset in each plot. (d-f) Extinction
calculations using MLWA to fit the experimental data. Made considering a low
quality Al (Gy = 5.2). The Drude spectra is shown in dotted lines. (g-i) Extinction
calculations using the Coupled Oscillator Model for a given coupling strength. The
first column from left to right shows the results for nanodisks of d=172 nm, the
second column shows results of the same nanodisks covered in PMMA and the third
column has d=200 nm.

quite large. Therefore, to enhance the absorption we could decrease the size of the
particles, which is hard because it is necessary to tune the LSPR to NIR part of the
spectra. Making small disks to enhance absorption was simpler for Pirzadeh et al.,
since Ni IBTs are in the UV [10].
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In short, due to the quality of the Al, the experimental coupling strength is
~ 33% weaker than expected through calculations. Thus, to increase IBT-LSPR
interaction it is important to be careful with Al deposition conditions. For that it
is better to deposit Al under very good vacuum (< 10~7 Torr) at a constant 20 A /s
rate.

5.1.3 Single particle experiments

Fabrication of single particles was planned in order to decrease the linewidth
of the LSPR by removing the broadening given by size dispersion of nanodisks
fabricated by HCL. In addition, measurements of the scattered light are directly
comparable with calculations. Because strictly speaking, UV-Vis spectrophotometry
does not measure directly the extinction of the sample. It measures transmission,
from which we can calculate the extinction by assuming that losses by reflection are
negligible.

For this, two batches of Al nanodisks were fabricated to compare the depo-
sition rate influence on the scattering spectra, as was discussed above. One of the
depositions had an increasing rate from 1-2 A /s and the other was fixed at 20 A /s.
The height of the disks was fixed to 20 nm and the diameter varied every 10 nm from
170 to 230 nm. Also, PMMA was deposited on top later to redshift the spectra.

As mentioned in chapter 4, two different detection methods were used: hyper-
spectral imaging technique, and a fiber coupled to a spectrometer. The results of
both techniques are shown in figure 5.5. It also shows calculations on the expected
scattering cross section spectra for a low quality Al (Gy = 5.2).

Unfortunately, there are discrepancies between the two measurements and the
calculations. SEM images were taken before the measurements and the geometry
of the particle was as expected (fig. 4.4(d)). Therefore, such discrepancies may be
related to oxidation of bulk Al
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Figure 5.5: Hyperspectral imaging technique measurements for Al deposited at (a)
1-2A /s and (b) 20 A /s. (c) Calculations of the scattering cross section considering
a low quality Al (Go = 5.2). (d) Spectra of nanodisks deposited at 20 A /s done by
fiber coupled to a spectrometer. Note that the scale of the axis is different for each
plot.

However, measurements via two detection techniques should show similar re-
sults even if Al was oxidized. Meaning that there was a particular issue with the
measurement setup. Hyperspectral imaging was also utilized on Au bipyramids with
a known scattering spectra to make sure the setup was not the problem. Neverthe-
less, Au bipyramids scattering efficiency is much better than Al nanodisks. Hence,
the problem may be the low scattering efficiency of single Al nanodisks, along with
the low halogen lamp intensity at the wavelengths of interest. Which is too low for
energies below ~ 1.4 eV. Giving a low light intensity to measure.

Also, the spectra for energies larger than ~ 1.65 eV decays similarly for all the
particles, which seems more of an artifact than a real signal. This leaves a very short
energy range that is measurable. Within this range, it is possible to compare the
scattering spectra for a diameter of 220 and 230 nm, and find a similar behaviour.
But the range is too short to conclude anything beyond a reasonable doubt.

Measurements with the fiber coupled spectrometer showed the same problem
with intensity at low energies. Such that, the decay in the signal below ~ 1.8 eV
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resembles more of an artifact. An extra issue with this technique was that the spectra
are enhanced for larger energies, hindering the signal at the region of interest. There
is no clear explanation for this, since the measurements consider the background and
they are normalized to the lamp signal.

The samples were covered with a layer of PMMA to redshift the scattering
peak, but the measurements were taken with a fiber coupled to a spectrometer and
are very similar to the ones in fig. 5.5(d).

Even though it was not possible to measure single particles, Halas group has
measured single Al nanodisks with around the same geometry and observed a dip
in the scattering spectra that they also attribute to the IBTs [31].

In summary, measurements of single particles were not reliable. Therefore, it
is not possible to make statements regarding the IBT-LSPR interaction in this case.

On the whole, by using simple plasmonic nanoresonators, weak LSPR-IBT
interaction was measured in Al by observing slight mode splitting in the extinction
spectra. Even though, strong coupling was not observed it was possible to enhance
the absorption rate of IBTs in Al, by simply reshaping Al into nanodisks of the
right dimensions. Moreover, calculations show that it is possible to be on the edge
of strong coupling in this systems if the quality of Al increases.

5.2 Asymmetric microcavities

Plasmonic nanoresonators are interesting for IBT-light interactions, because
they are simple to fabricate and have very small mode volume. A simpler structure
to fabricate in which we can study light-IBT interaction is a microcavity, which can
even be fully fabricated in the same deposition system without breaking vacuum.

As mentioned before, asymmetric microcavities can be designed to be perfect
absorbers at a given wavelength. Such that most of the absorbed power is localized
in the top mirror. Also, when decreasing the thickness of the top mirror, the quality
factor decreases. Thus, part of the field leaks into the upper mirror, enhancing
light-IBT interactions.

Therefore, TMM was used to calculate the absorption of asymmetric micro-
cavities with the structure showed in figure 2.2(c). Similar to the calculations for
nanodisks, €4; was given by Drude-Lorentz model.

Figure 5.6 shows the calculated reflectivity spectra at normal incidence. The
left column shows the spectra for a stack with the different layers for a given spacer
thickness. The IBTs of the bare Al bottom mirror cause a dip in reflection around
~ 826 nm (~ 1.5 eV) as shown in (a). Then, the spacer (200 nm thick with n = 1.45)
gives rise to another dip in the UV due to a second order mode in a Salisbury screen
formed by the reflected and transmitted light by the spacer-air interface (b). By
calculating the reflectivity using only €p;q. We observe two dips in reflection due to
the formation of the microcavity (c). If we consider also IBTs in Al, the uncoupled
cavity modes show a slight repulsion between the dips given by the cavity and by
IBT, giving rise to a weak mode splitting (d). Also the absorption by the IBTs is
enhanced when the cavity mode is close, which is expected from Purcell effect.

The uncoupled optical mode redshifts when increasing the distance light travels
inside the spacer. The distance can be varied by changing the angle of incidence of
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Figure 5.6: Reflectivity calculations of the asymmetric cavities by TMM. (a) R
for a 100 nm thick Al bottom mirror. (b) R of the mirror with a 200 nm thick layer
of Si0y on top, n = 1.45. (¢) R for a cavity with t = 5 nm for the top mirror,
considering € prude- (d) Cavity with t =5 nm and the full DL model, with Gy = 13.
(e) Uncoupled cavity mode depending on the spacer thickness, d (Gy = 0). (f) R
dependence on d with IBTs (Gy = 13). The uncoupled components are shown in
dashed lines.

light (dispersion) or the spacer thickness, d, at normal incidence. Thus, the detuning
between the cavity mode and the IBTs was varied to achieve § = 0 by changing the
spacer thickness.

The uncoupled mode of the cavity, considering only the Drude part of Al,
dependence on d is shown in figure 5.6(e). Note that the color map goes from 0 to
1 in reflectivity. As expected, the wavelength of resonance of the cavity increases
linearly with the thickness of the spacer between both mirrors and a second order
mode appears for thicker cavities.

When including the IBTs in calculations a weak interaction is observed, since
near 6 = 0 the cavity mode slightly blue-shifts (fig. 5.6(f)). But the two modes are
not clearly observed at zero detuning (d = 218 nm).

First, the impact of the top mirror thickness, ¢, on IBT-cavity mode interaction
was studied. When increasing ¢, the coupling becomes less clear. This is attributed
to two reasons. The first one is the difference in linewidths of IBTs and cavity mode.
Since for t = 5 nm, 7. ~ 430 meV, which is comparable to the dissipation in IBTs
(~ 500 meV). Whereas for ¢ = 15 nm, 7. ~ 43 meV. In which case, for the mode
splitting to be real (eq. 3.3) g would have to be larger than ~ 450 meV.

Secondly, the Q factor increases rapidly with the thickness of the top mirror.
Such that, ) ~ 9 for a top mirror of ¢ =5 nm, and @) ~ 43 when ¢ = 15 nm. Thus,
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the absorbed power in the top mirror decreases, because most of the incident light
will be reflected by it before entering the cavity. Consequently, a thinner mirror
is preferred. For the rest of the calculations only 5 nm thick top mirrors were
considered. It is important to keep in mind that thinner mirrors are a challenge to
be controlled experimentally.

An interesting feature that is observed in figure 5.6(f), that still remains unex-
plained, is that the dip in reflection given by the IBTs disappears after the optical
mode interacts with it (for d > 260 nm).

Additionally, as expected from the nanodisks results, cavity-IBT interaction
decreases when the oscillator strength of the IBTs diminishes.

Summarizing, even in this simple structure the calculations showed IBTs-cavity
weak interaction. It is weaker than in nanodisks, probably because the mode vol-
ume is larger. As before, a stronger interaction is expected for a good quality Al
microcavity with a 5 nm thick top mirror.

5.2.1 Measurements of the microcavities

Optical characterization of the microcavities consisted on measuring reflection
at normal incidence and dispersion, as explained before (sec. 4.3.3).

The cavities were fabricated with different spacer thicknesses with a 5 nm
thick top mirror. TMM calculations for the same thicknesses are shown in figure
5.7(a), whereas the reflection measurement at normal incidence is shown in (b).
The calculations considered low quality Al (Gy = 5.2). Discrepancies in the dips
in reflection between calculations and experiments may be given due to the quality
of the deposited SiO,, which may have a lower refractive index due to porosity and
impurities in sputtering.

The dip given by the optical mode redshifts towards the IBTs when increasing
SiO, thickness. The interaction between both is clearer for d = 225 nm, since the
detuning, 9, is reduced. Similar to the LSPR-IBT interaction, the optical mode
looses intensity and broadens, while the dip caused by the IBTs is enhanced.

Dispersion measurements allow to obtain different detuning values for the same
sample by changing the angle of incidence. This makes anticrossing measurements
possible with a single sample [4, 32]. Figure 5.7(c) shows dispersion measurements
for a cavity with d = 225 nm. When decreasing the angle of incidence, the cavity
mode redshifts, and starts merging with the IBTs. Unfortunately the samples were
not thick enough to be able to catch the avoided crossing behaviour in one sample
via dispersion measurements.

Even though the structure of the cavities is very simple, it is necessary to be
careful during fabrication to obtain reproducible samples if a good quality of Al is
required. Because, Al quality increases with the rate of deposition, but if only 5 nm
of Al are required on top, the deposition lasts for ~ 2 — 3 seconds. Usually there will
be a slight error in the thickness of the top mirror related to the deposition system.
In addition to that, a self-limiting native oxide layer (Al30,) of around ~ 2 — 3 nm
will be formed [11]. The thickness of the oxide layer on top and the real thickness
of the top mirror could be measured by XPS.

The fabrication process can be improved to increase reproducibility control.
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Figure 5.7: (a) Calculations for different spacer thickness, d, with t = 5 nm
and Gy = 5.2 (b) Normal incidence reflection measurements of asymmetric micro-
cavities (Al(5)/Si04(d)/AL(100)) for different d. (c) Dispersion measurements of a
maicrocavity with d = 225 nm and t =5 nm.

Such as, not breaking the vacuum while depositing, and stabilize the evaporation
rate to 20 A /s before opening the shutter, and that it can be closed fast enough once
the desired thickness is reached.

Briefly, it was possible to measure weak light-IBTs interactions in asymmetric
Al cavities. To be sure about the coupling it would be better to have a sample with
an optical mode at normal incidence redshifted from the IBTs in order to observe
the anticrossing behaviour in dispersion measurements. For that, also the deposition
process should be improved to obtain better quality of Al and better reproducibility.

5.2.2 Molecule on top of the cavity

After noticing the large effect the oscillator strength, G, has on the IBT-LSPR
coupling strength, and considering the general idea of coupling strength borrowing
proposed by Bisht et al [32]. The possibility of a system composed of three elements
was considered where IBTs, light, and a molecule resonant with the IBTs interact
to increase the coupling strength of the full system.

Hence, additional TMM calculations were made considering a layer of molecules
on top of the cavity. For that, the refractive index for the layer of molecules was
calculated using a Lorentzian dielectric function,

2
fwmol
— wW? — Ymaw

Emol(W) = €00 + —5 (5.1)

Winol

The parameters were chosen as realistic values for molecules: e, = 1.45%
f =1and Avy,e = 0.1 €V, with the same resonance frequency as the IBTs of Al,
hwmo = 1.58 €V.

The left column of figure 5.8, shows the reflection spectra of the different layers
of the stack, in analogy to figure 5.6. The reflectivity of the bare 20 nm thick layer
of molecules on top of the bottom mirror is shown in (a). When the molecules are
separated from the top mirror by a spacer a mode is generated, shown in 5.8(b),
similar to fig. 5.6, but such mode does not interact with the absorption dip in

36



5. Results

1 100
(e).

- 120

0.75 g0

=160

% 18
(a) Mol(20)/AI(100) £ 180

Reflectivity

Spacer thickne
[ R I ORI

(b) [——Mol(20)/Si0,,(200)/AT(100) 0

l\/i_\mwm,f AI(5)/Si0,(200)/AI(100) Drude ( ) 100

‘.{E'u:ﬁ 120
£ 05 Z 10
;:U.,_ =160
~ 0.25
Drude = C) % 180
0 :

—— Mol(20)/Al( ))f‘n() (200)/A1(100)

= <
< u.:', g _

D-1, = 280
0 3

N
1[1() 600 800 1000 1200 400 GO0 800 1000 1200
Wavelength (nm) Wavelength (1m)

Spacer thickness ¢
] o (3] o —
[

Figure 5.8: R calculations for cavities with a h = 20 nm layer of molecules
resonating in hwpe = 1.58 eV on the top. (a) R for a 100 nm thick Al bottom
mirror. (b) R of the mirror with a 200 nm thick layer of SiOy on top, n = 1.45. (c)
R for a cavity with t =5 nm for the top mirror, considering € pyyqe- (d) Cavity with
t =5 nm and the full DL model, with Gy = 13. (e) Cavity mode depending on the
spacer thickness, d (Go = 0), with molecules on top (h =20 nm). (f) R dependence
on d with IBTs (Gy = 13) and a 20 nm layer of molecules on top. The uncoupled
components are shown in dashed lines.

the molecules. When adding a thin top mirror in between the molecules and the
spacer, even without considering IBTs, there is mode splitting of ~ 200 meV (fig.
5.8(c)). Meaning that the molecule interacts with the optical mode even without the
IBTs. This is because the cavity mode without considering the IBTs has a frequency
and FWHM very similar to the molecule (see (b) in figures 5.6 and 5.8), such that
Ve ™~ Ymol-

Moreover, when considering also the IBTs, the previous mode splitting in-
creases up to ~ 360 meV. Let us remember that in IBTs-light system (fig. 5.6(d))
the splitting is of ~ 270 meV for the same spacer distance (d = 200 nm). Meaning
that, both the IBTs-light interaction and the molecule-light interaction are enhanced
when considering the 3-component system, in line with Bisht et al. study [32].

Furthermore, the difference in avoided crossing between light-molecule and
light-IBTs-molecule is visible in 5.8(e) and (f). The Rabi splitting of the 3-component
system is considerably larger, increasing from ~ 155 meV to ~ 285 meV (figure
5.9(c)).

Two important things should be highlighted. The first one is that the molecule
layer shows mode splitting even without the IBTs, suggesting that one can use these
Al cavities for light-molecule coupling even when the molecule is not in resonance
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Figure 5.9: (a) Reflectivity of a 70 nm thick layer of molecules on top of the cavity
(b) R for molecules (h = 20 nm) on top of the cavity with IBTs. (¢) Variation of the
Rabi splitting (6 = 0 m for d = 218 nm) with the thickness of the layer of molecules.

with the IBTs. The second one is that the interaction of the IBTs-light and light-
molecule is enhanced when the 3 systems interact at the same time.

Mode splitting in figures 5.8(e) and (f) increase when the layer of molecules
increases up to a thickness of 50 nm, at this point the absorption of the bare molecule
appears in the spectra as shown in figures 5.9(a) and (b). The increase in Rabi
splitting for the cavity-molecule system and cavity-molecule-IBTs is shown in figure
5.9(c). The problem with thick layers is that the cavity modes formed by the
molecules layer on top change the uncoupled cavity mode, so it is not as simple
as the yellow dashed line depicted in 5.9(a-b).

This study is similar to the one made by Antosiewicz et al. where the coupling
between a Ag nanosphere and a Dye coating was theoretically studied, for different
geometrical and dielectric function parameters [33]. The difference is that here an
extended cavity is studied and the interaction involves 3 components: molecules,
IBTs, and the cavity mode.

Another important aspect to highlight is that in order to claim a strongly
coupled system it is crucial to observe anticrossing also in absorption spectra. In
this case, given that the transmission of the cavity is basically zero due to the bottom
mirror, the anticrossing in absorption is observed, because A =1 — R.

In summary, IBTs-light interaction increases when molecules resonant with the
IBTs are located on top of the cavity. A stronger interaction of the 3-component
system is observed, since the Rabi splitting of the molecule-cavity system (~ 155)
meV increases to ~ 285 meV when adding the IBTs. Furthermore, for the molecules
to show mode splitting with the cavity it is not necessary for them to be resonant
with the IBTs. Thus, this system has potential as an open and extended cavity.

5.2.3 WSe, on top of the cavity

For a experimental realization of the previous theoretical study, a material with
a resonance very close to the IBTs of Al is required. Such material can be WSe,.
This Transition Metal Dichalcogenide (TMD) has its A-exciton around fuwy ~ 1.61
eV [34]. Thus, it can be useful for an experimental realization of the previously
explained 3-component system in the proposed extended cavity.
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Figure 5.10: Reflectivity calculations for different stacks considering WSey on top
of the cavity. The spacer thickness is d = 200 nm and the WSey thickness is h = 8
nm. Left column: calculations using cwse, obtained by fitting a single lorentzian to
the A-exciton (a). Right column: calculations with the eywse, for the bulk material
(b). R for the bare W Sey is shown in (¢) and (g). R for WSeqy on top of the spacer
is shown in (d) and (h), a cavity mode appears around 500 nm, which can interact
with the B-exciton. Then WSey on top of the cavity without IBTs is shown in (e)
and (i). The 3-component system is shown in (f) and (j).

Hence, reflectivity was calculated for a layer of WSe, instead of molecules on
top of the cavity. For that, both the complex dielectric function of bulk WSe, and
a single Lorentzian fit to the A-exciton of the dielectric function were used. The
fit was done to avoid contributions of the B-exciton (dip around 568 nm) and the
rest of the background. It considered e,, = 17.5, hwwse, = 1.61 eV, f = 1 and
hywse, = 0.17 €V. The real and imaginary parts of the W Sey dielectric function
and the single lorentzian fit to the A-exciton are shown in figure 5.10(a) and (b).
Note that the x—axis is different for each one.

As before, the study of the reflectivity for each added layer is presented in
figure 5.10. In (d) we can see an optical mode (dip around ~ 500 nm) created
by the spacer and the top layer. Such mode interacts with the B-exciton and the
background in (h), absorbing more light.
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Figure 5.11: Left column: Reflectivity calculations using € of A-exciton Lorentz
fit. Right column: calculations using ewse,. (a-b) WSey thickness variation on top
of the bottom mirror. (c-d) Variation in spacer thickness, for h = 8 nm, considering
only Drude for Al. (e-f) Spacer thickness variation for h = 8 nm, considering also
IBTs contribution.

In the depicted case, the A-exciton is not in resonance with the optical mode
(at d = 200 nm). The interaction causes dip broadening, as shown in (e). When
taking into account also the IBTs the two peaks are clearly visible (f).

It is important to notice that the real part of the refractive index of WSe, is
around n ~ 4 (fig. 5.10(b)), therefore it can hold cavity modes for thick enough
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layers. WSe, is a layered material, the thickness of a monolayer is ~ 0.7 nm [34].
When WSe, is thick enough it couples to its own cavity mode, as shown in figure
5.11(a-b). In (b) the cavity mode interacts with the B-exciton for a thinner layer
and with the A-exciton for a thicker one. For the calculations showed here h = 8
nm, such that around 10 layers in the material were considered. So that the cavity
mode of the WSe, is far from the A-exciton (fig. 5.11(a-b)).

In this case, the cavity mode formed by WSe, is not used for any purpose, but
it appears in the anticrossing spectra and it is an extra dip to be taken into account.
For thicker layers of WSe, that mode starts interacting with the Al cavity mode,
and the dip is red-shifted. Thicker layers (> 15 nm) are not considered here because
the reflectivity spectra is complicated when both cavity modes, excitons and IBTs
interact.

To strictly model the cavities with the layer of molecules or WSe, on top, and
calculate its Rabi splitting, it is necessary to use a 3 x 3 Hamiltonian [32]. This is
future work and it is not included in this manuscript.

The main idea of this section was to show that the open asymmetric cavity
studied in this work could be used in a real system to strongly couple WSe, to light.
Additionally, the IBTs seem to enhance the mode splitting. The experiment will be
realized in the future and is not included in this work.

5.3 Potential of Light-IBT strongly coupled sys-
tems

As mentioned previously, plasmonic resonators allow to strongly couple light
to other systems (as molecules or excitons of TMDs, to name a few) by using them
as an open cavity [5]. Thus, light-IBT interactions in plasmonic resonators open an
opportunity to couple three systems in a structure simple to fabricate, which could
be useful to increase the coupling strength of the full system.

This comes to mind considering that, a strongly coupled system composed of
nanoparticles (LSPR), an emitter (WS,), and a microcavity resonance has shown to
have larger coupling strength than any pair of them [32].

A similar idea was considered by the end of this work to enhance IBT-light
interaction by adding another resonator on top. The calculations on the system show
larger Rabi splitting for the 3-component system. Therefore, it will be considered
for an experimental realization.

In this work only optical properties of the interacting system were measured,
but those are not the only properties that may change under strong coupling.

The easiest experiment to test if Al is somehow different would be to measure
its work function by Kelvin Probe Method. Because it is a characteristic that has
already been shown to change in strongly coupled molecules [8]. The idea is to
measure the top mirror work function for different thicknesses of the spacer.

Strongly coupled systems through cavities are coherent throughout the cavity,
therefore there is non-locality involved. It is promising because Al has already
interesting properties, such as being a superconductor. An open question is if it is
possible to change the critical temperature of Al by strongly coupling it to a cavity.
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Achieving strong IBT-light interactions in simple structures such as the ones
considered here would be very interesting, due to the different properties that could
be changed. The ultimate goal of strong IBT-light interactions in Al, is to tailor
Al properties (as conductivity, critical temperature, work function, etc) just by
fabricating it in a particular structure such as a nanodisk or forming an asymmetric
cavity.
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Conclusion and Outlook

This work focused on coupling light to spectrally localized interband transi-
tions (IBTs) of Al through two different optical cavities: Al nanodisks as plasmonic
nanoresonators, and Al asymmetric microcavities working as perfect absorbers.

Due to the fact that IBTs are an intrinsic transition of the material that
composes the cavities, two resonances of different nature interact within the cavity.
Thus it is in some sense a cavity coupled to itself. This makes it a system different
from the ones usually studied by the strong-coupling community.

Given that it is a self-coupled system, modelling the dielectric constant of Al
with Drude-Lorentz model was important to compare the uncoupled cavity and the
IBT-cavity interaction.

Calculations were performed to model the coupling on both types of cavities.
On the one hand, extinction and scattering spectra of single nanodisks was modelled
in the quasi-static and modified long wavelength (MLWA) approximations. On the
other hand, Transfer Matrix Method (TMM) at normal incidence was used for the
calculations of the reflectivity spectra of the asymmetric microcavities.

The anticrossing in energy was observed for LSPR-IBT extinction spectra cal-
culations. Nevertheless, due to the low quality of the deposited Al, the experimental
data of nanodisks fabricated by HCL showed only weak interaction. The coupling
strength was calculated by using the Coupled Oscillator Model (COM), and the
experiments showed a ~ 33% weaker g than expected in calculations. By depositing
Al at higher rates and lower vacuum we would be able to improve the experimental
coupling strength to be on the edge of strong coupling. Only weak coupling can
be claimed in the current system, which is enough to change the absorption rate of
IBTs by only structuring Al in nanodisks.

Even though, single particle measurements were not reliable to discuss the
IBT-LSPR coupling in those systems, the techniques for optical characterization of
single particles are described in the text, since they were heavily used in this work.

In the case of asymmetric cavities, the interaction with the IBTs was observed
in calculations and in experiments. Nonetheless, the interaction was weaker than in
nanodisks, probably because the mode volume is more extended in the microcavities.
However, in order to claim strong coupling, it is important to show mode splitting
in absorption spectra, which was not clear for either structure. Therefore, both
kinds of cavities are only weakly coupled, which enhances absorption by IBTs due
to Purcell effect, but do not change material properties.

A surprising result from this work is that the asymmetric microcavity seems to
be a promising platform for achieving strong coupling in open and extended cavities.
This platform has the advantage that the emitter is not required to be placed in
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between of the mirrors and that it is relatively easy to fabricate. Although IBTs
increase the mode splitting, the emitter seems to strongly-couple to the cavity even
without the need of IBTs. In that sense, this platform has a lot of potential.

Immediate future work involves the experimental realization of the system
proposed in section 5.2.3. Which consists in coupling the A-exciton of WSe, to
the asymmetric microcavity. These experiments are possible because during this
thesis work I had the opportunity to learn to exfoliate and transfer 2D-TMDs. The
experiments will be done to test if the asymmetric cavity is as good as the TMM
calculations showed. The cavities with a few layers of WSe, on top will be measured
in dispersion as discussed in section 4.3.

In the case of calculations it is necessary to finish the TMM code for oblique
incidence. This will allow to make a direct comparison with the dispersion measure-
ments mentioned above. It is also necessary to calculate the coupling strength of
the system by using the 3 x 3 Coupled Oscillator Hamiltonian.

Measurements that would involve longer time and effort, but that would also
be very interesting are conductivity, and work function of strongly-coupled Al. As
well as superconducting properties of strongly-coupled Al, such as the critical tem-
perature.

Another interesting follow up work involves different materials with spectrally
localized IBTs, besides Al. Short experiments in Nickel and Niobium microcavities
were also performed in this study. Nevertheless, the results are not included in this
manuscript because they were not easy to understand in the short amount of time of
the thesis. Also, improving the experimental techniques would require much more
work, mainly because Nickel IBTs are in the UV region [10] and because Nb optical
properties have not been widely studied [1]. The interest on Nb is also given by its
superconducting characteristics.

In conclusion, the LSPR of Al nanodisks and microcavities as perfect absorbers
are simple systems in which weak coupling to IBTs was achieved. This is enough to
enhance light absorption by IBTs. Calculations show that by increasing Al quality
it is possible to be on the edge of strong coupling in nanodisks. Nonetheless, in
the case of microcavities, it may still not be enough to improve the coupling to
the extended mode volume. It may be necessary to couple a third component, as
molecules, to achieve strong-coupling. Surprisingly, asymmetric microcavities seem
to be a promising platform to achieve strong-coupling in open cavities, even without
the IBTs playing a role in the coupling.
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