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Abstract

This work is the master thesis of Lander Gyssels, writen in order to obtain the academic
degree of the European Master of Science in Photonics, in the academic year 2021-2022.
This master thesis is supervised by Prof. Dr. Ir. Peter Bienstman at Ghent University and
Prof. Dr. Niek F. van Hulst at UPC and the Institute of Photonic Sciences, ICFO.

The optical properties of molecules can be changed by the presence of a cavity [1]. If the
cavity is resonant with a certain transition of the molecules, the molecules couple with the
cavity. The coupling is characterized by the coupling strength g, which represents the rate
of energy exchange [2]. When ¢ is high enough, the exchange rate can overcome the losses
of the cavity and the molecules and so-called strong coupling is achieved. The strongly
coupled system has new states that can no longer be described by the properties of the 2
components alone. Achieving strong coupling is the goal of this thesis. Plasmonic nanocav-
ities, or nanoantennas can confine light to volumes smaller than the diffraction limit. Rod
antennas and dimer antennas, which consists of 2 rod antennas separated by a gap are of
interest in this thesis. An interesting property of a dimer is that it can build up a high field
strength in the gap, leading to an increase in g. The mode volume is pushed down to an
estimated 20 000 nm?, well below the diffraction limit. The length and gap size of the dimers
is varied so the plasmonic resonance frequency matches the molecular resonance frequency.
This process is backed up with FDTD simulations. The observed coupling strength ¢ for
rods is 0.106 = 0.017eV and 0.116 4+ 0.014 eV for dimers with a molecular concentration of
195 + 48 mM.

Keywords: plasmonics, nanocavity, coupling strength
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Abstract

Molecules placed in an optical cavity experience a change in the environment that leads
to changes in their optical properties. If the cavity is resonant, molecules can couple
to the cavity with a certain coupling strength g. When ¢ surpasses a minimal value,
molecules and the cavity form a strongly coupled system with states that are part light,
part matter. Achieving strong coupling is therefore the goal of this thesis. In a plas-
monic cavity, the mode volumes can become smaller than the diffraction limit, down to
an estimated 20000 nm?® with Au nanoantennas in this thesis. The achieved coupling
strength with Rhodamine 800 and dimer nanoantennas is 0.116 + 0.014 eV while the
minimal value is 0.103 4+ 0.008 eV with a molecular concentration of 195 &+ 48 mM.

Keywords: plasmonics, nanocavity, coupling strength

1 Introduction

The interaction between light and matter is
often suppressed by their difference in size.
Molecules are generally a lot smaller than the
wavelength of the light they emit, leading to
a low absorption and emission probability.
Since the optical properties of molecules de-
pend on the local density of states (LDOS)
[1], they can be modified by external fac-
tors. Molecules can couple to a cavity if the
resonance frequency matches the molecular
resonance frequency. In this thesis, plas-
monic nanoantennas are investigated. The
geometry is varied to match the molecular
resonance as to maximize the coupling. If the
coupling is big enough, the molecules and the
cavity form a strongly coupled system. The

exchange of energy between the molecules
and cavity is then faster than the losses and
the system has new states that are part light,
part matter [2]. Strongly coupled systems
have several applications: ultralow-threshold
and single molecule lasers [3, 4], light har-
vesting [5] and the creation and preservation
of a qubit [6].

2 Theoretical background

Plasmonic nanocavities can confine light to
mode volumes well below the diffraction
limit, given by V,, = (A/2n)? [7]. The small
mode volume leads to a high field intensity.
Especially if 2 structures are combined and
separated by a gap, the field intensity reaches



high values in the gap. In this thesis, the
investigated nanoantennas are rod-shaped
nanoantennas and dimer nanoantennas made
out of Au. A dimer consists of 2 rods with a
gap in between. The 2 rods in the used dimers
are always symmetric. Varying the geometry
allows tuning of the plasmonic resonance fre-
quency wy, to make the nanoantenna resonant
with the molecular resonance frequency wy,q;-
FDTD simulations show that longer lengths
lead to a lower wy;, as well as smaller gaps.
wy also depends on the refractive index of the
surrounding. In the presence of molecules,
a natural shift towards lower frequencies is
expected. w, can be seen in the scattered
field of the nanoantennas. The linewidth of
the scattering cross section 3, increases for
longer nanoantennas and can also be seen in
the scattered field [8].

The optical properties of interest are the
molecular resonance frequency w,,, and the
decay rate I',,,. Both quantities are re-
trieved from absorbance measurements. The
used molecules are Rhodamine 800, noted as
LD800.

The interaction between the nanoanten-
nas and the molecules is characterized by the
coupling strength ¢ and is defined as [2]

with N the amount of molecules, p the tran-
sition dipole moment of the molecule and E
the electric field. p equals 4D for LD800 [9].
g represents the rate of energy exchange be-
tween the nanoantenna and the molecules. 2
regimes are differentiated depending on the
magnitude of g, weak coupling and strong
coupling. The minimal value for strong cou-
pling is [10]
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If ¢ is smaller than (5,4 ') /4, the sys-
tem is in the weak coupling regime, where
the nanoantenna enhances the decay rate of
the molecules. The strong coupling regime,
where g is bigger than (8, + er)/4, is of
interest in this thesis. The strongly coupled
system now has 2 different resonance frequen-
cies, called the upper and lower polariton,
separated by 2{2. This is called Rabi split-
ting and  is the Rabi frequency [11]. Q is
also visible in the scattered field. The cen-
tral frequency between the polaritons is given
by (wpr + Wimet)/2. In experiments,  can be
observed and ¢ can be calculated from € if
Wty Winol, Bpr and 'y are known. If g is high
enough for strong coupling but w,,; is detuned
from wyy,qr, the 2 polaritons coincide with wy
and wy,. This is called anticrossing [12].

3 Methods

The nanoantennas are fabricated with EBL
and Au evaporation through a liftoff process
after a 9nm layer of ITO is applied to the
glass substrate to enhance the adhesion of
Au to glass. The nanoantennas are 50 nm
high and wide. The length of the nanoan-
tennas varies from 60 to 150 nm in steps of
10nm. It has to be mentioned that if a dimer
is said to be of a certain length and with a
certain gap, it means that the rods have that
length and they are separated by that gap.
There are arrays of nanoantennas with an
intended gap of 25 and of 30nm. A solution
of LD&00 in ethanol is added to the sample
and spin coated after the sole nanoantennas
are measured. The spin coating results in a
layer of 20 to 25 nm.

The used setup is a wide-field illumina-
tion, dark-field microscopy setup to detect
the scattered field. The spectrum is made
flat by splitting the spectral components of
a pulsed laser (SuperK Extereme EXR-20



by NKT Photonics) with a repetition rate
of 78 MHz onto an SLM. A voltage mask is
created that results in a flat spectrum. The
coherence of the beam is reduced to reduce
speckles in the beam. This is done by re-
flecting the beam by 2 galvanometer mirrors
and sending the beam through a multimode
fiber with a 100 pm core. The sample is illu-
minated through an oil-immersion objective
(Nikon lambda series, NA 1.4, magnification
of 60). A part of the scattered light travels
back through the same objective past a dark-
field mask and is focused onto an EMCCD
camera (ImagEM C9100-13 by Hamamatsu).
Also an effective phase modulation is applied
to the SLM. The following equation is used
[13].

I(w,t) = |cos((w — wo)t)|2,

where [ is the reflected intensity in function
of frequency w that is incident on the pixel of
the SLM and wy the rotating frame frequency.

4 Results

With UV-VIS equipment, the absorbance of
LD800 is measured. The absorbance spec-
trum shows a peak at w,,,, = 1.82eV with a
linewidth of I',,,,;, = 0.116eV. There is an-
other peak at 1.99eV but this peak is not of
interest because of its lower amplitude. The
absorbance spectrum is plotted on the left
hand side of Figure 2.

In order to determine w, and [, the
scattered field from nanoantennas without
molecules is measured. First, the rods are
measured since only the length is varied
for these nanoantennas. An offset in wy of
0.097 £+ 0.023 eV compared to the simulated
values is observed, as shown in Figure 1.
is 0.048 = 0.030 €V higher than the simulated

il

values. This is the result of surface roughness
of the nanoantennas. For the dimers, w,; and
By follow the same trend as predicted nu-
merically, but with more variation. From the
shift of wy from wy of the rod, an estimate
can be made about the gap. For the arrays
with an intended gap of 25 nm, the estimated
gap ranges from 8 to 20nm, while for the
30nm arrays the range is from 13 to 27 nm.
The mode volume V,,, of a dimer nanoantenna
can be approximated by the volume in the
gap [14]. The 8nm gap nanoantenna there-
fore has a mode volume of 20 000 nm?.

Simulation
2.14 & Experiment

2.0 +
194 +

18 ¢

Resonance energy (eV)
——
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Figure 1: comparison of experimental and

theoretical values of w,, for rod nanoanten-
nas.

The intended concentration of LD80O in
the ethanol solution is 150 mM. In the exper-
iment, both the Rabi splitting and the an-
ticrossing behaviour have to be observed in
order to have strong coupling. Even though
dimers are more suitable for strong coupling
because of the high field intensity in the gap,
strong coupling has been observed in both
rods and dimers. For the rods with strong
coupling, the calculated g from the observed
2 is 0.106 £ 0.017eV, while (B, + I'met)/4
is 0.094 £ 0.011eV. The rods that achieved
strong coupling have a length of 90 nm.

Depending on the gap size, different
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Figure 2: Dimers in a 30 nm gap array where strong coupling is observed. The lower band
has a length of 70 nm, the middle one of 80 nm and the upper one of 90 nm. The scattering
cross sections on the left are of nanoantennas with molecules and the absorbance of LD800
is added as a reference. The scattering cross section on the right correspond to the same

nanoantennas without molecules.

lengths of dimers match the molecular res-
onance frequency w,,y,. For the arrays with
intended gap 25 nm, the 60 nm dimers exhibit
strong coupling. For the 30 nm arrays, 70 nm
dimers are more likely to achieve strong cou-
pling. The achieved coupling strength is
0.116 + 0.014eV, with minimum values of
0.103 £ 0.008 eV. In 25 nm gap arrays, wy, is
often too small to match w,,,, but the elec-
tric field is stronger because of the smaller
gaps. Because of the mismatch, 65% of the
observed strong coupling were in 30 nm gap
arrays.

The longer nanoantennas that do not ex-
hibit Rabi splitting because of their reso-
nance mismatch, such as the 90nm dimers
in Figure 2, are used to determine the shift
of wy due to the presence of molecules and
to confirm anticrossing. For the dimers, the
mode volume can be estimated and there-
fore, the amount of coupled molecules can be
calculated. Under the assumption that the

v

coupling molecules are all located inside the
gap and p is parallel to F/, the concentration
can be estimated. The molecular concentra-
tion is 195 +£48 mM. Given the assumptions,
this is only a rough estimate.

The obtained values for g are only slightly
higher for dimers than for rods. Also (3, is
generally smaller for rods than for dimers,
lowering the minimal strong coupling value.
Still, strong coupling is 13% more likely to
happen at dimers than at rods in the per-
formed experiments.

5 Conclusions

The geometry of plasmonic nanoantennas is
varied so that its resonance frequency wy
matches the molecular resonance frequency
Wmot- Dimers, consisting of 2 identical rods
separated by a gap, have a lower w,,; for higher
lengths and for smaller gaps. Matching



the resonance frequency maximizes the cou-
pling strength g between molecules and the
nanoantenna. If g surpasses (B + Iinot)/4,
strong coupling is achieved. 3, and Iy, rep-
resent the losses of the nanoantenna and the
molecules respectively and is detected by the
presence of 2 new states, the lower and upper
polariton.

Wmot and I'y,, are determined by ab-
sorbance measurements and equal 1.82eV
and 0.116eV respectively. The fabricated
nanoantennas have a lower resonance fre-
quency compared to the FDTD simulations.
The offset is 0.097 + 0.023eV. For dimers
with an intended gap of 25 nm, the gap ranges
from 8 to 20nm. For 30 nm gap dimers, the
range is from 13 to 27 nm.

With 80 and 90 nm rods, strong coupling
is achieved with a coupling strength g of
0.106 4+ 0.017eV, while the minimal value
is 0.094 4+ 0.011eV. With 60 and 70nm
dimers, the achieved coupling strength is
0.116 £ 0.014eV with a minimal value of
0.103 + 0.008eV. The molecular concentra-
tion of LD800 is 195 +48 mM. 65% of the ob-
served strong coupling happened with 30 nm
dimers. Dimers are also 13% more likely to
achieve strong coupling than rods.
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1 Introduction

Light-matter interaction is at the core of every photonic technology. The interaction between
light and molecules is often suppressed by the difference in size between molecules and the
light they emit and absorb. Molecular dimensions are up to a few nanometers, while they
emit in the visible region of the electromagnetic spectrum. This size mismatch causes the
probability of emission and absorption of light to be very small [3]. This inefficiency limits
the use of single molecule or small amounts of molecules in technologies. However, it is
proven that the optical properties of atoms are not completely intrinsic, they can be modi-
fied by external factors. Fermi’s golden rule says that the transition probability per unit of
time is dependent on the Local Density of States (LDOS) of the energy of the final state [1].
The LDOS can be changed by changing the local photonic environment around the emitter,
for example by placing the molecule in a resonant cavity [2]. This allows controlling optical
properties, especially increasing or decreasing the absorption and emission cross sections and
emission rates.

In metallic substances, there are a lot of free electrons. When light is incident on metallic
substances, the electrons start to oscillate with the same frequency as the incoming light.
The collective electron oscillations are called plasmons [4]. The oscillations of the electrons
will re-emit light with the same frequency. Plasmons become particularly interesting in
metallic nanoparticles. The size of the nanoparticle determines which plasmons can exist in
the nanoparticle and therefore also which wavelengths of light will be absorbed. The energy
corresponding to that wavelength is the resonance energy. Also the shape of the nanopar-
ticle has a big impact on the absorption. When analyzing the electron oscillations in the
nanoparticle, it can be seen that the emission of light is strongly localized at some hotspots.
The localization of the emitted modes can be well below the diffraction limit of dielectric
structures. The discovery of sub-wavelength localization gives rise to a series of applications,
since this is not possible with dielectric materials. Low-threshold lasers [5], photodetectors
[6] and cancer treatments [7] are a couple of examples.

If molecules are placed inside a hotspot of a metallic nanoparticle, the interaction be-
tween the light and the molecule can be severely increased because of the high intensity and
strong localization of the light. For the strongly confined modes, the LDOS is very high,
leading to a stronger absorption and emission of photons and a higher emission rate. The
coupling is described with one parameter: the coupling strength g. The interaction is split
into 2 regimes, depending on the coupling strength: weak coupling and strong coupling. In
the weak coupling regime, sometimes also called bad-cavity regime, the emission of photons
by the molecules is changed. The presence of the metallic particle decreases the lifetime of
an electron in an excited state by increasing the LDOS. In the strong coupling regime, the
molecules and the nanoparticle have to be described as a single system that has properties
that are distinctively different than the 2 isolated systems. The system now has proper-
ties that are part light, part matter [8, 9]. The exchange of energy between molecule and
plasmons is efficient, also called coherent. Both the weak and strong coupling regime have
caught the attention of scientists and both have applications. Single photon sources are the
most common applications for weak coupling [10]. Strong coupling has its applications is



quantum information [11] and light harvesting [12, 13| to name a few.

Several factors have to be taken into account for reaching strong coupling. On the one
hand, there are the molecular optical properties. Especially the transition dipole moment
and the absorption energy are important. On the other hand, there are the properties of the
metallic or plasmonic nanoparticle. The absorption energy and the mode volume are key
factors. For strong coupling to happen, the strong coupling condition needs to be fulfilled:
the energy exchange betweens plasmons and molecule needs to be faster than the losses of
the system.

In Section 2, a theoretical explanation will be given for everything that is mentioned in
this Section: the molecular properties, the plasmonic properties and the interaction. Then,
in Section 3, numerical simulations are carried out and will be discussed to confirm the
theory, and later to compare with the measurements. Section 4 gives the fabrication process,
measurement setup and data analysis method and the measurements will be discussed in
Section 5. Finally, this thesis will be ended with the conclusions in Section 6.



2 Theoretical background

To understand coupling between plasmonic nanoantennas and molecules, the plasmonic prop-
erties of the nanoantenna, the molecular properties and the interaction between the 2 have
to be understood. All 3 parts will be discussed in this section. First, the Drude model for
metals will be given, to be applied to nanoantennas. Then, 2 different types of nanoanten-
nas and their shape will be discussed since the type and shape have a severe impact on the
resonances and coupling strength. Subsequently, the Lorentz model is discussed and applied
to the emitters in a similar way. The interaction of the molecules with the fields and how
this effects the properties of the system will be discussed and finally, 2 different regimes for
coupling, weak and strong coupling, will be discussed with its conditions, properties and
applications.

2.1 Plasmonic nanoantennas
2.1.1 Drude model

All the optical properties of a metal are included in the permittivity e(w) [14]. €(w) is
a complex function of the optical frequency w. The real part, called er in this thesis,
determines the refractive index of the medium, while the imaginary part, €;, describes the
attenuation of light in the medium. The Drude model is a classical model that estimates the
permittivity € [15], i.e. it considers electrons moving classically in a classical electric field.
The incident electric field will cause a force acting on the electrons. According to Newton’s
equations of motion, the electrons have to satisfy

d*x dx
il & CE 1
mdt2 +7mdt eE, (1)

with m and e the mass and negative charge of the electron, v the damping of the motion
and E the incident electric field'. @ is the displacement of the electron with respect to
the nucleus. Note that no restoring force is included in the equation, meaning this is a
description of a free electron. Solving this equation in the frequency domain gives

—e
m(w? + iyw)

E(). 2)

The displacement of the electron creates a dipole moment, defined as

pw) = —ex(w), (3)

x(w) =

and can be written as
2

E(w). (4)

The dipole moment is indicated with a white arrow in Figure 1 [5]. The proportionality
factor between p(w) and E(w) is called the atomic polarizability, and is noted as a(w).

M) = ¥ )

!Physical quantities in bold represent vectors.
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Figure 1: Collective oscillations of free electrons

Now, the macroscopic polarization P is defined as

P(w) = Np(w), ()

N being the density of atoms. The macroscopic polarization P is proportional to the applied
electric field E.

P(w) = eoXe(w)E(w), (6)

with €y the permittivity of vacuum. From the constitutive relations, it is known that ¢ =
1+ xe. This gives following expression for the permittivity

w2
fw)y=1— —2—, 7
() w? + iyw (7)
with w, = Ne?/eym the so-called plasma frequency. For the atomic polarizability, the
following expression holds

2

a(w) = (8)

It can be said that « is a microscopic property, while € is macroscopic since it is dependent
on the molecular density N. By looking at the general expression for €, some remarks can
be made. For low frequencies, i.e. w < w,, €r is negative. This means that the fields will
only penetrate the metal to a very short distance, or the material is highly reflective. The
distance light can penetrate into the material is called the skin depth §. For high frequencies,
w > wy, € is very small, leading to a very low absorption. At the same time, e approaches
1, corresponding to a very low reflectivity. This makes the material transparent. In this
thesis however, only values of w smaller than w, are relevant. The complex refractive index
n = ng + ingy is completely determined by the permittivity by the equation n = y/e. This
equation can be separated for the real and imaginary part of n

m(w? + iyw)

2 2
+
nR:\/VER 2€1+€R

eL+er—¢
nI:\/ R 21 R’



—104\—— €r r0.9
&

20 | 0.8
-30 | 0.7

& 70 o6wW

—50
F 0.5

—60
ro0.4
—704

F0.3

100 125 150 175 2.00 225 250 275  3.00
Energy (eV)

Figure 2: Theoretical prediction of the permittivity of Au

or the other way around when the refractive index is known

2 2
ER=NkH—N
R (10)

€ = 2an].
Moreover, the real and imaginary part of the refractive index n are related to each other

through the Kramers-Kronig equations [16].

In this thesis, the nanoantennas are made out of gold (Au). For w,, the value 8.71 eV
is used, for v 83.1 eV 2 [17]. 8.71 eV corresponds to a wavelength of 142.3 nm, in the UV
region.The theoretical estimation for € is plotted in Figure 2 with the mentioned values. For
€r, the damping v is ignored, since this is only relevant for the losses, described by €;. This
approach is often used in literature [18]. The skin depth ¢ of Au varies from 25 nm to 28 nm
between the frequencies 1.5 eV and 2.1 eV [19]. Silver (Ag), copper (Cu) and aluminum (Al)
are also commonly used for nanoantennas, but Au nanoantennas have less oxidation over
time [20] and therefore degrade less.

2.1.2 Nanoantennas

2 shapes of nanoantennas will be discussed. The first one is the rod-shaped antenna, the
second one is called a dimer antenna. A dimer antenna consists of 2 rod antennas, separated
by a gap. Rods can be described analytically, dimers not completely. However, a lot of the
theoretical insight from rods can be transferred to the dimers and a qualitative description
can be given for dimers.

The shape of the rod antennas is characterized by 3 parameters: the length, the cross
section area and the radius of curvature at the edges. The resonance frequency is determined

2Note that in this thesis, frequencies are always expressed in the energy units, here eV. The conversion
is £ = hw.



by these 3 shape parameters and the permittivity e(w). Since the range of frequencies in this
thesis is around the visible range, i.e. frequencies well below w,, ez will always be negative.
The nanoantennas are surrounded by air and the molecules, which all have a positive eg,
allowing light to propagate. So when light is incident on the nanoantennas, there is a very low
penetration in the nanoantennas. As a result, the plasmons will be localized at the surface of
the nanoantennas. These plasmons are called localized surface plasmons (LSP). Because the
dimensions of the nanoantennas are smaller than the wavelength of their resonant light (see
Section 3), their shape will play a big role in their resonance frequency. The polarizability
« is therefore dependent on the shape of the nanoantenna, and the direction of the electric
field. Rod antennas can be approximated as ellipsoidal particle, for which an analytical
description exists. The polarizability of an ellipsoidal nanoparticle along an axis ¢ can be
written as [21]

éﬂ@ e(w) — €m
3" tem + Li(e(w) —en) (11)

€m 18 the permittivity of the surrounding medium, a; is the semi-axis of the ellipsoid, L; the
geometrical form factor. It is clear that the polarizability is dependent on the direction of the
applied field because of the dependence on L; and a;. As a result, the resonance frequency
is different in different directions. The factor L; becomes smaller for longer lengths of the
ellipoid. To calculate the localized surface plasmon resonance (LSPR), v can be neglected.
The physical interpretation of this is that at resonance, the damping is minimal. From
Equation 7, it can be seen that ¢ then reduces to 1 — wf, Jw?. Also at the resonance, the
polarizability « should be maximal. This happens when the denominator of Equation 11
approaches zero. the result is

a;(w) =

(12)

“p
Wpl = 1 >
\/1 +em(E—1)

where wy,; is the LSPR. Since L; is smaller for longer lengths, wy,; is lower for longer nanoan-
tennas. It can be concluded that the LSPR is dependent on material properties (w,), the
surrounding environment (¢,,), the shape of the nanoantenna (L;) and the direction of the
electric field or the polarization. This frequency is the frequency of the fundamental mode
in the nanoantenna, or the dipole. Other modes can also exist in nanoantennas due to con-
tribution of quadrupoles and other higher order charge configurations [22]. These modes
are not considered in this thesis. An important observation is that nanoantennas have a
different resonance energy when they are completely surrounded by air, or when surrounded
by molecules. If there are molecules present, €, is higher than for air. As a result, the
resonance energy is lower. When light with the same frequency of the LSPR is incident on
the nanoantenna, it will excite the plasmons most efficiently. Since plasmons are oscillations
of charged electrons, they will re-emit light. The strongest re-emission is not at the LSPR
because completely neglecting the damping of the oscillations is a too crude approximation.
When looking at the near field, i.e. the field in close proximity of the nanoantenna, the
frequency of resonance will be lower due to the damping. Instead of using =, which is a
microscopic parameter, the macroscopic parameter 3, is used. The frequency of resonance



in the near field is given by
2

Wnp =\ w2 — 71#_ (13)
However, in this thesis, the measurements are done in the far field. In the far field and in
the scattered field, the frequency of resonance remains wy, [23, 24]. Still, 5,; stays an impor-
tant factor to achieve strong coupling, as will be discussed later. S, can also be retrieved
from experiments, as it is the full width at half maximum (FWHM), also called linewidth,
of the scattering cross section of the nanoantenna. The scattering cross section is defined
as the total power scattered in all directions divided by the incident power flux [25] and is
normalized for the spectrum of the source. Off-resonant light is also scattered, but with a
smaller amplitude. This off-resonant scattering is stronger for light with a higher frequency
and the amplitude scales with w?*. This phenomenon is called Mie scattering and is valid for
particles with dimensions smaller than the wavelength of their resonant light [26].

The re-emission of light is not the same in every position in the nanoantenna. In some
spot the density of LSP’s is larger. This results in a higher intensity of emitted light. These
areas are called hotspots. For rod antennas, the hotspots are known to be at the edges and
are stronger if the dipole along the long side of the rod is excited[27].

A dimer is essentially 2 rod-shaped nanoantennas separated by a gap d. All the afore-
mentioned things are still valid for the separate rods, but the complete nanoantenna has
different properties. In this thesis, only symmetrical nanoantennas are examined, meaning
they consist of 2 identical rods. The optical properties of dimers are therefore only depen-
dent on the geometrical parameters of the rods, the gap and the permittivity ¢(w). In order
to avoid confusion, it has to be mentioned that if a dimer is said to be of length L and gap
d, it consists of 2 rods of length L, separated by a gap d. A dimer can not completely be
described analytically. However, the resonance frequency of dimer shifts in the same way
as rods: lower LSPR for longer dimers. Again, the polarization is an important factor for
the resonance. The highest intensity in the far field is still the resonance frequency, while
the near field resonance frequency is reduced according to Equation 13. 7 is a microscopic
parameter that is constant regardless of the shape of an nanoantenna. f3,; is its macroscopic
counterpart and has different values for rods and dimers.

An estimation of the resonance frequency of a dimer can be done by considering mode
hybridization [28, 29]. When 2 rods are in close proximity of each other, their modes will
interfere with each other and they will form a system of 2 hybrid modes. The modes of
the single rods are the same since only symmetric dimers are considered. This results in a
symmetric splitting of the hybrid modes with respect to the single mode. The mode with the
lower frequency is called the bonding mode, the one with the higher frequency the antibond-
ing mode. A schematic representation of these 2 modes is shown is Figure 3. These hybrid
modes are the results of the relative orientation of the dipole in the 2 rods. The orientation
can be parallel, where the positive charge of one rod faces the negative charge of the other
rod. This way, the dipoles in the 2 rods are weakened and the resonance energy is lowered.
This corresponds to the binding mode. In a similar way, the dipoles can be antiparallel,
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Figure 3: Mode hybridization in a dimer antenna

identical charges facing each other. The dipole moments in the rods are enhanced and the
resonance frequency is higher. Since the parallel configuration is energywise more favourable,
it has a much stronger field intensity in the gap. The size of the gap determines how strong
the shift is. If the gap is smaller, the dipoles are closer to each other and the interaction
between the 2 modes is stronger, leading to a higher shift and therefore a lower resonance
frequency of the bonding mode.

Even tought the system has 2 modes, the antibonding mode will not appear in the far
field. Only the near field will show its existence, but with a much lower magnitude [29]. The
antibonding is therefore no longer of interest in this thesis and the intention is to tune the
bonding mode to the molecular resonance frequency.

A qualitative description for the resonance frequency of a dimer exists and an estimate
can be made, but the exact values for w, and 3, have to come from numerical simulations,
as will be done in Section 3.

The reason dimer antennas are a popular choice for coupling with molecules, is their high
field intensity at the hotspots. The hotspots of rods are at their edges, so combining 2 rods
and overlapping their hotspots results in a high field intensity. The gap between the rods
can be made very small, creating a small mode volume, well below the diffraction limit that
dielectric cavities have [30, 31]. This is a property that makes dimer antennas desirable for
interaction with molecules, as will be discussed below in Section 2.3.

Note that in Figure 3 the dipole along the long side is excited, i.e. the polarization
of an incident field is parallel to the nanoantenna. If the field is perpendicular to the
nanoantennas, the dipole along the short side will be excited. In that case, the dipoles in the
2 rods don’t interfere with each other and the dimer acts as a rod and the resonance frequency
is determined by the width of the nanoantenna only. Since the gap has no influence then,
this excitation is not of interest. To take advantage of the gap and its high field intensity,
the dipole along the long length is excited and the polarization of the field in the gap is then



parallel to the nanoantenna.

2.2 Molecules

The light that is emitted by molecules can excite plasmons in the nanoantennas. These
plasmons will re-emit light that can be absorbed by the molecules. A thorough discussion
of this back-and-forth emission and absorption will be given in Section 2.3. However, this
means that it is important to know the optical properties of the molecules, here also called
emitters. The Drude model can be generalized for dielectric media and is then called the
Lorentz model [32]. The Lorentz model will be discussed here since the molecules that are
supposed to couple to the nanoantennas are a dielectric medium. Since the permittivity
contains all the optical information, including emission and absorption, it is useful to give a
theoretical model for the molecules. Equation 1 needs to be modified since the electrons in
a dielectric are not free. This is modelled by including a binding force —Ka, K being the
force constant. The oscillations of the electrons are damped in a similar way as for metals,
but here I',,,; represents the emission rate or decay rate of the emitter. This way, a quantum
mechanical phenomenon is included in a classical model.
d*x r dx Ko — oF

mﬁ+m mol%—l— x=ckE. (14)
[t is similar to 3. It is the FWHM of the emission spectrum of a molecule. Solving this
equation in the frequency domain gives:

2(w) = ‘

3 E(w), (15)

m(w?,,; — w? — iwl )

where w? ; = K/m and is called the molecular resonance frequency. Again, the optical

properties come from the relationship between the polarization P and the electric field E.

P(w) = Np(w) = N(—e)x(w) = egxe(w)E(w). (16)
Rearranging for x. and knowing that e = 1 + y. gives the expression for the permittivity.
2
w
=1 P . 17
() + w2, — w? — iwl e (17)

wﬁ has the same definition as for metals, Ne?/eym and is a material constant. This model is
not completely satisfactory. I',,.; is the decay rate of the emitter. It included both radiative
and non-radiative decay. For optical properties, only the radiative decay is of interest. The
expression for € can be modified by including the oscillator strength f; [21].

w2

cw)=1+ fi— P (18)

—w? —iwl e

mol

The dimensionless quantity f; is the ratio of radiative emission rate to non-radiative decay
rate.



The molecules that will be used in the experiments are called Rhodamine 800 (Exciton
CAS number 101027-54-7), noted as LD800. LD800 is part of the synthetic xantheno dyes
[33]. Apart from the permittivity €, the dipole moment p is an important property of the
molecules. LD800 has a dipole moment g of 4D or 13.34 x 1073 Cm with a diameter of
1nm [34]. Another important property of LD800 is that it agglomerates, and not aggregates.
Therefore, single molecules and agglomerates have the same resonance frequency.

LD800 and by extension all Rhodamine dyes are used for many different bioanalytical
methods such as fluorescence-based DNA analysis (polymerase chain reaction (PCR), quan-
titative PCR and gel electrophoresis) and microscopic techniques for cell analysis because of
its high fluoresence quantum yields [33]. It can also be used a gain medium in a dye laser

[35).

2.3 Interaction between molecules and plasmons

A molecule interacts with an electric field through its dipole moment. The interaction Hamil-
tonian is dependent on its transition dipole moment g, the field intensity and their relative
orientation. This interaction Hamiltonian is noted as H’'. The stronger the interaction is, the
higher the probability for a molecule to absorb a photon from the field or to emit a photon
through stimulated emission. Fermi’s golden rule says that this transition probability per
unit of time, also called the emission rate, from the initial state |i) to a final states |f) is
given by [1]

27T . , 2

5 [GLH 1) p(Ey). (19)
Note that this is the same parameter as used in Equation 14. (i| H'|f) is the matrixelement
of the interaction, a factor that depends on the field intensity and the wavefunctions of the
molecule. These wavefunctions are an intrinsic property of the molecule and can not be
changed. On the other hand, p(Ey) is the local density of states (LDOS) of the final level.
This factor can be modified by external structures, for example by placing the molecule in
a cavity. If the emitted photons can interfere constructively, the LDOS is increased, leading
to a higher emission rate. When the interference is destructive, photons can not survive and
the LDOS is decreased, resulting in a suppression of the emission [2].

Fz‘—>f =

A dielectric Fabry-Perot cavity where photons are reflected at 2 mirrors can be used to
alter the LDOS, but they have their limitations. These systems are diffraction limited, mean-
ing the volume of the modes that can exist in the cavity can not be smaller than (\/2n)3.
A is the wavelength of the mode, n the refractive index of the medium between the mirrors
[36]. Minimizing this volume leads to an increase in the field intensity and a strong increase
of the LDOS. In this thesis, a plasmonic nanoantenna will be used as a cavity. The light
emitted by the molecule can be absorbed and excite plasmons in the nanoantenna in an
efficient way, leading to an increased LDOS. As mentioned before, the LSP’s emit light very
strongly at particular places, called hotspots. Combining 2 nanorods creates a hotspot with
a higher intensity. If molecules can be placed in that hotspot and the dipole moment of the
molecule is aligned with the electric field of the mode, the coupling can become strong, over
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10° times stronger than for dielectric structures [2].

The most important factor to describe the coupling is called the coupling strength g, also
called coupling factor, and is defined as:

g=VNu-E. (20)

N is the amount of molecules that couple with the nanocavity and p the transition dipole
moment. FE can be rewritten is function of photon energy hw,;, mode volume V,, and the
angle between dipole moment and electric field 6 [2].

g—fm/QZ“E’PVZ cos() (21)

with © = |p|. ¢ is proportional to the interaction energy of the molecule with the field. g can
be interpreted as the rate of energy exchange between molecule and cavity, but this is only
true when w,; perfectly matches wy,,. The value of g, compared with the plasmonic losses 3,
and the decay rate of the molecule I',,,,; will determine the properties of the coupled system.
2 regimes are distinguished: weak coupling and strong coupling. Both regimes have different
properties that will be discussed. In the weak coupling regime, the LDOS of the molecule will
be changed, such as to increase or decrease the emission rate. In a strongly coupled system,
the molecules and cavity become one single system, with properties remarkably different
from the isolated systems.

2.3.1 Weak coupling

As the name suggest, the weak coupling regime is characterized by a small value for the
coupling strength g. Concretely, weak coupling is established when g < (By + I'inot) /4, al-
though different definitions exist in literature, see Section 2.3.2. The macroscopic damping
parameter (3, can be interpreted as the cavity loss rate, while I',,,,; represents the molecular
losses. The definition for weak coupling means that the cavity or molecular losses are higher
than the energy exchange between molecule and cavity. Sometimes in literature, this regime
is called bad-cavity regime, since the system has high losses [2].

If the nanoantennas are tuned to the resonance frequency of the molecules, the LDOS
will be increased since the emitted photons will efficiently be absorbed by the LSP’s. The
factor by which the LDOS and decay rate I',,,,; are increased compared to free space is called
the Purcell factor [37], given by
6mc? Q

F
P an3 Vi’

(22)
with ng the real part of the refractive index of the cavity, () the quality factor of the cavity
and V,, the volume of the mode supported by the cavity. The quality factor of a cavity
is defined as wy/By. Generally, plasmonic structure have high losses, several orders of
magnitude higher than dielectric structures [2]. This is compensated by the mode volume,
which can be a lot smaller so plasmonic cavities can still have a higher Fp than dielectric
cavities. Especially when g > I',,,.;, the spontaneous emission rate can be severely enhanced
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[38]. Because of the enhanced emission rate and relatively high losses of the cavity, energy
exchange will happen from the molecule to the cavity, but not in the reversed way since the
cavity loses the photons. Therefore, a weakly coupled system has applications in fast single
photon sources with a single molecule coupling to a cavity [39].

2.3.2 Strong coupling

On the other hand, for high values of g, strong coupling is established. A more precise

definition for strong coupling is [40]
2 +F2
g > 1/ M' (23)

This can be interpreted as a coupling strength that is high enough to overcome the losses
of the emitter and cavity, and energy exchange can therefore be back and forth between the
2 components of the system. When this happens, a new single quantum system is created
that is part light, part matter. Describing the system through the plasmonic properties
and molecular properties does no longer suffice, even thought the new properties are largely
determined by the properties of the sole components.

A nanoantenna alone has a resonance frequency of w,;, while the molecules have a res-
onance frequency of w,,,. Both systems can be treated as oscillators, and a semiclassical
model can predict what the eigenfrequencies of the coupled system are. Quantum fluctua-
tions are neglected and it is assumed that wy >> I';0, By, which is valid (see Section 3).
The eigenfrequencies of the coupled system are [8]:

_ Wl + Wmol Z-/Bpl + ot
2 4
Note that here, w,; is the resonance energy of the antenna surrounded by molecules. w; is
called the upper polariton, while w_ is called the lower polariton. The exact same eigenfre-
quencies are found with the Jaynes-Cunnings model, a simplified but full quantum mechan-
ical model [41]. The derivation of these eigenfrequencies only considers the ideal case where
the dipole moment of the molecules is parallel to the electric field. Variations of this ideal
model are to be expected, with lower coupling strengths. The formation of the 2 new energy
levels is somewhat different from the mode hybridization in Section 2.1.2. The charge con-
figuration in the nanoantenna is bonding in both the polaritons and the occupation of the 2
levels differs significantly, depending on w,,, unlike the antibonding mode which is negligible.
The complex frequencies w4 can be interpreted as the frequency of a damped mode. The
oscillation frequency, or the real part of wy, is the average of the resonance frequency of the
2 components in the system, while the imaginary part is half the average of the separate
damping parameters. {2 is the so-called Rabi frequency. If it is non-zero, it causes a system
to have 2 different resonance peaks, both separated by the same amount from a central fre-
quency. This phenomenon is called Rabi splitting. Figure 4 shows a schematic representation
of the Rabi splitting where the LSPR matches the molecular resonance frequency. The red
dot represents the molecules. The magnitude of the splitting, the vacuum Rabi frequency is

W +Q. (24)
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Figure 4: Rabi splitting of strong coupling between a dimer antenna and molecules
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The Rabi frequency defines the frequency at which there is coherent energy exchange be-
tween the plasmons and the molecules [42].

Sometimes in literature the equation for € is simplified by ignoring the last term under
the square root to [43]

1
Q= \/92 + Z_L(wpl — wmol)Q. (26)

As mentioned before, g can be interpreted as the energy exchange rate, but this in only true
when wy; matches w,,. This can be seen from Equation 26, since 2 = ¢ in that case. In
order to have a real splitting in the resonance frequencies of the system, €2 has to be real and
in order to have 2 clear peaks, the splitting has to be bigger than the linewidth of the unsplit
spectrum. [, and I, are defined as the linewidths of the emission spectra of the plasmons
and the molecule respectively, but the linewidth of the coupled system is (B, + I'mot) /4.
Assuming that w, ~ wpe, which is the case if the LSPR is tuned to the molecular resonance
frequency, the condition for strong coupling becomes

1 5 [ + Fmol
\/92 - 1_6<5pl - Fmol)2 > pT (27>

Solving for g gives Equation 23. If the term (w, — wme) cannot be ignored, the coupling
strength g will be smaller for a given €2, making strong coupling more difficult. It has to be
noted that sometimes in literature, another definition for strong coupling is used [2, 5]:

g > Bpla Fmola (28>
and sometimes
Fmo
g>—6p’+4 L (29)

This last definition results in a positive value under the square root in Equation 25, but
does not consider the linewidth of the emission spectra. Nevertheless, 2 peaks are visible in
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Figure 5: Anticrossing behaviour of a strongly coupled system

the scattering spectrum if this condition is satisfied. This definition will be used in this thesis.

Another property of strongly coupled systems is anticrossing. This means that the eigen-
frequencies of the system, the upper and lower polariton w4 should not cross each other if the
plasmonic resonance frequency is changed. Figure 5 shows this behaviour. The point where
the 2 dotted lines cross is where the plasmonic resonance frequency matches the molecular
resonance frequency, wy = Wme. If the coupling strength g is high enough, strong coupled
is reached and the 2 polaritons are separated by a distance 2Q. If w, is then changed, by
changing the length of the nanoantenna for example, the 2 polaritons approach the resonance
frequencies of the sole nanoantenna and the sole molecules without crossing each other [44].

The applications for strongly coupled systems vary widely. Single-atom lasers can be
made, as well as ultralow-threshold lasers [45, 46]. The efficiency of non-linear processes can
be boosted severely by matching the harmonics to the cavity [47]. Another application is
efficient light harvesting. By creating a strongly coupled system between Au nanoparticles
and TiOs molecules that matches a part of the spectrum of sunlight, the absorption of
light is enhanced. The nanoantenna is connected to a circuit where the electrons from the
plasmonic oscillations can flow to. The circuit can then capture the energy of the generated
current [12, 13]. However, the most promising applications lie in quantum information for
the creation and preservation of a qubit that is part light, part matter through a strongly
coupled system [11, 48].
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3 Numerical simulations

To verify the theory described before and calculate exact values for wy, 8, and (2, finite
difference time domain (FDTD) simulations were carried out using the commercial software
Lumerical. In this thesis, both rod and dimer nanoantennas are investigated and the interest
is solely in the far field and scattered field of the nanoantennas. Since wy;, 8, and 2 are vis-
ible in the scattered field, only the scattered field data will be shown. In all the simulations,
the dimers are symmetrical, meaning they consist out of 2 identical rods. The layout of the
simulations is made as realistic as possible. It includes the glass substrate the nanoantennas
are attached to and a layer of indium tin oxide (ITO) of 9 nm thickness, see Section 4.1. As
mentioned before, the nanoantennas and their optical properties are completely determined
by their length, gap, radius of curvature on the edges and material constants. The nanoan-
tennas are made out of Au, with the optical properties measured by Johnsen and Christy
[17] since these values correspond best with the measurements. The measured values are
imported into Lumerical. These values are shown in Figure 6, where Figure 6a and 6b show
the real and imaginary part of the permittivity e respectively. A trendline is then fitted and
shown in blue. Since the material for the nanoantennas is not changed, the only tunable
factors are the geometrical ones. More so, only the length and gap are varied. The width
and the height of the rod is chosen as 50 nm and the radius of curvature 10 nm.
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Figure 6: Permittivity of Au

3.1 Nanoantennas

First, simulations are carried out with nanoantennas without molecules. This way, insight
is gained on how the frequency of resonance can be tuned by varying the length and gap
size of the nanoantennas. The layout for the simulations is shown in Figure 7, in this case
a nanoantenna with length 60nm and gap 5nm. The red material is the glass substrate.
The brown material is the ITO layer. The 2 yellow structures are the nanorods. The grey
box surrounding the nanoantenna is the source. Here, a total field scattered field (TFSF)
source was chosen. As the name suggests, both the total field and the scattered field can
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Figure 7: Layout of the nanoantenna simulations

easily be measured with this source. Inside the box, the total field is simulated and outside
the box only the scattered field. This means that only the scattered field is present outside
the box, the reflected field is subtracted from the outgoing wave. The pink arrow indicates
the direction of propagation of the source. This is different from the way the measurement
setup is built, see Section 4.2. However, the goal from the simulations is to get the resonance
frequency w,; and FWHM of the scattering cross section [, and this remains the same for
the measuring methods. The blue arrow is the polarization of the electric field, the green
one of the magnetic field. The polarization of the source makes a big difference in resonance
frequency, see Equation 12. In all simulations and measurements, the electric field is par-
allel to the long side of the nanoantenna. Then, there are 2 yellow boxes surrounding the
nanoantenna. The inner one monitors the total near field and as mentioned before, this data
is not of interest in this thesis. The outer one monitors the scattered field.

The obtained data from the simulations is displayed as a scattering cross section og.q;.
The scattering cross section is defined as the total power scattered in all directions divided
by the incident power flux [25] and is normalized for the spectrum of the source.

Figure 8 shows cross sections for 4 different lengths, L = 60, 90, 120 and 150 nm and for
different gaps, ranging from 5 to 30 nm. The results for rod antennas are also shown. The
lower limit on the y-axis is 0 in every plot, the upper value is different for every plot. A first
observation is that the scattering cross sections have a Lorentzian shape. It can be seen that
for smaller gaps, the peak of the scattering cross sections is higher, meaning the scattering
happens more efficiently compared to nanoantennas with larger gaps. For rod antennas, the
peak is remarkably lower. Figure 9 compares the scattering cross sections for nanoantennas
with a gap of 20 nm with different lengths. It is clear from the Figure that longer nanoanten-
nas have a higher amplitude in their scattering cross sections. This is solely a consequence
from the fact that longer nanoantennas have a bigger surface to scatter from. This also
explains why a rod has a lower scattering amplitude, it only has half the surface of a dimer.
The resonance frequency, w,,; is defined as the frequency of the peak in the scattering cross
section. In Figure 10a, the resonance frequencies are plotted for all the dimer simulations.
This resonance frequency corresponds to the bonding mode in the dimers. The antibonding
mode is not visible is the scattering cross section. A couple of clear observations that hold

16



— rod
c
2 S
(W] -t
@ [}
@ a
v

S 8
o ]
£ g
5 -
£ £
v] ©
) &

T L E— T T T T T T T T T

1.2 14 1.6 1.8 2.0 2.2 2.4 12 1.4 16 1.8 2.0 2.2 2.4

Energy (eV) Energy (eV)
(a) L =60nm (b) L =90nm

c =
2o k=]
- L
9] [}
1] Q
wn v
w v
(U] %]
e 2
[8) (v}
[=)) [=)]
£ £
@ a
=1 k=1
(1] ©
U U
v wv

l:2 l.‘4 1.‘6 l.‘ﬂ 2:0 2.‘2 2.4 l.‘2 l:4 l.|6 1.‘8 2:0 2.‘2 2.4

Energy (eV) Energy (eV)
(c) L =120nm (d) L =150nm

Figure 8: Scattering cross sections for different dimers

for every nanoantenna can be made from this Figure.

First, the resonance energy is higher for smaller nanoantennas. This is in agreement
with the theoretical model. From Equation 12, it is known that smaller nanoantennas cor-
respond with higher resonance frequencies. Secondly, the resonance frequency is higher for
bigger gaps. This is also expected from the theoretical model since a smaller gap increases
the hybridization of modes. The resonance frequency of a dimer approaches the resonance
frequency of a rod for an increasing gap size.

The macroscopic damping of the plasmonic oscillations in a nanoantenna is described by
the parameter (3, see Equation 13. As mentioned before, 3, is the FWHM of the scattering
cross section. Figure 10b shows 3, for every simulation. This parameter is a property of
the sole nanoantenna and not the system with molecules, but is an important aspect in
the distinction between the weak and strong coupling regime. Therefore, it is important to
know 3, for every nanoantenna. 2 similar observations can be made from Figure 10b. 3,
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Figure 10: Resonance energy and damping 3, for all the simulated dimers

decreases for smaller lengths and increases for higher gaps. It has to be mentioned that the
change with different lengths is more pronounced than with gap sizes. For all the simulated
lengths, 3, is smaller for rods than for dimers.

In the fabrication of nanoantennas (see Section 4.1), there will always be variations in
the radius of curvature. For completeness, Figure 11 shows the scattering cross section for
3 dimer antennas with length 70 nm and gap 20 nm and with radii of curvature of 5, 10 and
15nm. The resonance frequency w, for the 3 nanoantennas are 1.94 eV, 2.00 eV and 2.07
eV respectively, while the values for 3, are 0.202 eV, 0.210 eV and 0.218 eV respectively.
This can be generalized, a higher radius of curvature leads to a higher resonance frequency
wyl, to a higher linewidth 3, and also to a lower intensity of the scattered field.

In Section 2.1.2, it has been mentioned that the reason dimer antennas are preferred over
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Figure 11: Scattering cross sections for dimers with length 70nm and gap 20nm with
different radii of curvature

rod antennas is that the field intensity in their hotspot, the gap, is higher than in the hotspot
of a rod and that the smaller the gap is, the higher the intensity. Figure 12 compares the
optical power of the resonance frequency of a dimer with a small gap, a dimer with a big
gap and a rod. The plane that is shown is parallel to the substrate, through the middle of
the nanoantennas, i.e. 25 nm above the ITO layer. As said in the theory, the hotspot of a
dimer is in the gap, while the hotspot of a rod in at the edges and along the short side of the
rod. That is now confirmed through the simulations. It can clearly be seen that the optical
power is highest in the dimer with the smallest gap, followed by the dimer with the wide
gap and by the rod. It has to be mentioned that a dimer with a gap of 30 nm only gives a
small field enhancement. Another observation is that the power inside of the nanoantennas
is very small. This is in agreement with the theory, saying that light cannot propagate large
distances inside Au. The gaps in Figure 12a and 12b are 5 and 30 nm respectively. The
mode volume V,,, of the emitted light can be approximated by the volume of the gap [49],
here 50 nm x 50 nm x 5nm and 50 nm x 50 nm x 30 nm or 12500 nm? and 75000 nm? respec-
tively. This is well beyond the diffraction limit of conventional dielectric cavities [2], where
the minimal mode volume is (A/2n)? [50]. This corresponding to roughly 40000000 nm?® in
air for A = 682nm. Estimating the mode volume for a rod as in Figure 12¢ is harder, since
the mode is not confined and stretches out. For this reason, it can be said with certainty
that the mode volume will be higher [2].

Finally, to demonstrate the dependence on the polarization known from Equation 12,
Figure 13 shows the scattering cross sections for dimers with lengths from 60 nm to 150 nm
and a gap of 20nm and for a rod of 50 nm. In the simulations, the polarization of the source
is set to be perpendicular to the long side of the nanoantennas, thus to excite the dipole
along the short side of 50 nm. As mentioned before, the length of the nanoantenna and the
gap have no influence on the resonance frequency. wy; only shifts from 2.20eV to 2.22eV
over the whole length range and matches the 50 nm rod perfectly.
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Figure 12: Cross section of the optical power (in Watt) of the resonance frequency of the
nanoantenna in a plane parallel to the substrate
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Figure 13: Scattering cross sections for dimers with different lengths and a rod with the
polarization of the source perpendicular to the nanoantenna
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From this section, a clear idea can be obtained of which nanoantennas are suitable for
obtaining strong coupling with LD800 molecules. On the one hand, the nanoantenna needs
to have its resonance frequency w,; as close as possible to the molecular resonance frequency
Wmet- Figure 10a gives a clear overview of which nanoantennas comply. On the other hand,
the nanoantenna needs to have a small 3,. This way it is easier to accomplish strong cou-
pling, see Equation 29. This corresponds with long nanoantennas and to a lesser extent to
nanoantennas with a high gap size. It is also desirable to have a field intensity as high as
possible at the hotspots of the nanoantenna. Since the coupling strength ¢ is proportional
to the field amplitude, or alternatively inversely proportional to the square root of the mode
volume, see Equation 20 and 21, a small gap size is desirable. This is confirmed by Figure
12. The mode volume is after all proportional to the gap size.

3.2 Nanoantennas and molecules

The layout for the simulations of nanoantennas with molecules is very similar as in the previ-
ous section. Only the molecules have to be added, as is shown in Figure 14, where the upper
red layer represents the molecules. For the simulations to be similar to the experiments,
the layer has a thickness of 20 nm. In the simulations, the dipole moments of the LD800
molecules is not included. Therefore, variations from Equation 24 are expected. Note that in
the area where the nanoantennas and the layer of molecules overlap, the material constants
for the nanoantenna are used in the simulations.

Figure 14: Layout of the nanoantenna with molecules simulations

The optical properties of LD800 are retrieved from measurements. Fitting Equation 18
to experimental data gives the data for the permittivity of LD800 shown in Figure 15 (see
Section 5.1). Figure 15a and 15b show the real and imaginary part of the permittivity e
respectively. The peak in the imaginary part w,,. is at 440 nm, corresponding to an energy
of 1.82eV. The linewidth I',,,; of the peak in the imaginary part corresponds to 0.116eV.

The results for the simulations of nanoantennas with 4 different lengths, 60, 90, 120 and
150 nm are plotted in Figure 16 in the form of scattering cross sections. The gaps range from
5 to 30 nm and also single rods are included. Note that the y-axis starts at 0 for every plot
but is different for different plots. As described in Section 2.3.2, a strongly coupled system
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Figure 15: Permittivity of LD800

exhibits 2 peaks, separated by twice the Rabi frequency, 2€2. The peak with the highest fre-
quency is called the upper polariton, the peak with the lowest the lower polariton. In Figure
16a and 16b, all the nanoantennas exhibits 2 maxima and are therefore strongly coupled.
Also nanoantennas with lengths 70, 80 and 100 nm show strong coupling. Figure 16c and 16d
show no strong coupling, the same holds for nanoantennas with 110, 130 and 140 nm lengths.

A couple of observations can be drawn from the simulations. The dip between the 2
peaks is at the resonance frequency of the molecules, 1.82 eV. Less light is scattered at the
frequency because it is absorbed by the layer of molecules. This dip is not in the middle of
the 2 peaks and is therefore not the central frequency. The central frequency is defined as
(Wpi + Wimot)/2. wy for a nanoantenna surrounded by air is known from the simulations of
nanoantennas only and shown in Figure 10a. From Equation 12, it is known that a natural
decrease of wy; will occur due to the presence of the molecule, even when they don’t couple
to each other. The central frequency in the simulations shifts with 0.051 4+ 0.006 eV from
the expected value. Therefore, the presence of this particular amount of molecules decreases
wp with 0.102eV on average. It is known that w, increases with increasing gap size and
with decreasing length, the central frequency follows the same trend. Another observation
is that the amplitude of the scattering cross sections increases with decreasing gap size and
with increasing length, as is the case for sole nanoantennas. The effect of increasing length
is shown on Figure 17. Also remarkable is the relative amplitude of the 2 peaks. When wy;
is higher than w,,,;, the upper polariton has a higher peak than the lower polariton and vice
versa.

Figure 18 shows () for the simulations where strong coupling is established and from
2 and the knowledge of wy, Bpi, Wmer and 'y, the coupling strength g is calculated using
Equation 25. The shift of w, due to the presence of the molecules is taken into account
for the calculation of g. In Figure 18b, the lines are the calculated coupling strengths g
and the dots are the minimal values for strong coupling, (8, + I'inei)/4 as said in Equation
29. This confirms the theoretical model for the minimal value of g. This knowledge is
important for the experimental measurements. If 2 peaks appear in the scattering spectra
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Figure 16: Scattering cross sections for different dimers with molecules

of the nanoantennas with molecules, strong coupling is indeed established. The observations
from Figure 18b match the theoretical predictions. Smaller gaps correspond with a higher
value of g due to their strong field intensity. Another observation is that longer dimers have
a higher coupling strength. In Figure 10a, all the resonance frequencies are shown. It can
be seen that nanoantennas with length 60 and 70 nm have a resonance frequency well above
the molecular resonance frequency, while the nanoantennas with length 80, 90 and 100 nm
correspond better.
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4 Methods

In this section, the fabrication of the samples with nanoantennas will be discussed. The used
technique is called electron beam lithography. Then, the experimental setup to measure the
scattered field is given and the method of how the wanted information is obtained from the
raw measurement data.

4.1 Fabrication

Electron beam lithography (EBL) is a popular technique for fabrication of nanostructures.
The principle of EBL is that customs shapes can be drawn on a substrate covered with an
electron-sensitive film [51]. Parts of the sample will be radiated with electrons. The parts
of the film that are radiated will change their chemical structure. In the case of this thesis,
they will soften and become soluble. Electrons, unlike photons, do not suffer from diffraction
and therefore EBL has a smaller minimum feature size. The resolution is pushed down to 1
nm in specialized systems [52]. Here however, the controllable minimum feature size is 10 nm.

EBL requires a conductive surface to draw the desired shapes. A insulator would accumu-
late the charges of the electrons that are sent to the sample. Therefore, a layer of indium tin
oxide (ITO) is applied. The ITO layer has a double function: it is conductive and therefore
makes EBL possible, while it also increases the adhesion of Au to the glass substrate. The
layer is 9 nm thick. ITO is evaporated and deposited on the glass substrate, then annealed
until the sample is transparent again. An electron-sensitive layer is then added on top of the
substrate and spin coated. This layer is 200 pm thick. Subsequently, the sample is annealed
at 150 °C for 5 minutes. Figure 19 shows the steps of the lithographic process. In step II the
electron-sensitive film (marked as 2) is applied on the substrate (marked as 1).

Once this film is present, the substrate can be mounted in the EBL equipment (Raith
SEM-FEG INSPECT F50) to draw the desired shapes. The electron beam will radiate the
sample where the nanoantennas will come. An important parameter is the dose of the beam.
The dose is defined as the charge per unit area that is incident on the sample. Different
values for the dose can change the quality of the nanoantennas severely, meaning that the
value for the dose has to be optimized through a iterative process of fabricating, measuring
and analysing. The optimized dose is 330 nC/cm?.

A sample consists of so-called arrays of nanoantennas. An array is a rectangle with 9
rows and 10 columns. The length of the nanoantennas is varied in the columns from 60 to
150 nm. Accordingly, the difference in length between 2 columns is 10 nm. The width and
height of an antenna are both 50 nm. All rows are intended to be identical. In the fabrication
process, variations in all the dimensions will occur, see Section 5. Every sample has arrays
with rods and arrays with dimers. For the arrays with dimers, the gap size is constant for
individual arrays, but varies for different arrays. The spacing between adjacent rows and
between adjacent columns is both 4 pm, making it possible to illuminate single nanoantennas
or collect the scattered signal from single nanoantennas. Every array has a label, mentioning
the dose, the range of the lengths of the nanoantennas and the gap. The spacing between
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Figure 19: Schematic representation of the lithography process

different arrays is 50 pm. All the nanoantennas are drawn individually on the sample by the
EBL machine.

When this process is finished, the sample is submerged in a solvent, here a mixture of
3:1 of methyl isobutyl ketone and isopropyl alcohol (MIBK:IPA). The unexposed areas are
insoluble by the solvent, while the exposed areas are soluble and are removed. This corre-
sponds to Step III in Figure 19.

The next fabrication step is the deposition of Au uniformly over the sample. The thick-
ness of the deposited layer is 50nm, the same as the width. Since the thickness of the
electron-sensitive film is 200 pm, the deposited Au on top of the electron-sensitive film is not
in contact with the deposited Au in the areas where the electron-sensitive film is removed.
This makes the lift-off technique possible, see step IV in Figure 19. The deposition rate
of Auis 0.1 nm/s. A different solvent is then used to remove the unexposed areas of the
electron-sensitive film (Step V). Submersion is done in acetone for 3 hours at 50 °C. After
dry blowing with nitrogen, the sample with sole nanoantennas is ready.

A scanning electron microscope (SEM) is used to obtain images from individual nanoan-
tennas or from bigger parts of the sample. The SEM images are a useful tool obtain an idea
of how well the nanoantennas are fabricated. Their length, gap size and radius of curvature
can be measured. It can also be checked which arrays are dust free before measuring. Figure
20 shows a single nanoantenna from the sample with the optimized dose. It is clear from
the Figure that the nanoantennas don’t have flat sides and that the radius of curvature is
different at different edges.
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Figure 20: SEM image of a dimer nanoantenna

If the sole nanoantennas are measured and the results are desirable, LD800 molecules
are added to the same sample. First, a solution of LD800 in ethanol is prepared. It is not
possible to know the exact concentration, but the intention is to have a solution of 150 mM
of LD800 in ethanol. The solution is added to a sample with nanoantennas and spin coated
at 1000 rpm for 30 seconds. A thin layer of 20 to 25 nm of LD800 solution is then formed
over the whole substrate. The molecules added to the sample evaporate over time. Therefore
it is important to measure shortly after the fabrication.

4.2 Measurement setup

The method that is used in this thesis to measure the scattered field of the nanoantennas
is wide-field and dark-field microscopy. The reason why wide-field microscopy is suited is
because it can illuminate a complete array of nanoantennas at once and therefore a complete
array can be measured at once, making the measurement a lot less time consuming compared
to confocal microscopy, where every nanoantenna is measured individually. The downside of
this method is that not every nanoantennas will be completely in focus and the resolution is
of wide-field microscopy is lower in theory. In practice, confocal microscopy gives little reso-
lution improvement over wide-field [53]. In dark-field microscopy, a mask is placed between
the sample and the detector and the light that is reflected and scattered by the sample is
focused onto that mask. The mask only blocks the reflected light since the biggest part of
the scattered light has a different direction of propagation and is not in focus on the mask.
Accordingly, only the scattered field reaches the detector. A dark-field microscopy setup is
chosen since nanoantennas have a relatively low scattered field because of their small size
and it would be challenging to distinguish the scattered field from the reflected field. With
the dark-field mask, this difficulty is overcome without loss of information, since all the in-
formation of interest (w,;, By and 2) is visible in the scattered field. In the next paragraphs,
all the parts of the setup will be discussed. Figure 21 shows a schematic representation of
the complete setup. All the measurements are carried out at room temperature.

To illuminate the sample, it is desirable to have a flat spectrum over the range of interest,

i.e. the range where the resonances of the nanoantennas are. If a sample is illuminated with
a spectrum that is not flat, even after normalization, unexpected peaks or dips may appear
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in the spectrum of the scattered field. A flat spectrum can avoid these. In practice, obtaining
a perfectly flat spectrum is impossible. If the intensity variations in the flat part are less
than 5%, there is no need for normalization anymore.

To achieve a flat spectrum, a pulsed laser, (SuperK Extereme EXR-20 by NKT Pho-
tonics, part 1 in Figure 21) is used with a repetition rate of 78 MHz. In order to get the
spectrum flat, the spectral components of the laser beam are split by a grating (part 2). A
spatial light modulator (SLM, part 3) is positioned in the Fourier plane of the grating. The
SLM consist of 640 pixels of which the reflection can be controlled separately by changing
the applied voltage to the pixel. This can be done for 2 polarizations independently. Since
the spectral components of the laser beam are split, every pixel controls the reflection of 1
frequency. By decreasing the reflection of the frequencies where the intensity is high and
vise versa, the spectrum can be made flat. The reflected light is again incident on a grating
that converges the light into a single beam.

On top of the voltage mask that results in a flat spectrum, an effective phase modulation
is applied to every pixel of the SLM. The following equation is employed [54].

I(w,t) = |cos((w — wo)t)[>. (30)

I is the reflected intensity, w the frequency that is incident on the pixel of the SLM and wy
is the frequency of the rotating frame. This results in an effective phase modulation that is
frequency dependent. By doing so, this system becomes an effective Michelson interferome-
ter.

The next step is to reduce the speckles in the beam by decreasing the coherence of the
beam. This is done in 2 steps. First, the beam is reflected by 2 galvanometer mirrors (GM,
part 4 and 5). A GM is a mirror that moves back in forth in 1 direction with a certain
frequency. The 2 GM’s move in 2 perpendicular directions. Using an objective (Olympus,
NA 0.25, magnification of 10), the beam is then coupled into a multimode fiber with a
100 pm core (part 6). The different excited modes have different propagation constants so
they will move at a different speed, reducing the coherence of the beam. At the end of the
fiber another objective (Olympus, NA 0.4, magnification of 20) is placed that makes sure the
beam travels further without diverging. These 2 techniques together make sure there are no
more speckles in the beam before illuminating the sample.

A linear polarizer (part 7) is mounted after the fiber since there is only 1 polarization
of interest here, parallel to the nanoantennas. Also a neutral density (ND, part 8) filter is
inserted to increase or decrease the intensity without changing the spectrum.

Subsequently, the sample is illuminated. The beam is focused by a lens (part 9) on a mov-
able rod mirror (part 10) that reflects the light through an oil-immersion objective (Nikon
lambda series, NA 1.4, magnification of 60, part 11). The sample (part 12) is mounted on
the other side of the objective on a movable sample holder, so the reflected and a part of the
scattered light travel through the objective again. Behind the objective, the dark-field mask
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(part 13) is mounted and only the scattered field travels past the mask onto a lens (part 14)
that focuses the beam onto the detector.

The measurements are done with an EMCCD camera (ImagEM C9100-13 by Hamamatsu,
part 15). The EMCCD has 512 by 512 pixels of 190 nm by 190 nm each. Figure 22 shows
how a dark-field image looks like. The image from the EMCCD allows moving the sample
holder to get the nanoantennas in focus. The 3 dots on the upper right, upper left and
lower left are 3 reference points, below the array is the label. The nanoantennas on the
right appear brighter than the ones on the left since they are bigger. The time step between
measurements is 0.5 fs. By creating a feedback loop between the EMCCD and the SLM,
the mask of applied voltages is created for the SLM that results in a flat spectrum. Figure
23 shows the measured laser spectrum with a glass substrate mounted in the sample holder.
This graph is the average spectrum of all the pixels at the EMCCD. It can be seen on the
Figure that the spectrum is approximately flat in the region between 1.5 and 2.1 eV. How
broad the flat part can be depends on the maximum frequency with which the SLM can
change the reflection of a pixel, as can be seen from Equation 30. A new mask for the SLM
has to be created every time the laser is switched off and on, since the variations in the
intrinsic laser spectrum are too high for the same mask to be used.

4.3 Data analysis

Once samples are measured, the raw data in the form of an image of 512 by 512 pixels has to
be processed. Every measurement is done twice, every time accompanied with a background
measurement. The background measurement includes light from ambient sources and the
dark counts of the EMCCD. After the background is subtracted, an image is obtained from
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Figure 22: Image of an array of nanoantennas at the EMCCD
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Figure 23: Laser spectrum averaged out over all the pixels at the EMCCD
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a complete array of the nanoantennas and the surrounding. A rectangle containing only
the scattered field of the nanoantennas is cut out of the total image and intensity peaks
in the image corresponding to the nanoantennas are selected. Cutting out the rectangle is
needed because as mentioned in Section 4.1, an array has a label with a big size compared
to the nanoantennas and scatters a lot more light. This can also be seen on Figure 22. Since
the particles are diffraction-limited, i.e. they are smaller than the illumination wavelength,
the scattered signal is spread out over a point spread function (PSF). In order to collect
as much information as possible, without including too much noise, an area is selected
around the maximum intensity and the signal is averaged out over this area. When a dust
particle is present in an array, the PSF of that particle will overlap substantially with the
PSF of the nanoantennas since dust particles are generally bigger than the nanoantennas.
The data for nanoantennas close to dust particles is therefore not used. This is done for
the 2 measurements and the signal of the same nanoantenna is averaged out over the 2
measurements. The used EMCCD samples every 0.5fs, corresponding to a sample rate
of 2000 THz. Since the highest frequencies of interest are around 2 eV, or 483.6 THz, the
sampling rate is well above the minimal sampling rate required by Nyquist [55]. The averaged
out signal is subsequently Fourier transformed and the resonance frequency w,; and linewidth
Bpi are retrieved from the spectrum in case of sole nanoantennas and €2 in case of strongly
coupled antennas. The frequency of the rotating frame, wy in Equation 30, is subtracted from
the frequency axis. When a flat spectrum is obtained with variations less then 5%, there is
no need for normalization. However, then the only relevant data is in the flat region. If the
resonance of a nanoantenna falls out of this region, the data can not be properly analyzed.
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5 Results

As described before, a coupled system consists of a plasmonic nanoantenna and molecules,
and the properties of the coupled system are largely determined by the properties of both the
components: the plasmonic and molecular resonance frequency wy and wi,,;, the plasmonic
and molecular linewidths 3, and I';,¢;, the molecular transition dipole moment g and the
field intensity and location of the hotspots of the nanoantennas. Therefore, measurements
have to be carried out on both the molecules and nanoantennas before measuring the coupled
systems.

Measurements on the molecules are carried out first. This way the molecular resonance
frequency and the linewidth are determined and imported into the numerical simulations in
order to obtain realistic results. Then, nanoantennas are measured in absence of molecules.
From these measurements, w,; and 3, are determined. If the results are satisfactory, meaning
the results are consistent with the theoretical values, the molecules are added to the same
sample and the coupled system is measured.

5.1 Molecules

First, the permittivity € or equivalently the refractive index n of the LD800 is determined.
This contains all the needed information, i.e. the resonance frequency w,,, and the molecular
linewidth I',,,;. As mentioned before, w,,, is an important to know parameter, since this is
the frequency the nanoantennas are tuned to match as good as possible. I, is important
for the distinction between weak and strong coupling.

To determine the permittivity €, the absorbance A is measured using commercial ultraviolet-
visible spectroscopy (UV-VIS) equipment with a quartz cuvette of 1mm. The LD800 is
diluted in ethanol to a concentration of 150 pnM for the measurement, although the actual
concentration will be different. The absorbance is defined as the logarithm of the transmitted
power to the incident power of the sample [56]. The result of the measurement is shown in
Figure 24, where the y-axis is expressed in arbitrary units. The absorbance spectrum has 2
clear peaks, at 1.82 eV and at 1.99 eV. However, only the peak with the highest amplitude is
of interest since this peak will make coupling with the nanoantenna easier and stronger. The
nanoantennas are therefore tuned to 1.82 eV. The imaginary part of the refractive index nj is
directly related to the absorbance and therefore has its main peak at 1.82 eV. In order to get
useful information for numerical simulations out of this measurement, a Gaussian function
is fitted over over the main peak of n;. The fitted Gaussian has a FWHM of 0.116 V.

In Section 2.1 it is mentioned that nr and n; are related to each other through the
Kramers-Kronig equations. Assuming n; is zero for all frequencies outside of the plot, ng
can be determined. Furthermore, using Equation 10, the complex permittivity is also known.
ngr, €g and €; are calculated for the fitted Gaussian, since these functions are used for the
numerical simulations and because the molecular linewidth I',,,; corresponds to the FWHM
of the peak in €7, which is also 0.116 eV.
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Figure 24: Absorbance of LD800

5.2 Nanoantennas

As described in Section 4.1, each sample consists of several arrays in which the length of the
nanoantennas varies from 60 to 150 nm. Each sample has arrays with rods and arrays with
dimers. The size of the gap in dimer arrays varies, even when this is not meant, but the
length of nanoantennas is better controlled. Since the geometry of the rods only depends on
the length and radius of curvature, it is good to look at the results of rods before looking at
dimers. If the rods exhibit an offset in their resonance frequency from the theoretical values
obtained in Section 3, several variations from the theoretical model can be the cause. The
variations can be in the material constants, an offset in the length, the radius of curvature,
or the roughness of the surface. This knowledge has to be taken into account when analyzing
the measurements of the dimers. As mentioned before, the used setup produces a spectrum
with a flat part. From Figure 23, it can be seen that the flat region ranges from 1.5 to 2.1
eV. Only the results in this region will be shown since it is the only relevant data.

A common problem with the data analysis is the error is alignment between the sample
and the polarizer in the setup. If the sample is mounted somewhat tilted, some of the power
from the source will excite the perpendicular mode. A tilting of 10° results in 3% of the power
going into the perpendicular mode. From Figure 13 it is known that the perpendicular mode
has a resonance frequency of 2.2eV and from Figure 26a an offset of 0.1 eV can be expected.
A peak between 2 and 2.1eV appears in the scattering cross section of the nanoantennas
consistently. To eliminate the influence of the perpendicular mode, a Lorentzian is fitted
to the peak between 2 and 2.1eV and is subtracted from the scattering cross section. The
amplitude of the perpendicular mode is different for every measurement since the tilting
angle of the sample is different every time the sample is mounted. So only if there is a peak
present, it can be removed. If no peak is present, it is not possible to estimate the share of
the perpendicular mode and the scattering cross section is not altered.
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5.2.1 Rod antennas

First, the rod antennas are analyzed. As mentioned in Section 4.1, the length ranges from 60
to 150 nm with an increase of 10 nm. Figure 25 shows the measured scattering cross section
of rods with lengths 60, 90, 120 and 150 nm. These rods are all located in the same array.
The y-axis starts at 0 but has a different scale for the different plots. The first observation
from the Figure is that the scattering spectrum is relatively uniform, both in the resonance
energy and the intensity of the scattered field. Only in Figure 25a, 1 rod has a low quality.
Another observation is that the off-resonance scattered field intensity for high energies is
higher then for low energies. This is the result of Mie scattering.

Figure 26a compares the resonance energies from the measurements and the simulations
of rods. There is a clear offset present. The resonance energy in experiment is lower in
practice then in theory, but the offset is relatively consistent: 0.097 4+ 0.023eV. The offset
and standard deviation are particularly low for the longer rods. However, this is due to the
fact that only the part of the scattered field in the flat region of the laser spectrum is ana-
lyzed since data outside this region is not representative. The resonance of the longest rods
lies most likely outside of this region. This is no problem since these rods and the dimers
with the same length are no candidates for strong coupling anyway, their resonance energy
is too far away from the molecular resonance. The reason for this offset can be an offset
in the length of the rod, where the rod is longer than intended, or a lower radius of curvature.

Figure 26b compares 3, for simulations and experiments. Here, the offset is not as consis-
tent as for wy;, but 3, is generally higher for the experiments. The offset is 0.048+0.030eV.
This is the result from the inhomogeneity of the nanoantennas, coming from the fabrica-
tion process. The evaporation of Au on the sample results in a granular surface, while the
nanoantennas in the simulations have a smooth surface. The granular surface intensifies
electron-surface scattering, where an electron in the nanoantenna is deviated because of the
rough surface and emits a photon. This photon can have a different frequency than the
resonance frequency, therefore the peak will be broader [57]. Because the formation of the
granular surface is different for every nanoantenna, the standard deviation is relatively high.
By still follows a certain trend, it decreases for increasing length of the nanoantenna, but it
does not follow the simulated trend for the complete range.

5.2.2 Dimer antennas

Now that it is known that an offset in the resonance energy is to be expected, the dimers
can be analyzed. Since the resolution of the used EBL equipment is 10 nm, variations in the
gap and therefore in the scattering cross sections are expected for dimers. Therefore, the
scattering cross sections of single nanoantennas will be examined, and not averaged out as
for rods. An estimate can be made for the size of the gap by looking at the shift towards a
lower frequency compared to the rod antenna with the same length, and comparing this shift
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Figure 25: Results of scattering measurements of rods with different lengths
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Figure 26: Comparison between measured and simulated resonance energy and linewidth
of rods

with the numerical simulations. This way, the offset of the rods is still taken into account.
The discussion of the dimer nanoantennas will not be in detail, since it is more important
to compare the cross sections with and without molecules. This will be done in Section 5.3.

The quality of the dimers is often worse then the quality of rods. The resonance of dimers
does not always have the expected Lorentzian shape with a clear peak. Some dimers show
a flat spectrum and have therefore no resonance at all in the expected area. Other dimers
show 2 peaks of resonance. When molecules are added later, it is possible that the spectrum
also shows 2 peaks, while strong coupling is not achieved. Some dimers also show a shoulder
in their resonance peak. Dimers with no resonance or 2 resonances are therefore not useful
for strong coupling. Because of the big variation in quality, only individual nanoantennas are
examined and only the best ones are discussed. Also nanoantennas longer than 100 nm are
not discussed in this section. In Figure 26a it can be seen that a 100 nm rod has a resonance
frequency wy; of 1.8eV, so a dimer will have a lower resonance frequency and on top of that,
the presence of the molecules will further decrease the resonance frequency. This makes the
mismatch with the molecular resonance frequency w,,, too big.

As said in Section 4.1, samples have arrays with nanoantennas where the gap is intended
to be 25 nm and where the gap is intended to be 30 nm. Variations in the gap are expected
since the resolution of the EBL equipment is limited to 10 nm. Figure 27a and 27b each
show the scattering cross section of 4 dimers with a length of 70 nm. In order to have a clear
Figure, the scattering cross sections for the individual dimers have an offset. The depicted
dimers have the best quality in their column. It is clear that the shape of the resonance is
indeed distorted compared to the rods. The difference between the experimental resonance
frequency of the dimer and the rods of 70nm is calculated and the corresponding gap is
determined and displayed on the legend in the figure. The experimental resonance frequency
of 70nm rods approximately matches the theoretical resonance frequency of 90 nm rods.
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Figure 27: Scattering cross section of dimers of 70 nm with different gaps

The determination of the gap is therefore done by comparing the theoretical shift of 90 nm
nanoantennas. This method is only an estimate of the gap size since the length is not the
only factor that influences wy,;. Other reasons include an asymmetric dimer, different radii
of curvature at different edges, the sides of the 2 rods not being flat inside the gap etc. For
arrays with an intended gap of 25nm, the gap ranges from 8 to 20 nm, while the range is
from 13 to 27nm for 30nm gap arrays. The gap of 8 nm corresponds with an the smallest
mode volume V,,, approximately 20 000 nm?.

The resonance frequencies of the dimers in Figure 27a are between 1.8 and 1.9 eV. Taking
into account that there will be a shift when adding molecules to the sample, these antennas
are good candidates for strong coupling. The dimers in Figure 27b have resonances already
below 1.8 eV and will have a bigger resonance mismatch. [, is remarkably higher than the
expected values. In Figure 27a, the linewidth 3, is 0.33, 0.33, 0.40 and 0.52 eV for the dimers
with gaps 15, 16, 18 and 25nm respectively. For Figure 27b, 8, equals 0.26, 0.32, 0.44 and
0.37 ¢V for the 12, 13, 14 and 15 nm gap dimers respectively. Looking at the results for 90 nm
dimers in Figure 10b, the difference in the experimental and theoretical 3,; is between 0 and
0.26 eV, while the difference for rods was only 0.048 eV on average. This again is a result of
the worse quality of dimers compared to rods. The high values for 3, make achieving strong
coupling more challenging.

5.3 Nanoantennas and molecules

After measuring the sole nanoantennas, molecules are added on top of the same sample.
This way, the scattering spectrum of the same nanoantenna with and without molecules
can be compared. As mentioned before, it is important to measure shortly after adding the
molecules. The molecular layer will evaporate, changing the molecular concentration from
the intended concentration. Also dust particles may fall onto the sample.
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Strong coupling is expected to happen with dimers, rather than with rods because dimers
have a higher field intensity in their gap. On the other hand, 3, is generally smaller for rods.
Also the gap of a lot of dimers is relatively high, reducing the effect of the high field in the
gap. Since the molecular concentration is relatively high, intended to be 150 mM, and the
coupling strength is proportional to square root of the amount of molecules N, see Equation
20, strong coupling has been observed with both rods and dimers.

Strong coupling is detected by the presence of 2 peaks in the scattering cross section,
the upper and lower polariton. But as said in the previous section, some nanoantennas
show 2 peaks without molecules present. The coupled system therefore always has to be
compared with the sole nanoantenna. To make sure that a system is really strongly coupled,
neighbouring columns from the same array are also looked at. If the 2 peaks move towards
the plasmonic and molecular resonance frequencies as described in Section 2.3.2, then the
system exhibits anticrossing which confirms strong coupling.

In the next sections, the observed strong coupling will be discussed, both for rods and
dimers. From the observed Rabi splitting, 3, and w, and knowledge about wy,, and I'y,q,
the coupling strength g will be calculated and compared to (8, 4 I'mer)/4, the minimal value
for strong coupling.

5.3.1 Strong coupling with rod antennas

Rods with length 90 nm have an average resonance frequency wy of 1.84eV. This makes
them a suitable candidate for strong coupling with a high molecular concentration, if they
have a small enough linewidth . Figure 28 shows the rods where strong coupling is ob-
served. On the left side, the scattering cross section of rods with molecules is shown, on the
right side sole rods. In order to demonstrate the anticrossing behaviour, different lengths
of the rods are shown, 100 and 110 nm. The scattering cross sections for different lengths
are plotted with an offset in the y-axis and are normalized since longer nanoantennas have
a higher scattering intensity. Also the absorbance spectra of LD800 is added as a reference.
The colours on the left side match the colours on the right side in order to easily compare
spectra.

Strong coupling is in fact only achieved for the 90 nm rods. The 100 and 110 nm have
a too big resonance mismatch. The 2 peaks (or in some spectra 1 peak and a shoulder)
coincide with the molecular resonance peak and the plasmonic resonance peak, confirming
the anticrossing as shown in Figure 5. No useful measurement data is obtained for the 80 nm
rods and they are therefore not included in Figure 28. As predicted by the numerical sim-
ulations, the presence of the molecules naturally decreases wy; and this can be seen well for
the 100 and 110 nm nanoantennas. The shift varies from 0.08eV to 0.12eV, meaning the
concentration is not uniform.

For the 90 nm rods the coupling strength g can be calculated, using Equation 25 and
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Figure 28: Comparison of scattering cross sections between (left) rods with molecules and
(right) sole rods with matching colours. The absorbance of LD800 is added on the left. The
lower band has a length of 90 nm, the middle one of 100 and the upper one of 110.

taking into account an estimated shift of 0.1eV for wy. For the blue, orange and green
rods, g equals 0.099, 0.083 and 0.096 €V respectively, while (8, + [y0) /4 is 0.090, 0.082 and
0.081 eV respectively, confirming strong coupling. An estimate of the amount of molecules
N will not be made for rods. To calculate N following Equation 21, the mode volume V,,
has to be known. Unlike for dimers, determining the mode volume for rods is not trivial.

On another array with rods, strong coupling is achieved, but with 80 nm rods. The
average coupling strength ¢ for all the strongly coupled rods is 0.106 £ 0.017 eV, while the
minimal value is 0.094 + 0.011eV.

5.3.2 Strong coupling with dimer antennas

With the rods, only 2 arrays had achieved strong coupling. For dimers, there are several,
both because there are more arrays with dimers on a sample and because they are better
suited. On the other hand, the quality of dimers is not as good as for the rods. The arrays
with the best results will be discussed, the coupling strength ¢ will be calculated and from
the amount of interaction molecules N, the molecular concentration will be calculated by
approximating V,,, as the volume in the gap.

Figure 29 shows the results for dimers with lengths 70, 80 and 90 nm in an array with an
intended gap of 30nm. The variations in the gap cause dimers with equal lengths to have
different resonance frequencies. The absorbance spectra is again included on the left side
and the colours between the left and right side correspond to the same nanoantenna. As
said in Section 5.2.2, the estimated gap can be as small as 15nm. The gap decreases w,; and
therefore, suitable dimers are shorter than rods.
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Figure 29: Comparison of scattering cross sections between (left) dimers with molecules and
(right) sole dimers with matching colours in an array with gaps of 30nm. The absorbance
of LD800 is added on the left. The lower band has a length of 70 nm, the middle one of 80
and the upper one of 90.

Similarly as for the rod, the dimers that are off resonance with the molecules confirm
anticrossing. These nanoantennas are used to estimate the natural shift in w,. Here, the
shift is 0.09 eV. Taking this into account, the coupling strength ¢ is calculated and compared
to (B + ['mot) /4 for the 70 nm nanoantennas. For the blue, orange and green nanoantennas,
g equals 0.106, 0.098 and 0.103 eV while the minimal values are 0.105, 0.093 and 0.099 eV
respectively, again confirming strong coupling.

The gap can be estimated for the dimers of 70 nm by comparing the shift to the simula-
tions of 90 nm nanoantennas, as explained in Section 5.2.2. The intended gap in the array
is 30 nm, the estimated gap is 30, 15 and 18 nm for the 3 dimers. Using Equation 21 and
assuming that u is parallel to the electric field, the obtained amount of molecules N is 7061,
3167 and 4153. This corresponds to a molecular concentration of 156, 140 and 153 mM if
it is assumed that all the contributing molecules are located inside the gap. There is a
non-negligible contribution in the coupling of the molecules outside the gap since also rods
can achieve strong coupling, and not all the dipole moments will be aligned with the electric
field. Therefore, the obtained values are only a rough estimate.

Figure 30 shows another array with strong coupling. The length of the dimers is 60, 70
and 80 nm. The intended gap is again 30 nm in this array. Both the dimers of 60 and 70 nm
exhibit strong coupling. For the 60 nm antennas, g equals 0.113+£0.003 eV, every time above
the minimal values 0.098+0.007eV. For the 70 nm dimers, g is 0.1254+0.008 eV, again above
the minimal value 0.115 + 0.001eV. The 80 nm dimers are used to estimate the shift, here
0.19eV on average. Also anticrossing is established, since the 80 nm dimers have a peak on
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Figure 30: Comparison of scattering cross sections between (left) dimers with molecules and
(right) sole dimers with matching colours in an array with gaps of 30nm. The absorbance
of LD800 is added on the left. The lower band has a length of 60 nm, the middle one of 70
and the upper one of 80.

their plasmonic resonance energy and a bump around the molecular resonance frequency.

At several other arrays strong coupling is observed (both Rabi splitting and anticrossing).
Also with arrays with an intended gap of 25 nm. In Section 5.2.2, it is observed that at these
arrays, wy is already around 1.8eV for 60 nm dimers. The natural decrease of w,; makes
strong coupling harder to achieve than for arrays with 30nm gaps. 65% of the observed
strong coupling with dimers were in 30 nm gap arrays.

Taking into account all the dimers with strong coupling, the coupling strength ¢ is 0.116+
0.014eV with an minimal value of 0.103 4+ 0.008 eV. This leads to an average molecular
concentration of 195 + 48 mM. The highest achieved coupling strength is 0.143 eV, with
a 60nm dimer with an estimated gap of 8 nm. ¢ is on average 0.001 eV higher for 60 nm
dimers. When comparing the amount of rods that achieved strong coupling to the amount
of dimers, the dimers are 13% more likely to achieve strong coupling. Despite the higher
minimal values for strong coupling (0.094 eV for rods, 0.103 eV for dimers), the field intensity
in the gap still improves the probability of reaching strong coupling. No strong coupling is
observed with the smaller absorption peak of LD800 at 1.99¢eV.

5.4 Future work

It is clear that there is room for improvement in the experimental results. The fabrication
of the nanoantennas can still be optimized by adjusting the dose of the EBL and also 50 nm
dimers can be made to confirm anticrossing. To improve the quality of the gap and de-
crease the variations in the radius of curvature of the nanoantenna, other techniques can be
employed. A good candidate for this is ion beam milling. The gap can then be controlled
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down to 5nm [58]. A nanoantenna is then grown with the same techniques as in this thesis,
EBL and Au evaporation and the gap is cut out by an ion beam. Other designs can also
be experimented with, the most obvious choices being the trimer and the Yagi-Uda nanoan-
tenna. The trimer consists of 3 rods [59] and the Yagi-Uda nanoantenna is a row of rods
with their long sides parallel to each other [60]. Other possibilities are the (inverse) bow-tie
nanoantennas [61] or the nanoparticle-on-mirror (NPoM) design [43], although the NPoM
design requires a different fabrication method.

Once the fabrication is optimized, the molecular concentration can be decreased, down to
single molecules. The molecule would then have to be positioned inside the gap of the dimer.
Different kind of molecules (with a different resonance frequency) can be experimented with
as well by coupling them to nanoantennas with different lengths. When single-molecule
strong coupling is achieved, the aforementioned applications become possible. The system
then has to be built in in more complicated structures.

Other properties of the system can also be measured. In the first place, the Purcell factor
Fp can be measured for the weakly coupled nanoantennas. The possibility of fluorescence in

a strongly coupled system can be investigated, as well as the directionality of the scattered
field.
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6 Conclusions

From the theoretical background, numerical simulations and the measurement results, con-
clusions will be drawn in this section. The conclusions of the theory and the numerical
FDTD simulations will be taken together since the simulations are a way of verifying the
theoretical model and calculating exact values. The focus is on the measurement results.

6.1 Theory

The most important factor from the theoretical background is the coupling strength g, that
allows distinction between 2 coupling regions, weak coupling and strong coupling. The mag-
nitude of g depends on several factors: the molecular resonance frequency w,,, and decay
rate I'y,0, the plasmonic resonance frequency wy and linewidth 3, the transition dipole
moment g and its relative orientation with the electric field produced by the nanoantenna,
the magnitude of the electric field and the amount of molecules N. In order to get ¢ as high
as possible, wy; needs to be tuned to match wy,,. 2 types of nanoantennas are investigated
in this thesis: rods and dimers, where a dimer is 2 identical rods separated by a gap. The
tuning of w,; can be done by varying the length and the gap size of the nanoantenna, where
a longer length and a smaller gap cause a decrease of wy;. Dimers can create a higher field
intensity than rods because they confine the electric field in the gap. Decreasing the gap
increases the field intensity in the gap of the dimer. A higher field intensity leads to a higher
value of g. w, and (3, are visible in the scattered field of a nanoantenna.

For small values of g, the system is in the weak coupling regime. The most important
property of a weakly coupled system is the enhancement of the emission rate I',,,; by the
Purcell factor Fp. If g surpasses a minimal value, (8, + ') /4, strong coupling is achieved.
The system then undergoes Rabi splitting. The scattering spectrum splits into 2 peaks,
called the lower and upper polariton. They are separated by 22 or twice the Rabi frequency.
Q) is the frequency with which energy is exchanged between molecules and nanoantenna and
is also visible in the scattered field. From €2, the coupling strength g can be retrieved. A
dip in the scattering cross section appears at w,,o, but the central frequency between the
lower and upper polariton is (wy + Wmer)/2. Due to the presence of the molecules, a natural
shift towards lower frequencies in w,; occurs since wy; is dependent on the refractive index of
the surrounding. If the plasmonic resonance frequency differs too much from the molecular
resonance frequency, strong coupling can not be achieved. Generally, smaller gaps result
in a stronger coupling because of their high electric field, as long as they don’t make the
mismatch in resonance between nanoantenna and molecule too big. If ¢ is high enough to
achieve strong coupling with a nanoantenna that is resonant with the molecules and other
nanoantennas are not resonant because they have a different length, the upper and lower
polariton converge to the plasmonic and molecular resonance frequencies without crossing
each other. This is called anticrossing.
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6.2 Measurements

From the measurements of the absorption spectrum of the molecules, 2 important conclusions
can be drawn. The peak with the highest intensity corresponds to the molecular resonance
frequency w,,, and equals 1.82 eV. The linewidth of the peak is the emission rate I',,,; and
equals 0.116 eV.

The sole nanoantennas are measured before the molecules are added to the sample. This
is done to know w,; and (,. So when the Rabi frequency €2 is measured, g can be calculated,
as well as the minimal value for strong coupling.

A sample consists of several arrays with rods and arrays with dimers. 1 array has 10
columns and 9 rows, so 90 nanoantennas in total. The length of the nanoantennas ranges
from 60 to 150 nm, corresponding with a 10 nm difference between 2 neighbouring columns.
The measurements from the rods show that the resonance frequency wy; is 0.097 £ 0.023 eV
lower then the simulated values, following the expected trend. 3 is 0.048 £0.030 eV higher
then the simulated values and largely follows the theoretical trend. The higher linewidth is
the result of surface roughness that causes electron-surface scattering in the nanoantenna.

The gap in dimers can be estimated by comparing w,,; for rods and dimers with the same
length since the size of the gap determines the shift in w,. The magnitude of the shift is
compared with the simulated shifts and a gap is estimated. In arrays with an intended gap
of 25nm, the estimated gaps range from 8 nm to 20 nm, while for arrays with an intended
gap of 30 nm, the range is between 13nm and 27nm. The mode volume V,,, is approximated
by the volume in the gap of a dimer. The smallest achieved mode volume is 20 000 nm? since
the nanoantennas are 50 nm wide and high. Generally, 3, is higher for dimers than for rods,
matching the theoretical predictions. The quality of the dimers is on average worse than the
quality of the rods. This means that some dimers show no peak in their scattered field at
all in the expected region, or they show 2 peaks.

When w,; and 3, are known, a solution of LD800 in ethanol is added to the sample and
spin coated, resulting in a layer of 20 to 25 nm. The intended concentration is 150 mM, and
from the measurement results an estimate of the concentration can also be made. If the
scattering cross section of a nanoantenna with molecules shows 2 peaks and anticrossing is
observed, strong coupling is reached. Even though a dimer has an advantage over rods to
reach strong coupling because of the high field intensity in the gap, strong coupling has been
observed with both rods and dimers.

In the case of rods, ¢ is 0.106 £0.017 eV, while (8y+I'ner) /4 15 0.094£0.011 eV for 90 nm
rods. For the dimers, ¢ is 0.116 & 0.014 eV, while (8, + o) /4 is 0.103 = 0.008 eV. Strong
coupling has been achieved with 60 nm and with 70nm dimers. The estimated molecular
concentration is 195 £ 48 mM. g is slightly higher for dimers than for rods. Comparing the
amount of nanoantennas with strong coupling to the amount of nanoantennas on the sample,
strong coupling is 13% more likely to happen at dimers.
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The obtained results can still be optimized. The quality of the nanoantennas can be
improved. For dimers, ion beam milling can be used to better control the gap. Furthermore,
the molecular concentration can be decreased, down to single molecules. Different prop-
erties can be measured. The Purcell factor Fp can be determined for the weakly coupled
nanoantennas, and the directionality of the scattered field as well. Also the possibility of
fluorescence is a strongly coupled system can be investigated. Different nanoantennas, such
as trimers or Yagi-Uda nanoantennas that both consists of rod antennas can be experimented
with as well. With optimized nanoantennas and single molecule strong coupling, the system
can be integrated in more complicated structures.
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