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Abstract

Molecular sensing and detection have been established over the past decades with

biochemistry and medical diagnostics applications. Among the various sensing meth-

ods, fluorescence detection is considered to be one of the most promising ones, espe-

cially in vitro diagnostics. Dye molecules used as a label in fluorescence detection are

generally dipolar light sources emitting in a random direction, and a significant frac-

tion of the emitted photons can not reach the detectors. This dramatically reduces

the brightness of the dye molecules. A practical approach to overcome this problem

relies on enhanced light-matter interaction obtained using optical nano-antennas.

In this work, we investigate a planar antenna configuration, which beams the

radiation pattern of the dye into a narrow cone. It mimics the operation of a Yagi–

Uda antenna, where reflector and director elements are made of thin metal films.

Here, the reflector element of the planar Yagi–Uda antenna is an etched flat gold

wire, and the director element is made of 10 nm gold film evaporated on the glass

coverslip. Our first goal is to elucidate the antenna effects when the reflector-director

gap changes (scanning antenna). By scanning the reflector in the axial direction,

the radiation pattern of a single fluorescent bead changes, and the emission narrows

down to angles of 45° (full width at half maximum) at the antenna resonance. After-

ward, we focus on detecting double-stranded DNA molecules labeled by fluorescent

Atto-647N in a buffer to determine the sample concentration.

Moreover, a practical way to guide the fluorescence signal to a detector is through

an optical fiber. By coating the director on the tip of an etched fiber and using a

gold substrate as a reflector, we can direct the emission into the fiber with high

efficiency. A numerical simulation has been developed to evaluate the coupling

efficiency of a horizontally oriented dipole into a fiber. The result determines more

than 70% coupling efficiency, which would only scale by a factor of 2/3 for emitters

with a random orientation. This configuration can not only collect the emitted light

but also excite the molecule through the same fiber. However, in practice, the fiber

shows a high autofluorescence in excitation due to doping or defects in the core

material, which needs further investigation. This method is a compact solution to

enhance the sensitivity and dynamic range of molecules detection, and it can replace

the bulk optics conventionally employed for fluorescence measurements.
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Zusammenfassung

Die molekulare Sensorik und Detektion hat sich in den letzten Jahrzehnten mit

Anwendungen in der Biochemie und der medizinischen Diagnostik etabliert. Unter

den verschiedenen Sensormethoden ist die Fluoreszenzdetektion eine der vielver-

sprechendsten, insbesondere für die In-vitro-Diagnostik. Farbstoffmoleküle, die als

Markierung in der Fluoreszenzdetektion verwendet werden, sind im Allgemeinen

dipolare Lichtquellen, die in zufälliger Richtung emittieren und ein großer Teil der

emittierten Photonen kann die Detektoren nicht erreichen. Dadurch wird die Hel-

ligkeit der Farbstoffmoleküle drastisch reduziert. Ein effektiver Ansatz zur Über-

windung dieses Problems beruht auf einer verbesserten Licht-Materie-Wechselwir-

kung, die mit optischen Nanoantennen erzielt wird.

In dieser Arbeit untersuchen wir eine planare Antennenkonfiguration, die das

Strahl- ungsmuster des Farbstoffs in einem schmalen Kegel bündelt. Es ahmt den

Betrieb der Yagi–Uda Antenne nach, bei der Reflektor- und Direktor aus dünnen

Metallfilmen bestehen. Hier ist das Reflektorelement der planaren Yagi–Uda An-

tenne ein geätzter flacher Golddraht und das Direktorelement besteht aus einem

10-nm-Goldfilm, der auf das Deckglas aufgedampft ist. Unser erstes Ziel ist es,

die Antenneneffekte bei Reflektor-Direktor Lückenänderungen (Scanning-Antenne)

aufzuklären. Durch Abtasten des Reflektors in axialer Richtung ändert sich das

Strahlungsmuster einer einzelnen Fluoreszenzbead, und die Emission verengt sich

bei der Antennenresonanz auf einen Winkel von 45° (Halbwertsbreite). Anschließend
konzentrieren wir uns auf den Nachweis von doppelsträngigen DNA-Molekülen, die

mit fluoreszierendem Atto-647N in einem Puffer markiert sind, um die Probenkonzen-

tration zu bestimmen.

Darüber hinaus ist die Verwendung einer optischen Faser ein praktischer Weg,

um das Fluoreszenzsignal zu einem Detektor zu leiten. Indem wir den Direktor

auf die Spitze einer geätzten Faser auftragen und ein Goldsubstrat als Reflektor

verwenden, können wir die Emission mit hoher Effizienz in die Faser lenken. Eine

numerische Simulation wurde entwickelt, um die Kopplungseffizienz eines horizontal

ausgerichteten Dipols in eine Faser zu bewerten. Das Ergebnis ergibt über 70% Kop-

plungseffizienz, die bei Emittern mit zufälliger Ausrichtung nur um den Faktor 2/3

skalieren würde. Diese Konfiguration kann nicht nur das emittierte Licht sammeln,

sondern auch das Molekül durch dieselbe Faser anregen. In der Praxis zeigt die

Faser jedoch eine hohe Autofluoreszenz bei Anregung aufgrund von Dotierung oder

Defekten in der atomaren Struktur des Kernmaterials, was weitere Untersuchun-

gen erfordert. Dieses Verfahren ist eine kompakte Lösung, um die Empfindlichkeit

und den dynamischen Bereich der Moleküldetektion zu verbessern und es kann die

herkömmlich verwendete Bulk-Optik für Fluoreszenzmessungen ersetzen.
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Chapter 1

Introduction

Interest in materials at the nanoscale has rapidly increased in science and engineer-

ing due to their unique physical and chemical properties caused by their geometry.

Although nano-physics is associated with modern science, artisans used nanoparti-

cles as far back as the ninth century in Mesopotamia or the middle ages in Europa

to create a glittering effect on the surface of pots and glasses [1].

The term ”nanotechnology” was first used by Norio Taniguchi in a 1974 con-

ference to describe thin film deposition and ion beam milling [2] and later by Kim

Eric Drexler in his 1987 book Engines of Creation: The Coming Era of Nanotech-

nology [3]. The experimental research, however, took off in the early 1980s with the

invention of the scanning tunneling microscope (STM) [4,5]. Later, the invention of

carbon nanotubes in the 1990’s [6] and nanoscale gate metal–oxide–semiconductor

field-effect transistors (MOSFET) [7] introduced nanotechnology into industrial ap-

plications. Nowadays, nano-lithography, such as extreme ultraviolet (EUV) lithog-

raphy and etching technology, can fabricate smaller and more complex structures

for electronic and sensing applications. The international roadmap for devices and

systems (IRDS) predicts the 2 nm process node (this mainly refers to the gate

length of transistors) by 2024 [8]. Furthermore, nanotechnology has revolutionized

the development of highly sensitive nanobiosensors by capitalizing on their signif-

icant surface-to-volume ratios and the diverse optical and electronic properties of

nanostructured designs. These compact biosensors are promising analytical tools for

diagnosing illnesses in their early stages. Fluorescence-based bioprobes are common

examples of such sensors for the detection of biological and chemical agents [9].

With the advent of advanced nanoscale manufacturing, scientists applied well-

established concepts in electronics and optics to the nanoscale [10,11]. A successful

example of this transition is the optical nanoantenna [12, 13]. Antennas have been

used since the 1880s for transmitting or receiving electromagnetic waves at radio

frequencies [14]. Metallic nanoparticles with their plasmon resonances can be used
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CHAPTER 1. INTRODUCTION

in the same fashion at optical frequencies [15]. Just as there are several types of

antennas in electronics, nanoantennas also fall into several categories. The Yagi–

Uda optical antenna is a directional antenna which radiates or receives high power

in specific directions, with a similar working principle to the well-known Yagi–Uda

antenna. Its structure contains a reflector, one or more directors, and a driving

element (feed) between them [16]. The reflector and directors are usually made of

metal rods with a length of approximately λ/2, where λ is the wavelength of the

electromagnetic wave.

Optical antennas in the vicinity of fluorescent molecules can modify their spon-

taneous emission rates in a broad spectral range. Enhancing the emission rate is

also an essential characteristic of microcavities, and one of the reasons for using

them in sensing applications [17,18]. However, achieving a significant effect requires

the creation of cavities with a high-quality factor (Q), which is challenging due to

two fundamental issues. First, they are at least several micrometers in size because

highly reflective surfaces are bulky. Second, high Q implies narrow resonances, dic-

tating operation with very narrow-band emitters and the need for highly sensitive

frequency tuning. The Yagi–Uda optical antenna can enhance the Purcell factor

(F ∝ Q/V ) by confining the mode volume V to a broad spectrum [19, 20]. In gen-

eral, the Yagi–Uda optical antenna exhibits both the beaming effect and emission

rate modification characteristics at a compact size, making it a suitable candidate

for lab-on-chip and sensing applications.

Despite these benefits, the fabrication of such an antenna is very challenging.

The distance between the rods is in subwavelength (80-200 nm for visible light) due

to the radiation penetration into metals [21], and their length is also a few hundred

nanometers. In addition, placing the emitter between the reflector and director

rods, where the electric field is high, makes applying Yagi–Uda optical antennas

difficult. Therefore, a more straightforward approach is to use the nanoscale design

only in one direction (e.g., the z direction) and use laterally infinite metal plates

as the reflector and director. The lateral position of the dye is not critical in a

planar geometry, and the axial direction can be controlled more easily. In 2017 S.

Checcucci et al. [22] characterized the emission of a single dibenzoterrylene (DBT)

molecule sandwiched between two reflector and director gold plates. This structure

is known as the planar Yagi–Uda optical antenna. The gap between the reflector

and the director was subwavelength. The director is a very thin metal layer (20 nm

thick) and partially transparent at the working wavelength. The medium between

the reflector and director plates is known as the active medium, made of dielectric

materials. Since this structure has a planer surface, it is easier to stack different

layers of materials on each other in order to apply the concept of single photon

source generation [23] or biosensing applications [24].
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The planar Yagi–Uda optical antenna is a new nanosensing concept, which re-

quires further characterization. Therefore, the main goal of this work is to under-

stand such an antenna based on the geometry (reflector-director gap) and material

types, implementing a scanning approach. Furthermore, testing the planar Yagi–

Uda antenna as a biodetector and finding its technical limitations is a practical

approach to realizing the potential of such an antenna in modern diagnostics appli-

cations. This work is structured into seven chapters starting with theory followed

by experimental results of a scanning planar Yagi–Uda antenna.

The second chapter briefly explains the essential characteristics and parameters

of fluorescent detection and introduces three types of emitters. Chapter three fo-

cuses on the properties of optical antennas and their ability to modify and direct

electromagnetic radiation. There, we introduce the planar Yagi–Uda antenna as an

optical system for enhancing a dipole’s emission rate and the collection efficiency

of the system. Chapter four considers the theoretical and experimental results of

detecting fluorescence molecules using a planar Yagi–Uda antenna. These show

that the antenna beams the fluorescence emission of a single bead into a narrow

cone down to an angle of 45° and enhances the collected signal by a factor of three

compared to the case of a glass coverslip. In addition, we investigate the detection

limit of the system for DNA-labeled fluorescent dye molecules embedded in a fluid.

This characteristic determines the system’s ability to detect molecules in a solution

with low concentrations, emphasizing the biocompatibility aspect(down to 1 nM).

Chapter five investigates the idea of applying a Yagi–Uda antenna on the tip of an

optical fiber. The simulation of a practical setting reveals more than 70% coupling

efficiency into the fiber for a horizontally oriented dipole with respect to the planar

antenna. Moreover, in the same chapter, we highlight the challenges, such as an-

tenna fabrication on the fiber tip and auto-fluorescence of the fiber. As an outlook

in chapter six, we suggest ways to improve the fiber-based optical antenna system

and use it as a lab-on-chip sensor for detecting fluorescent molecules down to the

single molecule level. We summarize this work in the final chapter and discuss the

potential applications of such a system in biophysics as well as quantum technology.
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Chapter 2

Principles of fluorescence

microscopy and spectroscopy

The radiation of light due to deexcitation of organic and inorganic specimens (flu-

orophores) is typically the result of a physical phenomenon termed luminescence.

The relatively narrow spectrum of this radiation makes it distinguishable from back-

ground light. This property has made it useful in the detection of targeted molecules

and has been a cornerstone of recent microscopy methods such as epifluorescence

microscopy, confocal microscopy, and fluorescence lifetime imaging microscopy. One

continuously expanding methodology in this century is the usage of fluorescence in

biology and sensing to detect the delicate structures of biomolecules such as DNA

sequences or antibodies. The combination of high-resolution microscopes and the

narrow spectrum of fluorophores opens a broad field of research in cellular and

molecular imaging down to the level of single-molecule detection.

This chapter describes the principle of fluorescence and its emission properties.

It also briefly explains the energy levels and optical properties of single molecules

and the radiation pattern in free space. Finally, the chapter presents three types of

emitters commonly used in fluorescence measurements.

2.1 Absorption and emission of light

Fluorescence microscopy is a technique commonly used to detect molecules known

as fluorophores interacting with light. They absorb energy at a specific wavelength

and then re-emit it at a different wavelength, which depends on the emitter and the

chemical environment around it. In an absorption process, an electron of an emitter

gains energy and, as a result, moves to a higher energy level. When the excited

electron in the higher energy level returns to the ground state, it emits a photon

with an energy equal to the energy difference between the levels in accordance with
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CHAPTER 2. PRINCIPLES OF FLUORESCENCE MICROSCOPY AND
SPECTROSCOPY

energy-momentum conservation. Depending on the nature of the excited state, this

decay is divided into two categories, fluorescence, and phosphorescence [25]. In

excited singlet states, the excited electron is paired with a second electron in the

ground state. Consequently, returning to the ground state is spin allowed and occurs

rapidly by emission of a photon. This process is typically very fast and usually takes

a few nanoseconds. The average time for the transition of electrons from an excited

state to the ground state is called the lifetime (τ).

In contrast, phosphorescence originates from a weak optical transition, typically

spin forbidden, which leads to lifetimes of the order of milliseconds to seconds.

Distinguishing between fluorescence and phosphorescence is not always straight-

forward. For example, transition metal–ligand complexes (MLCs), which contain

a metal and one or more organic ligands, display mixed singlet–triplet states and

show a lifetime of hundreds of nanoseconds to several microseconds. Although phos-

phorescence is a slower process, which can aid detection, it is also more susceptible

to deactivation due to faster nonradiative decay or quenching. Therefore, we use

fluorescence in our work, as it is a more sensitive method with a higher photon rate.

2.1.1 Jablonski diagram

Electrons in a ground state can gain energy (optically, electrically, or chemically)

and move to an excited energy level. However, they lose their energy and decay into

the ground state again after some time. The probability per unit time of a specific

excited state decaying to a lower energy state by emission of a photon or by other

means, such as collisional de-excitation, is defined as the decay rate. It is typically

expressed as a decay constant, which is the reciprocal of the average lifetime of the

excited state. Decay can be divided into radiative (electron de-excitation to ground

state by releasing a photon) and non-radiative (electron de-excitation to ground

state without releasing any photon). To illustrate the electronic states of a molecule

and the transitions between them, one can use the Jablonski diagram.

The electronic ground state of a molecule is usually a singlet S0 multiplicity (total

spin quantum number equals zero). However, the excited states can be singlets Si

or triplets Ti, while the higher multiplicity (triplet) has the lower energy obeying

the first Hund’s rule [26]. Following the spin selection rule, the strongest optical

transitions are singlet-singlet, e.g., S0 ←→ S1. Triplet-singlet transitions are weakly

allowed, hence much less probable. The process of transitioning from S1 to T1 and

from T1 to S0 is commonly known as intersystem crossing, while the transition

T1 −→ S0 is specifically referred to as phosphorescence (Fig. 2.1) [27].

The sublevels in Fig. 2.1 arise from the vibrational degrees of freedom, which

affect the optical properties of a molecule. On exciting an electron to a higher

6



2.1. ABSORPTION AND EMISSION OF LIGHT

Figure 2.1: Jablonski diagram of fluorescence and phosphorescence. Optical ex-
citation of a single molecule from the ground state and the emission via singlet or triplet
states is presented. The blue lines signify resonant excitation, whereas the red lines indi-
cate the red-shifted emission. The dotted lines represent non-radiative decay.

sublevel of an excited state, the electron can lose energy through fast nonradiative

transitions. This internal conversion process can reduce the quantum yield, i.e., the

ratio between the radiative and total decay rates [27]. Moreover, the vibrational

transition causes broadening and asymmetry in the molecule spectrum.

2.1.2 Zero phonon line and molecular spectra

The probability of a transition from one eigenstate to another is commonly de-

scribed by the transition strength. To a first approximation, transition strengths

are governed by selection rules, which determine whether a transition is allowed or

not. The transition between the zero vibrational level of the S0 state of a molecule

to zero vibration of S1 level is called the zero phonon line (ZPL). The rotational

degrees of freedom can be neglected for emitters embedded in a solid matrix. How-

ever, couplings with the delocalized vibrational excitations of the host lattice, the

phonons, must be taken into account. The electron-phonon coupling can be reduced

by cooling the system.

When an electron is excited from S0 to S1, the nuclear coordinate of the S1 state

shifts owing to the Coulomb force of the excited electron (so-called Frank-Condon

shift). This shift is equal to ∆ in the equilibrium position. Assuming the vibrational

levels are harmonic and based on the Born-Oppenheimer approximation, the dipole

matrix element M for an optical transition between the ground and excited states

is given by:

M = ⟨Ψf | r |Ψi⟩ ⟨χ′
n|χm⟩ , (2.1)
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CHAPTER 2. PRINCIPLES OF FLUORESCENCE MICROSCOPY AND
SPECTROSCOPY

where r is the electronic coordinate (an operator which connects the initial with the

final state), Ψi,f (r, q) is the electronic wave function of ground and excited state,

respectively and χm(q) and χ′
n(q) are harmonic oscillator wave functions [28]. The

square of the first matrix element determines the overall strength of the transition,

and the probability that it takes place between the vibrational levels m and n is

thus proportional to |⟨χ′
n|χm⟩|2 (vibrational overlap integral), which corresponds

to the Franck-Condon factor. If the vibrational overlap integral is zero for this

transition, then the transition will not be observed, irrespective of the magnitude

of the electronic factor. The transition energy is also equal to S1 + (n + 1/2)ℏω′ −
(m+ 1/2)ℏω as it shown in Fig. 2.2.

Figure 2.2: Energy levels of a single molecule as a function of the normalized
nuclear coordinate. Electronic transitions are faster than nuclear motions. Therefore
vibrational levels are favored when they correspond to a minimal change in the nuclear
coordinates. In the presence of linear electron-phonon coupling for a molecule, the emission
spectrum acquires a phonon wing, with a central frequency shifted by ∆ from the purely
electronic transition at ω0 [27].

The spectra originating from a collection of identical molecules in a matrix are

inhomogeneously broadened because each molecule is surrounded by a different ma-

trix environment which modifies the energy required for an electronic transition. In

an inhomogeneous distribution of molecules, individual ZPL and phonon sideband

positions are therefore shifted and overlapping. Therefore, an ensemble molecule’s

absorption and emission spectrum is very broad.

Typically, the molecular energy levels do not have distinct energy levels far from

neighboring levels. As a result, the width of the absorption band is usually several

8



2.1. ABSORPTION AND EMISSION OF LIGHT

tens of nanometers. This is easy to explain, considering that a typical dye molecule

is composed of several atoms, giving rise to multiple vibrations. In addition, when

an electron is excited to a higher energy level, its density changes, which is associated

with a change in bond length between atoms of the molecule. This couples more

vibrations to the electronic transitions and causes increased spectrum broadening.

An example of such a broad spectrum is shown for the ATTO-647N dye molecule

in Fig.2.7. This molecule is used as a fluorescent label in this work.

On cooling the molecule to cryogenic temperatures, the spectral lines become

extremely narrow. The Heisenberg uncertainty principle imposes the lower limit on

the linewidth, which relates the excited state lifetime to the so-called natural or

lifetime-limited linewidth ∆ν, which is of the order of a few MHz.

Solvent polarity and the local environment have profound effects on the emission

spectral properties and quantum yield (Sec. 2.2) of the molecule. To understand the

spectral shifts caused by a solvent, one can use the Lippert–Mataga equation:

ν̄A − ν̄F =
2

hc

(
ϵ− 1

2ϵ+ 1
− n2 − 1

2n2 + 1

)
(µE − µG)

2

a3
+ constant, (2.2)

where ν̄A and ν̄F are the wavenumbers (cm−1) of the absorption and emission, re-

spectively. h is Planck’s constant, c is the speed of light, ϵ is the dielectric constant,

a is the radius of the cavity in which the molecule is embedded (it can be the size

of the fluorophore), and µG and µE are the dipole in the ground and excited states,

respectively.

The Lippert–Mataga equation is an approximation in which the polarizability of

the fluorophore and higher-order terms are neglected. By increasing n the energy

loss decreases, whereas an increase in ϵ results in a larger difference between ν̄A
and ν̄F [25]. Calculating Eq. 2.2 for a fluorophore illustrates that the ∆ν is very

small. However, even in non-polar solvents, absorption and emission maxima are

not very close. Excitation generally occurs at higher vibrational levels, and this

energy is rapidly dissipated in fluid solvents. In contrast, emission occurs at an

excited vibrational level of the ground state. As a result, absorption and emission

are generally shifted by an amount at least equal to the vibrational energy, or about

650 cm−1. These energy losses are represented by the constant term in Eq. 2.2. If

the excitation takes place at 640 nm, then the emission is around 665 nm. Note

that the Lippert–Mataga equation is based on the Franck–Condon principle and

contains many assumptions, such as that the fluorophore under consideration is

spherical and there is no consideration of specific interactions with the solvent. The

Lippert–Mataga equation can estimate the fluorescence shift and potentially reveal

the polarity of the fluorophore environment.
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2.2 Quantum yield and lifetime

Important optical properties of fluorophores are their quantum yields and lifetimes.

Quantum yield is the number of emitted photons relative to the number of absorbed

photons, and it is calculated by:

η =
Γrad

Γtot

, (2.3)

where Γrad is the emission rate of the fluorophore and Γtot is the summation of radia-

tive and non-radiative decay to S0 (Γtot = Γrad+Γnrad). Γrad and Γnrad are functions

of the local environment and thus affected by inhomogeneities and environmental

changes. This is described more in detail in Sec. 3.1. Due to the unavoidable non-

radiative channels, the quantum yield of fluorescence is always less than unity.

To accurately determine the absolute quantum yield of a sample, an integrated

or reflective sphere can be utilized. This sphere collects all the emitted light from the

sample and directs it towards a spectrometer for analysis. This method necessitates

the precise measurement of the emission spectrum as well as the absorbed number

of photons.

The measurement of the absorbed photons involves two spectral scans. The first

scan measures the Rayleigh scattered light from a reference material with 100%

diffuse reflection, denoted as Rref . The second scan measures the reflection (Rsam)

and emission (Esam) of the sample itself. The quantum yield can be calculated using

the following equation:

η =
Esam

Rref −Rsam

. (2.4)

The quantum yield can also be determined by comparing the wavelength-integrated

intensity of the unknown sample to that of a reference (standard) sample. In this

case, η is calculated using:

η = ηR
I

IR

ODR

OD

n2

n2
R

, (2.5)

where I is the integrated intensity, OD is the optical density (absorbance), and n is

the refractive index. The subscript R refers to the reference fluorophore of known

quantum yield.

The lifetime is the average time the molecule spends in the excited state before

returning to the ground state and is equal to:

τ =
1

Γtot

. (2.6)
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The lifetime of the fluorophore in the absence of nonradiative processes is called the

intrinsic lifetime (τint = 1/Γrad) and it can be calculated from the absorption spectra,

extinction coefficient ( the ability of a molecule to absorb light), and emission spectra

of the fluorophore using the Strickler–Berg equation:

Γrad = 2.88× 109n2

∫
F (ν̄)dν̄∫

F (ν̄)dν̄/ν̄3

∫
ϵ(ν̄)

ν̄
dν̄ (2.7)

where, F (ν̄) is the emission spectrum plotted on the wavenumber (cm−1) scale, ϵ(ν̄)

is the absorption spectrum, and n is the refractive index of the medium.

One of the organic molecules used in this work is ATTO-647N (Attotech: Eq.ATTO-

647N) due to its stability. The spectrum and structure of the ATTO-647N molecule

are shown in Fig. 2.3. By calculating Eq. 2.7 for the spectrum of ATTO-647N and

Figure 2.3: Absorption and emission spectrum of ATTO-647N. Inset, the molec-
ular structure of ATTO-647N.

substituting it into Eq. 2.3 with η = 0.65 [29] one can find the lifetime (τ) for dif-

ferent media. Figure 2.4 shows the variation of τ as a function of media refractive

index for ATTO-647N and beads 660/680, used in this study. Having knowledge of

the theoretical lifetime changes of these emitters provides insight into the expected

changes during experiments, but the experimental values may deviate from theory

due to interactions of the molecule with the medium (solvent) and refractive index

variations between absorption and emission wavelength.

To measure the lifetimes of molecules one can use the time-domain method. In

this method, the sample is excited using a pulsed laser in the excitation wavelength

range. The width of the pulse must be shorter than the decay time of the molecules.

If the molecules are excited by an infinitely sharp pulse, an initial population of f0
in the excited state can result. The excited state decays at the rate Γrad + Γnrad
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Figure 2.4: Lifetime of ATTO-647N and Beads 660/680 in media with different
refractive indices. The intrinsic lifetime is calculated using the Strickler–Berg equation
with ηATTO = 0.65 and ηBeads = 0.7.

according to

df(t)

dt
= (Γnrad + Γrad)f(t) (2.8)

where f(t) is the number of excited molecules at time t. Solving equation 2.8 shows

that the excited state population undergoes exponential decay,

f(t) = f0 exp

(
−t

(Γrad + Γnrad)

)
. (2.9)

In the experiment, fluorescence intensity corresponds to the number of excited

molecules. Hence, by replacing f(t) with I(t) gives:

I(t) = I0 exp(−t/τ) (2.10)

where lifetime τ = 1/(Γrad + Γnrad) and I0 is the intensity at t = 0. By fitting this

equation to the experimental data one can find the lifetime τ . This equation is only

valid when we have one type of molecular excitation in the sample.

However, most samples contain more than one molecule or temporally correlated

background which can change the signal. If the sample contains different types of

molecules with different lifetimes, a close estimation of each lifetime can be found

using the expansion of Eq. 2.10:

I(t) =
∑
i

αi exp
−t/τi , (2.11)

where i represents the possible decay channels. On normalizing the data, the values
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of αi represent the proportion of each fluorophore. The signal processing requires

deconvolution before the lifetime fitting, which is explained in detail in Sec. 4.2.

2.3 Fluorescence quenching and bleaching

Quenching is a phenomenon, which can decrease fluorescence. It can happen via

different mechanisms, such as excited state reactions, energy transfer, ground-state

complex formation, and quenching due to collisions with other molecules. The lat-

ter occurs when the excited-state fluorophore is deactivated upon contact with the

quencher molecule in the solution. However quenching causes a reduction in fluo-

rescence, can reveal information about the dynamics of the sample in solution. For

example, if a fluorophore in the excited state collides with a quenching molecule,

then the fluorophore returns to the ground state without the emission of a pho-

ton. Depending on the diffusion coefficient of the quenching molecule (D) and the

lifetime of the fluorophores, the average distance of the quencher, which is several

nanometers [25], is given by Einstein’s equation:

∆x =
√
2Dτ. (2.12)

When a molecule is situated close to a metal surface, its fluorescence is quenched

due to energy transfer to the metal. This quenching effect is attributed to lossy

surface waves (LSWs), dissipation losses, ohmic losses, and similar terms, all of

which imply a nonradiative dissipation of energy within the metal. To calculate the

probability of nonradiative surface energy transfer (SET) of the fluorescent molecule

we use Chance–Prock–Silbey–Kuhn theory in terms of the distance between a metal

thin film and a dipole. The distance at which the fluorescence drops to 50% (i.e.,

equal probabilities of energy transfer and spontaneous emission) is [30]:

d0 =
αλ

nm

(Aη)(1/4)
[

nr

2nm

(
1 +

ϵ21
|ϵ2|2

)](1/4)
, (2.13)

where λ is the emission wavelength maximum of the donor, and η is its quantum

yield. nm and ϵ1 are the solvent’s refractive index and dielectric function (medium

between particle and metal film), respectively. nr is the refractive index of the metal,

and ϵ2 is the complex dielectric function of the metal, which can be decomposed into

real and imaginary components. The orientation of the donor to the metal plasmon

vector is α, and it is assumed to be influenced by the averaged vector resulting in

α = (9/2)1/4/4π. A is the absorptivity of a thin film mirror:

A =
4πk2x

λ
. (2.14)
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Figure 2.5: Theoretical quenching efficiency of a dipole near a thin gold surface.
The quenching efficiency of an emitter with λ = 680 nm in the vicinity of a 10 nm
gold surface is plotted. Each line corresponds to a different quantum yield of the emitter
(η = 0.7, 0.5, and 0.3). The dipole is randomly oriented.

Here, k2 is the extinction component of the metal refractive index, and x is the

thickness of the metal film.

The quenching efficiency of a randomly oriented dipole versus the distance (d)

between the dipole and metal is determined by Eq. 2.15.

Qeff =
1

1 +
(

d
d0

)4 . (2.15)

Figure 2.5 shows the quenching efficiency of a fluorescent molecule emitted at 680 nm

with different quantum yields in the vicinity of a gold plane of 10 nm thickness.

These values are chosen close to the actual values in the experiments in this project.

Here, we assume that the medium between the dipole and metal is air, and the

emission of the dipole is averaged for random orientations. The quenching efficiency

drops to almost zero beyond a 150 nm distance from the gold surface. A thin

dielectric layer as a spacer can reduce quenching. For example, a 50 nm layer of

SiO2 (nm = 1.45) causes the quenching efficiency to drop to almost zero. Moreover,

for thicker gold layers, the effective length of quenching increases (not shown), and

a larger spacer is required to avoid intrinsic quenching.

Unlike quenching, which is mainly a reversible process, photobleaching is a dy-

namic and irreversible process in which fluorescent molecules undergo photoinduced

chemical destruction upon absorption of light, thus losing their ability to fluoresce.

The amount of bleaching depends on the molecular structure, the local environment

around the fluorescent molecule, exposure time, and the energy of the light. There-
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fore, some fluorophores can bleach quickly, while others have several thousands of

excitation and emission cycles before bleaching.

Moreover, in fluids, fluorescence recovery after photobleaching (FRAP) is the

term used to describe the diffusion of fluorescent molecules from the surrounding

area into a photobleached region, which occurs when the fluorescence intensity of

a specific area in a fluorescent sample diminishes due to excessive excitation. This

phenomenon is characterized by a time-dependent recovery of fluorescence intensity

in the photobleached region. FRAP is a well-known method for determining the

kinetics of diffusion as well as interactions of biological molecules in living speci-

mens [31] when the molecules are not immobilized.

In fluorescence intensity measurements, the duration of the experiment should be

shorter than the bleaching time of the molecule in order to ensure the bleaching effect

does not change the results. A simple method used to measure the bleaching time of

a molecule is to expose the molecules to the same excitation power and experimental

conditions for a longer time. By fitting the intensity data for a different time, one

can calculate the period over which the fluorescence intensity of the molecules drops

to 50%. This time is known as the bleaching time.

For fluorescent samples at low concentrations, the bleaching effect can be used

to estimate the number of molecules in the sample if the molecules are immobilized,

as repeated excitation can cause them to bleach. A more thorough clarification of

this matter is presented in Sec. 4.4.

2.4 Intensity and radiation pattern of an emitter

In the context of electrodynamics, a single fluorescent molecule can be modeled as

a dipole because molecules exhibit dipole moments caused by non-uniform distri-

butions of positive and negative charges among their atoms. When the molecule’s

momentum is disturbed by oscillating electrons, it emits light at a frequency similar

to the oscillation frequency of the dipole. Therefore, in theory, we can replace an

emitter with an oscillating dipole.

Before focusing on the emission of a dipole in the vicinity of an optical antenna,

we consider its emission in a homogeneous environment. Two oscillating electric

charges q with opposite signs separated by an infinitesimal vector ds result in a

dipole moment. Using volume integral equations and the fact that the current

density of a point source with its origin at the center of the charge distribution is
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j(r) = −iωµδ(r− r0), we can derive the electric and magnetic fields.

E(r) = ω2µµ2
0

↔
G(r, r0)µµµ, (2.16)

H(r) = −iω
[
∇×

↔
G(r, r0)

]
µµµ. (2.17)

Here, ω is the angular frequency, and µ0 and µ are permeability in vacuum and

medium, respectively.
↔
G (r, r0) is the dyadic Green’s function, which determines

the fields of an arbitrarily oriented electric dipole located at r = r0. This Green

function for free space can be calculated using the scalar Green function G(r− r0)

giving:

↔
G(R) =

[
(
↔
I − R̂R̂) +

i

kR
(
↔
I − 3R̂R̂)− 1

k2R2
(
↔
I − 3R̂R̂)

]
G0(R), (2.18)

where R = |r− r0| and R̂ = (r− r0)/|r− r0|. The Green’s function has terms with

(kR)−1, (kR)−2 and (kR)−3. In the farfield, for which R ≫ λ, only the terms with

(kR)−1 remain. In contrast, the dominant terms in the near-field, for which R≪ λ

are the terms with (kR)−3. The terms with (kR)−2 dominate the intermediate-field

at R ≈ λ. On choosing the dipole in the z direction i.e., µµµ = |µµµ|nz and selecting

spherical coordinates r = (r, θ, ϕ) the field components E(ϕ), H(r), and H(θ) be-

come zero. The dipole radiates if it oscillates in time i.e. µµµ(t) = Re{µµµ exp(−iωt)}.
This generates a monochromatic electromagnetic field, which can be calculated us-

ing the time-dependent Green’s function. The field in a non-dispersive medium is

equal to:

Er(t) =
cos θ

4πϵ0ϵ

[
2

r3
+

2n

cr2
d

dt

]
|µµµ(t− nr/c)|, (2.19)

Eθ(t) =
sin θ

4πϵ0ϵ

[
1

r3
+

n

cr2
d

dt
+

n2

c2r

d2

dt2
+

]
|µµµ(t− nr/c)|, (2.20)

Hϕ(t) =
sin θ

4πϵ0ϵ

√
ϵ0ϵ

µ0µ

[
n

cr2
d

dt
+

n2

c2r

d2

dt2
+

]
|µµµ(t− nr/c)|, (2.21)

where the term (t− nr/c) is the retarded time and n is index of refraction.

To ascertain the radiation of a dipole in the far-field, we calculate the Poynting

vector, where only the r−1 term is retained. Therefore, Er(t) (Eq. 2.19) vanishes

and we have:

S(t) = E(t)×H(t) =
sin2 θ

16π2ϵ0ϵ

n3

r2c3

[
d2

dt2
|µµµ(t− nr/c)|

]2
nr. (2.22)

The radiated power P can be determined by integrating S(t) over a closed spherical

16
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surface as

P(t) =

∫ ∫
S · r2 sin θ dθ dϕ =

1

4πϵ0ϵ

2n3

3c3

[
d2

dt2
|µµµ(t− nr/c)|

]2
. (2.23)

In the far field, the electric and magnetic fields of the wave are largely decoupled

from the source, and the time-averaged Poynting vector can be calculated without

taking the retarded time into account. This is because any changes in the fields due

to the motion of charges in the source have had time to propagate out to the far

field before the observer measures the fields.

⟨S⟩ = 1

2
Re{E×H∗} ==

|µµµ|2n3ω4

12c3πϵ0ϵ
. (2.24)

Moreover, the normalized radiated power in an infinitesimal unit angle of dΩ =

sin θ dθ dϕ is equal to:

P̄

⟨S⟩
=

3

8π
sin2 θ, (2.25)

and plotted in Fig. 2.6.

Figure 2.6: Emission of a dipole in polar coordinates based on Eq. 2.25.

The radiation pattern of the dipole changes near an interface such as an air-glass

interface. This change can be calculated using the transmission Green function

(see Sec. 3.1). In this case, the dipole’s radiation is a superposition of traveling

and evanescent waves. The traveling waves can be detected in the far-field with a

macroscopic device (allowed light). The evanescent waves, on the other hand, decay

exponentially. However, they can also be transformed into traveling waves at the
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interface, and it is possible to detect them in the far-field [32]. These waves appear

under an angle larger than the critical angle θc for total internal reflection, and they

are known as forbidden light.

2.5 Types of emitters

In nanometer-sized structures, continuous scattering and absorption of light will be

supplemented or replaced by resonant interactions if the photon energy reaches the

energy difference of discrete internal (electronic) energy levels. For some “quan-

tum confined” systems, these resonances are found at optical frequencies. In this

section, we consider three main types of emitters: organic dye molecules, semicon-

ductor quantum dots, and impurity centers in wide-bandgap semiconductors such

as diamonds.

2.5.1 Fluorescent molecules

The lowest energy electronic transition for an organic molecule occors between the

highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular

orbital (LUMO). In addition to the electronic energy levels, multi-atomic particles

such as molecules have vibrational degrees of freedom. The total wavefunction of

the system can be written as a product of a purely electronic and a purely vibra-

tional wavefunction based on the Born–Oppenheimer approximation as the nucleus

is much heavier than the electrons, and they can be treated separately. At ambient

temperatures, the excitation of a molecule usually starts from the electronic ground

state with no vibrational quanta excited.

To ensure coherence between the pump laser and the zero-phonon emission line

from the fluorescent molecule, the molecule should be embedded in a crystalline

matrix at cryogenic temperatures. This leads to extreme peak absorption cross-

sections and to Rabi oscillations [33].

A molecule’s three-dimensional orientation interacts with the field primarily

through its electric transition dipole moment, and it can be approximated with a

dipole, with the matrix element of the dipole operator between the HOMO and the

LUMO wavefunctions supplemented by corresponding vibronic states. This matrix

element is called the absorption dipole moment of the molecule.

Since the atoms have fixed positions within the molecular structure, the direc-

tion of the dipole moment vector is fixed with respect to the molecular structure.

On changing the structure of the molecule, the absorption wavelength is shifted.

Figure. 2.7 shows the absorption and emission of cyanine consisting of several inter-

connected aromatic rings.

18



2.5. TYPES OF EMITTERS

Figure 2.7: Typical absorption and fluorescence emission spectra of cyanine
dyes. The structure of the molecule determines its absorption and fluorescence emission
spectrum. The insertion can cause redshifts by about 100 nm, e.g. with trimethine (n = 1),
pentamethine (n = 2), and heptamethine (n = 3) chromophore resulting in the respective
wavelength maxima [34].

The emission dipole moment typically points in the same direction as the ab-

sorption dipole (long axis of the structure). However, there are exceptions if the

molecule’s geometry changes significantly between the electronic ground state and

the excited state.

The emission spectrum consists of a sum of Lorentzians, the so-called vibrational

progression, corresponding to the different decay pathways into the ground state vi-

bronic levels. At room temperature, dephasing is strong, and leads to additional line

broadening such that the vibrational progression is often difficult to observe. For

a molecule, the probability of decaying into the vibrational ground state is deter-

mined by the overlap integrals of the related LUMO vibrational state wavefunction

and the HOMO vibrational state wavefunctions. These overlap integrals, known as

Frank–Condon factors, are described in Sec. 2.1.2.

In molecules, the presence of spin-orbit coupling results in a finite torque exerted

on the electron’s spin in the excited state, leading to a probability of spin reversal for

the excited electron. This process is known as intersystem crossing. Normally, the

intersystem rate is much lower than a chromophore’s excited and decay rates. If a

spin flip happens, the total electronic spin of the molecule changes from 0 to 1. Spin

1 has three possible orientations in an external magnetic field leading to a triplet of
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eigenstates called the triplet state. Once a molecule has undergone an intersystem

crossing into the triplet state, it may decay into a singlet ground state. However, this

is a spin-forbidden transition. Therefore, triplet states have extremely long lifetimes

of the order of milliseconds. This trapping of the electron in the intersystem state

for a long time causes no radiation in that period. When the electron relaxes to the

ground state it can be excited again and re-emit photons during relaxation. This

phenomenon is known as fluorescence blinking and is commonly observed when

detecting single molecules.

In this work, we mainly use organic dye molecules with large molecular weights,

and containing extended systems of conjugated double bonds. A small sphere made

of an amorphous polymer such as polystyrene with diameter 40 nm is filled with

dye molecules (TheormoFisher: FluoSpheres Carboxylate-Modified Microspheres

660/680) known as fluorescent beads or ATTO-647N dye labels with high quan-

tum yield (η = 0.65) and exceptionally high stability towards atmospheric ozone

and oxygen are used, depending on the purpose of the experiments.

2.5.2 Semiconductor quantum dots

In a semiconductor material, the bandgap can vary depending on its size. This

variation occurs due to the overlap of atomic orbitals within the material. In the bulk

state, where a large number of atoms participate in bonding, each atom shares some

atomic orbitals, resulting in overlap and a relatively small bandgap. In nanoscale

materials, such as quantum dots (QDs) however, the number of atoms and, as

a result, the atomic orbitals involved in the overlap are significantly fewer than

the bulk, increasing the bandgap (see Fig. 2.8). Once the size of a nanocrystal

approaches the limit of the Bohr radius of an exciton, the states of the exciton shift

to higher energy as confinement, which causes blue-shifted excitation and emission.

This observation is attributed to the so-called quantum confinement effect.

In semiconductors, due to the small effective masses of the electrons and holes,

the Bohr radius can be of the order of 10 nm, which means that quantum confinement

in semiconductor nanocrystals becomes prominent at length scales much larger than

the characteristic sizes of atoms or fluorescent molecules.

Quantum dots can be fabricated using various techniques such as colloidal syn-

thesis, lithography, or epitaxial growth [36]. In the production of QDs, parameters

such as crystallinity, shape control, and narrow distribution of size play an important

role.

The quantum efficiencies for radiative decay of the confined excitons are relatively

high because both the electron and the hole are confined to a nanometer-sized volume

inside the dot [33]. This property makes quantum dots very useful in chemical
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Figure 2.8: Energy bandgap in a semiconductor material. Evolution of the elec-
tronic structure of inorganic semiconductors from bulk material to QDs of different
sizes [35].

sensing [37], biosensing [38], and opto-electric [39] applications.

2.5.3 Color centers in diamond

Another class of emitters is the defect centers in wide-bandgap semiconductors.

Diamond with a very large bandgap (5.5 eV) and transparency from deep UV to

IR wavelength is a well-known candidate for hosting luminescent defect centers.

One of the notable defect centers in diamonds is the nitrogen-vacancy (NV), which

consists of a single substitutional nitrogen and an empty site. Spin-optical properties

of NV centers make them a promising candidate for quantum communication [40]

and sensing [41] applications. One disadvantage, however, is the broad emission

spectrum (∼100 nm) of NV centers of ambient temperatures. This is due to the

strong electron-phonon coupling of local oscillation modes. Therefore, only 4% of

the emitted light lies within the zero-phonon-line (ZPL).

Another prominent vacancy center in diamonds is the silicon-vacancy (SiV) cen-

ter. In such a structure, two carbon atoms in the diamond crystal lattice are replaced

by one silicon atom located between the two free lattice sites, as shown in Fig. 2.9.

Silicon atoms present in the diamond are usually interstitials (located between lat-

tice sites). On annealing, the foreign atoms can find vacancies and combine with

the lattice. One of the essential characteristics of SiV centers is the narrow band-

width of ZPL emission (0.5–5 nm for SiV− at 737 nm). This is due to the weak

electron-phonon interaction for the SiV center. The silicon atom is more than two

times heavier than the nitrogen (and the carbon) atom, and the divacancy con-

figuration is much more stable than the NV configuration. This leads to a much
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Figure 2.9: Diamond lattice containing a silicon-vacancy defect. The silicon nu-
cleus is located midway between two vacant nearest-neighbor lattice sites [42].

weaker vibrational excitation during an optical transition in the SiV center. Due to

the system’s high stability, the configuration’s location does not undergo significant

changes. Therefore, the Franck–Condon principle supports direct ZPL transitions

and suppresses transitions involving phonons, as the wavefunction overlap is maxi-

mized in this scenario [43].

SiV and NV centers in bulk diamonds do not show blinking or bleaching. This

provides a very photostable system, which can be helpful in experiments with long

exposure times. However, nanoparticle diamonds can show blinking due to the

center’s interaction with the environment [44, 45].
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Chapter 3

Controlling emitters with optical

antennas

An optical nanoantenna, like a radio frequency (RF) antenna, is a device that con-

verts free propagating radiation into localized energy and vice versa. The geometry

and material of an optical antenna can be modified to tailor this energy conversion.

In general, optical antennas, made of metal nanostructures, can have a strong in-

teraction with light that localizes the energy of electromagnetic waves and enhance

the spontaneous emission of an emitter in its vicinity of the antenna. Moreover,

similar to radio frequency antennas, the optical antenna can also direct light thanks

to their structure and material. This will improve the signal-to-noise ratio of a flu-

orophore by directing the fluorescence toward a detector. These distinctive features

of optical antennas make them suitable for use as micro- and nanodetectors, which

require interdisciplinary efforts across fields such as electrical engineering, physical

chemistry, materials science, optics, and photonics.

This chapter begins by discussing the general properties of optical antennas and

introduces the Yagi–Uda planar antenna in Sec. 3.1. We then focus on a specific

type of optical antenna, the optical planar antenna, which can be made of dielectric

or metal films, in Sec. 3.2. We examine the beaming effect of these antennas for a

dipole that is embedded between the antenna’s planes.

3.1 Optical antennas

An optical antenna is a structure that enhances the local light-matter interaction.

Optical antennas share several concepts of radio-wave antennas, but mainly they

have smaller structures (from a few nanometers to a few micrometers) with dis-

tinctive geometries (see Fig. 3.1). The coupling between the antenna and matter

is via displacement currents proportional to the near field vector E, which makes
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a confined mode. This mode is strongly position and polarization-dependent [27].

The mode can be controlled not only by the geometrical shape of the antenna but

also by intrinsic material properties of the antenna, such as the optical constants

and the electron mean free path.

Generally, the emitter’s signal can be amplified using an antenna with high ef-

ficiency. Such an antenna can enhance the strength of the electromagnetic field

and modify the decay rate and the antenna’s directivity. These parameters will be

explained as follows.

Figure 3.1: Different geometrical structure of optical antenna The geometry and
size of the antenna determine its interactions with a material in a specific wavelength.
They can modify light directionality and excitation and emission rates. The image is
adapted from [46]; the scales are an approximation.

3.1.1 Antenna efficiency

In general, the aim of an antenna is to enhance the transmission efficiency from

a transmitter (e.g., a dipole) to a receiver. This enhancement can be achieved by

increasing the total amount of radiation released by the transmitter. This means

that by coupling an emitter to an antenna, the total power (Ptot) dissipated by

the antenna can be increased [33]. This power is the sum of the radiated power

(Prad) and the lost power (Pnr) due to heating, energy transfer to the environment

or quenching by other molecules. The antenna efficiency then is defined as

ηa =
Prad

Ptot

=
Prad

Prad + Pnr

. (3.1)

The value of Ptot can be determined by the electric field at the dipole’s position

using the rate of energy dissipation dW/dt (Poynting’s theorem)

dW

dt
=

ω

2
Im {µµµ∗ · E(r0)} , (3.2)

where E(r0) is the field at the dipole origin r0. This equation can be rewritten in

terms of the Green function using Eq. 2.16. On the other hand, the amount of Prad is
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evaluated by the calculation of the energy flux through a surface enclosing both the

dipole and the antenna (see Eq. 2.23). These parameters can be calculated using

the finite-difference time-domain (FDTD) method using a closed detector surface

around the dipole and the antenna to calculate Prad and a small detector that takes

only the FDTD cell of the dipole in order to compute P [47].

3.1.2 Field enhancement

Field enhancement is a method to place the molecule near a nanostructure that

enhances the field locally. There are two main electromagnetic enhancement mech-

anisms in antennas, both based on surface plasmon polariton (SPP) mode propa-

gation in a metal (dielectric antennas modify the field very weakly). One is SPP

resonance (e.g., gold nanosphere resonance), and the other is the lightning rod ef-

fect, which occurs in antennas with a sharp tip. The latter is described by slowing

down polaritonic waves while proceeding on the surface of a metallic cone toward

the tip, which gradually increases the field intensity [48]. Since the near field is

directly proportional to the scattering cross-section σ [49], nanoparticles with sharp

edges tend to exhibit larger enhancements than nanospheres. The strength of the

near field can be magnified more if the particle traps in a nanoscale gap between

two (or more) sharp nanostructures [50].

Field enhancement of a metal nanoparticle

As an example of field enhancement with the SPP resonance, we consider a metallic

nanosphere facing the electric field E0 in a medium. Applying boundary conditions

between the medium and the metal and the fact that the electric field is unperturbed

at large distances from the sphere, i.e., lim
r→∞

Φout = −E0r cos θ = −E0z, the electric

field outside of the metal (Eout) is calculable. Here, Φout is the scalar potential

outside the metal nanosphere, and θ is the angle between the incident field and the

observation point. Due to the inherent symmetry of the problem, the fields remain

unaffected by changes in the azimuthal angle ϕ. As a result, the field enhancement

is the intensity ratio between Eout and E0 is [51]

K =
|Eout|2

|E0|2
=
∣∣∣1 + α

2πr3

∣∣∣2 , (3.3)

where α is the polarizability of the sphere

α = 4πa3
ϵ− ϵm
ϵ+ 2ϵm

. (3.4)
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Here a is the radius of the sphere, and ϵ and ϵm represent the permittivity of the

metal and the medium, respectively. For resonance condition, ϵ = −2ϵm, the polar-

izability exhibits a singularity corresponding to the surface plasmon polariton (SPP)

mode. This clearly determines that the field enhancement and, as a result, the emis-

sion decay rate (subsection 3.1.3) is strongly related to the dipole polarization [27].

Interpretation of the intermediate cases is more complex and requires a numerical

analysis.

Field enhancement of a metallic cone-shaped antenna

For a metallic cone-shaped antenna, the near field caused by the electric dipole

induced in the antenna Edip is related to the antenna susceptibility χ and the geo-

metrical factor L. The latter is also related to the lighting rod effect

Edip ≃ (1− L)χE0. (3.5)

Therefore, the field enhancement can be written as:

|Edip|2

|E0|2
= ηa

Ptot

P o
rad

, (3.6)

where P o
rad is the radiated power without antenna.

3.1.3 Modification of the decay rates and quantum yield

The substantial modification of the radiative decay rate is associated with a strong

field enhancement, which means a strong local electromagnetic environment. The

modification of the radiative decay rate can be obtained by measuring the power

emitted by a classical dipole placed in proximity to the optical antenna. Moreover,

the classical radiation energy becomes proportional to the spontaneous emission

rate [52], which means

Γrad

Γo
rad

=
Prad

P o
rad

=
12c

ω0

Im
{
nµ ·

↔
G(r0, r0;ω0) · nµ

}
, (3.7)

where Γo
rad is the fluorescence decay rate of the dipole in free space and nµ is the

unit vector in the dipole direction. Prad is the power radiated to the far field when

the antenna is present. In addition, the total decay rate Γ is expressed by

Γ

Γo
rad

=
P

P o
rad

, (3.8)
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where P is the total power dissipated by the dipole. Γ can be written as the sum-

mation of radiative and non-radiative decay rates.

Γ = Γrad + Γnr + Γo
nr, (3.9)

where Γrad and Γnr are the radiative and non-radiative rate in the presence of the

optical antenna, respectively, and Γo
nr is the intrinsic non-radiative decay rate.

Enhancing the radiative decay rate is expected to improve the quantum yield of a

light emitter. Based on the equivalence between the modification of transition rates

in classical and quantum electrodynamics, we define an antenna efficiency based on

the radiation decay of the molecule in the antenna. This leads to ηa = Γrad/Γtot and

ηo = Γo
rad/(Γ

o
rad + Γo

nr).

The interaction of the molecule with its local environment introduces an addi-

tional non-radiative rate Γnr, thereby modifying the quantum yield to:

η =
Γrad

Γrad + Γo
nr + Γnr

=
Γrad/Γ

o
rad

Γrad/Γo
rad + Γnr/Γo

rad + (1− ηo)/ηo
. (3.10)

Here, we assume that the emitter is at a distance where the nanoantenna does not

affect its electron structure and, therefore, the intrinsic non-radiative decay rate Γo
nr

is not disturbed by boundary conditions. If ηo = 1, the quantum yield η is only

determined by the antenna efficiency. We can also rewrite Eq. 3.10 in the form of:

η =
ηo

(1− ηo)Γo
rad/Γrad + ηo/ηa

, (3.11)

which has been used in Sec. 4.2 for the calculation of the quantum yield of a dipole

parallel to a planar Yagi–Uda antenna.

3.1.4 Modification of the radiation pattern

The signal enhancement using an antenna can be achieved by altering the radiation

pattern of the emitter such that more power is directed toward the detector. The

antenna’s ability to concentrate the radiated power in a certain direction is known

as directionality. It can be calculated as:

D(θ, ϕ) =
4π

Prad

p(θ, ϕ), (3.12)

where p(θ, ϕ) is the angular power density. Since the directivity is calculated in the

far-field the field is transverse and it can be written as two polarization directions
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nθ and nϕ. Consequently

Dθ(θ, ϕ) =
4π

Prad

pθ(θ, ϕ) and Dϕ(θ, ϕ) =
4π

Prad

pϕ(θ, ϕ). (3.13)

Here, pθ(θ, ϕ) and pϕ(θ, ϕ) are the normalized angular powers measured in nθ and

nϕ direction, respectively. Since nθ · nϕ = 0 we have

D(θ, ϕ) = Dθ(θ, ϕ) +Dϕ(θ, ϕ) (3.14)

It is important to mention that if the molecule is strongly coupled to the optical

antenna, its energy is efficiently transferred to the SPP modes, and as a result, the

emission pattern is completely determined by the antenna. On the other hand, if

the nanoantenna is polarized by a nearby molecule, the radiation strongly depends

on the orientation of the molecular dipole moment.

Back focal plane imaging

The back focal plane (BFP) of an optical system is the plane transverse to the rear

focal point of the system. The far-field at the BFP of a lens is directly related to the

Fourier transform of the object before the lens known as angular spectrum repre-

sentation. Using Weyl identity, derived from the angular spectrum representation,

eikr

r
=

i

2π

+∞∫∫
−∞

e ikxx+ikyy+ikz |z|

kz
dkx dky for r =

√
x2 + y2 + z2 (3.15)

one can compute the dyadic Green’s functions of a dipole in the form of an angular

spectrum. The Green’s functions can be separated into reflection (
↔
Grefl), transmis-

sion (
↔
Gtr) and intrinsic (

↔
G0) terms for a dipole in the vicinity of a planar interface.

The asymptotic far-field forms of the Green’s functions are driven by

↔
Gtr∞(

x

r
,
y

r
) = −ik z

r

↔̂
Gtr(k

x

r
, k

y

r
; 0)

eikr

r
. (3.16)

Afterward, finding the E field is straightforward by using Eq. 2.16. If there is a lens

below the surface (as shown in Fig. 3.2), the radiation pattern p(Ω) on the BFP

image surface can be calculated by writing Eq. 2.24 in the form of [53]

⟨S⟩ = 1

2

√
ϵ0ϵm
µµm

E · E∗nr, (3.17)
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where

p(Ω)dΩ = r2⟨S⟩ · nr, (3.18)

and using the fact that in the far-field the magnetic field is transverse to the electric

field. Writing (
↔
Gtr) in spherical coordinate, Θ and Φ show the direction of dipole

moment in spherical coordinates, and θ and ϕ are the emission angles. The index m

determines the material in the lower half-space. It is important to note f/r = sin θ

with f indicating the focal length of the BFP lens. Therefore, the intensity pattern

on the BFP surface illustrates the molecule’s orientation and the corresponding

emission direction for a high NA objective.

Figure 3.2: Coordinate system used for calculation of BFP. The green arrow is a
dipole with dipole moment µµµ. A lens with focal length f is used to provide the BFP image.

In the experiment, the light of randomly oriented molecules on a substrate is

mainly emitted with an angle above the critical angle (supercritical angle) between

the two media [54]. Therefore, by measuring the BFP image of an ensemble of

molecules one can calibrate the emission angle. The BFP image in this case is a

ring, and its radius is proportional to the emission angle (see Fig. 3.2). This radius

is directly related to the number of pixels of the camera. Thereby, one can plot

the intensity of emission versus the emission angle θ based on the intensity at each

pixel. This method has been applied in Sec. 4.2 to calculate the directionality of a

fluorescence bead.
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3.1.5 The Yagi–Uda antenna

To understand this work the fundamental knowledge of ”optical Yagi–Uda antenna”

is required. The Yagi–Uda antenna is an array made of several dipole antenna ele-

ments with specific distances to form a directional emission pattern [55]. It consists

of three main elements: active dipole (feed), reflector, and director. Due to their

simple structure and design, Yagi–Uda antennas are commonly used for transmitting

and receiving radio frequencies (RF) in various applications such as TV antennas

and radar systems.

The far-field Poynting vector S(r) of an array of induced dipoles µµµi can be cal-

culated using free-space Green’s function (Eq. 2.18) [27]. The µµµi is proportional

to the dipole polarizabilities αi and the dipole locations di. Therefore, for a fixed

wavelength the radiation pattern can be tuned by these two parameters. Moreover,

the impedance of the antenna Z is related to the length of the feed element l and

consequently to the radiation pattern.

One of the main differences between a Yagi–Uda antenna in RF and visible (VIS)

range is the effective wavelength of incident radiation λeff because the resonant

wavelength of a nanoparticle is determined not only by its length but also by its

shape and composition [56]. This difference directly influences the design of the

antenna. As shown in Fig. 3.3, in the RF Yagi–Uda antenna, the distance between

the feed and the reflector is λ/4 and the feed-director distance is λ/π [56]. However,

in optical frequencies, because of the significant effect of the penetration of radiation

into metals, the effective wavelength is [21]:

λeff = L1 + L2

(
λ

λp

)
, (3.19)

where L1 and L2 are geometric constants and λp is the plasma wavelength, which is

equal to:

λp = 2π

√
ϵ0m

Nq2
. (3.20)

Here, m is the mass of the electron, N is the number of electrons per unit volume,

and q is the charge of an electron. The λeff is related to the localized surface plasmon

resonance, which is explained by the polarizability (α) of the nanoantenna. For a

five-element optical Yagi–Uda antenna, similar to Fig. 3.3, the distance between the

dipole (feed) and reflector or director is between 0.2λ/n and 0.3λ/n [57], where n is

the refractive index of the medium.

The directional emission of the Yagi–Uda antenna results from the constructive

and destructive interference of the radiated electromagnetic waves from the indi-
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Figure 3.3: Typical geometry of a Yagi–Uda antenna The distance between each
element at RF waves is illustrated. In the VIS range, the distances are shorter.

vidual dipole elements that make up the antenna. As the waves from each dipole

combine, they create a radiation pattern that is strongest in one direction and

weaker in others, resulting in the antenna’s directional characteristics. This will be

explained in subsection 3.2.2 for the planar Yagi–Uda antenna.

3.2 Optical planar antennas

While conventional optical Yagi–Uda antennas can direct electromagnetic waves at

a small angle, their nanoscale size makes it difficult to control their characteristics.

On the other hand, the planar antenna configurations are engineered to enhance the

collection efficiency by modification of the radiation pattern. This type of antenna

normally contains a stack of dielectric and/or metal layers with defined distances in

order to achieve high collection efficiencies up to unity [58]. Since the layers have

infinite sizes in lateral directions and can stack on top of each other, the fabrication

of such an antenna is much simpler than the small nanostructured antennas.

This structure appears to share similarities with an optical cavity, however, its

resonance length falls short of the minimum requirement of half the wavelength

(i.e., λ/2) needed to produce a strong cavity effect. Moreover, the planar Yagi–

Uda antenna has a broad-band resonance, and consequently, it is not sensitive to

the position of the dipole inside the active medium (medium, which contains the

dipole). They also have a small impact on spontaneous emission (the effect on the

decay rate is small) and the characteristic of the emitter is conserved in such a

system.

One way to determine the radiation pattern is to calculate the field E using the

Green function
↔
G(r− r0). Since we only consider the emission out of the antenna
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the field is only related to transmission Green function [33]

E = ω2µ0µ
↔
Gtr(r− r0)µµµ. (3.21)

Equation 3.16 is applicable for the calculation of the radiation pattern at far-field

(r ≫ λ) and one can use the transmitted far-field Green’s function
↔
Gtr∞(r− r0).

Here, r0 is the position of the dipole.

First, we consider the general case when a randomly oriented dipole is embedded

in a stratified structure. This means on both sides of the emitter, there are two series

of layers numbered from 1, 2, . . . , i, . . . ,M above and −1,−2, . . . ,−i, . . . , N below

the dipole as shown in Fig. 3.4. The dipole is at z0, and it has an angle α with the

optical axis z. The refractive index and thickness of each medium are determined

by ni and di, respectively, and the active medium has a subscript m, i.e., nm and

dm.

Figure 3.4: A randomly oriented dipole sandwiched between N +M layers. The
n(−)i and d(−)i are the refractive index and the thickness of each layer, respectively where i
represents the i-th layer. The transmission t and reflection r coefficients of dipole emission
are shown in the right side scheme. Here, z0 is the distance from the dipole to the substrate
and the eye symbol shows the detection side.

The aim is to find the r and t coefficients in the last layer N and replace them

into
↔
Gtr∞(r− r0) in order to derive the Green function. For simplicity the dipole

field is described by its s- and p-polarized plane and evanescent waves. The k at

each layer is a complex wave vector, the real part describes the direction of the

phase velocity, and the imaginary part the absorption of wave propagation in that
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direction. The amplitude of k in z direction for each layer is equal to:

kz,i =
√

k2
i − k2

x,i − k2
y,i, (3.22)

where
√

k2
x,i + k2

y,i can be written as transverse wave number k∥. When ki is real

and larger than k∥, we have a plane wave that is propagating at an angle θ, with

k∥ = ki sin θ, (3.23)

where θ is the angle of emission in medium N and as a result:

kz,i =
√

k2
i − k2

i sin
2 θ, (3.24)

If k∥ > ki then we have an evanescent field in the last medium and therefore the far-

field would be zero. With these parameters, one can calculate the Fresnel coefficients

for each layer i incident on adjacent layer i± 1 [59]:

rpi,i±1 =

[
kz,i
n2
i

− kz,i±1

n2
i±1

]/[
kz,i
n2
i

+
kz,i±1

n2
i±1

]
, (3.25)

rsi,i±1 =
kz,i − kz,i±1

kz,i + kz,i±1

, (3.26)

tpi,i±1 = 2kz,i

/[
kz,i
n2
i

+
kz,i±1

n2
i±1

]
, (3.27)

tsi,i±1 = 1 + rsi,i±1. (3.28)

Consequently, the normalized angular distribution of the radiated power P (normal-

ized to the emitted power of a dipole in an infinite medium with refractive index

nm) transmitted into region N at an angle θ in the far-field is given by [60]:

P (θ) =
n2
Nk

2
0cos(θ)U

π
, (3.29)

where U is the normalized transmitted power density, which describes the modified

wave amplitude due to Fresnel’s coefficients. U depends on the orientation of the

dipole, and is related to the vertical (V ) and horizontal (H) power density according
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to:

U = UV cos2 α + UH sin2 α, (3.30)

where

UV =
3
√
nmk

2
∥|1 + apz|2|t

p
m,N |2Re[

kz,N√
nN

]e−2Im[kz,m]z0

8k3
m|k2

z,m||1− ap|2
, (3.31)

UH =
3
√
nm|1− apz|2|t

p
m,N |2Re[

kz,N√
nN

]e−2Im[kz,m]z0

16k3
m|1− ap|2

+
3|1− asz|2|tsm,N |2Re[

kz,N√
nN

]e−2Im[kz,m]z0

16|k2
z,m||1− as|2

.

(3.32)

Here, as,pz and as,p are the expressions for multiple reflections in the emitter layer:

as,pz = rs,pm,Me2ikz,m(dm−z0), (3.33)

as,p = rs,pm,M rs,pm,Ne
2ikz,mdm . (3.34)

In this theory, the absorption of the active medium is not taken into account. These

equations have been used for the simulations in the next subsection and Sec. 4.2.

3.2.1 Dielectric and metallo-dielectric planar antenna

A famous example of a molecule sandwiched between two dielectric layers is when

a solution containing the fluorescent molecules is dropped on a glass coverslip and

detected with a microscope. The refractive index of the solution and the glass

coverslip is nm and nN , respectively. To prevent the solution from drying and

improve the signal, another coverslip with a lower refractive index (nM) can be

placed on the solution as shown in Fig. 3.5(a). This structure provides a dielectric

planar antenna.

It is shown that most of the emission is directed into the high-index medium

with the emission angle close to the critical angle [54]. Therefore, in a dielectric

antenna, it is essential that nm < nN . By choosing a proper ratio between nm and

nN one can beam the light toward the detectors. Moreover, it is also possible to

reduce the angle of emission by adding layers with a higher refractive index below

the high-index medium. However, this may increase the loss due to the reflection at

interfaces and scattering in the medium.

Another method for beaming the emitted light is to change the distance between

two dielectric materials. In Fig. 3.5, we simulate the radiation pattern of such an

antenna for different distances between two glasses with nN = 1.51 and nM = 1.45.
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Figure 3.5: Light intensity and radiation pattern of a dipole emitter in a dielec-
tric planar antenna. (a) Simulation layout of a dipole emits at 680 nm in the dielectric
antenna configuration. (b-d) The radiation pattern of horizontal (dashed red) and vertical
(solid green) dipole at different d distances. The tables indicate the radiated power Prad

and total power Ptot of the horizontal (H) and vertical (V) dipoles in the antenna for dif-
ferent antenna gaps.

The active medium is water with nm = 1.33. In the experiment, one can change the

gap between glasses using a piezo controller or SiO2 beads with different sizes.

The radiation pattern of a horizontal or vertical dipole is represented in Fig. 3.5(b-

d) with red dashed and green solid lines, respectively. The vertical dipole emits at a

high angle for all distances (d), whereas the emission angle of the horizontal dipole

can vary depending on the distance between the dipole and the top layer. The tables

in Fig. 3.5 represent the radiated power Prad and total power Ptot of the horizontal

(H) and vertical (V) dipoles in the antenna for different distance d. Dividing the

Prad by Ptot determines the antenna efficiency at each distance. Although the an-

tenna efficiency may not change significantly for different distances or polarizations,

the radiation pattern will be visibly altered. Therefore, any modifications to the

antenna will affect its radiation pattern and potentially impact its overall perfor-

mance. For example, the antenna efficiency of the horizontal dipole is around 60%

in all distances, but the radiation pattern at d = 95 nm is more centralized.

By placing a metal layer (a reflector) on top of the planar antenna structure, the

upward emitted light is not only reflected but also causes the radiation pattern to
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contract to a smaller angle on the detection side (downward). This occurs as a result

of constructive interaction between the emission of the dipole and the emission of its

image along the optical axis direction. As the emission angle increases, destructive

interaction occurs (see Fig. 3.6). We calculate the dipole’s radiation pattern at the

same condition as for the dielectric antenna (Fig. 3.5) except the fact that the top

glass layer is replaced with a semi-infinite gold mirror with the complex refractive

index of nAu = 0.306 + 4.020i [61].
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Figure 3.6: Light intensity and radiation pattern of a dipole emitter in a
metallo-dielectric planar antenna. (a) Simulation layout of a dipole emitting at
680 nm in the dielectric antenna configuration. (b-d) The radiation pattern of a hori-
zontal (dashed red) and a vertical (solid green) dipole at different d distances. However,
the directionality is higher for such an antenna, it is more sensitive to the distances be-
tween layers as compared to the dielectric antenna.

For the metallo-dielectric antenna, the distance is more sensitive than the dielec-

tric antenna, which is notable for radiation pattern changes in Fig. 3.6 (b-d). The

experimental results and the corresponding theoretical calculations of the emission

of a CdSe/CdS quantum dot in a metallo-dielectric antenna are presented in Fig. 3.7.

3.2.2 Planar Yagi–Uda antenna

Adding two layers of metal to a planar antenna, such that the dipole is sandwiched

between the metal layers, creates a structure similar to a Yagi–Uda antenna. In this
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Figure 3.7: Theoretical and measured back focal plane images of the fluorescence
of a single quantum dot in the metallo-dielectric antenna. Left image is without
the metallic mirror and the others are in the presence of the mirror at distances of d =
225, 284, 355, and 680 nm, respectively, from the top surface of the dielectric antenna.
Adopted with permission from [58] © Optica Publishing Group

case, one layer has a larger thickness to reflect the emission known as the reflector

and the other one is a very thin layer (5-30 nm) known as the director. The director,

depending on its thickness, is partially transparent and the emission will be detected

from that side. Changing the thickness of the director can enhance the directionality

but on the other hand, it will reduce the radiated power due to higher absorption

and reflection of the metal.

Intuitively, in a Yagi–Uda antenna the image dipole is induced in the reflector

by the source. When the dipole and its image radiate with an appropriate phase

difference, which is controlled by the distance d1 (see Fig. 3.8), they constructively

interfere in the forward direction, resulting in a beaming effect. The excitation of

the director element by the source can provide a dipole that radiates in phase with

the source (depending on the distance d2) and it provides even further enhancement

in the directionality of the antenna.

The simulation and the experimental results of such an antenna based on Eq. 3.29

are presented in Ref. [22] for a fixed antenna and later in Sec. 4.2 for a scanning

planar antenna. In Ref. [22], a molecule of dibenzoterrylene (DBT) embedded in

anthracene (Ac) with spacer layers of hydrogen silsesquioxane (HSQ) and polyvinyl

alcohol (PVA) sandwiched between two thin gold layers (Fig. 3.9(a)). This structure

provides a planar Yagi–Uda antenna, that directs the emission (see BFP image in

Fig. 3.9(b)). Here, the overall antenna thickness is kept constant (d1 + d2 = 200).

Fig. 3.9(c) determines the normalized collected power in the antenna, half an-

tenna (without director), and on a glass coverslip in theory. Here, Phom is the dipole

power in a homogeneous environment. P
(refl.+dir.)
θ=24° and P

(refl.+dir.)
θ=90° are the normalized
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Figure 3.8: Principle of the planar Yagi–Uda antenna. A horizontal dipole is
sandwiched between two layers of metal. The emission of the dipole and its images in
the reflector and director interfere constructively (black lines) in the forward direction and
enhance the fluorescence signal. The emission in other directions faces a phase difference
causing destructive interference (red lines).

collected power up to 24° and maximum collection (90°), respectively. The graph

also shows the normalized total power emitted in the antenna structure (P
(refl.+dir.)
tot ),

which corresponds to the Purcell factor. In such an antenna, the modification of

decay rates can be greater than in metallo-dielectric planar antennas, which enhance

the fluorescence signal at the antenna resonance. This enhancement is presented by

comparison of maximum collected power without (P
(refl.)
θ=90°) and with (P

(refl.+dir.)
θ=90° ) the

director layer. P
(glass)
θ=90° is the maximum collected power when the dipole is located

on a glass coverslip without any extra layer. The results present the advantage of a

planar antenna for detecting a single emitter.

Although the simple geometry and directional outcoupling of a planar Yagi–Uda

antenna make it promising for light emission applications, the existence of surface

plasmon polaritons (SPPs) at the interface between the metal films and the dielectric

layers, especially for high refractive index dielectrics, appears as a restriction on the

outcoupling efficiency. This phenomenon has been studied for silicon-vacancy in

diamond (Si-V) in [62].

A practical solution to suppress the SPP and enhance the outcoupling efficiency

in such an antenna is adding intermediate dielectric layers with a lower refractive

index between the active medium and the metal films. Figure 3.10 presents two

planar antenna configurations for detecting a horizontal dipole in a diamond. In

Fig. 3.10(a), the Metal films (silver) are in contact with the active medium (dia-

mond), and in Fig. 3.10(b), two intermediate glass layers have a refractive index

lower than that of the diamond at each side of the active medium. The antenna

designs are evaluated by calculating Ptot and Prad, both in terms of power densities
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Theory

Experiment

30°60°90°

(a) (b) (c)

Figure 3.9: Detection of a DBT molecule in a planar antenna structure. (a)
Layout of the sample containing a DBT-Ac film inside the planar optical antenna. (b)
Theoretical and measured BFP image of DBT. (c) Normalized collected power Pcoll/Phom

up to θ=24° (red solid curve) and θ=90° (blue solid curve) as a function of wavelength
for d1 = 130 nm. Pcoll/Phom up to θ=90° is also shown for a Hertzian dipole in glass
(black dotted curve) or 130 nm from a gold reflector (red dashed curve). dir., director;
refl., reflector. Adopted with permission from [22] © Light: Science & Applications.

as a function of the in-plane wavevector (kp). The antenna efficiency η is equal to

Prad/Ptot. In Fig. 3.10(c), the power density per unit (dk2
p) associates with Ptot for

both structures as a function of the normalized in-plane wavevector kp/k0 is pre-

sented. Here, k0 is the wavevector corresponding to λ = 738 nm in the collection

medium.

In such an antenna, power radiated in the collection medium peaked at small in-

plane wavevectors for kp < k0. The SPP mode bound to the director in the collection

medium peaked near k0 for kp > k0. Two nearly degenerate SPP modes bound to

the director in the active medium and to the reflector peaked between 3k0 and

3.5k0, for kp > 2.4k0, where 2.4 is the refractive index of a diamond. Figure 3.10(c)

determines the suppression of the SPP director peak in the antenna configuration

with intermediate layers.
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Figure 3.10: Improving outcoupling efficiency and directionality. Planar Yagi–Uda
antenna structure (a) without and (b) with intermediate glass layers. (c) Power density
for Ptot as a function of the in-plane wavevector kp and (d) Normalized radiation pattern
integrated over the azimuthal angle for each configuration. The peaks in (c) correspond to
the excitation of SPPs. (e) and (f) Normalized radiation patterns for the configurations
depicted in (a) and (b). Adopted with permission from [62] © Optica Publishing Group.
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Chapter 4

Detection of fluorescent molecules

in a scanning planar Yagi–Uda

antenna

By scanning the distance between the director and reflector of a planar Yagi–Uda

antenna in a controlled manner, one unravels the optical properties of the antenna in

determining the fluorescence signal. This allows us to understand the functionality of

such a system better. In this chapter, the experimental setup and the fabrication of

the planar Yagi–Uda antenna is explained. Afterward, we investigate the excitation

enhancement, decay rate, and radiation pattern of a scanning planar Yagi–Uda

antenna. The results indicate that the antenna not only improves the directionality

of fluorescent light but also increases the emission rate of fluorophores. To emphasize

the advantage of directed emission, the collection efficiency of nanoscale sources with

low-NA optics in the planar antenna is considered. Such an antenna can operate

in any transparent solid, liquid, or gaseous environment, which makes it a good

candidate for optical biosensing applications. Here, we also look into the collection

enhancement and the limitation of our planar antenna for detecting dye-labeled

DNA molecules in a buffer.

4.1 Microscope head design

A key factor for a scanning planar Yagi–Uda antenna setup is the distance between

the reflector and the director, which is normally a few hundred nanometers. How-

ever, controlling such a distance is technically a challenge. Here, a home-built setup,

which can hold the reflector (or the director) and move it in a controlled manner,

is introduced. Since this part is attached to the top part of an inverted microscope

(Zeiss Axio Observer 3), we call it the ”microscope head” in the rest of the text.
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The microscope head consists of two main parts: a fiber (wire) positioner and

a tilted microscope (Fig. 4.1(a)). The positioner is a combination of the xyz stage

(Newport M-461-XYZ-M), tip-tilt stage (Newport M-561-TILT), and a fiber holder

(Newport 466A-750), which can control the position and the angle of a bare fiber

or a thin gold wire (80-250 µm). Moreover, the z-axis of the positioner is connected

to a piezo fine adjustment stage (Newport NPM140SG) and controlled by a piezo

stack amplifier (Newport NPC120SG). This allows us to program the fiber’s (wire’s)

movement, which is required for measuring the distances between the reflector and

the director. (Fig. 4.1(b))

Tilted microscope Positioner

xyz stage

tip-tilt stage

Wire (�ber) holder

Piezo positioner

xy stage
Sample

Tube lens

Objective

Zoom housing

Motorized stage

(a)

CCD camera

BS
Fiber

(d)

(b)

(c)

Figure 4.1: Scheme of microscope head. (a) The tilted microscope images the location
of a fiber (wire) with 10X magnification, and the positioner controls the position of the
fiber with the nanometer resolution. (b) The positioner is a manual 5-axis stage in which
the z-axis is controlled by an extra piezo stack. A fiber holder can hold any bare fiber or
wire with a diameter in the range of 80-250 µm. (c) The tilted microscope monitors the
fiber (wire) position in order to avoid the fiber-sample collision. Different parts of this
microscope are mentioned in the figure. (d) Image of the cube box in the tilted microscope.
The polarization-maintaining fiber and the beamsplitter are marked in the image.

The other part of the microscope head is a tilted microscope, which contains an

objective (Mitutoyo 10X Plan Apo Infinity Corrected Long WD), a zoom housing

for focusing (Thorlabs Non-Rotating Zoom Housing SM2NR1), a tube lens (Thor-

labs TTL100-A), a connection cage cube (Thorlabs LC6W - 60 mm), and a CCD

camera (Thorlabs DCC1240C). To be able to change the tilting angle of the micro-
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scope, a flex lock optical post (Newport 9940-M) connected the microscope tube to

a xy manual stage (Newport M460-A XY) as shown in Fig. 4.1(c). By inserting a

30:70 (R:T) beam splitter (BS) into the connection cage cube on top of the tilted

microscope and attaching a polarization maintaining single mode fiber (Thorlabs:

P3-630PM-FC-2) to the side of the cube (Fig. 4.1(d)), the tilted microscope is able

not only to monitor the fiber-sample distance but also excite the sample. To fa-

cilitate detection, the refracted light emanating from the sample and the fiber tip

is collected by the tilted objective and subsequently detected by the CCD camera.

This occurs after the light has passed through the BS. On the other hand, the light

outcoupled and collimated with a fiber lens collimator impinges the BS, which re-

flects 30% of the light towards the tilted objective. This angled excitation, along

with the inverted microscope, provides a dark field microscope system. It can also

be used to excite a sample via surface plasmon excitation (see Sec. 6.1). Figure 4.2

shows the side view of the inverted microscope and the microscope head. The exci-

tation laser is coupled to the rear port of the microscope and reflected toward the

objective via a dichroic mirror (Semrock FF660-Di02-25x36). This setup combines

confocal microscopy, fluorescence lifetime microscopy, dark-field microscopy, epiflu-

orescence microscopy, and scanning planar antenna. The other part of the optical

setup is explained in Sec. 4.2

Objective

Motorized stage

5-axis 
positioner

CCD camera

Motorized stage 
controller

Laser 
entrance

Sample

Figure 4.2: Image of Axio Observer microscope and the microscope head. The
5-axis fiber positioner and tilted microscope are attached to an aluminum holder and con-
nected to the microscope. The laser is coupled into the microscope from the rear port and
reflected toward the sample by a dichroic mirror. A motorized stage can control the posi-
tion of the sample. A ZEISS CCD camera is connected to the trinocular of microscope to
monitor the position of a fiber. Inset, a zoom in the central part of the microscope head,
where the sample is located.
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4.2 Article I: Scanning planar Yagi–Uda antenna for fluo-

rescence detection
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4.2. ARTICLE I: SCANNING PLANAR YAGI–UDA ANTENNA FOR
FLUORESCENCE DETECTION

Abstract

An effective approach to improve the detection efficiency of nanoscale light sources

relies on a planar antenna configuration, which beams the emitted light into a narrow

cone. Planar antennas operate like optical Yagi–Uda antennas, where reflector and

director elements are made of metal films. Here we introduce and investigate, both

theoretically and experimentally, a scanning implementation of a planar antenna.

Using a small ensemble of molecules contained in fluorescent nanobeads placed in

the antenna, we independently address the intensity, the radiation pattern, and

the decay rate as a function of the distance between a flat-tip scanning gold wire

(reflector) and a thin gold film coated on a glass coverslip (director). The scanning

planar antenna changes the radiation pattern of a single fluorescent bead, and it

beams light into a narrow cone down to angles of 45◦ (full width at half maximum).

Moreover, the collected signal compared to the case of a glass coverslip is larger

than a factor of 3, which is mainly due to the excitation enhancement. These

results offer a better understanding of the modification of light-matter interaction

by planar antennas, and they hold promise for applications such as sensing, imaging,

and diagnostics.

Introduction

Despite advances in the fields of optics and nano-optics, the detection of fluorescent

molecules remains a big challenge. In general, low excitation cross-sections at room

temperature, low quantum yields of molecules, and their dipolar emission patterns

are only some of the problems that we have to face to detect low fluorescence sig-

nals. To overcome these issues, a lot of different techniques have been developed

over the years, ranging from simple ones such as the use of high numerical aper-

ture (NA) mirrors and objectives [63, 64] to the complicated fabrication techniques

for creating nanostructures that can change the optical properties of the emitters

and facilitate their detection, such as optical microcavities [65, 66], photonic nano-

wires [67, 68] and nano-antennas [69, 70]. For example, in the vicinity of plasmonic

nanoparticles illuminated by laser light, the excitation intensity can increase by or-

ders of magnitude [71,72]. In addition, plasmonic particles spectrally matched with

fluorescent molecules can also increase the emission rate as well as the quantum

efficiency, making them significantly brighter [73–76]. It is also well known that

some of these structures operate like antennas to change the radiation pattern of

emitters and make them radiate into smaller angles [77–80]. For example, a single

quantum dot coupled to a Yagi–Uda nano-antenna shows strongly polarized and

highly directional luminescence [81]. However, the production of these nano-objects
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demands complicated fabrication techniques and precise positioning of the emitters

in the antenna’s hotspot.

Recently, a high collection efficiency of up to 99% from a single molecule has been

demonstrated with dielectric [82] and metallo-dielectric [58] planar antennas. Since a

planar antenna has a broadband resonance, the position of the emitter is not crucial,

and the fabrication of planar structures is relatively simple and straightforward.

However, these antennas direct the radiation towards the microscope objective at

wide angles, which requires a high-NA objective for efficient collection.

A planar Yagi–Uda antenna, which consists of two thin metallic films, a reflector,

and a director, not only beams the radiation pattern into smaller angles but also

enhances the emission rate of a molecule [22]. In this system, the distance from the

emitter to the reflector is not a sensitive parameter, and it can vary between λ/6n

to λ/4n where n is the refractive index of the medium between them. This type

of antenna can also enhance the collection efficiency for light sources embedded in

high-refracting index materials [23, 62].

So far, planar Yagi–Uda antennas have been designed to operate in a fixed con-

figuration, and the emitters are embedded in a solid matrix. However, tunable

microcavities or antennas allow more operational freedom, and they can change the

optical properties of emitters in a controlled manner [58,83–86], hence offering addi-

tional possibilities and paving the way towards potential applications. In this work,

we introduce and investigate a scanning implementation of a planar Yagi–Uda an-

tenna, which could even be exploited for fiber collection [87]. Our main goal is to

examine how the antenna operates as a function of the reflector-director distance

and tune, for instance, the collection efficiency, the quantum yield, and the radiation

pattern of a nanoscale light source. This approach can be applied to different kinds

of nanoscale light sources, such as molecules, quantum dots, and fluorescence beads,

and it can be operated in different environments, such as in water or at cryogenic

temperatures. Therefore, it represents a novel platform for enhanced spectroscopy

and sensing.

Layout of the problem and simulation results

Although previous works simulate the radiation pattern and the maximum collec-

tion efficiency for the optimal distance between the emitter and the antenna ele-

ments [22,62], we extend this approach and simulate the parameters for continuous

reflector-director distances even larger than 2 λ (up to 1.5 µm). Moreover, in a re-

alistic simulation of fluorescence detection, one should also consider the excitation

enhancement and the emission quantum efficiency of the molecule (η0). Therefore,

we examine the collection efficiency of a dipole in a scanning planar antenna excited
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by a plane monochromatic electromagnetic wave.

We take into consideration only horizontal projections of the dipole moments of

emitters since the vertical ones are strongly coupled to the surface plasmon polariton

modes of the metal films, and they do not contribute to the emission in the far

field [22]. Thus, for emitters with random orientation, the coupling efficiency would

scale by a factor of 2/3 [87]. In our calculations, the gold layer, which represents

the director, is 10 nm thick, and the reflector is a gold mirror movable along the

z-axis. As already demonstrated, the optimal distance between the dipole and the

director should be approximately between λ/6n and λ/4n [22]. For this reason, we

need a spacer to provide such a distance in a realistic simulation. The ideal spacer

should be optically transparent, and the emitters should not be quenched in its

vicinity [88]. Therefore, the dipole is located 20 nm above a 75 nm thick SiO2 layer

used to separate the dipole from the director (Fig. 4.3(a)). This distance is chosen

to mimic the 20 nm radius of fluorescent beads on the SiO2 layer, which we model

as a single dipole. The parameters are calculated in the range of distances from 45

nm to 1500 nm between a semi-infinite gold mirror (reflector) and the SiO2 layer.

To simulate the realistic structure, we also consider that the director layer is on the

top of a 2 nm titanium (Ti) film, which is supported by a semi-infinite borosilicate

glass (Fig. 4.3(a)).

We calculate the normalized total decay rate Γtot/Γ0 and the normalized radiative

decay rate to the far field Γrad/Γ0 by respectively considering the power dissipated

and radiated by a Hertzian dipole emitting at 680 nm in the antenna configuration

with respect to free space [19,89]. Here, Γ0 represents the radiative decay rate of the

dipole in a vacuum. Hence, Γtot/Γ0 corresponds to the Purcell factor for an emitter

with an intrinsic quantum yield η0 = 1, and it reaches a value of about 2.8 at the first

maximum (Fig. 4.3(b)). Normalization with respect to a dipole near a glass coverslip

would reduce the Purcell factor by a factor of about 1.25 (average refractive index

between SiO2 and air) since the radiative decay rate change is correlated with the

refractive index. We also consider the dipole excitation at a wavelength of 636 nm,

which for simplicity, is assumed to be a plane wave. To estimate the enhancement of

the excitation rate, we calculate the electric-field intensity |E|2 at the dipole position.
The plane-wave reflectivity R is also calculated to relate the excitation enhancement

with this measurable quantity. We numerically solve the electromagnetic problem

(computation of |E|2 and R) using FDTD Solutions (Lumerical) [90] and semi-

analytically (computation of the decay rates and of the radiation patterns) [59].

Figure 4.3(b) plots |E|2 (dashed blue curve), normalized to its maximum value,

and R (dotted blue curve), normalized to the incident power, as a function of the

air gap in the planar antenna. Since we use a plane wave, both quantities oscillate

with a periodicity of λ/2, where λ = 636 nm, and with a constant maximum height,
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Figure 4.3: Hertzian dipole in a scanning planar antenna. (a) Simulation layout
of a dipole excited with a 636 nm monocromatic light and its emission is 680 nm in the
antenna configuration. The glass coverslip and the gold wire (reflector) are semi-infinite.
The values of the fixed parameters are given in the figure. The distance between the SiO2

layer and the gold reflector (air gap) varies from 45 nm to 1500 nm. The reflectivity R and
the excitation intensity |E|2 are recorded with a frequency-domain monitor. (b) Plane-wave
intensity at the dipole position, |E|2, reflectance R, and collection efficiency Pcoll plotted
as a function of the air gap. Modification of the decay rate Γ (assuming a quantum yield
of 0.7) as well as Γtot and Γrad also plotted as a function of the air gap. The far-field
radiation patterns, corresponding to the maximum and minimum of Pcoll, are highlighted
with a circle and a triangle, and they are represented in (c) and (d), respectively. The
FWHM of the intensity profile in (c) is 45◦.

like in a Fabry-Perot etalon. Notice that the maxima and minima of |E|2 and R do

not coincide, because the planar antenna is a kind of asymmetric cavity, and |E|2 is
calculated at the fixed dipole position, which is not at the maximum of the cavity

modes.

Since we consider a detection with a high-NA objective, the collected power Pcoll

can be assumed proportional to the product of |E|2 with Γrad, as we will demonstrate

later, and to be nearly independent of the radiation pattern. In Fig. 4.3(b), Pcoll

(solid blue curve) is plotted for different values of the air gap between the reflector

and the SiO2 layer. Pcoll oscillates with |E|2 and Γrad and therefore, its behavior

is determined by both excitation and radiation enhancement and by the radiation

pattern.
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When R has a minimum, Pcoll is not maximal. It is also remarkable to note that

even when |E|2 is maximal, Pcoll is not maximal for the first peak. This indicates

the different contributions of |E|2 and Γrad to the emission. Nonetheless, when the

distance increases Γrad has a smaller contribution and Pcoll oscillates with |E|2.
To understand the role of the decay rates, Fig. 4.3(b) plots Γrad (dashed orange

curve), Γtot (dotted orange curve) and the inverse excited-state lifetime Γ (solid

orange curve), calculated by (1 − η0)Γ0/η0 + Γtot for an intrinsic quantum yield

η0 = 0.7 [91], which is close to that of our fluorescent beads in the experiment.

Since the beads have an intrinsic quantum yield of 0.7, the modification of the

excited state decay rate is given by η0Γ/Γ0. This value oscillates around 2 as shown

in Fig. 4.3(b) because the normalization is with respect to a dipole in free space.

Because part of the emitted light is absorbed by the metallic elements of the

antenna, it is relevant to pay attention to the antenna efficiency ηa = Γrad/Γtot,

which represents the fraction of photons reaching the far field. This efficiency is

about 0.6, and it is almost independent of the distance between the reflector and

the director (not shown). Moreover, Γrad is the quantity that contributes to Pcoll as

we show here. In fact, below saturation, the fluorescence signal S is proportional

to the product of intensity, quantum yield, and decay rate, i.e., S = |E|2ηΓ, where
η = η0/[(1 − η0)Γ0/Γrad + η0/ηa] and Γ0 is the radiative decay rate without the

antenna. Since Γ = (1− η0)Γ0/η0 +Γtot, it is easy to show that S = |E|2Γrad. Now,

considering the fact that the high-NA objective does not significantly modify the

collection efficiency, we can assume Pcoll ≃ S.

The far-field emission patterns of the dipole in the first local maximum and

minimum of Pcoll are shown in Fig. 4.3(c) and (d), respectively. In Fig. 4.3(c),

the radiated intensity is peaked at the center and its full width at half maximum

(FWHM) is 45◦. On the other hand, in Fig. 4.3(d), the radiated intensity at small

angles drops almost to zero.

Experimental methods

Antenna fabrication and setup configuration

To verify our theoretical predictions, we design a planar antenna according to the

parameters used for the calculations in the previous section. For light sources, we

choose bright fluorescent beads with a 40 nm diameter (ThermoFisher, 0.04 µm,

dark red fluorescent 660/680), highly concentrated fluorescent molecules embedded

in polystyrene (approximately 350 molecules), which are less prone to bleaching.

Since our goal is to address individual beads, we dilute them in pure water (MilliQ

18.2 MΩ·cm resistivity) and subsequently spin-cast them on a substrate in order to
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obtain spatially separated beads (at least few µm mutual distance).

A planar antenna consists of two main parts, a director and a reflector. To

produce the director, a glass coverslip (GCS) (PLANO, L42342 Stärke #1) is firstly

coated with 2 nm titanium (Ti) [92], which played a role of an adhesion layer between

the GCS and 10 nm gold film [93] (director). Furthermore, we evaporated a 75

nm SiO2 layer as a spacer on top of Au film (similar to the structure presented

in Fig. 4.3(a)). All the material deposition processes were performed by e-beam

evaporation (Edwards E306A) with an evaporation rate of 0.1 nm/s. As shown

in Fig. 4.4(a), 10 nm gold layer on Ti does not form uniform film but ultra-thin

islands. In these kinds of structures, polarized light can excite localized surface

plasmons [94].

Figure 4.4: Fabrication of gold director and wire reflector. (a) Scanning electron
microscopy (SEM) image of a 10 nm gold layer on a glass coverslip. Instead of flat films,
ultrathin islands are formed. The surface roughness of the film (director) is 10.2 nm peak
to peak, which is measured by an atomic force microscope (data not shown). (b) Schematic
representation of a tilted reflector before and after the thinning process. The distance from
the substrate to the center of the wire varies significantly depending on the wire’s diameter.
The insets are magnified images of the central part, the gold wire tip, and the substrate
underneath. SEM image of a gold wire (c) before and (d) after electrochemical etching.
(e) SEM image of the wire tip after FIB cutting. (f) The interference pattern is formed
by a tilted wire and the gold director. Since only two maxima are visible (white arrows),
the estimated angle between the wire and the substrate is around 2.6◦. In (g) and (h), this
angle is close to zero, and thus these images represent consecutive dark and bright fringes
due to 316 nm wire displacement.

The numerical calculations indicate that the air gap between the SiO2 layer and

the gold mirror should be 160 nm to receive the maximal directional emission from a

Hertzian dipole (Fig. 4.3(b)). However, we note that a small tilt angle between the

reflector and substrate (Fig. 4.4(b)) can make the center gap larger than the optimal

distance. One way to mitigate this issue is to reduce the diameter of the gold mirror,

50



4.2. ARTICLE I: SCANNING PLANAR YAGI–UDA ANTENNA FOR
FLUORESCENCE DETECTION

e.g., by etching the tip of the wire. From a simple geometrical consideration, we can

easily demonstrate that even for 3◦ tilt angle between the wire and the substrate,

the distance between the center of the reflector and the substrate is 183 nm for a

7 µm wire and 5.23 µm for a 200 µm wire diameter.

In order to obtain gold tips with a 5-10 µm diameter, we follow the procedure of

Ref. [95]. Namely, we first vertically submerge a 200 µm thick gold wire (Fig. 4.4(c))

up to 1 cm into an electrolyte solution (37 % hydrochloric acid (HCl)). By applying

a 3-Volt potential difference between the anode, the gold wire, and a platinum

cathode, the gold wire is etched down to a cone-shaped micro-tip (Fig. 4.4(d)).

Several parameters, such as the time of applying the voltage, the length of the wire

inside the HCl, and the HCl concentration, play a role in the fine etching procedure.

However, since we only need a sharp tip with a radius of a few micrometers, these

parameters are not crucial. After the etching process in order to obtain a flat

mirror, the tip of the wire is subsequently cut by Focused Ion Beam (FIB) milling

(FEI Helios Nanolab 600) as shown in Fig. 4.4(e). The face diameter of the tip is

determined by the position of the FIB cut. To achieve a flat tip and to avoid edge

rounding at the tail of the ion beam, FIB milling is performed at 30 kV and with the

smallest aperture possible while maintaining reasonable cutting times. Depending

on the diameter of the wire tip, the used apertures typically result in a beam current

of 0.92 nA to 2.8 nA. As FIB milling is well-suited for high-resolution electron

microscopy sample preparation, the local roughness of the tip is expected to be

within a few nm.

The contact point and the tilt angle can be measured by monitoring interference

fringes as shown in Fig. 4.4(f)-(h). For a 7-µm gold tip and 636 nm coherent light,

the minimal angle to obtain only two bright fringes is 2.6◦ (Fig. 4.4(f)). In the

experiment, this angle can be adjusted by a manual tilting stage (Newport M-561-

TILT) below this value to overcome the central gap distance (Fig. 4.4(g),(h)).

Optical setup

The optical setup is based on an epi-fluorescence inverted microscope (Supplemen-

tary Information Fig. 4.7). A pulsed laser with a wavelength of 636 nm and a

repetition rate of 40 MHz (Picoquant, LDH-P-C-640B) is coupled to a commercial

inverted microscope (Zeiss, Axio Observer 3) and the laser light is focused with an

oil objective (Zeiss, Plan-Apochromat 63x/1.4) onto the sample. A motorized stage

(ASI, PZ-2000FT) controls the position of the glass substrate with the spin-casted

beads in the xyz directions in order to address a single bead. The reflector is aligned

above the focal point of the objective with a home-built module on the top part of

the microscope. A piezo controller (Newport, NPM140SG) moves the wire in the z-
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direction in order to set the distance between the reflector and the bead positioned

in the focal spot of the laser. The piezo-controller movement is monitored by a

closed-loop piezo stack amplifier (Newport NPC120SG).

The fluorescence signal from a single bead is collected by the microscope objec-

tive and simultaneously sent to the CMOS camera (Andor, Zyla 4.2 Plus) and the

single-photon avalanche photodiode (SPAD) (Excelitas, SPCM-AQRH-TR), with a

95:5 Transmittance: Reflectance ratio defined by a beam splitter (BS). A Time-

Correlated Single-Photon Counting (TCSPC) device (PicoQuant, Pico Harp 300)

measures the photon count rate. The time resolution in this experiment is less than

250 ps, which is the time resolution of SPADs. The radiation pattern is obtained

by Back-Focal Plane (BFP) imaging with the CMOS camera.

The setup contains also a laser clean-up filter (CF 637/7) with a central wave-

length of 637 nm and 7 nm bandwidth, a flippable wide-field lens (WFL) used for

monitoring the beads in the alignment process, a dichroic mirror (DM) with a 650-

nm cut-off wavelength, a long-pass (LP) and a band-pass (BP) filter (LP 650, BP

680/42, with a central wavelength of 680 nm and 42 nm bandwidth), whose po-

sition can change based on the experiment (Fig. 4.7(b)). Flip mirrors (FM1 and

FM2) can send the light to the CMOS camera, the spectrometer (Ocean Optics

QE pro), or to another single-photon avalanche photodiode (SPAD1). A back-focal

plane lens (BFL) is used to image the radiation pattern. The inset of Fig. 4.7(a)

sketches the 3D model of gold wire in the antenna configuration. The distance of

the wire from the glass coverslip is monitored by a tilted objective mounted on the

home-built stage such that the wire tip is clearly visible while approaching the sub-

strate surface. For precise alignment, the tilting of the reflector is observed by the

laser interference pattern also collects by the microscope objective and corrects by a

manual tilt stage as described in Fig. 4.4(f-h). Moreover, the contact point between

the reflector and the substrate is determined by interference fringes. Namely, once

the wire and the substrate are in contact, a further attempt to approach does not

result in any visible interference pattern change. We take this position as a starting

point for the wire retraction.

The experiment is performed at room temperature and the vibration of the an-

tenna system is estimated by interference patterns to around 40 nm. Therefore, in

all steps, we measure the position several times and average the result. This further

helps us to decrease the vertical position error to ±5 nm at each step.

Experimental results and discussion

Here, we investigate the emission pattern, the excited-state decay rate Γ, and the

collected power Pcoll for a single bead in the planar antenna configuration, as a
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function of the distance between the SiO2 layer and the reflector (air gap), as shown

in Fig. 4.5. The reflector position is adjusted using the piezo controller in a step-

wise fashion (10 nm step size), from the contact point with the SiO2 in 150 steps

(Fig 4.5(a)). At each step, the position of the wire and the measured quantities are

recorded. The vertical dashed line in Fig. 4.5(b) indicates the contact point.

In our experiment, the excitation power at the back entrance of the microscope is

3.5 µW. Since the 10 nm thick gold director has only 30% transmittance, the power

passing through the director is around 1 µW. However, this is sufficient to detect

the fluorescent beads and align them in the focus point of the objective using the

xyz stage.
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Figure 4.5: A fluorescent bead in the scanning antenna configuration. (a)
Schematic representation of the home-built scanning planar antenna setup. The reflec-
tor and the sample can move by a piezo controller (along Z-axis) and motorized stage
(in XYZ), respectively. (b) Collected fluorescence intensity (counts) and decay rates ns−1

measured as a function of the distance between the reflector and the SiO2 layer. The back-
ground intensity is subtracted. The vertical black dashed line indicates the position, where
the reflector and the SiO2 are in contact. The collection intensity of a bead on the glass
coverslip (Pcoll GCS) is shown with the blue dotted line and the range of this intensity
for different beads is shown by the gray shaded area. (c,d) The radiation pattern for two
selected positions is marked by a circle and a triangle. (e) The radiation pattern of a bead
when the reflector is far away. Each BFP image is normalized to its maximum values.

To determine fluorescence lifetimes at each step of the reflector position, we

construct fluorescence lifetime decay histograms based on the start-stop events of
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the TCSPC. Using the deconvolution method, we are able to separate fluorescence

from the background and reach the single exponential fluorescence decay rate (Γ)

(see Supplementary Information for details). The integration of the fluorescence

decay histogram determines the collected power (Pcoll) as a function of the distance

between the reflector and the SiO2 spacer. (Supplementary Information Fig. 4.8).

The variation of Pcoll and Γ at different reflector positions are plotted in Fig. 4.5(b)

with the blue line and orange crosses, respectively.

The decay rate Γ in the scanning Yagi–Uda antenna exhibits a periodic behavior

with values between 0.48 and 0.27 ns−1, i.e. lifetime τ is between 2.08 and 3.70 ns,

and it has a phase shift with respect to Pcoll (Fig. 4.5(b)). This is due to the fact

that the decay rate increases at the cavity resonance for the emission wavelength

(λ ≃ 680 nm), while the detected intensity follows the laser wavelength (excitation

enhancement at λ = 636 nm) and the emission wavelength (enhancement of the

radiative decay rate). The fluctuation of the decay rate, especially at low Pcoll is

mainly due to the low intensity of the fluorescence decay from a single bead as well

as the lower background caused by the ultrathin gold islands (director). Although

this background is deconvolved from the fluorescence signal of the bead, the signal-

to-noise ratio still remains very low at the low emission intensities (Fig. 4.8).

A smoothed Γ (orange dashed curve in Fig. 4.5(b)) is obtained by averaging the

decay rate at each point with its six neighbors. Moreover, by calculating the ratio

between the first maximum and minimum of the smooth curve (1.6) and comparing

it to Γ in Fig. 4.3(b), one can estimate the quantum efficiency of the beads, which

is around η0 = 0.7 [91,96]. The modification of the excited-state lifetime due to the

Purcell factor of about 2, is in good agreement with the simulation results presented

in Fig. 4.3.

The beads exhibit an emission spectrum peaked at 680 nm with a collection

bandwidth of 38 nm. Although in theory (Fig. 4.3) the emitter has a fixed position

(20 nm above the SiO2) and single emission wavelength (680 nm), the agreement

between theory and experiment is due to the fact that the antenna has a bandwidth

of about 80 nm [22] both in terms of the spectrum and the position, and that Pcoll

is mainly modulated by the excitation rate, which for both theory and experiment

corresponds to the same wavelength (636 nm).

The excited-state decay rate of the bead is about 0.29 ± 0.05 ns−1 on the glass

coverslip (not shown). The collection intensity of a single bead on the glass coverslip

(without any additional layer) is shown by the blue dotted line in Fig 4.5(b) for

reference. Although the bleaching of the fluorescent molecules inside the bead can

potentially reduce its emission, this effect is neglected in our experiments owing to

the long bleaching time of the beads (blue dotted line in Fig. 4.5(b)).

The main reason for the reduced Pcoll in the antenna configuration (Fig. 4.5(b))
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must be attributed to the smaller excitation intensity due to the standing wave

pattern formed by the laser. One should take into account that the antenna acts

also as a cavity and gives rise to the intensity enhancement (blue dashed line in

Fig. 4.3(b)).

Furthermore, at larger distances, the cavity resonance has a dominant effect and

the signal exhibited a series of maxima and minima that follow the excitation wave-

length. Since fluorescent beads contain a different number of fluorescent molecules,

the emitted power of the individual beads is not the same. It is therefore difficult to

compare the antenna configuration with the glass coverslip in a quantitative man-

ner. However, a comparison of the Pcoll in the antenna with Pcoll for several beads

on the glass coverslip, shown by a gray shaded area (Fig. 4.5(b)), demonstrates that

overall the antenna enhances the fluorescence signal by more than a factor of 3. The

dotted curve represents one measurement of Pcoll of a bead on the glass coverslip.

The maximum of Pcoll is at 0.17 µm distance and the back-focal plane (BFP)

image at this position (Fig. 4.5(c)) indicates a highly directional emission. The

FWHM of the emission pattern at the first maximum of Pcoll shrinks to roughly 45◦.

Moreover, the emission pattern at the first minimum of Pcoll is a ring with 70◦ angle

(Fig. 4.5(d)), which is also in good agreement with the simulation results shown in

Fig. 4.3(c,d). Since the NA of the objective is high, we can compare the measured

intensity with the calculated Pcoll shown in Fig. 4.3(b). The radiation pattern of

the bead when the reflector is far away is shown in Fig. 4.5(e) and the results are

consistent with earlier studies [97–99].

Inspired by the planar metallo-dielectric antennas [58, 100] we design a semi-

antenna, which is a simplified version of the planar Yagi–Uda antenna (without SiO2,

gold director and Ti layers). In Supplementary Information (Fig. 4.10) we provide

the radiation pattern for the single bead influenced by this antenna configuration.

Comparing the radiation patterns for the planar Yagi–Uda antenna presented above

(Fig. 4.5(c)) with the semi-antenna, we clearly demonstrate that even a 10 nm

thick gold layer (director), with all its imperfections, can dramatically change the

radiation pattern (see for comparison Fig. 4.10(c,d) and Fig. 4.5(c,d)).

To determine the relationship between R and Pcoll, the collected light is split into

two channels. We slightly modify the previous setup and, instead of a CMOS camera,

we employ SPAD1 for photon detection (Supplementary Information Fig. 4.7(b)). In

this case, 95% of the light is passing through a long-pass and a band-pass filter and

it is detected by the SPAD1. Conversely, after being attenuated only by a neutral

density (ND) filter (OD=2), the other 5% of light (laser reflection) is detected by a

second SPAD (SPAD2).

Figure 4.6 plots the intensity detected by SPAD1 and SPAD2 as a function of

the distance between the director and the SiO2 layer. We note that the intensity
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Figure 4.6: Fluorescence signal and laser reflection in the planar antenna con-
figuration. The fluorescence signal consisting of the bead and the director emission (blue
curve) as well as the reflected laser power (orange curve) are shown as a function of the
distance between the reflector and SiO2 layer (air gap). The reflection is associated with
the excitation rate, which modulates the fluorescence signal.

from the beads is much higher than Pcoll in Fig. 4.5(b) because in the previous

configuration, only 5% of the light is collected by SPAD2, but in this configuration,

95% is detected by SPAD1.

In Fig. 4.6, the intensity (blue curve) is the convolution of the fluorescence of

the bead (Pcoll) and the background emission from gold islands. This will cause

a slight shift (roughly 40 nm) in the position of the maxima of Pcoll and increase

the distance between the fluorescence and reflection peaks as compared to theory

(Fig. 4.3). Since the decay histogram is not recorded in this experiment, it is not

possible to deconvolve the director auto-fluorescence from the signal of the bead, as

performed for Fig. 4.5(b).

The spacing between two minima of the laser reflection (orange curve) is roughly

330 nm, which should correspond to the cavity resonance at the excitation wave-

length. This is slightly larger than λ/2, for λ = 636 nm. The 10 nm difference

can be related to the piezo calibration and the system vibrations. The oscillation of

the reflected signal gradually decreases with the air gap. This phenomenon can be

simply explained by the fact that, while the laser light remains focused on the bead,

the reflector is not able to refocus the incident light back into the laser mode. In

our theoretical considerations, the amplitude of the reflection (R) is constant, since

the excitation is a plane wave (Fig. 4.3(b)).

The distance between the first two peaks in Pcoll (blue curve in Fig. 4.6) is

different from the next ones. This is probably due to the near-field of the emission

at λ = 680 nm, in combination with the intensity enhancement. Moreover, since the

antenna effect has a higher impact at sub-wavelength distances (λ/6n to λ/4n), the
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first maximum in Pcoll is 2.4 times larger than the second one. On the other hand,

the first minimum in R is 1.8 times deeper than the second one. By dividing these

numbers we get 1.33, which is equal to the first and second peak difference of Pcoll

in theory (Fig. 4.3(b)).

As the distance increases, Pcoll roughly follows 1 − R, as expected from the

predominant contribution of the intensity enhancement. However, in agreement

with the simulation results (Fig. 4.3(b)), the maxima of Pcoll are slightly ahead of

the minima of R, because they are related to |E|2.

Conclusions

We have proposed and investigated, theoretically and experimentally, a scanning

planar Yagi–Uda antenna to understand better its influence on the optical prop-

erties of nanoscale light sources. Simulations and measurements of the excitation

enhancement, the beaming effect, and the Purcell enhancement give us insight into

the working mechanism of the planar Yagi–Uda antenna and help us optimize fluores-

cence collection efficiencies over a large parameter range. These physical quantities

are addressed by scanning the distance between the antenna elements, the reflector,

and the director. Moreover, the experimental findings are consistent and in good

agreement with the semi-analytical model. The results demonstrate that at around

160 nm antenna air gap the Purcell factor is small but not negligible (around two at

the first maximum), and the FWHM of the main radiation lobe at this position is

45◦. Altogether, the fluorescence signal is three-fold higher than on a regular glass

coverslip. A comparable improvement can also be found for larger distances.

Compared to other scanning cavity approaches [84,101,102], our method is broad-

band and less sensitive to the fine position control of the emitters concerning the

antenna elements. Therefore, it is particularly advantageous for detecting fluores-

cence at ambient temperatures, where the signal is spectrally broad and it allows

standard immobilization techniques of the emitters, such as spin-casting or chemical

functionalization of the substrate surface. We already envision that we can easily

extend this technique to detect emitters in a liquid environment.

Since planar antennas strongly influence the emission directionality, our findings

suggest that this approach can be further extended to low-NA optics, particularly

to low-NA objectives with long working distances. Avoiding expensive and some-

times impractical high-NA objectives would facilitate the experiments and extend

the range of possible applications. Eventually, the tip of an optical fiber coated

with a thin gold film (director) could completely replace the objective, and as such

optical fibers would be employed both for the excitation of the emitters and fluo-

rescence collection [87]. Hence, a scanning planar Yagi–Uda antenna holds promise
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for a variety of applications in fluorescence-based biosensors [103], single-photon

sources [104], enhanced spectroscopy [105] and scanning microscopy [106].
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Supplementary information for: scanning planar Yagi–Uda

antenna for fluorescence detection

Setup configuration

The experimental setup and components are explained in the manuscript.
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Figure 4.7: Scheme of the optical setup. (a) A module complements an inverted epi-
fluorescence microscope (Zeiss Axio Observer 3) for the gold wire (see the main text for a
description of the setup). The inset sketches the positioning of the gold wire on top of the
sample. The tilted objective monitors the distance between the wire and the substrate but
also enables precise positioning of the gold wire directly above the focus. Abbreviations:
CF (clean-up filter), WFL (wide-field lens), DM (dichroic mirror), LP (long-pass filter),
BP (band-pass filter), BS (beam splitter), M (mirror), L (lens), FM (flip mirror), SPAD
(single-photon avalanche detector), TCSPC (time-correlated Single Photon Counter), BFL
(back focal plane lens) (b) Simultaneous measurement of the laser reflectance and of the
fluorescence signal is performed by SPAD2 and SPAD1, respectively by placing the LP and
BP after BS and removing all flip mirrors.

Decay rates and deconvolution of the collected signal

As discussed in the manuscript, evaporated gold films (director) are not flat and

ultrathin islands are formed (see Fig. 4.4(a)). Therefore, all the photons collected

by the objective and detected by the detector (SPAD2) consist of two subgroups:

bead fluorescence (Pcoll) and emission from the gold director (Pdir). Since we are
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interested in bead fluorescence, the director’s background is deconvolved from the

fluorescence signal using the following procedure.
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Figure 4.8: Experimental fluorescence decay of a bead in planar antenna con-
figuration. (a) Fluorescence decay at the first maximum of the fluorescence intensity.
SiO2-reflector distance d = 169 nm, decay rate Γ = 0.29 ns−1, fluorescence intensity
Pcoll = a/Γ = 6005 counts and director background intensity Pdir = s

∫∞
−∞ p(t) dt = 7514

counts. (b) Fluorescence decay at the first minimum of the fluorescence intensity. d = 329
nm, Γ = 0.40 ns−1, Pcoll = 481 counts, Pdir = 6192 counts. The blue dots represent the
experimental data, the orange curve shows the lifetime fit, and the black curve illustrates
the instrument response function (IRF).

The director background (Pdir) dominates the fluorescence signal below 2 ns, and

the bead emission (Pcoll) is visible above that value, making a reliable estimation of

the decay rate Γ feasible. The response function yi = a
∫ ti
−∞ p(t− x) exp(−Γx) dx+

spi + b is calculated as a sum of three elements: a convolution of the instrument

response function p measured as the emission at the glass/gold interface and an

exponential decay term, with its amplitude a, the reflected excitation pi, with its

amplitude s, and the remaining background b. The parameters [107, 108] for the

fluorescence decay of the bead are obtained by employing a nonlinear least-squares

method, with the sum of the squares of the weighted residuals S =
∑

i wi(yi − yei )
2

as the target function. In the expression for S, wi is the weighting factor, and the

index i counts the experimental points for each response function, usually around

400, and the superscript ”e” indicates that the quantity is an experimental value.

For the fluorescence decay, the factor w = y−1.

The histogram of photon arrival times (detected by SPAD2) is plotted at each

measuring step. Figure 4.8(a,b) represent this decay histogram of a bead in pla-

nar antenna configuration when the SiO2 surface-reflector distance is 169 nm and

329 nm, respectively.

Figure 4.9 shows the director background (Pdir), fluorescence signal (Pcoll) and
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Figure 4.9: The director background and the bead fluorescence signal in planar
antenna. The total collected signal (Pdet) is deconvolved into Pdir and Pcoll using the
deconvolution method for the decay histogram at each point. Pdir has a phase shift with
respect to Pcoll owing to different cavity and antenna resonance. This shift appears smaller
for larger distances.

the total detected photons by SPAD2, (Pdet) which is the combination of Pdir and

Pcoll. Figure 4.9 clearly determines the influence of the surface plasmon emission

on Pdet. The latter is maximized in the cavity resonance. Since the resonance of

the antenna and the cavity are not at the same reflector-director distance, there

is an offset in peak positions of Pdir and Pcoll for the first few peaks. When the

wire is further retracted, the antenna effect becomes weaker, and the cavity effect

is dominant.

This background can be largely avoided by improving the quality of the director,

namely by evaporation of gold onto a heated substrate or post-evaporation anneal-

ing [109], which is beyond the scope of this study.

Collection efficiency with a reflector (semi-antenna)

Inspired by previous works [58,100] we investigate the emission pattern, the excited-

state decay rates Γ, and the collected power Pcoll for a single bead on a glass coverslip

as a function of the distance between the bead and the reflector, i.e. gold wire (see

Fig. 4.10). The scheme of such a system (semi-antenna) is presented in Fig. 4.10(a).

In this configuration, the excitation power is 1 µW and the gold director (more

precisely, titanium, gold, and SiO2 layers) is not present. The low background

signal eliminates the need for the BP filter, therefore we collect the entire broadband

fluorescence signal. As a result, the collected intensity is higher, when compared to

the same measurement with the BP filter in the antenna configuration (Roughly 2

fold higher). We repeat the same measurements as in the case of the planar antenna
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described in the manuscript and present our findings as a function of the air gap

size between the reflector and the glass coverslip surface.
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Figure 4.10: A movable reflector on top of a fluorescent bead on a glass cover-
slip. (a) Scheme of the experimental setup. (b) Collection intensity (counts) and decay
rate (ns−1) are measured as a function of the distance between the reflector and the glass
coverslip. The smooth line is obtained by averaging the decay rate at each step with its
neighbors. (c-d) The radiation pattern for two selected positions is marked by a circle and
a triangle in (a). (e) The radiation pattern of a bead on a glass coverslip without the
reflector.

In Fig. 4.10(b) blue curve (Pcoll) shows that the number of emitted photons

is maximal at a distance of 160 nm between the gold wire and the glass cover-

slip. The corresponding back focal plane (BFP) image of this position is shown in

Fig. 4.10(c). The BFP imaging reveals the laser polarization, and it is shown by

a black arrow. In this configuration, Pcoll has its first minimum at a distance of

350 nm (Fig. 4.10(b)). Since Pcoll is very low, it is difficult to compare these two

radiation patterns in Fig. 4.10(c,d). The main reason for the reduced power at the

minimum must be attributed to the smaller excitation intensity due to the standing

wave pattern formed by the laser when it is reflected by the gold wire. The radiation

pattern of a bead on CGS is presented in Fig. 4.10(e), which is consistent with the

previous investigation [110].

As expected, the gold wire has a minor effect on the decay rate of the molecules [96].

This is illustrated in Fig. 4.10(b), when the decay rate (orange dots) has a minor

change, while the wire is retracted. Moreover, Fig. 4.10(b) determines that at the
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low-intensity signal in the minima and at larger distances the decay rate changes in

a random manner. The reason is that the low count rates give poor statistics of the

photon time arrivals, therefore the fitting of the histograms gives scattered values.

To guide the eye, the smooth curve is obtained by averaging the decay rate at each

point with its 6 neighbors.

Directionality of planar antenna at larger distances

The emission directionality can improve even for larger reflector-director distances.

In Fig. 4.11, we present the radiation patterns of the detected light (Pdet) at the

higher order maxima. However, for the third and fourth maxima (triangle and

square), the background intensity has a dominant role in the BFP imaging (a factor

of 2 higher than fluorescence signal) (see Fig. 4.9). Therefore, it is difficult to

identify the directionality of the fluorescence signal. We repeat this experiment for

an ensemble of beads in the diffraction-limited spot, which causes a higher signal-

to-noise ratio and achieves the same directionality for maxima at larger distances.

This property might enable the antenna to detect larger molecules or structures (>

160 nm) with reasonable collection efficiency even with low-NA objectives.
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Figure 4.11: Radiation pattern at the higher order maxima. (a) Fluorescence signal
as a function of SiO2-gold wire distance (air gap). (b-d) Radiation pattern at selected
positions with maximal intensities (see symbols).
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4.3 Fluorescence detection using low NA objectives

Although the changes in radiation pattern do not contribute to the signal enhance-

ment when we utilize high-NA objectives (Sec. 4.2), it becomes an important factor

once we are using low-NA objectives. Figure 4.12 represents the numerical calcu-

lation of collected fluorescence signal (Pfluo) for different collection angles, which

corresponds to NA, in the planar antenna, and on a coverslip. In this Figure, the

dashed lines and the solid lines illustrate the Pfluo on the coverslip and in the an-

tenna, respectively. The results determine that the fluorescence collection of a single

emitter in the antenna is 2.8 times higher as compared to the emitter on the coverslip

while the collection angle is 67 degrees (NA ≈ 0.92 for air objective). However, the

ratio between maximum coupling in the antenna and coverslip for 36 degrees (NA

≈ 0.6) is around 10. This enhancement is only related to the emission pattern and

Purcell factor in the antenna while the excitation enhancement is not considered.

Similarly, the ratio for 0.5 and 0.35 NA are 11.6 and 21.2, respectively.
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Figure 4.12: Collection efficiency with different NA. The collection efficiency of a
single emitter is considered as a function of the distance between the reflector and SiO2

spacer for different objective NA. The Solid line and the dashed line represent the objective
collection efficiency in the antenna and on a coverslip, respectively. Since the coverslip
does not have a reflector, the efficiency is not changing via distance and each dashed line
has a constant value.

To demonstrate the beaming effect in the antenna setup we experimentally mea-

sure the Pfluo of a 40 nm fluorescence bead in the antenna and on a coverslip with a

NA = 0.6 (Zeiss LD C Epiplan-Apochromat 50x/0.6 DIC M27) and NA = 0.4 (Zeiss

EC Epiplan 20x/0.4) air objectives. To neutralize the variation of the fluorescence

signal of each bead, we repeat the measurement 7 times with different beads and

average the results in the end. Since the collected signal is a combination of fluores-

cent from the bead and the background (e.g. background of the gold surface), we

should subtract the background from the collected signal. The method is explained
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in detail in Sec. 4.4. This means that having a high background can affect the result.

The ratio between the fluorescence power of the spin-casted beads in the antenna

and on the coverslip is nearly 7.2 for NA=0.6. This is due to the ring shape emission

of a single bead on the coverslip with nearly 85◦ angle while the maximum collection

angle for 0.6 NA objective is 72◦. On the other hand, in the antenna due to the

high directionality of emission (40-45◦), most of the light is collected with the 0.6

NA objective.

Figure 4.13: Collection efficiency with different collection angle angle.

Furthermore, we measure the Pfluo with 20x and 0.4 objective. However, due to

the larger focal volume (∼90 µm3 ) of such an objective, a larger area of the sample

is excited and as a result, the background is higher. This cause a weak signal after

the background subtraction in the antenna (see Fig. 4.13).

Although it seems the radiation pattern changes do not contribute to the signal

increase when we utilize high-NA objectives, it becomes an important factor once we

start using low-NA objectives. This can be interpreted from the signal enhancement

of a 40 nm fluorescence bead with a 1.4 NA oil objective and 0.6 NA air objective

in the antenna as compared to a bead on a coverslip. The signal enhancements are

3 and 7.2 for oil and air objectives, respectively. This difference clearly presents the

advantage of the beaming effect in the antenna system.
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Abstract

We investigate a model bioassay in a liquid environment using a z-scanning planar

Yagi–Uda antenna, focusing on the fluorescence collection enhancement of ATTO-

647N dye conjugated to DNA (deoxyribonucleic acid) molecules. The antenna

changes the excitation and decay rates and, more importantly, the emission pattern

of ATTO-647N, resulting in a narrow emission angle (41◦) and improved collection

efficiency. We efficiently detect immobilized fluorescently-labeled DNA molecules,

originating from solutions with DNA concentrations down to 1 nM. In practice, this

corresponds to an ensemble of fewer than 10 ATTO-647N labeled DNA molecules in

the focal area. Even though we use only one type of biomolecule and one immobi-

lization technique to establish the procedure, our method is versatile and applicable

to any immobilized, dye-labeled biomolecule in a transparent solid, air, or liquid

environment.

Introduction

The detection of biomolecules at low concentrations [111, 112] is crucial for the

early-stage diagnostics of diseases. However, their interrogation is a real challenge

since they are small and typically mixed with other types of molecules. They are

detectable upon interaction with light or via other schemes; thus, various labeling

and label-free techniques have been developed over the years [113–116].

To enhance the collection efficiency and improve the signal-to-noise ratio (SNR),

different phenomena and techniques such as surface plasmon resonance [117], local-

ized surface plasmon resonance [118,119], surface-enhanced Raman spectroscopy [120,

121], optofluidic Fabry-Pérot cavities [122], nanogap antennas [74, 123], and zero-

mode waveguides [124] have been employed.

In some cases, it is essential to label the biomolecule with fluorescence dyes.

However, these suffer from blinking and photobleaching [125]. Moreover, they emit

light-like dipolar sources. This further means that a significant fraction of the emit-

ted photons cannot be efficiently collected by optical elements. A practical approach

to overcome this issue relies on optical antennas that can change the radiation pat-

tern, enhance the excitation efficiency and the fluorescence quantum yield to improve

the emission signal [21,77,80,81].

Most optical antennas demand precise positioning of the emitters and compli-

cated fabrication and experimental procedures to observe a significant change in the

radiation pattern. A planar optical Yagi–Uda antenna, which enhances the collec-

tion efficiency by beaming the fluorescent light into a narrow cone, has been recently

proposed [22]. This system is easy to fabricate, and it does not suffer from a de-
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manding positioning with nanometer-scale precision. Namely, it is only essential

to immobilize emitters on a transparent substrate supported by a thin metal layer;

otherwise, the translation in the (xy) plane does not play a crucial role. We further

extended this idea to a z-scanning planar Yagi–Uda antenna, where we can control

the vertical distance between the antenna elements to examine the optical properties

of fluorescent beads [126].

In this work, we apply the scanning antenna approach for biosensing to detect

short double-stranded DNA (dsDNA) molecules in a liquid, immobilized on a trans-

parent surface. Although dsDNA molecules are not fluorescent, one of the strands

in the pair features a single dye molecule, ATTO-647N (ATTO-TEC GmbH), which

enables its detection. ATTO-647N is chosen because it is rather photo-stable and

possesses a high fluorescence quantum yield. Despite the fact that we utilize ATTO-

647N labeled dsDNAmolecules as a toy model, we argue that this approach is general

and that it can be applied to specific fluorescence-based bioassays.

Materials and Methods

DNA strands and hybridization

Short dsDNA molecules are created in a hybridization process of the sequences

purchased from Integrated DNA Technologies (DNA1: 5’-/5Biosg/ GCA CGA AAC

CTG GAC ATG GGA ACA ATA -3’ and DNA2: 5’-/5ATTO647NN/TAT TGT

TCC CAT CTG GTC CAG GTT TCG TGC -3’). The sequences are modified and

adjusted from Ref. [127]. In this process, 1 µL of 100 µM of DNA1 and 1 µL of

100 µM of DNA2 are mixed with 7 µL of pure water (MilliQ H2O 18.2 MΩcm) and

1 µL of 1 mM NaCl in a micro-tube and left in a hot water bath (95 ◦C) to cool

overnight. The described procedure ensures that the dsDNA constructs feature a

single ATTO-647N fluorophore on one end and a biotin molecule on another.

Flow channels

A glass coverslip (PLANO, L42342 #1) is first rinsed with pure water and iso-

propanol and subsequently dried with compressed air. After the rinsing and drying

steps, 15 minutes of UV-ozone cleaning (Bioforce UV/Ozone ProCleaner Plus) in-

crease the hydrophilic character of the glass surface and promotes the attachment

of proteins. A flow channel is eventually created on the glass coverslip, by placing

two stripes of parafilm at a distance of approximately 5 mm and by gluing them to

the surface by heating the glass coverslip on a hot plate above 60 ◦C. The flow chan-

nel prevents the solution to spread over the sample, and it provides a controllable
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ATTO-647N labeled dsDNA immobilization process, which will be explained in the

next step.

dsDNA attachment to the surface

The attachment of the ATTO-647N labeled dsDNA molecules in the flow chan-

nel consists of several steps [128, 129], which we follow in the sample preparation

process. Biotinylated bovine serum albumin (BSA) and neutravidin are purchased

from Sigma-Aldrich (cat. no A-8549) and Thermo Scientific (31000), respectively,

and dissolved in water to the concentration of 1 mg/mL, each. After pipetting 40 µL

of BSA solution into the flow channel and the incubation time of 10 minutes, the

surplus of material is washed by 400 µL (4 × 100 µL) of T50 (10 mM Tris and 50

mM NaCl). In the following steps, we add the same volumes of neutravidin and

superblock (Thermo Scientific 37515), one after the other, with the same incubation

time and washing procedures in between. The superblock prevents any non-specific

binding.

Finally, 40 µL of a solution of ATTO-647N labeled dsDNA in T50 is added and

left to incubate for 30 minutes leaving ample time for the attachment. The washing

step at this point is particularly important to remove all free-floating fluorescent

molecules, which could cause an unwanted background signal during the optical

measurements. We prepare several different samples with different concentrations

of ATTO-647N labeled dsDNA in T50 ranging from 10 nM down to 10 pM.

Fabrication of a planar Yagi–Uda antenna

A planar Yagi–Uda antenna consists of two main parts, a reflector, and a direc-

tor [22]. We purchase glass substrates coated with 2 nm titanium and 10 nm gold

(Platypustech, AU.0100.CSS Square Coverslips). The titanium layer is an adhesion

layer, while the gold film plays the role of a director. The auto-fluorescence of the

gold film increases the background signal in the optical measurements (see Fig. 4.18)

but it does not prevent an efficient detection of ATTO-647N.

The fluorescent molecules should be positioned at a distance in the range between

λ/6n and λ/4n from the antenna elements in order to have the maximum beaming

effect. Here, n represents the refractive index of the medium and λ is the emission

wavelength in free space [22]. Therefore, an E-beam evaporation of a 75 nm thick

SiO2 layer over the gold film turns out as the most convenient method to form a

transparent spacer, which in addition does not induce quenching.

The coverslip coated with 10 nm gold and 75 nm SiO2 layers will be called the

director substrate in the rest of the text. The standard procedure of the dsDNA

attachment described for glass coverslips works well also for SiO2 and in this case, the
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flow channel is formed on the director substrate, following the procedure described

earlier (director flow channel).

The reflector is created starting from a 250 µm diameter gold wire (chemPUR,

NO:009164), which is electrochemically etched (37% HCl) and then milled by Fo-

cused Ion Beam (FEI Helios Nanolab 600). This is the way to manufacture a flat

mirror (10 µm diameter), which plays the role of a reflector.

The antenna elements are adjusted to be parallel to each other and the dis-

tance between the reflector and the substrate director can be varied by a piezo

stage (Newport, NPM140SG). To fix the tilt angle and find a contact point, we ob-

serve the interference pattern caused by the phase shift between the reflected light

from the director and the reflector using a CMOS camera (ZEISS AxioCam ERc 5s

Rev.2) [126,130].

Optical setup and measurements

We detect ATTO-647N labeled dsDNAmolecules with an epifluorescence microscope

(Zeiss, Axio Observer 3) equipped with an oil-immersion objective (Zeiss, Plan-

Apochromat 63x/1.4). To verify the success of the immobilization process, we use a

wide-field imaging technique by adding a lens (WFL) before the objective into the

excitation path. For the excitation, we utilize a pulsed diode laser at the wavelength

of 636 nm (Picoquant, LDH-P-C-640B) with a repetition rate of 40 MHz. The

collected light from the sample is sent through a set of filters; a long-pass (LP)

(cutoff at 650 nm) and a band-pass (BP) (660-700 nm) filter to remove the reflected

laser light and reduce the background.

A homemade module holding the gold wire is mounted on top of the microscope,

which enables precise control over the distance between the reflector and the director

using a piezo stage, as mentioned earlier. The center of the reflector is positioned

directly above the focal spot of the laser, and it can move step-wise in the z direction.

A motorized stage (ASI, PZ-2000FT) controls the position of the director substrate

(with ATTO-647N labeled dsDNA molecules immobilized on the surface) in the xy

directions.

At each piezo step, the emitted light is collected by the same objective and

sent further either to single-photon avalanche diodes (SPADs) (Excelitas, SPCM-

AQRH-TR) or to a CMOS camera (Andor, Zyla 4.2 Plus), depending on the type

of experiment. For lifetime and intensity measurements, we direct light toward the

SPADs, which are connected to a Time-Correlated Single-Photon Counting (TC-

SPC) device (PicoQuant, Pico Harp 300). To determine the radiation pattern of

the molecules, light is sent to the CMOS camera with the back focal lens in front of

it. It is also possible to replace the CMOS camera with a spectrometer (OceanOptics
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QE Pro) in order to check the emission spectrum of the molecule or the fluorescence

background.

Results

After the immobilization of ATTO-647N labeled dsDNA molecules on the glass

coverslip flow channel, we use wide-field imaging to estimate the distribution and

the number of attached molecules (Figure 4.14(a)-(f)). The attachment process is

random, therefore we can clearly observe the regions with different densities of emit-

ters. This becomes prominent once the DNA concentration in the incubated solution

drops below 1 nM. The set of measurements is performed to understand the relation

between the concentration of ATTO-647N labeled dsDNA molecules in solution and

the number of molecules that are eventually attached to the substrate. To determine

the fluorescence background, we functionalize a glass surface with BSA, neutravidin,

and superblock, with washing steps in between, as described before, and perform

wide-field imaging (Fig. 4.14(f)). It is clear that the functionalization of the glass

surface does not significantly contribute to the background signal.

The distribution of ATTO-647N labeled dsDNA molecules on coverslips and on

a thin layer of SiO2 is the same. Therefore, we expect to obtain the same molecular

distribution on the director substrate as in the case of a glass coverslip flow channel.

Figure 4.14(g) shows the scheme of a director flow channel and Fig. 4.14(h)-(i)

represents the wide field image of samples prepared with DNA concentrations of

10 nM and 1 nM in water on the director flow channel. As shown in Fig. 4.14(j),

the background of the gold substrate is high and 70% of the excitation light is

reflected by the 10 nm gold layer. Therefore, it is difficult to observe the molecular

distribution for samples prepared with DNA concentrations in water below 1 nM.

The collected fluorescence power (Pfluo) of an emitter in the planar antenna con-

figuration is influenced by the fluorescence radiation pattern, the excitation power

(Pexc), and the excited-state decay rate (Γ) [126]. Here, we simply probe these

parameters for ATTO-647N in T50 by changing the reflector-director substrate dis-

tance. Since the back focal plane (BFP) imaging and decay rate measurements

benefit from a higher number of detected photons, we choose samples prepared with

DNA solutions at a concentration of 10 nM in water.

In Fig. 4.15(a) a scheme of the BFP imaging experimental setup is presented.

The reflector is retracted step-wise from the relative zero position in the z-direction.

Since ATTO-647N dye is prone to bleaching (see Fig. 4.19 of the Supplementary

Material), our approach is to decrease the measurement time as much as possible.

This can be done either by step-size increasing or by decreasing the photon collection

times. However, to construct BFP images using a CMOS camera, we cannot further
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Figure 4.14: Wide-field image of immobilized ATTO-647N labeled dsDNA. (a)
Scheme of a glass coverslip flow channel. The channel is created between parafilm stripes
to ease the washing process. (b-e) Data for samples prepared with different concentrations
of ATTO-647N labeled dsDNA molecules (from 10 nM to 10 pM) in water on a glass
coverslip flow channel. (f) Wide field image of T50, BSA, neutravidin, and superblock
(background) as a reference. The excitation power before the entrance of the microscope
for (b-f) is 250 µW. (g) Scheme of a flow channel on the director substrate (director flow
channel). (h-i) Wide-field images of samples prepared with buffers at a DNA concentration
of 10 nM and 1 nM on the director substrate. For samples prepared with concentrations
below 1 nM, the molecules are hardly distinguishable from the background (not shown). (j)
Background fluorescence image of the director substrate as a reference (before immobiliza-
tion of ATTO-647N labeled dsDNA molecules). The excitation power before the entrance
of the microscope for (h-j) is 827 µW. In all images the excitation wavelength is 636 nm
and the integration time of the CMOS camera is 1 s. The scale bar for all figures is given
in (f). The dark counts of the camera are around 100 and they are not subtracted.

decrease the acquisition time. Thus, a 20 nm step size with an integration time of

2.2 s for each step seems like an appropriate solution.

The collected light from the sample is sent through the filter set and detected by

the CMOS camera or the SPAD. The radiation pattern of the emitters is recorded

by the CMOS camera. On the other hand, using TCSPC we construct a decay

histogram. The integration of this histogram determines the total emitted power

(Ptot), which comprises the fluorescence signal of the ATTO-647N dyes (Pfluo) and

the background (Pbg). By deconvolving the decay histogram, using the instrument

response function (IRF), one can plot the Pfluo and Γ as a function of the distance

between the director substrate and the reflector, as shown in Fig. 4.15(b). In this

experiment, the Pbg is much smaller than Pfluo, which gives us an SNR of 8.5 in the
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Figure 4.15: ATTO-647N labeled dsDNA in the scanning planar antenna with
liquid medium. (a) Schematic diagram of the scanning Yagi–Uda antenna configuration
and the optical setup. The medium between the reflector and the director substrate is the
T50 buffer. The sample was prepared from a solution of dsDNA molecules at a concentra-
tion of 10 nM in water. 95% of Ptot is detected by the CMOS camera and 5% is recorded by
the SPAD. CF is a clean-up filter, M is a mirror, L is a lens and WFL is a wide-field lens.
(b) Pfluo, Pbg (counts), and the decay rate (ns−1) as a function of the distance between
the reflector and director substrate. The red dashed line is obtained by averaging three
neighboring values of the decay rate. (c-d) The radiation pattern for two selected positions
is marked by a circle and a triangle in (b). (e) BFP image of ATTO-647N labeled dsDNA
molecules immobilized in the coverslip flow channel.

maximum of Pfluo. The peak-to-peak distance of Pfluo is 259 nm and it corresponds

to λ/2n, where n is the refractive index of T50 (close to water) and λ is the emission

wavelength of ATTO-647N (∼680 nm).

Although Pfluo is not a smooth curve in Fig. 4.15(b), it is easy to observe that

the intensity oscillates with the reflector-director substrate distance, as shown in

Ref. [126], where the decay rate of fluorescence beads changes periodically in a

scanning Yagi–Uda antenna. Here, however, the decay rate is not periodic after the

first intensity peak, most likely due to scanning with larger steps and data points

fitting (see Fig. S3 in the Supplementary Material).

Additionally, in Fig. 4.15(c)-(d), we represent the BFP image of the emitted

light at different selected distances marked by a circle and a triangle in Fig. 4.15(b).

Figure 4.15(e) shows instead the emission pattern of ATTO-647N labeled dsDNA

molecules on a glass coverslip (without a director nor reflector), which can be con-

sidered as the reference radiation pattern. Comparing Fig. 4.15(c) with Fig. 4.15(e),
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we notice that the radiation pattern changes from a ring shape to a ”Gaussian-like”

shape, with a full-width at half maximum (FWHM) of 41◦ at the emission maximum.

This beaming effect can have advantages in biosensing because it can improve the

collection efficiency and it allows us to reduce the numerical aperture of the optics

(objective or fiber) without losing the signal.

Figure 4.15 shows the fluorescence signal, the beaming effect, and the modifica-

tion of the decay rate for ATTO-647N dyes attached to dsDNA molecules, immobi-

lized in the antenna at a concentration of 10 nM in water, with the space between

reflector and director substrate filled with T50. For samples prepared to start from

lower DNA concentrations in water, the number of molecules in the focal area is

small. Thus the bleaching time of ATTO 647N plays an important role in longer

measurements, and the bleaching of one ATTO-647N dye significantly changes the

signal in a step-wise manner (see Fig. 4.19(b)-(d) of the Supplementary Material).

For this reason, we modify the setup and manage to decrease the experiment

time by a factor of 4. Moreover, to mitigate the bleaching process, our samples

are excited using 2 µW laser power. The total fluorescence power Ptot is detected

with SPAD1 and the laser reflection from the antenna Prefl, attenuated by a neutral

density (ND) filter (OD=2), is recorded by SPAD2; a 95:5 beamsplitter is used to

split the collected light into these two channels (Fig. 4.16(a)). Thus, we are able

to determine the relationship between Prefl and the Ptot in order to compare the

excitation power in different experiments.

Figure 4.16(b)-(c) plots Ptot and Prefl as a function of the distance between the

reflector and director substrate. Since Ptot consists of Pfluo and Pbg, to subtract Pbg,

we measure the sample in the scanning antenna configuration before (Fig. 4.16(b))

and after (Fig. 4.16(c)) the immobilization of ATTO-647N labeled dsDNA from

buffered solution at a concentration of 1 nM.

In Fig. 4.16(b)-(c) the grey area shows the region, where the reflector and director

substrate are in contact. The vertical dashed line goes through the maximum of the

curve representing Ptot (blue curve) and the corresponding point of Prefl (red curve)

determining the reflection value at a given distance.

In both Fig. 4.16(b) and Fig. 4.16(c) the oscillation amplitude of Prefl gradually

decreases with the distance between the reflector and director substrate. This phe-

nomenon can be explained by the fact that, while the laser light remains focused

on the director, the reflector is not able to refocus the incident laser light. Prefl

exhibits the resonance of a cavity mode, and the distance between two consecutive

dips is λ/2n. Based on this relation and the fact that we can precisely control this

distance using a piezo stage, it is possible to determine the refractive index n of the

embedding medium. Here, n is 1.31, which is close to the refractive index of water

(nwater = 1.33), as expected.
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Figure 4.16: Fluorescence intensity of ATTO-647N labeled dsDNA molecules
immobilized in the planar antenna. (a) Scheme of the experiment. SPAD1 (SPAD2)
detects Ptot (Prefl). (b,c) Ptot (blue curve) and Prefl (red curve) as a function of the
distance between reflector and director substrate (b) without ATTO-647N labeled dsDNA
molecules and (c) with ATTO-647N labeled dsDNA molecules at a concentration of 1 nM.
The maximum of Ptot in (b) is assumed as our background (BG). The grey region is the
estimated area, in which the reflector and director substrate are in contact. This experiment
takes around 55 s, (d) the Average value of the maximum of Ptot and the corresponding
Prefl for samples with different DNA concentrations. Each sample is measured with 2 µW
excitation power.

Moreover, since the antenna has a higher impact at sub-wavelength distances

(λ/6n to λ/4n), the first maximum of Ptot is 2.1 times higher than the second one

(see Fig. 4.16(c)). On the other hand, the first reflection minimum is 1.5 times

deeper than the second one.

We repeat this experiment for different spots of each sample prepared with buffers

of various ATTO-647N labeled dsDNA concentrations (1 nM, 100 pM, 10 pM) and

for the sample without such labeled dsDNA molecules. Figure 4.16(d) represents

the averaged maximum of Ptot (blue bins) for samples with different molecule con-

centrations and the corresponding average of Prefl (red bins) at the position, where

Ptot is maximal (see the cross-section of the black dashed line and red curve in

Fig. 4.16(b)-(c)).

In the samples where the initial concentration of ATTO-647N labeled dsDNA
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molecules is very low (100 pM and 10 pM), the molecules attached to the surface are

spatially well separated, and the distance between them can be several micrometers

in some cases. Therefore, if we choose measurement points randomly, most of the

time, we would collect only a background signal. To avoid this, at low concentrations

we first try to find bright spots (fluorescent emitters) using wide-field imaging, and

only then do we position the bright spots onto the focal point of the excitation

beam. The downside of this approach is that most likely, we select points with

several emitters in the diffraction-limited spots since they are more visible in wide-

field imaging.

Therefore, we can associate the detected signal to a concentration with certainty,

by our apparatus and sensing approach (i.e., by randomly choosing spots), only

for samples prepared from solutions with a concentration of at least 1 nM, which

corresponds to few (below 10) molecules in the detection spot. To better quantify the

fluorescence signal, we would need to measure the mean concentration of molecules,

for example, by knowing the illuminated area and the photon counts of a single

molecule.

Figure 4.17(a) shows the same quantities of Fig. 4.16(d) for samples prepared

with the coverslip flow channel. The significantly higher reflection signal in the

antenna (Fig. 4.16(d)) compared to the coverslip is due to the high reflectivity (≈
70%) of the director. By subtracting the background from the fluorescence signal for

each concentration in Fig. 4.16(d) and Fig. 4.17(a), one can calculate the fluorescence

signal of the ATTO-647N dyes (Pfluo). In figure 4.17(b), Pfluo in the coverslip flow

channel is compared with Pfluo in the antenna configuration for different ATTO-647N

labeled dsDNA concentrations excited at 2 µW. We repeat the same experiment for

the laser excitation power of 6.6 µW and the results are similar as in the case of

2 µW (not shown).

Figure 4.17(b) determines that for samples prepared with higher DNA concen-

trations (10 nM and 1 nM) in the antenna, the signal improves by a factor of 2,

which is consistent with our previous work [126]. Here, such signal enhancement

is caused mainly due to the modulation of the excitation rate. The beaming effect

provides a minor change in the signal due to collection with a high NA objective. If

the NA becomes smaller, the beaming effect plays a significant role as the collection

efficiency remains nearly the same for molecules in the planar antenna, whereas it

drastically reduces for molecules on the coverslip. This increases further the antenna

signal enhancement. On the other hand, since the results for samples prepared with

DNA concentrations below 1 nM are obtained by pre-selection of the measurement

points, it is difficult to compare them with the corresponding reference samples. To

overcome this issue, a solution would be to perform a raster scan on the surface to

increase the probability of excitation/detection of the fluorescent molecules.
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Figure 4.17: Fluorescence of ATTO-647N labeled dsDNA molecules in the an-
tenna and on the coverslip. (a) Average value of the maximum of Ptot and the cor-
responding Prefl for samples with different DNA concentrations on a glass coverslip. Each
sample is measured with 2 µW excitation power. (b) The average background-corrected
fluorescence signal of samples with different DNA concentrations on a coverslip and in the
antenna. The numbers above each bin represent the signal enhancement ratio.

Conclusion

In this work, we show that the fluorescence signal, the radiation pattern, and the de-

cay rate of ATTO-647N dyes labeling dsDNA molecules immobilized in the antenna

can be controlled by changing the distance between the reflector and the director.

Specifically, the radiation pattern changes from a doughnut shape to a Gaussian-

like profile (FWHM of 41◦), and the fluorescence signal can be enhanced. This

demonstrates the possibility of using low-NA optics since by reducing the numeri-

cal aperture, the collected fluorescence is not decreased. Therefore, this approach

does not demand the use of microscopes [131] and it is also suitable for fiber-based

detection [87,132].

These findings motivate us to use this approach for biosensing in, e.g., in-vitro

diagnostics. We show that ATTO-647N labeled dsDNA molecules in the antenna

have at least a two-fold signal enhancement as compared to on a glass coverslip

for the same analyte concentration in the buffer. Although one can detect single

molecules with a planar antenna [22], our biosensor configuration is suitable for

samples prepared from solutions with analyte concentrations down to 1 nM, which

corresponds to few (below 10) molecules in the focal spot. For samples obtained
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from lower concentrations, one should use for instance, raster scanning techniques

in a small region (roughly 10 µm × 10 µm) of the sample in order to obtain a

signal proportional to the target molecule concentration. Finally, we argue that this

technique can work for any fluorescence-based immobilized bioassay that fits the

space between the reflector and director while keeping the distance constraints.
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Supplementary information for: Biosensing with a scanning

planar Yagi–Udaantenna

Fluorescence background of the gold director

Figure 4.18(a) shows the surface roughness of a 10 nm gold film (Platypustech,

AU.0100.CSS Square Coverslips) captured by an environmental scanning electron

microscope (ESEM). The emission intensity and the spectra of the light collected

from the gold-coated glass coverslip as a function of laser power is presented in

Fig. 4.18(b) and (c), respectively. The gold film auto-fluorescence originates from

an electronic interband transition between the s − p conduction band and the d

bands [133]. In thin films, the surface roughness can cause additional resonances

due to localized surface plasmon modes [94]. In our experiments, the gold director

generates around 2-3 times higher background auto-fluorescence than the signal

detected from the glass coverslip.

Bleaching time of ATTO-647N in T50 buffer

ATTO-647N (ATTO-TEC GmbH) dyes are subject to bleaching and, for a large en-

semble of emitters, the intensity curve decays exponentially as presented in Fig. 4.19(a)

(52 s for an ensemble of emitters). However, the number of molecules in the focal

area is small for samples with lower concentrations. In this case, bleaching and blink-

ing of individual molecules significantly change the fluorescence signal and play an

essential role in single-molecule detection. The results are shown for ATTO-647N

labeled dsDNA molecules immobilized on coverslip [128, 129] flow channels from

buffered solutions with concentrations of 1 nM, 100 pM, and 10 pM in Fig. 4.19(b)-

(d), respectively. We use 2 µW laser power in this set of measurements, except for

samples prepared at a concentration of 100 pM (Fig. 4.19(c)), in which the excita-

tion power is 6.6 µW. In this way, we demonstrate that the emitters do not bleach

immediately, even at higher excitation powers.

In Fig. 4.19(b)-(d), the emission intensity changes in a step-wise manner as

molecules blink and bleach randomly. The step sizes and the initial intensity can be

used to estimate the number of molecules in the focal spot. Therefore, we conclude

that at low concentrations, the bright spots typically contain less than ten emitters.

Likewise, we expect a similar behavior for ATTO-647N labeled dsDNA molecules

immobilized on the gold director in the antenna configuration.
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Figure 4.18: Characterization of the gold director. (a) Environmental scanning elec-
tron microscope (ESEM) image of a 10 nm gold film (director) formed on a glass coverslip.
(b) Detected power by a single-photon avalanche detector (SPAD) for low excitation pow-
ers (range used in the experiments). (c) Fluorescence spectrum of the gold director as a
function of the excitation power using a long-pass filter (cutoff at 650 nm).

Signal deconvolution and decay rates fitting

As an example, the fluorescence decay of ATTO-647N molecules at the first maxi-

mum and minimum fluorescence intensity in Fig. 4.15(b) of the manuscript (circle

and triangle positions) are shown in Fig. 4.20. The deconvolution process and fit-

ting method are explained in the supporting information of Ref. [126]. At the circle

position (Fig. 4.20(a)), due to higher signal counts, the decay fitting exhibits a lower

error as compared to the triangle position (Fig. 4.20(b)).
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Figure 4.19: ATTO-647N bleaching and blinking in T50 buffer. (a) Bleaching
of ATTO-647N labeled dsDNA immobilized on a coverslip from a 10 nM solution. The
experimental data fitted with a first-order exponential function (red curve) to find the
bleaching time, which is approximately 52 s. (b-d) Step-wise bleaching and blinking of
ATTO-647N labeled dsDNA from buffers with different concentrations immobilized on a
coverslip: (b) 1 nM and 2 µW excitation power, (c) 100 pM and 6.6 µW excitation power,
and (d) 10 pM and 2 µW excitation power.
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Figure 4.20: Fluorescence decay of ATTO-647N labeled dsDNA molecules in
the planar antenna. (a) Fluorescence decay at the first maximum of the fluorescence
intensity shown in Fig. 4.15(b) (circle). SiO2-reflector distance 137 nm, decay rate Γ =
0.29 ns−1, fluorescence intensity Pfluo = 6767 counts and background intensity (scattering
of excitation light) Pbg = 1050 counts. (b) Decay at the first minimum of the fluorescence
intensity is shown in Fig. 4.15(b) (triangle). SiO2-reflector distance 256 nm, decay rate
Γ = 0.32 ns−1, fluorescence intensity Pfluo = 1277 counts and background intensity Pbg =
394 counts.
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Chapter 5

Fiber-based planar Yagi–Uda

antenna

The collection of fluorescence or scattered light from a nanoscale source using optical

fiber is a desirable method due to the flexibility and efficient light transfer capabilities

of fibers. However, this collection process can suffer from inefficiencies caused by

factors such as the small size of the fiber core, low numerical aperture (NA) of the

fibers, and challenges associated with alignment.

In this chapter, we investigate the coupling efficiency of light with different

sources into an optical fiber. For this reason, first, we calculate the coupling ef-

ficiency of a plane field focused on a fiber with an ideal lens. Afterward, we show

the diffraction of the focused Gaussian beam by an ideal lens considering an arbi-

trary lens filling factor. In addition, we investigate the coupling efficiency of the

emission from a single molecule, treated as an arbitrarily emitted source, into a

fiber using the planar Yagi–Uda configuration. Our findings demonstrate that the

emitted or scattered light can be effectively coupled into the optical fiber without

the need for optical lenses, thanks to the beaming effect provided by the planar

antenna. We also provide guidelines for the fabrication of optical fibers that exhibit

a large collection efficiency in the planar antenna configuration by changing optical

fiber parameters, such as the refractive indices of core and cladding. Ultimately, we

focus on the experimental challenges of using an optical fiber and etching technique

to provide a small fiber tip.

5.1 Efficient light coupling to a fiber

The efficient coupling of light into an optical fiber depends on several physical and

technical parameters. In theory, the coupling of light into an optical fiber can be

classified based on the characteristics of the fiber and the wavelength of the light
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into two categories. First, coupling into multimode fibers, where one can use the

ray optics to calculate the coupling, and second, coupling into single-mode fibers,

in which one must consider the problem of mode matching of the incident light and

the mode of the fiber. The latter cannot be solved by ray optics and should be

calculated using the concepts of Gaussian beam optics.

To couple a collimated light beam into a multimode fiber, the light should focus

into a spot that is smaller than the core diameter of the fiber using a collimator, and

the angle from the collimator to the fiber (θf ) should be smaller than the acceptance

angle of the fiber, which is equal to arcsin(NA/n). However, any collimated light

has a divergence (θi), which also has to be considered in the coupling. As it is shown

in Fig. 5.1 the diameter of the focal spot is equal to yf = 2 θi · f , where f is the

focal length of the lens. Moreover, the angle θf is equal to θf = yi/2 f , where yi is

the beam waist.

θi

θfyi yf
f

Figure 5.1: Diagram of a collimated light couple into an optical fiber. The colli-
mated light has a beam waist of yi and divergence of θi angle. The light is focused on the
core of a fiber and has a focal diameter of yf .

This is a fundamental limitation on the size of the focused spot in this application

with an aberration-free lens. The only way to provide the spot size smaller is to use

a lens of shorter focal length or expand the beam. In addition, diffraction may limit

the spot to an even larger size, but since normally the core of multimode fibers is

large (as compared to the range of working wavelength), we are ignoring wave optics

and only considering ray optics.

On the other hand, in single-mode fibers, we can estimate the coupling intensity

to a fiber only by integration of the field at the focus over the fundamental mode

of the fiber known as overlap integral. Therefore, we investigate the electric field at

the focus of a Gaussian beam and the fundamental mode of an optical fiber in the

next subsections.

In addition to theoretical limitations, fiber coupling in the experiment faces some

technical challenges. The difficulty of alignment due to the mechanical degree of
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freedom and the small size of the core, the stability of optomechanical components,

and the aberration of lenses are a few examples of difficulties, which is not included

in the theory.

5.1.1 Focusing of electromagnetic field

Understanding coupling efficiency into fiber requires a theoretical understanding of

strongly focused light by an anti-reflected aplanatic lens. Here, we assume that the

incident field (Einc) has a planar phase front and is entirely polarized along the

x-axis:

Einc = Einc nx, (5.1)

where, Einc is the field amplitude. The optical ray, which intersects on a sphere of

radius f converges to the focus of the lens and provides an angle θ with the optical

axis as shown in Fig. 5.2. The total refracted electric field (far-field) is equal to [33]:

E∞(θ, ϕ) = Einc(θ, ϕ)
1

2

(1 + cos θ)− (1− cos θ) cos 2ϕ

−(1− cos θ) sin 2ϕ

−2 cosϕ sin θ

√n1

n2

. (5.2)

By knowing the amplitude profile of the incident beam (Einc), the far-field will

be determined. If the incident beam has a Gaussian profile, depending on the mode

number Einc can take different values [33]. In this chapter, we only focus on the

lowest Hermite-Gaussian mode, which is the fundamental Gaussian beam and is

equal to Eq. 5.3 in the spherical coordinate of (f ,θ,ϕ).

Einc = E0e
−f2 sin2 θ/ω2

(5.3)

f

Ө Ф

x

z

y

Figure 5.2: Geometrical representation of the aplanatic system. The refraction of
light rays at an aplanatic lens is determined by a spherical surface with radius f.

Since the aperture radius of our lens is equal to f sin θm, we define the filing
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factor f0 as:

f0 =
ω0

f sin θm
, (5.4)

where θm is the maximum angle of convergence. By substitution of the filling factor

in the exponential term of the Gaussian equation, we derive:

fω(θ) = e
− 1

f20

sin2 θ
sin2 θm , (5.5)

which is known as the apodization function and it can be viewed as a pupil filter. In

this section, for simplicity, we only consider the case that the incident beam overfilled

the back-aperture of the focusing lens (f0 → ∞). This limits the apodization

function to one, which represents the plane wave (Einc = E0).

Now, we can compute the field E near the focus. For this we substitute Eq. 5.2

into the angular spectrum representation of the focal field, which is in cylindrical

coordinates:

E(ρ, φ, z) =
ikfe−ikf

2π

∫ θm

0

∫ 2π

0

E∞(θ, ϕ) e ikz cos θ e ikρ sin θ cos(ϕ−φ) sin θ dϕ dθ, (5.6)

where ρ is the transverse size of the beam (ρ =
√
x2 + y2) and φ representing the

angle of the plane wave to the z axis, which x = ρ cosφ and y = ρ sinφ. The result

of this integral leads to:

E(ρ, φ, z) =
ikf

2

√
n1

n2

E0e
−ikf

I00 + I02 cos 2φ

I02 sin 2φ

−2iI01 cosφ

 , (5.7)

where I00, I01, I02 are defined as:

I00 =

∫ θm

0

(cos θ)1/2 sin θ(1 + cos θ)J0(kρ sin θ) e
ikz cos θ dθ, (5.8)

I01 =

∫ θm

0

(cos θ)1/2 sin2 θJ1(kρ sin θ) e
ikz cos θ dθ, (5.9)

I02 =

∫ θm

0

(cos θ)1/2 sin θ(1− cos θ)J2(kρ sin θ) e
ikz cos θ dθ, (5.10)

where Jn is the nth-order Bessel function.

Here, the focusing field is calculated for a Gaussian beam, which overfills the lens

aperture (plane wave). However, in a realistic case, the collimated laser light has a

small beam waist and covers mostly a small area of the lens aperture, which causes

a broadening in the focal spot. This phenomenon is explained in detail in Sec. 5.2
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5.1.2 Mode analysis of step-index optical fiber

In fiber coupling, if the angular condition for total internal reflection is satisfied,

the light will be confined to the core since the core has a higher index of refraction

than the cladding. The fiber geometry and composition determine the a discrete

set of electromagnetic fields, or fiber modes, which can propagate in the fiber. To

understand the number of modes in fiber, one can use a dimensionless parameter

known as V-number, which is defined as:

V =
2π

λ
a
√
n2
core − n2

cladd, (5.11)

where λ is the vacuum wavelength, a is the radius of the fiber core, and ncore and

ncladd are the refractive indices of the core and cladding, respectively. For V values

below ≈ 2.405, a fiber supports only one mode per polarization direction, which is

known as single-mode fiber.

0

1

0 2-2

0

2

-2

LP01 LP02 LP11 LP21

Figure 5.3: Linear polarized modes (LPlm) in an optical fiber. Fiber with ncore =
1.4949, ncladd = 1.4533, acore = 1.6 µm, has only four modes (LP01, LP02, LP11, and
LP21) at λ0 = 700 nm. The white circle represents the core size.

To calculate the linearly polarized (LP) mode of the fiber, we assume that the

fiber has a cylindrical shape and its transverse refractive index profile is radially

symmetric. Since the refractive index contrast of the core and the cladding for the

conventional fibers is small, we also consider the weak guidance approximation in

this calculation. Here, each of the components of the electric and magnetic fields

obeys the Helmholtz equation. This equation in cylindrical coordinates is:

d2u

dr2
+

1

r

du

dr
+

(
n2(r)k2

0 − β2 − l2

r2

)
u = 0, (5.12)

where k0 is the wavenumber and β is propagation constant. l is an integer number

known as the azimuthal index and related to the periodic behavior of the guided

mode in ϕ. Solving this equation results in a Bessel function (Jl(x)) and modified

Bessel function (Kl(x)) for core and cladding, respectively [134]. For each azimuthal

index l, the equation has multiple solutions yielding discrete propagation constants
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βlm, m = 1, 2, . . . , which each solution representing a mode shown with LPlm.

By substituting electric and magnetic fields in Eq. 5.12 and applying the boundary

conditions, one can derive the fields. Here, the intensity of each mode is proportional

to ulm cos2 lϕ. The modes of a fiber with ncore = 1.4949, ncladd = 1.4533, acore = 1.6

µm, for wavelength λ0 = 700 nm is shown in Fig. 5.3. This fiber is a commercial

fiber (Thorlabs UHNA 3) and it is presented as a reference fiber in Sec. 4.2
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5.2 Article III: Focused Gaussian beam in the paraxial ap-

proximation
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5.2. ARTICLE III: FOCUSED GAUSSIAN BEAM IN THE PARAXIAL
APPROXIMATION

Abstract

A focused Gaussian beam represents a case of high practical importance in many

areas of optics and photonics. We derive analytical expressions for a focused Gaus-

sian beam in the paraxial approximation, considering an arbitrary lens filling factor.

We discuss the role of higher-order Bessel functions of the first kind in defining the

electric field in the focal region.

Introduction

The focus of light is theoretically understood as a diffraction problem [135]. In the

case of strong focusing, vectorial diffraction leads to diffraction integrals [136] or to

a multipole expansion [137] for the representation of the field in the focal region.

When the paraxial approximation is applicable, for example in the case of a thin lens,

scalar diffraction theory leads to an analytical expression of the focused field. This

is the case of the well-known Airy pattern in the Abbe theory of optical resolution.

The electric field profile in the focal region not only depends on the focusing

system but also on the incident beam [138]. The case of a Gaussian beam focused

by a lens or by a microscope objective is of high practical importance in optics and

photonics and its solution based on vectorial diffraction theory or on the paraxial

approximation is a textbook result [33, 135]. However, the paraxial approximation

is often related to the special situation, in which the beam overfills the objective,

such that the diffraction problem reduces to that of a plane wave.

Here, we analyze the general situation, in which the lens filling factor of a focused

Gaussian beam, i.e. the ratio between the beam waist and the lens aperture, varies

from underfilled to overfilled. Starting from vectorial diffraction theory, we derive

analytical expressions in the paraxial approximation for the electric field profile in

the focal region.

We show that the solution to the diffraction problem is a superposition of terms,

which reduces to the well-known Airy function when the beam overfills the objective

lens, i.e., the case of a focused plane wave. Our findings expand the theoretical

treatment of focused Gaussian beams and they are relevant for a wide range of

practical situations, such as free-space fiber coupling [139], microscopy [140] and

laser-beam micro machining [141].

Theory

Our starting point is an x-polarized Gaussian beam profile for the electric field vector

E⃗inc = x̂E0 exp
{
(−f 2 sin θ2/w2

0)
}
, (5.13)
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where f is the focal length of an objective lens fulfilling the sine condition [136],

w0 is the beam waist and θ is the angle between the optical axis and a ray on the

objective lens converging to the focal point. The x-component of the electric field in

the focal plane, E(ρ), where ρ is the distance from the optical axis, can be obtained

from the Debye diffraction integrals [33]

E(ρ) = E0

∫ θm

0

e(−f2 sin θ2/w2
0)
√
cos θ×

sin θ(1 + cos θ)J0(kρ sin θ)dθ,

(5.14)

where θm is related to the numerical aperture (NA) of the objective lens through

NA= n sin θm. A sketch of the focusing problem is displayed in the inset of Fig. 5.4,

where one can see that f sin θm defines the lens aperture. The refractive index n of

the background medium is equal to 1 for simplicity.

In the paraxial approximation, the NA of the objective lens is assumed to be

small, hence sin θ ≃ θ and cos θ ≃ 1. Nevertheless, this approximation can be used

here even if the NA is not small, as long as the Gaussian beam underfills the objective

lens. In other words, the apodization function exp{(−f 2 sin θ2/w2
0)} vanishes, even

before θ approaches θm, when fθ ≫ w0 (underfilled objective). Hence, θm can also

be understood as the smallest angle between the one determined by the NA and the

one determined by the condition exp{(−f 2 sin θ2/w2
0)} ≪ 1. We can therefore write

E(ρ) = 2E0

∫ θm

0

e(−f2θ2/w2
0)θJ0(kρθ)dθ. (5.15)

We consider x = kρθ and take advantage of a property of the Bessel functions of

the first kind [142], namely

d

dx
[xnJn(x)] = xnJn+1(x). (5.16)

By partial integration of the right-hand-side in Eq. (5.15) it can be shown that∫
e−αx2

xJ0(x)dx = e−αx2
∞∑
n=1

(2α)n−1xnJn(x), (5.17)

with α = f 2/(kρw0)
2. Using Eq. (5.17) into Eq. (5.15), we derive a general expres-

sion for the electric field in the focal plane

E(ρ) = 2E0θ
2
me

(−f2θ2m/w2
0)

∞∑
n=1

[
2f 2θ2m
w2

0

]n−1
Jn(kρθm)

(kρθm)n
. (5.18)

For w0 ≫ fθm, we obtain the usual expression of the electric field in the paraxial
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approximation

E(ρ) ≃ 2E0θ
2
m

J1(kρθm)

kρθm
. (5.19)

On the other hand, for fθm ≥ w0, i.e., for an underfilled objective lens, the higher

order terms in Eq. (5.18) must be taken into account.

To further investigate the role of the additional terms, we derive an asymptotic

expression valid near the focal point, i.e., kρθm ≪ 1, using the fact that Jn(x)/x
n ≃

1/(2nn!) for x close to zero [142]. Although these terms have a rapidly decreasing

contribution to the electric field amplitude, it should be considered that they are

multiplied by (f 2θ2m/w
2
0)

n. The result is an electric field amplitude, which depends

on the filling factor of the objective lens, i.e.,

E(ρ) ≃ E0e
(−f2θ2m/w2

0)

∞∑
n=1

(
f 2

w2
0

)n−1
θ2nm
n!

, (5.20)

= E0
w2

0

f 2

[
1− exp

{(
−f 2θ2m/w

2
0

)}]
. (5.21)

Underfilling the objective lens reduces the field amplitude in the focal spot by

exp
{
(−f 2θm/w

2
0)
}
.

f

θm
w0

𝝆, x

E

Figure 5.4: Normalised electric field amplitude in the focal spot, E(0)/E0θ
2
m, as a function

of the lens filling factor w0/fθm. Inset: a sketch of a focused Gaussian beam with the
relevant quantities: beam waist w0, lens focal length f , lens angular aperture θm, electric
field in the focal plane E, and transverse coordinates ρ, x = ±kρθm.

We present our results in the most possible general form and discuss the main

findings. For instance, they are fully independent of the particular choice of the

NA, being the electric field expressed as a function of the filling parameter w0/fθm.
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By setting the focal length, the NA, or the beam waist, one can easily calculate the

solution for the case of interest. Here, we consider the electric field amplitude in the

focal spot, in the focal plane, and in the contributions of the higher-order terms.

In Fig. 5.4, we plot the field amplitude in the focal plot (see Eq. (5.21)) as a

function of w0/fθm. The case w0/fθm → ∞ represents an overfilled objective lens,

whereas the case w0/fθm → 0 represents an underfilled objective lens.

We notice that the electric field amplitude increases with the filling parameter,

and it saturates to its maximum value when the filling parameter is larger than

about two. This gives an indication of an appropriate choice of the beam waist or

the lens focal length for optimizing the focusing strength.

For instance, the practical situation of a commercial microscope objective with

NA=0.3 and a working distance of 10 mm, corresponding to fθm ≃ 3 mm, and a

laser beam with a waist of 1-2 mm would lead to a lens filling factor of the order of

0.3 - 0.6. Therefore, in the following, we want to investigate the field profile in the

focal plane, especially when the filling parameter is less than one.

Figure 5.5: Normalised electric field amplitude in the focal plane, E(x)/E0θ
2
m, where x =

±kρθm is the transverse coordinate, for filling factors w0/fθm = ∞, 1, 0.5 and 0.3. The
first case corresponds to the result of Eq. (5.19).

The field profile in the focal plane (see Eq. (5.18)) is investigated for different

representative values of the lens filling factor, namely w0/fθm = 1, 0.5, and 0.3.

Figure 5.5 plots the result as a function of x = ±kρθm, in which we used up to

twenty terms in the sum of Eq. (5.18). The field profile of Eq. (5.19) (Airy pattern)

is also shown for comparison.

For a filling parameter of the order of one, w0/fθm = 1, the field profile resembles

the typical diffraction pattern of a circular opening, which becomes the Airy pattern

in the limiting case of w0/fθm → ∞, see Eq. (5.19). On the other hand, when

the filling parameter decreases, the field profile acquires a smooth shape without
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oscillations. Moreover, its full width at half maximum (FWHM) increases because

of less focusing strength by the lens. Notice also the variation of the field maximum,

which rapidly decreases with the filling factor, in agreement with the results of

Fig. 5.4. These findings are valid for any NA as long as the paraxial approximation

holds. The evolution of the field profile to a smooth function is determined by the

summation in Eq. (5.18).

Next, we discuss in more detail the contribution to the field amplitude for the

various terms in Eq. (5.18), namely

En(x) =

[
2f 2θ2m
w2

0

]n−1
Jn(x)

xn
. (5.22)

Figure 5.6: Normalised electric field amplitude in the focal plane, E(x)/E0θ
2
m, where x =

±kρθm is the transverse coordinate, for filling factors w0/fθm = 10 (a) and 1 (b). Each
curve corresponds to a term in the summation of Eq. (5.18), see also Eq. (5.22).

Figures 5.6(a)-(b) respectively plot the individual terms in Eq. (5.18) as a func-

tion of x = ±kρθm for w0/fθm = 10 and 1. For w0/fθm = 10, only the very first term

contributes to the electric field amplitude, which corresponds to the Airy pattern

(see Fig. 5.6(a)). For w0/fθm = 1, one can see in Fig. 5.6(b) that the first four terms

contribute to the field profile. However, they still result in a diffraction pattern with

positive and negative values of the electric-field amplitude, as shown in Fig. 5.5.

In order to better understand the evolution of these terms, Fig. 5.7 plots En(x)

(see Eq. (5.22)) for x = 0, which reads

En(0) =

[
f 2θ2m
w2

0

]n−1
1

2n!
. (5.23)

When w0/fθm gets smaller, one notices that the main term is not the first one any-

more. The higher-order terms get larger and become the predominant contribution
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to the field profile. As a result, the field oscillations in the focal plane disappear,

as shown in Fig. 5.5 for w0/fθm = 0.5 and 0.3. Moreover, Fig. 5.7 indicates that

the higher-order terms are maximal at a value n dependent on the filling parameter

and that they eventually vanish for n→∞. Indeed, the summation in Eq. (5.18) is

always convergent, as proven by Eq. (5.23).

Figure 5.7: Electric-field terms in Eq. (5.23) as a function of n, for w0/fθm = 0.5 (a)
and 0.3 (b).

Conclusions

In summary, we study the electric field profile of a focused Gaussian beam in the

paraxial approximation in the general and practical important case, where the beam

waist does not overfill the objective lens. We provide analytical expressions starting

from vectorial diffraction theory, and by making use of the paraxial approximation,

we show that the apodization function of the Gaussian beam produces a summation

of terms containing Bessel functions of the first kind of increasing order, Jn(x). When

the beam overfills the objective lens, our expressions approach the well-known Airy

pattern, which only contains the Bessel function of the first kind, J1(x). In all other

cases, the higher-order terms must be taken into account. They are responsible

for the suppression of the oscillatory behavior of the electric field profile in the

focal plane, as expected from the zero-field amplitude of the incident beam at the

edge of the objective lens. These findings contribute to a better understanding of

focused Gaussian beams and provide a quantitative analytical tool to solve practical

problems involving Gaussian beams in optics and photonics.
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5.3 Article IV: Planar antenna designs for efficient coupling

between a single emitter and an optical fiber
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Abstract

Fluorescence detection is a well-established readout method for sensing, especially

for in-vitro diagnostics (IVD). A practical way to guide the emitted signal to a

detector is by means of an optical fiber. However, coupling fluorescence into a fiber

is challenging and commonly lacks of single-molecule sensitivity. In this work, we

investigate specific fiber geometries, materials, and coatings that, in combination

with a planar Yagi–Uda antenna, allow to reach efficient excitation and collection.

The simulation of a practical setting determines more than 70% coupling efficiency

for a horizontally-oriented dipole, with respect to the planar antenna, emitting at

700 nm and embedded in polyvinyl alcohol (PVA). Moreover, the coupling efficiency

would only scale by a factor of 2/3 for emitters with random orientation as a result

of the antenna geometry. These findings are relevant for single-molecule detection

with fiber optics and have implications for other applications involving the coupling

of light with nano-scale sources and detectors. Scanning the surface of a sample

with such fibers could also be advantageous for imaging techniques to provide low

background noise and a high resolution.

Introduction

Optical waveguides can be used to transfer light much more efficiently than free

space optics [143], thus representing a desirable practical method for nano-particle

detection, fluorescent sensing, and single-photon sources [67, 144–147]. However,

coupling the emitted light into a waveguide can be inefficient due to the dipolar

radiation pattern of nano-scale sources, and for this reason, it is still a challenging

research task [148–150].

One method that has been extensively explored is direct fiber coupling, where

the dipole source is located in the vicinity of a single-mode fiber tip. Fiber-based

micro-cavities [65], fibers with a nano-scale tapered tip [151], lensed fibers [152] and

etched single mode fibers [153] are a few examples of this approach. On the other

hand, multimode fibers, which have a larger core size (∼50 µm), suffer from mode

mismatch with the near field of the dipole.

Another method is embedding the molecules inside the waveguide [154, 155].

The coupling efficiency could reach up to 70% in a tapered fiber, but the approach

requires immobilization of the molecules in the fiber, which is not always desir-

able. Moreover, researchers have investigated the evanescent coupling to a tapered

fiber [156–159]. This method is particularly useful for single-molecule detection,

but it is quite challenging from a practical point of view. The reported coupling

efficiency for this technique varies from 10% to 80% in the simulations, depending
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on the fiber size and the material.

Recently, a planar antenna structure that beams the emission of single molecules

has been proposed [22, 62]. This relies on the concept of an optical Yagi–Uda an-

tenna [160], where the reflector and the director elements are thin metal films.

Hence, the antenna strongly modifies the emission pattern leading to a half-width

at half maximum of fewer than 20 degrees. This modification can be applied to the

concept of fiber collection.

Here, we investigate the coupling of a dipolar emitter in a planar antenna with

an optical fiber, which has a core radius larger than the source emission wavelength

λ (hence excluding the case of nano-fibers [151]) and a facet coated with a thin

gold layer, acting as director element. This configuration improves the overlap of

the radiated field with the guided modes in the fiber. As a result, the coupling

efficiency of the dipole into the fiber increases.

The proposed detection scheme is targeting, especially, bioassays based on surface

chemistry, in which the vertical position of the molecule can be defined, for instance,

as in surface-plasmon resonance biosensors [161].

Furthermore, we study the relationship between mode coupling efficiency and

the numerical aperture (NA) of the fiber. The critical numerical aperture, for which

the fiber has the maximum coupling efficiency, has been obtained. The coupling

efficiency of a dipole embedded in different transparent materials has also been

calculated. This is relevant for the efficient coupling of organic molecules in media

such as water. Finally, the effect of tilting and displacement of the fiber in the setup

is investigated.

Methodology and layout of the problem

In order to optimize the coupling efficiency of a dipole into a fiber, the geometry,

material, and position of the fiber must be specified. This includes many variables

such as core radius, refractive indices of core and cladding, the reflector-director dis-

tance, the active medium in which the dipole source is embedded, and so on. In this

work, the effect of these variables for the optimization of the fiber coupling is studied

using the finite-difference time-domain (FDTD) method [162]. The simulations have

been performed with a commercial software package (FDTD Solutions, Lumerical

Inc. [90]). To reduce the computation time and memory, we took advantage, when-

ever possible, of the symmetry of the layout. Symmetric boundary conditions are

implemented by forcing the appropriate field components to zero. These boundaries

can not be used for tilting and radial displacement of the dipole from the center.

We consider a gold substrate as the reflector, in which a dipole emitter is located

at a distance d1, creating an image dipole [163]. The distance between the dipole
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and fiber tip in the radiation direction is denoted as d2, shown in Fig. 5.8. When

two dipoles radiate with an appropriate phase delay, they can give rise to a beaming

effect in a certain direction. This occurs when d1 and d2 fall within the range of

λ/(6n) < d1,2 < λ/(4n), where λ is the emission wavelength and n is the refractive

index of the active medium [22,62].

The radiated power (Pr) is calculated as the power passing through a frequency-

domain field monitor across the fiber (see Fig. 5.8) at a distance 4λ in the radiation

direction and it corresponds to the power out-coupled from the planar antenna [22].

The power transmitted into the mode m of the fiber is determined by the overlap

integral (am) of the guided mode across the fiber.

am = 0.25

(∫
dS⃗ · E⃗in × H⃗∗

m

Nm

+

∫
dS⃗ · E⃗∗

m × H⃗in

N∗
m

)
, (5.24)

wherem is the number of the selected mode in the fiber, E⃗in and H⃗in are the radiated

electric and magnetic fields, respectively. E⃗m and H⃗m are the modal fields of the

fiber and Nm can be calculated from

Nm = 0.5

∫
dS⃗ · E⃗m × H⃗∗

m , (5.25)

where, Re[Nm] is the power of the mode m in the fiber [143].

The dipole has a fixed amount of power in free space, known as the source power

(Ps). The ratio of the total emitted power of the dipole inside the system (Pt) over

the source power gives the Purcell factor (F ):

F =
Pt

Ps

. (5.26)

The fraction of power transmitted into the mode m of the fiber can be described by:

Tm =
|am|2Nm

Pt

. (5.27)

This equation describes the coupling efficiency into the mode m with respect to the

total emitted power [143], which we discuss in the following section together with

the Purcell factor. We have compared our FDTD simulations against a few different

case studies (see Ref. [65]), finding an excellent agreement.

One way to enhance the overlap integral is to change the fiber geometry and

material. Further enhancements can be obtained by coating a thin gold layer on the

tip of the fiber, also known as a director, which provides directional beaming.

In all simulations, the dipole source has a horizontal orientation with respect to
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the reflector in order to minimize the coupling of energy to surface plasmon-polariton

(SPP) modes present in both the reflector and the director interfaces. The emission

of vertically oriented dipoles is quenched by the antenna. Therefore, for the case

of molecules with the tilted dipole moment, the detection efficiency would scale as

sin2 ϕ, where ϕ is the angle between the dipole orientation and the antenna axis.

For randomly-oriented molecules, the detection efficiency would thus be reduced by

a factor of 2/3, which corresponds to the average value of sin2 ϕ over the solid angle.

Figure 5.8: Simulations layout. A single dipole is situated 130 nm above a gold-coated
substrate (reflector). The dipole emission is collected by the fiber and monitored with a
frequency-domain field profile. The monitor is placed in the far-field, approximately 4λ
from the dipole. The cladding radius, fiber length, and substrate (glass) are semi-infinite.
The values of the fixed parameters are given in the figure. The distance d between director
and reflector is d = d1 + d2 − 20 nm.

For simplicity, some of the following geometrical parameters are considered con-

stant (see Fig. 5.8). The cladding radius is infinitely large. The distance between

the reflector and dipole is d1 = 130 nm (except Fig. 5.15). The frequency-domain

field monitor for the overlap integral calculation is located far inside the fiber, but

the exact position is not critical. The thicknesses of the reflector and director are

assumed to be 100 nm and 20 nm, respectively. Changing the thickness of the di-

rector could also affect the coupling efficiency. For instance, when the director is

20 nm thick, the coupling efficiency into the fundamental mode of the fiber has a

maximum value of 50%. However, this value reduces to 44% for 30 nm and 43%

for 10 nm director thickness at a constant reflector-director distance, d = 295 nm.

Further simulations show that having a thicker director increases the directionality,

but the radiated power decreases [22].
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The adhesion of the gold director on the tip of the fiber can be improved by

adding a thin layer of titanium. Calculations show that the inclusion of a 2 nm-

thick titanium film does not substantially increase losses. We find that, for the

designs of Fig. 5.8, Pr drop by about 2%, when 2 nm of gold are replaced by 2

nm of titanium [92]. Adding an adhesion layer to the reflector does not affect the

antenna’s properties since the gold layer is thick, and light cannot pass through it.

Results and discussion

Coupling enhancement with a designed fiber

Coupling light radiated by a single dipole emitter into a commercial fiber (single

mode, e.g., SM600) without any objective lens is challenging. This is due to the

mismatch of fiber mode (see Fig. 5.9(a)) and a dipole field. The coupling efficiency

can be increased by placing a reflecting layer behind the emitter (see in Fig. 5.9(c)

the radiated field profile into the fiber), and it can be further improved by adding a

director layer on the fiber tip (see Fig. 5.9(d)). The dipole is centered with respect

to the fiber, and its emission has been set at λ = 700 nm. This represents the

wavelength range of well-known near-infrared dyes and solid-state quantum emit-

ters [164–166].

Alternatively, shrinking the core radius to 0.8 µm and using materials with higher

refractive index contrast for the core and the cladding could also enhance the ef-

ficiency. Figure 5.9(b) shows the fundamental guided mode of such fiber, while

Fig. 5.9(e) and 5.9(f) show the radiated field into the fiber after adding a gold reflec-

tor and a director, respectively. In Fig. 5.9, the reference fiber is a solid core optical

fiber with the following parameters: core radius (Rcore) = 1.6 µm, core refractive

index (ncore) = 1.4949, cladding radius (Rcladding) = 50 µm and cladding refractive

index (ncladd) = 1.4533, which are approximate to the commercially available fiber

from Thorlabs ”UHNA3”, high NA single mode fiber. The common single-mode

fibers, such as Thorlabs SM600, has a coupling efficiency of less than 1% due to the

low NA. For the customized fiber the parameters are: Rcore = 0.8 µm, ncore = 1.45,

Rcladding = 50 µm and ncladd = 1.3.

Since the radiated field from the dipole in the planar Yagi–Uda antenna exhibits

a small emission angle, the core size of the fiber should be smaller than that of

commercial fibers. In addition, a high-NA enables greater light collection into the

fiber. These conditions can be achieved by tapering the core of a commercial fiber

adiabatically [167–169] or making photonic-crystal cladding fiber [170]. Figure 5.9(g)

compares the coupling efficiency of reference fiber and custom fiber at different

distances (d) between the reflector and the director.
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Figure 5.9: Propagation of fundamental mode in (a) reference fiber (Rcore = 1.6 µm,
ncore = 1.4949 and ncladd = 1.4533) and (b) custom fiber (Rcore = 0.8 µm, ncore = 1.45 and
ncladd = 1.3) simulated by the commercial software Mode Analysis, Lumerical Inc. [90].
In (a) and (b), the white line shows the fiber core, and they have the same color bar. The
radiated field of the dipole at 4λ away from the source for (c) reference fiber with reflector
and distance d1+d2 = 295+20 nm, (d) reference fiber with reflector-director and distance
d = 295 nm, (e) custom fiber with reflector and d1+d2 = 295+20 nm, and (f) custom fiber
with reflector-director with distance d = 295 nm has been shown. (c)-(f) are normalized
with respect to the maximum value in (f) and have the same color bar. In each case, the
geometry of the simulation is depicted below the field image. (g) Plots of the radiated field
into the fiber for the reference fiber (c), (d) and the custom (e), (f) configurations with
respect to the reflector-director distances, normalized by the total emitted power Pt of the
dipole. The right axis indicates the Purcell factor of the dipole, which can be multiplied
by the coupling efficiency to determine the power coupled to the fiber. This indicates that,
however, the mode reaches the maximum coupling (59%) at 285 nm, but a larger collected
power is obtained at 295 nm due to the Purcell factor.
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In Fig. 5.9, the coupling efficiency is simulated for different distances between

200 nm to 600 nm. For the custom-designed fiber with the director, despite the

cavity effect at 350 nm and 700 nm, the maximum coupling is at 295 nm due to

antenna effect [22]. More interestingly, even a dipole at the center of the active

medium (d1 = 350 nm) when d = 700 nm does not give a higher coupling efficiency

for both custom-designed and the reference fiber.

Our analysis demonstrates that a custom fiber is capable of collecting a greater

number of photons compared to those emitted by a dipole emitter in a vacuum.

This is due to the Purcell factor, which reaches a value of 2.1 at d = 295 nm. By

multiplying the coupling efficiency and the Purcell factor, one can find the coupling

efficiency normalized with respect to the fixed value Ps. Consequently, the ratio

between the power coupled into the fundamental mode (see Eq. (5.24) and (5.26))

and the source power (Ps) is T1/Ps = 1.06.

Critical numerical aperture

Next, we investigate the relationship between the collection efficiency and the fiber

NA. The numerical aperture of a fiber is calculated by

NA =
√

n2
core − n2

cladd , (5.28)

where ncore and ncladd are the refractive indices for the core and the cladding of the

fiber, respectively [171].

A fiber with high NA could enhance the collected light from a single dipole,

but this enhancement does not increase with the NA. For a fixed value of ncore,

reducing the refractive index of the cladding below a certain value will not change

the coupling efficiency as shown in Fig. 5.10. Using the ncladd values depicted in

Fig. 5.10, one can find the critical NA using Eq. (5.28).

In Fig. 5.10, ncore = 1.45 and ncladd varies from 1 (air) to 1.44 (close to the

refractive index of the core). The graph indicates that below ncladd = 1.3, the

coupling efficiency is almost constant. This is called critical NA, and for such fiber,

it is equal to 0.64. Furthermore, the critical NA depends on the core size and its

refractive index. This value is in the range between 0.45 to 0.65 for different sizes

or refractive indices of the core in the free space medium. This shows that having

a high-NA fiber is essential for the coupling, but fibers with very large NAs are not

necessary.
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Figure 5.10: NA of the fiber, represented by varying cladding refractive index ncladd. The
core radius here is 0.8 µm and it has a refractive index of 1.45 (custom fiber configuration).
This figure indicates that for high-NA fibers, there is more than one propagating mode. The
curves show that for ncladd smaller than 1.3, the coupling efficiency is nearly constant for
the modes. By using Eq. (5.28), the critical NA is equal to 0.64 (black dashed line).
The radiated power curve indicates the total out-coupled light from the reflector-director
configuration in the propagation direction normalized by total emitted power Pt.

Fiber core radius and higher order mode coupling

As shown in Fig. 5.9 the coupling efficiency rises when the fiber is coated with a

thin gold layer. This happens not only for the fundamental mode but also for some

higher-order modes. The number of modes in a fiber depends on the core radius

and the NA of the fiber. The high-NA fibers normally have a higher number of

modes compared to the low-NA ones for the same geometry. Moreover, the number

of modes increases with the size of the core radius.

Figure 5.11 indicates the coupling efficiency for the 1st, 4th and 9th modes of

the fiber with variable core radius. The other modes would just slightly change

the coupling strength therefore, we can neglect them. The refractive indices of the

core and cladding are 1.45 and 1.3, respectively. By increasing the core size from

0.6 to 2.1 µm, the coupling to a fundamental mode decreases, but the coupling to

higher-order modes increases the density of states. This effect has also been shown

for a single dipole evanescently coupled to a multimode fiber [148].

Figure 5.11 shows that the fiber with a core radius of 0.4 µm can be used as a

single-mode fiber for coupling with more than 50% efficiency. However, the fiber

with a slightly larger core size contains few higher-order modes with a reasonable

amount of coupling efficiency. Therefore, in Fig. 5.11 the fiber with 1.2 µm core size

has a total coupling efficiency of 70% (i.e. (T1 + T4 + T9)/Ps = 1.55) due to the

contribution of 1st, 4th and 9th order modes.

103



CHAPTER 5. FIBER-BASED PLANAR YAGI–UDA ANTENNA

Figure 5.11: Coupling efficiency of different modes in the custom gold coated (director)
fiber. The distance is fixed at d = 295 nm. The 1st, 4th and 9th modes with dipole emission
are demonstrated. The red curve points out the Purcell factor (right axis). The radiated
power shows that the out-coupled amount of light from the antenna structure does not
depend on the size of the core or the cladding. For a core radius less than 1 µm, there are
only four modes propagating through the fiber, and the fiber with less than 0.4 µm core
radius is a single mode fiber.

Distance between the reflector and the director

We have shown that the coupling efficiency is maximal at a specific distance between

the reflector and the director (see Fig. 5.9), but actually, the coupling efficiency

is relatively high also for determined larger distances. This can be exploited for

detecting larger objects, like particles, or even cells in fluids.

Figure 5.12: Coupling efficiency versus reflector-director distance. The coupling raises
fast, but it gradually decreases by increasing the distance. The fluctuation of radiated
power and mode coupling efficiency is like the Purcell factor. The distance between every
two peaks is 350 nm, which corresponds to λ/2.

The Purcell effect and the coupling efficiency of the fiber vary when the distance
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between the director and the reflector changes. Figure 5.12 reveals this for the

custom fiber as mentioned in Fig. 5.9. By increasing the distance between the

reflector and the director, the coupling efficiency grows and then gradually decreases.

This happens due to the transition of the antenna effect with the buildup of the

cavity mode in the reflector-director configuration [22]. Moreover, the maximum

coupling efficiency is not at the same distance for each mode.

As shown in Fig. 5.12, the coupling efficiency at larger distances is still higher

than some other methods for direct fiber coupling. For example, here at d = 990 nm,

the coupling efficiency of the fundamental mode is 27%, which is much higher than

the other methods for direct fiber coupling [172,173].

Wavelength dependence of dipole-fiber coupling

In all previous simulations, the dipole emitted at a fixed wavelength (λ = 700 nm).

Here, the dipole wavelength is swept from 600 nm to 1200 nm. Figure 5.13 shows

the wavelength dependency of the coupling for three different reflector-director dis-

tances. The fiber specifications are identical to those of the custom fiber in Fig. 5.9.

Figure 5.13: Maximum coupling efficiency as a function of wavelength for the reflector-
director distance of 260, 295, and 330 nm. It is possible to tune the coupling for the desired
wavelength by changing the reflector-director distance.

By increasing the distance between the reflector and the director, the maximum

coupling occurs at larger wavelengths. This method can be helpful for spectroscopy

measurements [174]. Moreover, it could be exploited to distinguish different fluores-

cent markers without color cameras or optical filters.
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Coupling efficiency in different active media

Positioning a dipole with nanometer accuracy in the air between the reflector and the

director is experimentally a challenging task. In addition, some organic molecules

would need a liquid or a polymer matrix rather than air. As a result, varying the

active medium between the director and the reflector provides an opportunity to

explore different types of organic or inorganic emitters.

Figure 5.14: Maximum coupling efficiency as a function of wavelength for three different
active media, with various refractive indices: nwater ≈ 1.33, nPVA ≈ 1.47 and ndia. ≈ 2.41.
The media have 295 nm thickness.

Figure 5.14 determines the coupling efficiency for three different materials as an

active medium: water (nwater ≈ 1.33), polyvinyl alcohol (PVA) (nPVA ≈ 1.47) and

diamond (ndia. ≈ 2.41). However, the coupling efficiency is around 20% for these

active media, but by changing the core size and material one could improve this

efficiency for each case. As an example, the optimal coupling efficiency for PVA is

simulated in Fig. 5.15. Here, the distance between the reflector and the dipole is 85

nm and the PVA has a thickness of 180 nm. The coupling efficiency is simulated

for two different fibers, ”custom”, which is the same as the custom fiber in previous

simulations (Rcore = 0.8 µm, ncore = 1.45 and ncladd = 1.3) and “optimal” with Rcore

= 0.6 µm, ncore = 1.77 and ncladd = 1.3.

By increasing the refractive index of the fiber core the coupling efficiency in-

creases. Moreover, for a large core refractive index, reducing the size of the core

could also improve the coupling efficiency. The minimum core size depends on the

core refractive index. In Fig. 5.15 the coupling efficiency of 1st and 4th modes of

the “optimal” fiber at 700 nm is ≃ 70% and it can be increased for a higher core

refractive index and smaller core size.

For active media, with larger refractive indices the coupling efficiency is not as

high as in air due to the excitation of SPP modes at the interface between the
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gold layers with the dielectric material. This effect can be reduced by introducing

intermediate layers with a lower refractive index with respect to active medium [62].

Figure 5.15: Maximum coupling efficiency as a function of wavelength for PVA active
medium, with custom fiber (Rcore = 0.8 µm and ncore = 1.45) and so-called optimal fiber
(Rcore = 0.6 µm and ncore = 1.77). The inset indicates the reflector-director distance
and the dipole position. By adding a higher refractive index active medium, the reflector-
director distance and the core radius should be decreased.

Dipole positioning and fiber tilting

The coupling efficiency of the fiber depends on the position of the fiber with respect

to the dipole and reflector. By lateral displacement of the dipole from the center of

the fiber the coupling efficiency is reduced. Figure 5.16 shows the radial displacement

of the dipole from the center along the x-axis for custom design fiber.

Figure 5.16: Radial distance of the dipole from the optical axis of custom design fiber.
The signal has a Gaussian shape with around 800 nm full-width at half-maximum. The
coupling efficiency for the higher-order modes is highly dependent on the position of the
dipole (not shown).
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The coupling-efficiency curve exhibits a Gaussian profile with a full width at

half maximum of 800 nm. The sensitivity to the dipole position could thus add

challenges to the experiment, but it could also turn out to be useful as a method

for microscopy with low background noise.

Moreover, the tilting of the fiber could reduce the coupling efficiency. The cou-

pling efficiency for the fiber without the director layer is almost constant with tilting.

Here, the tilting angle (θ) is the angle between the reflector and the director. As

shown in Fig. 5.17 the coupling efficiency into the fundamental mode of custom and

reference fibers with director drops nearly by 4% for the one-degree tilt of the fiber.

As the core radius of the fiber reduces, the tilting has less influence on the coupling

efficiency. For a fiber with 0.8 µm core radius (custom fiber), 2 degrees tilting would

reduce the coupling efficiency by only ≈ 10%.

Figure 5.17: The coupling efficiency for the tilted fiber. The custom and reference fibers
(Thorlabs ”UHNA3”) are tilted by 1 degree and afterward by 2 degrees, showing that the
coupling is slightly reduced by small tilting. The inset shows the geometry of the tilted fiber.
A comparison of custom and reference fiber illustrates that the system is more sensitive to
the tiling for larger fiber cores.

Conclusions

Our study proposes novel optical fiber designs in combination with planar Yagi–Uda

antennas for the efficient coupling of light with single emitters and nano-objects.

A gold substrate and a thin gold layer (director) on the tip of the fiber increase

the power coupled into the fiber up to 1.5 fold more than the total emitted power

of the dipole in free space. This is possible due to the combination of Purcell

enhancement and antenna effect. Also, the choice of gold should not be seen as

a limiting factor. Other materials like silver or aluminum would lead to similar

findings. Such large coupling conditions could be obtained by fiber tapering [151],
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photonic-crystal cladding [170] or by soft glass material [175] to fulfill the critical

NA condition. Moreover, a higher fiber core refractive index would increase the

coupling efficiency when it is above the critical NA condition. Although the results

have been presented for a specific wavelength, they are generally given the scale

invariance of Maxwell’s equations.

The proposed approach would be particularly attractive for the detection of

quantum emitters at interfaces, such as fluorophores in bioassays based on surface

chemistry, semiconductor nanocrystals, or fluorescence beads on thin films, and also

for the design of efficient single-photon sources. Moreover, the significant coupling

efficiency obtained even for micron-scale distances could be exploited for detecting

entities like large viruses or bacteria, finding further applications in sensing, diag-

nostics, and light microscopy.
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5.4 Auto-fluorescence and noise of optical fibers

Optical fibers are capable of guiding light with various wavelengths depending on

their structure and refractive index. However, the monochromatic light that prop-

agates within the fiber can create a broader spectrum of light, known as auto-

fluorescence. This may overlap with the emission wavelength of fluorophores in

fiber-based fluorescent imaging, leading to background noise. This background noise

can be attributed to three main reasons. Firstly, dopants and impurities can emit

unwanted signals. Secondly, Raman scattering can generate a broader spectrum,

and thirdly, defects and multiple atomic structural units in amorphous materials

such as glass can contribute to background noise.

5.4.1 Emission of dopants and impurities

The main reason for auto-fluorescence in commercial optical fibers is the doped silica

material of fiber cores. In order to reduce the loss of fiber, one important aspect

is the transparency and refractive index of the material at the working wavelength.

This can be achieved by doping different molecules into SiO2, which normally provide

transparent materials with different refractive indices to create a weak waveguide.

However, these molecules often are fluorescent. For example, fiber cores contain-

ing Germania (GeO2) cause electronic defects and color centers associated with the

Ge-O bond. If the spectrum of the light, which is coupled into the fiber, overlaps

with the excitation of doped molecules, they emit fluorescent light at longer wave-

lengths due to Stokes shift. In fiber-based fluorescence imaging, this background

signal can be problematic if the fiber is used for excitation due to the high power of

the excited laser. However, if the fiber is only used to collect the fluorescent light

from the sample, the background from the doping or impurities cannot dominate.

The auto-fluorescence background can be higher than the fluorescence signal from

the sample, and as a result, the SNR is less than one.

To address this problem, one can either employ a pure silica fiber or choose

a wavelength that falls outside the excitation range of the dopants. While some

background noise may persist in these types of fibers, as discussed in Section 5.4.2

and Section 5.4.3, the overall level of noise can be significantly reduced. Another

approach is to introduce a high-power laser (below the fiber’s damage threshold)

to bleach any fluorescent molecules in the fiber. To achieve this, the fiber must be

continuously exposed to the laser for an extended period, typically around three

hours, to saturate the fluorophores. The time required may vary depending on the

wavelength, doping molecule, and output power of the light [176,177]. This process

should be repeated before each experiment.
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5.4.2 Raman scattering of silica

Raman scattering is a process whereby the interaction between electromagnetic

waves and molecules causes a vibrational transition, which is dependent on the

Raman cross-section, light frequency, and the volume of the material. This scatter-

ing process leads to a shift in the frequency and wavelength of the scattered light

relative to the incident light and can contribute to optical noise in a fiber optic sys-

tem. While not a fluorescence effect, Raman scattering can be a significant source

of background or noise in fiber optic measurements.

Figure 5.18: Raman gain curve of a silica-core single-mode fiber. This curve is
normalized to 1.0 at 440 cm−1. Adopted with permission from [178] © Optica Publishing
Group.

In an optical fiber, the light should travel a longer distance inside the core mate-

rial, and this will increase the chance of spontaneous Raman scattering. Although

having a fused silica core fiber without any dopant or impurities reduces the auto-

fluorescence significantly, this has a broad Raman spectrum as shown in Fig. 5.18.

The relative Raman gain reaches its peak at around 490 cm−1 and then decreases

significantly. As a result, the long-pass filters need to be designed with a cutoff

wavelength that is no shorter than the point where the relative Raman gain starts

to decrease sharply.

The two primary types of commercial fibers used in this chapter are described

in detail in Table 5.1. To compare the effect of different source wavelengths on

the background noise of the fiber, the SM1500SC was irradiated with laser light at

wavelengths of 637 nm, 650 nm, and 690 nm (Fig. 5.19). The SM1500SC fiber fea-

111



CHAPTER 5. FIBER-BASED PLANAR YAGI–UDA ANTENNA

In
te

ns
ity

 (c
ou

nt
s)

0

4000

3000

2000

1000

6000

5000

637 nm
650 nm
690 nm

71
5 

nm

67
2 

nm

65
8 

nm

Wavelengths (nm)
640 680 720 760 800 840

Figure 5.19: Background noise of SM1500SC fiber exposed to different light
sources. The fiber has pure silica and 54 µW coupling power. Dashed lines represent the
maximum Raman scattering at each wavelength. To reduce the Raman effect, long-pass
filters are chosen such that the Raman peak is blocked.

Table 5.1: Commercial fibers used in the experiments

Model Company Mode Working λ Core size Core material NA

SM1500SC Newport single 1400-2000 nm ∼ 7 µm pure silica ∼ 0.17

SM600 Thorlabs single 633-780 nm ∼ 4.5 µm Ge-doped ∼ 0.14

tures a core made of pure silica, which helps to minimize auto-fluorescence resulting

from dopants (the cladding has a dopant, and the light can weakly excite them via

an evanescent field). Therefore, the auto-fluorescence of the fiber in Fig. 5.19 is

primarily due to Raman scattering. To avoid the Raman peak, the corresponding

wavelength of 490 cm−1 is calculated, and the cutoff filters are set after these peaks

(dashed line in Fig. 5.19). As presented in Fig. 5.19, longer wavelengths exhibit

reduced auto-fluorescence. Consequently, the use of shorter wavelengths for the de-

tection of single molecules with the fiber-based planar antenna sensor is limited due

to the higher auto-fluorescence observed.

5.4.3 Defects and atomic structural units of silica

One of the main characteristics of amorphous solids is the lack of regularly repeating

groups of atoms, which are native to the crystalline materials [179]. In silica, Si

and O atoms can have random structures, as it is shown in Fig. 5.20. Changing
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molecular structure can provide intermediate energy levels in the molecule. The

electrons excited to this energy level will emit fluorescence light after the relaxation.

Figure 5.20: Ball and stick model of the random network in fused silica. En-
circled are three-fold and four-fold ring structures. Adopted with permission from [179] ©
International Manufacturing Science and Engineering Conference.

Moreover, defects in fused silica such as laser-induced defects [180] or grinded

fused silica [181] can cause fluorescence with different lifetime due to the formation

of the Si nanostructures in SiO2. For example, a green photoluminescence (PL) of

oxygen-deficient silica glass when exposed to ultraviolet UV light has a lifetime of

20–30 ns, however green PL band in oxygen-surplus silica glass excited by visible

and UV light experiences a lifetime of about 300 ns [182]

5.5 Thinning of optical fiber tips

As mentioned in Sec. 4.2, in order to reach the near-field emission of the emitter, we

need a small-sized tip gold wire and for this reason, we etched the wire using HCl.

This problem also applies to fiber, which is coated with a metal.

5.5.1 Fiber etching

Creating a small diameter tip (around 5-15 µm) on an optical fiber through etching

requires different techniques compared to etching a gold wire. Here, we use hydroflu-

oric (HF) acid mixed with water (43% HF) as an etchant in the process. First, we

remove the acrylate coating of the bare fiber and cleave it using a manual cleaver
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(Newport F-CLX-0-3). Then, we vertically dip a few centimeters (1-2cm) of the

fiber into the acid for a self-termination process [183]. After the immersion time,

the fibers are removed from the HF acid, washed in deionized water, and left to dry

in the air.

To understand the etching rate, a batch of six single-mode SM600 fibers is dipped

into HF in different time periods, and their diameters are measured using the SEM

imaging technique (Fig. 5.21(a)-(d)). The result shows that this process is mainly

linear with the etching rate of 4.41µm/min (Fig. 5.21(e)).
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Figure 5.21: Time dependency of fiber etching with HF. (a-d) SEM image of the
SM600 fibers etched with 43% HF solution for different time periods. Due to the different
refractive indices of the core and the cladding, the core is etched faster and forms a hole
in the center of the fiber. (e) By fitting the data of fiber diameter and the etching time,
one can determine the etching speed.

By closer look at Fig. 5.21(a)-(d), it becomes apparent that there is a hole located

at the center of the fibers. This hole is the result of the cladding and core regions

having different etch rates [184]. Although the core and cladding material of SM600

is not given by the company (Thorlabs), the core of SM600 fibers normally contains

germanium (Ge) (GeO2) to a SiO2 matrix, which can cause a faster etch rate due

to weaker bond energy of Ge–O as compared to Si–O [185].

This process can be repeated for the fibers with different core and cladding ma-

terials, but the initial guess is the center part is etched faster for single-mode optical

fibers in the VIS-NIR range. The reason is either the cores are doped with Ge, which

we have already explained, or made of pure silica with a depressed cladding index

profile, which means the cladding has two different refractive indices (Fig. 5.22).

In the latter case, the inner cladding is normally made of fluorine (F) doped silica,

which has a weaker bond energy as compared to pure silica and as a result, this part
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Figure 5.22: Cross section of pure silica single mode fiber. A cross-section image
of SM1500SC taken by optical microscope. The fiber consists of two claddings, with the
inner one made of F-doped silica and the outer one made of pure silica.

will be etched faster. Since the pure silica core will be more in contact with HF

after the F-doped cladding is etched, the core also will be etched before the whole

fiber diameter thins down to a few micrometers as we desire.

We also test the fiber etching with HF vapor. In this case, the fiber is located

a few millimeters above the HF surface and has no direct contact with HF liquid

(Fig. 5.23(a)). While this method may slow down the etching process, it may not

entirely prevent the appearance of the center hole in the fiber during HF etching

(Fig. 5.23(b)).

50 μm20 μm

(b)(a) Fiber

HF

Figure 5.23: Etching of optical fiber using HF vapor. (a) The SM600 fiber is located
above the HF liquid and the HF vapor etches the fiber. (b) SEM image of the fiber after 60
minutes of vapor exposure. The fiber core is etched with a faster etching rate and forms a
hole in the center of the fiber.

Self-termination etching of glass fibers is a widely used technique for creating

fiber tips with controlled geometries. The previous works [183,186] in fiber etching

for near-field spectroscopy show the tip formation in nano-scale. The same method

can apply to single-mode fibers and afterward cut the tip with FIB milling in order

to provide a flat surface in the range of 5-15 µm and eliminate the center hole.

A common method for achieving an almost homogeneous etching process is by
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etching the glass fiber at the meniscus between hydrofluoric acid (HF) and an organic

overlayer (protecting layer which floats about HF). This approach is illustrated in

Fig. 5.24. During the etching process, the fiber diameter is gradually reduced by the

etchant, resulting in the formation of a tapered fiber. The taper is created due to the

decreasing meniscus height, which is caused by the etching of the fiber. The organic

overlayer used in this process can have a significant influence on the resulting tip

geometry. The variation of the organic solvent can affect the surface tension at the

meniscus and alter the shape of the taper.

It is worth noting that the resulting fiber tip does not necessarily need to be

very fine, as it will be milled afterward. However, the taper’s angle and length

must be carefully controlled to ensure optimal milling conditions and achieve the

desired final tip geometry. The process is highly selective, and the etch rate can be

controlled by adjusting the concentration of the HF solution and the temperature.

After a certain time, the etching process will stop due to a lack of contact between

the HF and the fiber. Therefore, there is a minimum etching time required in this

process. However, if the etching process continues for a longer period, there is not

a significant effect on the shape of the fiber tip.

We submerged a single-mode SM600 fiber into a 43% solution of HF, with an

organic oil overlayer (any organic oil is acceptable), for a depth of 3 cm. After ap-

proximately 80 minutes, the process halted automatically due to the lack of contact

between the fiber and the HF. The oil layer acted as a barrier against further etching

by HF vapor, preserving the fiber. This method produces a sharp tip on the fiber,

but to obtain a flat surface, we use FIB milling.
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HF 43%

Organic
solvant

Start 80 min

200 μm

(a)
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Figure 5.24: Self-terminating HF etching process of fiber using organic over-
layer. (a) The SM600 fiber is dipped 3 cm into a 43% HF solution with an oil layer on
top. After 80 minutes, the fiber is etched into a tapered shape due to the meniscus formed
by the HF, oil, and fiber. (b) SEM image of the fiber with a zoomed-in view of the tip of
the fiber.

5.5.2 Fiber tapering

Although finding a solid fiber with high NA and a low auto-fluorescence material

(e.g., pure silica) with a small radius is difficult, tapered fiber would be an alternative

116



5.5. THINNING OF OPTICAL FIBER TIPS

to gain such a high-performance fiber. Tapering the fiber to the small radius (around

1 µm) can help us to fulfill the core radius and NA requirements for highly efficient

coupling. In general, in tapered fiber, the transmission from the untapered part

of the fiber to the tip can be very high (more than 95%) in a single-mode fiber.

Considering the backward propagation, if the small fiber tip (1 µm radius) provides

multimode, only light coupled to the fundamental mode will be transmitted back

into the untapered fiber (as this fiber is indeed single mode), once again with 95%

efficiency. For multimode fiber, it is possible to have a high forward transmission in

case one excites approximately the fundamental mode of the fiber. However, very

high-order modes, whose effective index is close to the cladding index, are most

likely to be lost along the tapered region. Now, considering backward propagation,

in case we make the taper long enough, there is indeed a chance that not only the

fundamental mode but also some high-order modes will be transmitted back to the

multimode fiber.

However, tapering commercial fibers can be challenging due to the depressed

cladding index profile and double-cladding structure of the fiber. The depressed

cladding index profile is not usually a concern when the fiber is used in a traditional

way (not tapered). However, when the fiber is tapered, the double-cladding structure

at the fiber tip creates new optical modes, making it more difficult for light to

propagate adiabatically to the fiber core. Achieving an adiabatic transition, in this

case, may require impractically long tapering lengths of over a few centimeters.

Furthermore, commercial fibers with a pure silica core typically have a cladding of

fluorine-doped (f-doped) silica. When such fibers are tapered, the cladding material

forms the tapered part, and this can lead to auto-fluorescence. However, as discussed

earlier, this effect can be suppressed by bleaching the doped molecules with high

laser power.

Overall, tapering commercial fibers requires careful consideration of these and

other factors to achieve the desired results. It may be necessary to experiment

with different tapering parameters and techniques to find the best approach for a

particular application.
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Chapter 6

Outlook: Fiber-based planar

antenna sensor

Our current theoretical and experimental advancements have paved the way for the

development of a fiber-based sensor utilizing the planar Yagi–Uda antenna. This

technology offers highly efficient excitation and collection capabilities, enabling the

detection of single molecules through fiber optics. In this chapter, we first explore

the excitation and collection of fluorescent beads using a conventional high NA fiber,

as well as the issue of auto-fluorescence in core-doped fibers. We then discuss various

experimental methods and fiber designs that can enhance the signal-to-noise ratio

(SNR) of the fiber. Finally, we introduce a raster scanning approach utilizing a fiber-

based planar antenna, which can function as a lensless microscope for fluorescence

imaging.

6.1 Excitation and collection with objectives and fibers

As explained in Sec. 5.3, having a fiber with high NA, low core diameter, and low

auto-fluorescence in the range of UV-VIS wavelength is challenging. Unfortunately,

such a solid core and cladding fiber are not commercially available. In general,

the existing fibers either have a high auto-fluorescence or low NA, which reduces

the SNR or collection efficiency, respectively. Moreover, adding a gold-coated facet

makes the excitation more inefficient due to the high reflection of a gold film and

provides more background noise, which causes poor SNR.

By modifying the experimental setup as shown in Fig. 6.1 we are able to mea-

sure the emission of fluorescent beads (ThermoFisher, 0.04 µm, dark red fluorescent

660/680) and the auto-fluorescence of the fiber with a high NA objective (Zeiss 0.95

NA air objective) and a single mode fiber (Thorlabs UHNA3) in different configu-

rations. Here, we use a pulsed laser with a fixed 637 nm wavelength (TOPTICA,
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Figure 6.1: Excitation and emission with objective and optical fiber. The laser
light is divided into two paths by a polarized beam splitter (PBS), where one path is coupled
into the objective and the other one coupled into the fiber. This structure enables us to
excite or collect with the objective or the fiber. Collimator (Col.), 90:10 beam splitter (BS),
half-wave plate (HWP), and long-pass filters (LP) with the cutoff at 675 nm.

Femtofiber Pro tunable laser) and the previously described setup (Fig.4.7). In this

experiment, the sample is excited through the fiber or objective, and the emission

light is also collected by the fiber or the objective in 4 different configurations: 1.

objective excitation and objective collection. 2. Objective excitation and fiber col-

lection. 3. Fiber excitation and objective collection, and 4. Fiber excitation and

fiber collection.

Figure 6.2 compares the detection of a fluorescent bead measured with the setup

in Fig. 6.1 for different conditions. Here, in all measurements, the sample is raster

scanned with the step size of 200 nm, while the position of the fiber and the objective

is fixed. In Fig. 6.2(a)-(b), the bead is excited with the objective, and its emission is

also collected via the same objective (inverted microscope configuration). The only

difference between Fig. 6.2(a) and (b) is the fiber position. In Fig. 6.2(a), the fiber

is completely retracted and located far from the sample. However, in Fig. 6.2(b),

the fiber is in the vicinity of the bead (∼800 nm above the glass coverslip). The

presence of the fiber provides high background due to the auto-fluorescence of the

fiber, and as a result, the SNR changes from 17.7 in Fig. 6.2(a) to 1.6 in Fig. 6.2(b).

Figure 6.2(c),(d) represent the excitation through the objective and collection

with the fiber. The excitation power before the microscope in Fig. 6.2(c) is 320 nW,

and the SNR is around 1.2. By increasing the excitation power to 6.5 µW in
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Figure 6.2: Different possibilities of excitation and collection with the fiber and
the objective. Excitation and emission collection of a fluorescent bead (a) when the
optical fiber (UHNA3) is far away from the sample and (b) when the fiber is 800 nm above
the glass coverslip substrate. In both cases, the excitation power is 320 nW before the
entrance of the microscope. In (c) and (d), the beads are excited through the objective with
320 nW and 6.5 µW power, respectively. The emitted light is collected with the fiber. (e)
and (f) show the excitation through the fiber and collection with the objective for 6.5 µW
and 70 µW excitation power, respectively. In (g) and (h), both excitation and collection
are through the fiber and with excitation powers of 6.5 µW and 70 µW, respectively. In
all measurements, the laser wavelength is fixed at 640 nm, and for a better understanding
of the figures, the method of excitation and emission is shown in separate boxes.

Fig. 6.2(d), the SNR slightly increases and is equal to 1.3.

When the sample is excited through the fiber, whether the fluorescence signal is

collected by the objective or the fiber itself (Fig. 6.2(e)-(h)), the background of the

fiber is dominant due to auto-fluorescence. As a result, detection of the beads is not

possible even with high excitation power due to poor SNR (Fig. 6.2(f,h)).

It is important to highlight that the distance between the fiber and the coverslip

is around 800 nm in the closest distance, which is 5 fold larger than the antenna

distance. The reason is we use an unetched fiber, which has a 125 µm tip diameter.

As described before, a small tilt prevents the central part of such a fiber from

reaching effective reflector-director distances. However, as it is presented in Fig. 5.9,

the collection efficiency by a fiber without a director is almost constant when the

distance changes. If the distance is in the antenna configuration range, then the

raster scanning is challenging due to the system vibration and the probability of

collision between the fiber and the substrate. This issue is further explained in
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Sec. 6.5.

6.2 Single molecule detection using time tagging and FLIM

The results of the previous section clearly demonstrate that excitation of the sample

through a core-doped fiber causes a very poor SNR. If the emission range of the

fiber’s auto-fluorescence does not overlap with the sample, it can be easily blocked

by an optical bandpass filer. However, mostly the auto-fluorescence has a broad

spectrum, and it is not easy to suppress it (see Sec. 5.4).

One method to overcome this problem is using the time tagging signal. With a

time tagging signal, one can modify the detection scheme such that the detectors only

collect photons in a specific time interval. This helps us to ignore auto-fluorescence

photons, which have longer or shorter lifetimes than the fluorescence signal from our

sample. However, if the dopant or impurity in the fiber has a lifetime close to the

sample it is again difficult to distinguish them.

Another method is using deconvolution in signal post-processing. This method

distinguishes the signal from the background (as mentioned in Sec. 4.2) and can

be used in fluorescent lifetime imaging microscopy (FLIM) when the sample is

raster scanned. However, this method also highly depends on the lifetime of dopant

molecules inside the fiber and the doping concentration. Moreover, measuring the

lifetime is normally far slower than measuring only the intensity, which turns this

method into a slow way of detection, especially in biosensing.

Using optical fibers with pure silica core, which have a lower auto-fluorescent

background, can enhance SNR. On the other hand, these fibers normally have lower

NA. As mentioned in Sec. 5.3, they have low collection efficiencies (around 16% for

0.17 NA), which can be problematic in sensing a weak signal.

6.3 Excitation via objective

As mentioned earlier, auto-fluorescence is a common issue when using fiber excita-

tion in samples. To overcome this problem, a practical approach is to use a partially

transparent reflector and excite the molecules with the microscope objective, rather

than the fiber, thereby reducing fiber auto-fluorescence (Fig. 6.3(a)). The reflec-

tor with 50 nm gold thickness has 2% transparency, which is enough to excite a

molecule on top. As previously stated, a thicker layer of gold also exhibits reduced

auto-fluorescence.

The surface plasmon polariton effect represents an alternative approach for ex-

citing the molecules located below the fiber tip, as shown in Fig. 6.3(b). In this

method, the focusing light on the gold stripes generates SPP, which can excite the
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Figure 6.3: Fiber-based planar antenna with external molecule excitation. (a)
Excitation of fluorescent molecules through a partially transparent reflector (e.g., 50 nm
thick gold with 2% transparency) using an inverted microscope objective. (b) SPP excita-
tion of the molecules using gold stripes and tilted objective.

molecule under the fiber. Afterward, fiber can collect the emission without any

auto-fluorescence caused by a high-power excitation light. It is worth mentioning

that due to the small distance between the reflector and the director, it is impossible

to excite the molecules between them with high-angled excitation.

However, excitation with objective causes more complexity and cost to the setup,

but if one uses surface plasmon polariton as mentioned in Fig. 6.3(b), there is no

need for high-quality objective or well-focused light.

6.4 Designing high-NA fiber

The possibility to fabricate custom fibers is essential to obtain fiber-based antennas

with the highest collection efficiency. Our collaborator at Max Planck Institute for

the Science of Light (MPL) fabricates single-mode fibers with high NA and a small

fiber tip by tapering a commercial fiber.

A single mode fiber (Newport F-SM1500SC-7/125) with a mode field diameter of

6.7 µm at 1550 nm is tapered down to 2 µm diameter at the fiber tip. The tapered

part is about 2 cm long. However, in our work, the spectral range is in VIS-NIR;

this fiber still counts as a single-mode fiber. After tapering, the fiber should be cut

with FIB. Therefore, it should be coated with a conducting surface (gold) for FIB

milling (some FIB devices work with a dielectric material as well). Although we were

unable to continue the process due to technical difficulties and timing constraints,

it is still feasible to produce a high-quality fiber.

One of the difficulties is, since the core and the cladding merge together in the

tapered part of the fiber, the light can easily couple into the thin gold surface on

the fiber and dissipate immediately. To overcome this, one can cover the fiber tip

by dipping it into the liquid PVA (Polyvinyl alcohol) to form a thin soluble layer.
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(a) (b)

Figure 6.4: Photonic crystal cladding fiber with protruding solid core. (a) Optical
fiber with circular photonic crystal cladding structure. The holes in the cladding can have
any shape as long as they provide a single-mode fiber with high NA. (b) The image of the
protruded core fiber.

Afterward, coat the fiber tip with gold and mill the tip to the desired tip diameter

with FIB (as explained for gold wire). Then, again coat the tip of the fiber with

titanium and gold to form the director layer, and in the end, remove gold around

the tip with a solvent (e.g., water).

Another type of fiber that meets the requirements of a fiber-based Yagi–Uda

antenna is the photonic crystal air-cladding fibers (Fig. 6.4). In this fiber, the core

protrudes from the cladding, which has the advantage of positioning the fiber in the

antenna range (∼100 nm distance from the sample) without etching or tapering the

fiber. Moreover, this fiber has very high NA (more than 0.8) [170,187]

This type of fiber also has the same gold coating problem and needs the same

treatment. However, since the protruded core is small, one can cover the tip with

a polymer, polish the tip, coat the tip of the core, and remove the residual gold

afterward (Fig. 6.5)

core
coating with polymer Polishing Ti and Au coating Remove polymer

Fiber

Figure 6.5: Coating process of photonic crystal fiber. The coating process of photonic
crystal fiber’s protruding core with Au. The tip of the fiber is first coated with a polymer
(e.g., PVA) such that the protruded core is fully covered. Then the surface is polished till
the core is flat and out of polymer. The fiber is coated with Ti and Au in the next step,
and finally, the residual gold is removed by dissolving the polymer.
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6.5 Raster scanning of the sample

Detecting a small number of fluorophores in the antenna configuration, whether with

objective or fiber, needs a raster scanning technique (Sec. 4.2). The main reason is

the small excitation area of the sample. To have an image of the sample and know

the position of each molecule, one should scan the whole area step-wise. However,

due to mechanical vibrations of the fiber (or wire), keeping the reflector-director

distance in the optimal position is difficult. Besides, since this distance is tens of

nanometers, it is possible that the fiber contacts with a part of the sample (especially

if the peak-to-peak roughness of the sample is higher than the antenna distance)

and either moves the sample or breaks the fiber tip.

Therefore, a practical approach is to scan in z-axis with the fiber at each xy

position while the sample is raster scanned. In this technique, the fiber moves

toward the sample until it contacts the sample and then retracts. The data was

collected in both directions. After that, the sample moves one step in the lateral

surface using a piezo or motorized stage, and the fiber moves towards the sample

again. One could use a tuning fork or an external focused light on the reflector to

understand the collision point. When they are in contact, the laser is defocused

due to pressure from the fiber. Furthermore, by measuring the lifetime at each

point, we can deconvolve the auto-fluorescence background from the fiber by double

exponential fitting.

The piezo stack positioner reacts very fast to the applied voltage. Therefore, to

avoid long-run measurement, one can write a more efficient program to connect piezo

positioners and the APDs using external triggers. This will speed up the experiment

and avoid photobleaching of the molecules. This type of lensless microscope has the

potential to detect a single fluorescence molecule and helps scientists to determine

disease in its early stages.
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Chapter 7

Summary and conclusion

Fluorescence detection has emerged as an indispensable tool in the field of biology

due to its ability to identify and quantify target molecules with high sensitivity and

specificity. This has led to the development of high-performance diagnostic tools

that are critical for delivering accurate and timely results in the healthcare system.

Despite its utility, the high-performance fluorescence microscope is characterized by

its bulky size and high cost. This poses a significant challenge for its adoption and

integration into routine clinical practice, particularly in resource-limited settings.

To address this challenge, there have been efforts to miniaturize fluorescence

detection technologies. However, downsizing the microscope can lead to decreased

sensitivity, lower resolution, and limited detection capabilities, which can compro-

mise its performance. Therefore, achieving a balance between size and performance

is crucial in designing next-generation fluorescence detection technologies.

The focus of this work is to build and characterize a compact and sensitive

fluorescence detection system, ideally down to a single molecule detection. A crit-

ical factor in measuring biological samples is the biocompatibility of the detection

system. Therefore, to prevent the organic samples from drying out during the mea-

surement, the proposed system should operate in fluid media. To address this, we

introduce and demonstrate a planar optical antenna that enables large sensitivity

in reading out dye-labeled bioassays with uncomplicated optics. The key innovation

in photonics is the replacement of bulk optics with a photonic chip and a sensor

head that utilizes the Yagi–Uda planar antenna concept. This system consists of

the fluorescence sample, which is embedded between a reflector and a director el-

ement made of metal. Together, they direct fluorescence toward the sensor head,

enhancing the limits of detection and improving excitation and emission when the

metal surfaces are at the right distance (antenna resonance).

To characterize such a system, we consider the collected power and radiation

pattern of the emitted light in relation to the distance between the reflector and
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the director. To accomplish this, we employ a fluorescence bead as an emitter and

measure the radiated power and emission pattern using the back focal plane imaging

technique. Our findings indicate that the emitted light exhibits directionality ( 45°)
when the reflector-director distance is at resonance and that the fluorescence power

is enhanced 2-3 fold compared to beads emitted on glass coverslips.

Moreover, we translate these findings into a fluorescence-based molecular assay

for in-vitro diagnostics. Here, we immobilize ATTO-647N labeled dsDNA molecules

with different concentrations in a planar antenna with T50 buffer as an active

medium. The results of the directionality and decay rates are similar to the bead

measurement. The limitation of our antenna is the detection of 1 nM sample con-

centration, which corresponds to less than 10 ATTO-647N labeled dsDNA molecules

in the focal area. It should also be recalled that the gold auto-fluorescence is the

main reason for such a limitation, and it can be largely suppressed by better antenna

fabrication.

After reaching the proof of concept, we focus on designing a compact and portable

system without requiring the conventional optical microscope. Therefore, we inte-

grate the optical readout functionalities in a low-cost disposable unit by replacing

the director with a gold-coated fiber tip. In this configuration, the molecule can be

excited through the fiber, and the emission will be coupled into the same fiber af-

terward. A conventional method to couple laser light (excitation) into a fiber is the

free-space fiber coupling, in which a lens coupler focuses the Gaussian beam laser.

We derive analytical expressions for a focused Gaussian beam in the paraxial ap-

proximation, considering the lens filling factor. The results determine a broadening

of the focal spot in a small lens filling factor, which reduces the coupling efficiency

of the laser into a fiber with a core size smaller than the focal spot. In theory, the

coupling efficiency of a horizontal dipole into a custom fiber is around 70% of the

total emitted power. This coupling is 106% of the dipole emission in free space.

Exceeding 100% is due to the Purcell enhancement of the molecules in the antenna

setup. The coupling efficiency will scale by a factor of 2/3 for emitters with random

orientation.

Although the theoretical results are very promising, working with fiber has some

challenges, such as auto-fluorescence of the fiber, difficulty in alignment, and fiber

manufacturing with special characterizations. We also propose potential methods

to overcome these problems as an outlook of the project.

The proposed approach employs a fluorescence detection system, which is highly

suitable for the detection of fluorophores in bioassays. By bundling such fibers, the

sample can be imaged with a high resolution comparable to the diameter of the

fibers.

In addition, the combination of a photo-stable single photon emitter, such as the
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NV center, with a fiber-based planar Yagi–Uda antenna offers an efficient approach

for designing single-photon sources. Such a system can significantly enhance spec-

troscopy systems have potential applications in fields such as quantum cryptography,

quantum key distribution, and quantum sensing.
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[18] W. Chen, Ş. Kaya Özdemir, G. Zhao, J. Wiersig, and L. Yang, “Exceptional

points enhance sensing in an optical microcavity,” Nature, vol. 548, no. 7666,

pp. 192–196, 2017. (Cited on page 2)

[19] T. H. Taminiau, F. D. Stefani, and N. F. van Hulst, “Enhanced directional

excitation and emission of single emitters by a nano-optical yagi-uda antenna,”

Optics Express, vol. 16, no. 14, pp. 10858–10866, 2008. (Cited on pages 2 and 47)

[20] S. Lobanov, T. Weiss, D. Dregely, H. Giessen, N. Gippius, and S. Tikhodeev,

“Emission properties of an oscillating point dipole from a gold yagi-uda

nanoantenna array,” Physical Review B, vol. 85, no. 15, p. 155137, 2012. (Cited

on page 2)

[21] L. Novotny and N. Van Hulst, “Antennas for light,” Nature Photonics, vol. 5,

no. 2, pp. 83–90, 2011. (Cited on pages 2, 30 and 67)

[22] S. Checcucci, P. Lombardi, S. Rizvi, F. Sgrignuoli, N. Gruhler, F. B. Dieleman,

F. S. Cataliotti, W. H. Pernice, M. Agio, and C. Toninelli, “Beaming light

from a quantum emitter with a planar optical antenna,” Light: Science &

131



BIBLIOGRAPHY

Applications, vol. 6, no. 4, pp. e16245–e16245, 2017. (Cited on pages 2, 37, 39, 46,

47, 54, 67, 69, 77, 97, 98, 99, 102 and 105)

[23] H. Galal, A. M. Flatae, S. Lagomarsino, G. Schulte, C. Wild, E. Wörner,

N. Gelli, S. Sciortino, H. Schönherr, L. Giuntini, et al., “Highly efficient light

extraction and directional emission from diamond color centers using planar

yagi-uda antennas,” arXiv preprint arXiv:1905.03363, 2019. (Cited on pages 2

and 46)

[24] N. Soltani, E. R. Esfahany, S. I. Druzhinin, G. Schulte, J. Müller, B. Butz,

H. Schönherr, M. Agio, and N. Markešević, “Biosensing with a scanning planar
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