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PREFACE

This thesis was developed within my stay at CIC nanoGUNE, San Sebastian, which

was supported by the Erasmus+ project. The aim of my work at CIC nanoGUNE

was to contribute to the PETER project (Plasmon Enhanced Terahertz Electron

paramagnetic Resonance), funded by the Future and Emerging Technologies (FET

Open) section of the Horizon 2020, which is the biggest of the EU Research and Inno-

vation programmes, supporting the early-staged scientific research of ideas towards

new technologies. The main goal of the PETER project is to combine plasmonic

field enhancement at THz frequencies with electron paramagnetic resonance (EPR),

in order to introduce a novel method for the characterization of the paramagnetic

substances. To that end, the highly enhanced magnetic component of the electro-

magnetic field provided by plasmonic diabolo antennas will enable to conduct EPR

measurements with enhanced sensitivity and unprecedented spatial resolution [1].

The presented thesis deals with the initial steps of the PETER project and

describes the main outcomes of the work I have done within five months of my

six-month stay at CIC nanoGUNE. This was mainly focused on the plasmonic

part of the project, specifically on the fabrication of micro-scale plasmonic diabolo

antennas via direct laser writing and the characterization of these antennas by the

means of terahertz time domain spectroscopy (THz-TDS).
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1 INTRODUCTION

Based on interaction processes between electromagnetic (EM) radiation and conduc-

tion electrons at metallic interfaces, a new branch in the field of nanophotonics has

been formed, called plasmonics [2,3]. Among others, plasmonics is mainly interested

in two types of quasiparticles: surface plasmon polaritons (SPP) and localized sur-

face plasmon polaritons (LSPP).

SPP is an interaction of the surface plasmon (collective oscillation of the charge

density at metal-dielectric interface) with a photon [4]. Experimentally, effects cor-

responding to SPPs have been observed since the beginning of 20th century, first as

unexpected decrease in intensity of light reflected from metallic gratings by Wood [5].

Explanation of this concern was given by Ritchie et al. in 1968, stating that the exis-

tence of collective oscillations of conduction electrons is the responsible element [6].

LSPPs represent the interactions of collective electron oscillations with photons,

localized and bounded to a metallic structure. Historically, the first appearance of

the effects caused by LSPPs are dated back to the Roman era. The glass in the

Lycurgus cup contains silver and gold colloidal nanoparticles which causes this cup

to appear in two different colors, distinguishable when observed in the transmitted

or the reflected light [7]. More commonly, the use of the nanoparticles can be seen

in church windows, as metallic nanoparticles have been used for staining of glass

troughout past eras. The concept of LSPPs has been in theory demonstrated by

Mie in 1908 [8]. The fundamental principles of the field of plasmonics, devoted

mostly to the description of these two quasiparticles, are discussed in chapter 2.

Nowadays, plasmonic structures find application in various fields: optoelectron-

ics [9], data storage [10], photovoltaics [11], ... and spectroscopy, namely the use

in Surface-Enhanced Infrared Absorption Spectroscopy SEIRA [12,13] and Surface-

Enhanced Raman Scattering SERS [14, 15] as means for biosensing is progressive.

The key-attribute of a plasmonic structure is the enhancement of the EM field in

its surroundings [16] and the confinement of EM radiation below sub-wavelength

dimensions [17]. However, both mentioned properties are conditioned by the reso-

nance of the LSPP occuring in the structure. To yield a plasmonic structure with a

specific resonance wavelength, all its physical attributes need to be thought trough,

as the dimensions and materials used within the structure and its substrate define

the spectral position of the resonance in the EM spectrum. The shape of the an-

tenna also affects the resonance, inspiring further research of nanorods [13, 15, 18],

nanotriangles [19,20], nanodiscs [12,21] or three-dimensional nanostructures [14,22].

Majority of the previously mentioned experiments refers to the visible and in-

frared region of the EM spectrum. The reasons for that are natural, visible light and

its properties are investigated by mankind since the ancient times, as it is the only
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part of EM spectrum percievable by the naked eye. Current research in this topic is

concerned with stealth technologies [23], fabrication of biomimetric structures [24]

or anticounterfeiting features [25]. On the other hand, infrared region allows non-

destructive targetting of unique vibrational fingerprints of numerous molecules [26].

Most of the research is therefore devoted to developing various nanostructured sur-

faces enabling the enhanced sensing of molecules [27,28], and even portable devices

serving those purposes [29,30]. Infrared frequencies also find applications in waveg-

uides or in photovoltaic cells [31–33].

Recently, the field of research in the terahertz (THz = 1012 Hz) region expands,

as this region of EM spectrum offers nondestructive and nonionizing radiation suit-

able for medical and biological applications [34, 35]. Many materials have their

fingerprint-like spectra in this spectral region, which makes the THz frequencies

suitable for sensing and detection purposes [36–38]. The emerging characterization

method of paramagnetic substances within the THz frequency region is researched

within the PETER project, as mentioned in the Preface. The presented thesis aims

to contribute to this project and therefore, topics related to the project framework

form the core of this thesis.

Chapters 3 and 4 are devoted to the description of the done experimental work.

First, chapter 3 provides detailed technical information about the tool used for THz

time domain spectroscopy (THz-TDS). As this instrument has been designed for

different purposes, a thorough analysis of the tool is provided to facilitate the work

of others willing to use this setup for THz-TDS. Datasets yielded from the mea-

surement require processing in order to provide information about the plasmonic

resonances of the measured structures. The used processing methods are discussed

at the end of chapter 3. Within the chapter 4, the fabrication process of the an-

tennas is described, along with the optimalization steps, which were taken in order

to achieve diabolo antennas of high quality, with resonances within the (0.2 − 1.4)

THz region. The results of the antenna fabrication are presented, accompanied by

an analysis of the preparation method accuracy.

The final chapter is focused on the results and presents the influence of several

attributes of the fabricated antennas on the plasmonic resonances measured by THz-

TDS. First, the impact of the substrate and antenna separation on the resonance

peak position and magnitude is shown, followed by the study of diabolo antenna

size influence on the resonant wavelength. A linear dependence has been derived

from the experimental results, which can serve for accurate fabrication of diabolo

antennas with specified resonance wavelength. Lastly, a summary of all the done

work is provided in Conclusions.
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2 BASICS OF PLASMONICS

Once a metallic structure is exposed to electromagnetic radiation of a specific fre-

quency, the electromagnetic field in its close proximity is enhanced. In this chapter,

the fundamental theoretic background corresponding to this phenomena will be ex-

plained.

2.1 Optical properties of metals

By the term optical properties of materials, usually the responses of materials to-

wards the electromagnetic field are meant. These are expressed in a form of the

complex dielectric function:

𝜀(𝜔) = 𝜀′(𝜔) + i𝜀′′(𝜔), (1)

where 𝜀′(𝜔) and 𝜀′′(𝜔) correspond to its real and imaginary part, respectively, de-

pendent on 𝜔, the frequency of the EM wave. Commonly, plasmonic structures

are fabricated out of semiconductors with high free charge carrier concentration or

metals, the latter being the case of this thesis. Hence, the dielectric function used

for description of metals is introduced in the following.

2.1.1 Dielectric function of the Drude-metal

The Drude model of a metal, often reffered to as a plasma model, is based on the

assumption of free electron gas moving against the fixed positive ion core background.

The electrons are affected by an external electric field E, which forces them to

oscillate. However, their motion is damped – the model accounts for the electron

collisions occuring in the material with a collision frequency 𝛾 = 1/𝜏 . The mean

relaxation time 𝜏 of the electrons in metal is usually ∼ 10−14 at room temperature.

According to the second Newton law, the motion equation of a Drude-electron is:

𝑚ẍ + 𝑚𝛾ẋ = −𝑒E, (2)

where 𝑚 represents the electron mass, ẍ and ẋ represent the acceleration and the

velocity of the electron, respectively, and −𝑒 corresponds to the charge of an electron.

Solving this equation with the assumption of harmonic external electric field E leads

to:

x(𝑡) =
𝑒

𝑚(𝜔2 + i𝛾𝜔)
E(𝑡). (3)

This can be used to derive the polarization P, occuring as the electrons (electron

concentration denoted as 𝑛𝑒) move against the positive ion cores:

P = −𝑛𝑒x = − 𝑛𝑒𝑒
2

𝑚(𝜔2 + i𝛾𝜔)
E. (4)
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Taking into account the material relationships among the electric field induction

D, the electric field intensity and polarization: D = 𝜀0E + P and D = 𝜀0𝜀E, the

dielectric function of metals according to Drude model can be expressed as:

𝜀(𝜔) = 1 −
𝜔2
𝑝

𝜔2 + i𝛾𝜔
, (5)

where 𝜔𝑝 = (𝑛𝑒𝑒
2/𝜀0𝑚)1/2 is the plasma frequency of the free electron gas.

2.2 Surface plasmon polariton

A surface plasmon polariton (SPP) is a longitudinal oscillation of the charge at the

interface of a metal and a dielectric, caused by a collective reaction of the electrons

to an external factor, such as an electromagnetic wave or a different electron. To

introduce this problem, a simple geometry will be used: a linear interface between

dielectric and metal semiinfinite spaces, as suggested in Fig. 1. The derivation of

the conditions, which need to be fulfilled in order to enable the existence of a SPP

is thoroughly described in [2, 3, 7]. Therefore, this work will present only the main

outcomes regarding the surface plasmon polariton theory.

y x

z

By Ex

Ez
longitudinal surface wave

dielectric, εd 

metal, εm 

e-k zd

ek  zm

z

|E|

Fig. 1: Surface plasmon polariton on the interface between a dielectric and a metal.

The fact that SPP are bounded to the dielectric-metal interface is in conflict

with the TE (transverse electric or s-) polarization of the SPP. Hence, only the TM

(transverse magnetic or p-) polarization of the SPP can exist, with three nonzero

field components: 𝐻𝑦, 𝐸𝑥 and 𝐸𝑧 (shown in Fig. 1 and described in the Table 2.1).

The TM polarization is governed by the TM wave equation:

𝜕2𝐻𝑦

𝜕2𝑧
+
(︀
𝑘2
0𝜀− 𝛽2

)︀
𝐻𝑦 = 0, (6)

where 𝑘0 = 𝜔/𝑐 is the wave vector of the EM wave propagating in vacuum and 𝛽

is the propagation constant of the SPP, basically the 𝑥-component of the SPP wave

vector, 𝑐 representing the speed of light in vacuum.
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Field components in the dielectric (𝑧 > 0) Field components in the metal (𝑧 < 0)

𝐻𝑦(𝑧) = ei𝛽𝑥e−𝑘d𝑧 𝐻𝑦(𝑧) = ei𝛽𝑥e𝑘m𝑧

𝐸𝑥(𝑧) = i
𝑘d

𝜔𝜀0𝜀d
ei𝛽𝑥e−𝑘d𝑧 𝐸𝑥(𝑧) = −i

𝑘m
𝜔𝜀0𝜀m

ei𝛽𝑥e𝑘m𝑧

𝐸𝑧(𝑧) = − 𝛽

𝜔𝜀0𝜀d
ei𝛽𝑥e−𝑘d𝑧 𝐸𝑥(𝑧) = − 𝑘m

𝜔𝜀0𝜀m
ei𝛽𝑥e𝑘m𝑧

Tab. 2.1: Nonzero components of the EM field in the TM polarisation, 𝑘𝑑 and 𝑘𝑚 denote

those components of the SPP wave vector in the dielectric and the metal, respectively,

which are perpendicular to the interface of the two media. The exponential damping of

the electric field along the 𝑧-direction is shown in Fig. 1 with purple graph.

As the continuity of the field components at the interface must be preserved,

three conditions for the SPP wave vector components arise when the respective

magetic field components are inserted into (6):

𝑘𝑑
𝑘𝑚

= − 𝜀𝑑
𝜀𝑚

, (7a)

𝑘2
𝑑 = 𝛽2 − 𝑘2

0𝜀𝑑, (7b)

𝑘2
𝑚 = 𝛽2 − 𝑘2

0𝜀𝑚. (7c)

Equations stated in (7), when combined, lead to the dispersion relation of a SPP:

𝛽 = 𝑘0

√︂
𝜀𝑑 · 𝜀𝑚
𝜀𝑑 + 𝜀𝑚

. (8)

Considering real propagation vector 𝛽 and real wavevector 𝑘0, the equation (8)

demands the 𝜀𝑚 < −𝜀𝑑. Hence, SPP occurs only at the interface of materials with

opposite signed dielectric function, such as a metal and a dielectric. Inserting the

model of dielectric function of a metal with neglected damping factor (eq. (5) with

𝛾 = 0) into (8) introduces a limit SPP frequency:

𝜔𝑆𝑃𝑃 =
𝜔√

1 + 𝜀𝑑
. (9)

Based on the equation (8), another important outcome can be derived. The SPP

propagation factor can be expressed as:

𝛽 =
2𝜋

𝜆
𝑛eff , (10)

where 𝜆 represents the wavelength of the initial EM wave and

𝑛eff =

√︂
𝜀𝑑 · 𝜀𝑚
𝜀𝑑 + 𝜀𝑚

(11)

is the effective refractive index. As it includes both the dielectric functions of the

dielectric and the metal acting at the interface, it may be considered one of the

characteristics of optical properties arising at the dielectric-metal interface.
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2.3 Localised surface plasmon polariton

Fig. 1 depicts the propagation of a SPP along the infinite metal-dielectric interface.

However, when SPP occurs in finite-sized metallic structure, the propagation of the

wave is limited by the structure boundaries. As the SPP is localised in the plasmonic

structure, the name localised surface plasmon polariton (LSPP) is commonly used

for description of this phenomenon. However, the term LSPP resonance should be

reserved only for the resonances occuring in sub-wavelength-sized particles at the

Fröhlich frequency, 𝜔𝐹 = 𝜔𝑝(1 + 2𝜀𝑑)
−1/2 [3] and the term Fabry-Perot resonances

should be used instead. As the opinions on this subject vary across the scientific

community, the expression LSPP will be used to describe the spatially restricted

SPP within this thesis on behalf of the author.

In special cases, when the wavelength of the initial EM wave 𝜆 = 𝑗𝐿, with 𝑗

being a positive integer, a “stationary wave” is formed at the surface, resulting into a

resonance of the LSPP. However, the wavelength which supports the LSPP resonance

in a plasmonic structure is also affected by the materials forming the structure and

its dielectric environment, as introduced with SPP. This can be described by the

effective refractive index identified in (11). To summarize, different resonance modes

of the LSPP can be distinguished, given by the resonance wavelength:

𝜆res,𝑗 =
2𝐿𝑛eff

𝑗
. (12)

The resonance of the LSPP gives rise to the enhancement of the EM field in the metal-

lic structure and its close surroundings. Based on the similarity with radio-antennas,

plasmonic structures are often reffered to as plasmonic antennas. Antennas at non-

resonant wavelengths support the enhancement of the EM field only partially – the

smaller is the difference between the actual and the resonance wavelength of a struc-

ture, the greater is the EM field enhancement. This originates in the destructive

interference of the induced fields, dwelling in the ability of the surface wave to

propagate and oscillate at the antenna-dielectric interface. The enhancement of the

electric and magnetic field by a rod-shaped plasmonic antenna supporting the LSPP

resonance at 𝑗 = 1 is depicted in Fig. 2A) by purple and green lines, respecively.

This work deals with fabrication and characterization of diabolo-shaped antennas.

The diabolo shape has been chosen as it gradually compresses the width of a rod-

shaped antenna, eventually creating a bridge in the middle. The spatial confinement

results in high current density within the created bridge, compare the grey lines in

panels A) and B) of Fig. 2. As described by the Ampère circuital law, the current

density affects the induced magnetic field. Hence, the increase of the current density

in the antenna’s bridge area supports great enhancement of the magnetic field around

8
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Ez

LA) B)

Fig. 2: Localised surface plasmon polariton – resonances. A) Rod-shaped dipole antenna.

B) Diabolo shaped dipole antenna. The electric field lines are marked with purple (left

out in panel B) for clarity), magnetic field lines with green. Grey lines indicate the electric

current within the antennas.

it. A simulation of the field enhancement by a diabolo antenna resonant around

150 µm is shown in Fig. 3. Panel A) shows the relative electric field enhancement,

most significant at the ends of the antenna wings. This is understandable, as the

LSPPs have zero velocity at the ends of the antenna, as they need to turn to opposite

direction in order to propagate along the antenna-dielectric interface. On the other

hand, panel B) in the Fig. 3 shows the enhancement of the magnetic field. As

stated afore, this is the result of the high current density in the antenna bridge. The

great enhancement of the magnetic fields is one of the reasons for using the diabolo

antennas within the PETER project.

A) B)

Fig. 3: FDTD simulations of a diabolo antenna supporting a LSPP resonance. A) Electric

and B) magnetic field distributed around the resonant diabolo antenna. Adapted from [39].
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3 THz SPECTROSCOPY

The terahertz (THz, Tera = 1012) region of EM spectrum supports the radiation-

matter interactions of wide variety in the fields of physics, biology and chemistry [36].

Its position in the EM spectrum covers the frequencies between infrared and mi-

crowave radiation, hence the range of these frequencies is commonly referred to as

the THz gap, see Fig. 4. The characteristic energy of THz radiation ranges in units

to tens of meV, corresponding to the events with durations of picoseconds. This en-

ables the utilization of the THz frequencies in examination of biological samples for

medical causes [35], quality control of groceries [34], detection of potentially danger-

ous substances such as illicit drugs or explosives [40,41] and allows the development

in researching excitons, bonds of molecular crystals [42] or free charge plasma [43].

THz

106 109 1012 1015 1018 1021

100 10-3 10-6 10-9 10-12

10-6 10-3 100 103 106

IR X-raysVISradio micro UV

Hz

m

eV

Fig. 4: A diagram of the electromagnetic spectrum.

Spectroscopy is a technique of various substances characterization, which studies

the absorption/emission of EM radiation by the sample as a function of the wave-

length 𝜆 of the applied radiation. A spectroscopic measurement can be performed

in two different ways, using the space- or time-domain separations of the incoming

signals.

The terahertz time domain spectroscopy (THz-TDS) has been used within this

thesis in the THz frequency range. Fig. 5A) shows an experimental setup for THz-

TDS in a reflection geometry. A femtosecond (femto = 1015) laser pulse is sent

towards the beam splitter, which divides it in two equal beams, the generating beam

and the detecting beam. The generating beam serves for the optical excitation of

photoconductive dipole antennas, which act as a THz radiation emitter. The THz

beam is sent onto a sample and the reflected radiation follows towards the detector.

The detection of the THz field is done by photoconductive sampling in an antenna

within the detector, meaning that the detector needs to be “activated” by the pulse

coming within the detection beam in order to record the amplitude and phase of the

sample-reflected radiation. By the detection of the THz field for differently time-

delayed points (realized by the change of optical path within the delay stage), an
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interferogram is formed.

A typical example of the data acquired with time domain spectroscopy (TDS) is

depicted in Fig. 5B)-D), which shows the THz-TDS measurement of lactose mono-

hydrate, substance resonant at 0.3 and 0.5 THz. Fig. 5B) shows an interferogram

measured with the THz-TDS setup. Using the Fourier transform, this information is

converted to a spectral dependence of the measured radiation intensity, see Fig. 5C).

To evaluate the data, a normalization of the gain results often takes place and the

results of the experiment are then presented as normalized reflectivity (see Fig. 5D))

or normalized transmittance, based on the used spectroscopic setup.

PC THz
detector

detection beamgenerating 
beam

fs laser

PC THz
emitter

metallic 
sample stage

optic head

Time / ps
1480 1490 1500 1510 1520 1530
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Fig. 5: Terahertz time-domain spectroscopy. A) THz-TDS setup in reflection geometry.

The THz field is recorded as a function of the delay between the two beams in the system,

see B) for the measurement of lactose monohydrate. C)Fourier transform of the interfero-

grams obtained in B). D) Lactose spectrum normalized to the metal reference - resonant

behavior around 0.3 and 0.5 THz can be observed.
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3.1 Measurement tool

The THz-TDS measurements presented in this work have have been carried out in a

reflection geometry, given by the construction of the used instrument, which has been

developed by the Das Nano company, named Onyx – see Fig. 6. Although anteriorly

designed for conductivity measurements of thin layers of graphene and other 2D

materials, Onyx can serve to the causes of THz-TDS, as it provides interferograms

coresponding to every selected point of the sample along with subsequent Fourier

transform of the yielded interferograms.

metallic sample stage

optic head - THz transceiver
(contains THz laser emitor, 
THz detector, camera,...)

movements of the parts

THz laser polarization
A) B)

x

y

z

Fig. 6: Onyx instrument. A) Power supply unit (left) and the 3D positioning system

(right). B) Illustrative scheme of the 3D positioning system of the Onyx instrument.

The operation of this instrument is an easy task and requires little to no training.

The Onyx software allows the user to adjust solely seven settings before the mea-

surement itself, making the system easy to operate at one side and very inflexible

at the other. The adjustable settings are:

� name of the sample,

� size of the sample (< 4′′ or > 4′′),

� selection of the area to be measured,

� step size of the measurement,

� choice of the substrate,

� working directory for data saving,

� aquisition of the internal reference spectrum.

The following text will briefly summarize the effects of individual settings.

3.1.1 Sample name

Any text written in this field is automatically labelled with the information about

the date and time of the saving (not the time of the measurement itself), i. e.:

Example yymmdd hhmmss. This name is then displayed in the name of the saved
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folder and the names of all the files contained in it, preventing the user from over-

writing the saved data.

3.1.2 Sample size

The Onyx software allows for choosing whether the sample size is less or more than 4

inches. Based on the choice of the sample size (less or more than 4′′ = 10.16 cm), the

sample photo is composed out of one (< 4′′) or multiple parts (> 4′′). Although the

sample stage dimensions are (180 × 180) mm, the measured samples might be even

larger, one must only care for the safety during the measurement (see the movement

of the parts labelled with red in Fig. 6B)) and the software restriction about the

measured area itself, see subsection 3.1.3.

The thickness of the sample, or rather the vertical distance between the measured

objects and the optic head, is an important factor as well. The restriction of this

parameter does not come only from the vertical space between the optic head and

sample stage (ca. 35 mm during the measurement), it is much more limited by

the instrument’s software. The Onyx software is designed to record solely the time

region of (1480− 1520) ps for the interferograms, as this interval corresponds to the

time delay of the THz beam reflected from the sample stage. Hence, if the sample is

too high above the sample stage surface, the disturbance in the THz pulse containing

the sample response may not appear in the measured time region (i.e. the elevation

of the sample by 1.2 cm is too much).

3.1.3 Measured area

The measured area must fit within the interval of values (0 − 177.2) mm in the

𝑥-direction and (0 − 180.2) mm in the 𝑦-direction. The null point in these intervals

corresponds to the center of the screw in the upper left corner of the sample stage,

which serves for anchoring the sample holder. Aside from dismantling the tool,

there is no way to perform the TDS measurement without the sample stage under

the sample. A beam-path changing geometries of the measurement, where sample

was allocated from the metallic stage were probed, yielding unsuccesful results. The

computing part of the software takes the presence of the metallic stage under the

sample as granted, resulting into indistinguishable patterns on the resulting conduc-

tivity map and spectra

3.1.4 Measurement step size

The step size of the measurement may be set to: 1000 µm, 500 µm, 250 µm, 100 µm

or 50 µm. A comparison of these settings is shown in Fig. 7 with notes about the time
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duration of the measurement; the scanned area is (10x10) mm2 large silicon sample

with various gold patterns. The yielded maps suffer from two infirmities. First, the

numbers at the axes ticks correspond to the number of the pixel, not a distance

in mm as stated. Second, there is a displaying issue – the software automatically

saves the conductivity map with pre-given space around it, resulting into incomplete

displaying of the Y-axis title if there is a number with more than two digits in the

Y-axis ticks, as can be seen in some of the panels in Fig. 7.

An actual resolution of this instrument is unidentified. Even though the step size

can be set to 50 µm, the beam spot size is certified to be 2.1 mm on the sample stage

holder, see the Appendix A - scanned Certification of calibration for the Onyx Das

Nano instrument. Conductivity maps shown in Fig. 7 also point out that even with

the finest step size setting, some featurs of the sample can no longer be detected,

as their signal is too low to be identified from substrate in the beam spot area of

3.46 mm2.

1000 μm, 00:21 500 μm, 00:40 250 μm, 01:44

100 μm, 08:57 50 μm, 34:41 original design

Fig. 7: Comparison of conductivity maps captured with various step size settings. Re-

spective settings and time duration (in minutes and seconds) of each measurement are

included in the corresponding panels. Sample used in this comparison was highly resistive

silicon substrate with gold patterns shown in the left bottom corner of the figure. The

design consists of full squares (side range: (1500−100) µm) and arrays of diabolo antenna

(antenna length 𝐿 = 65 µm) with array side range of (1700− 700) µm.
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3.1.5 Substrate choice

This setting is useful to the users willing to do the conductivity measurements. After

selection of the substrate, the software produces a conductivity map while taking into

account that the measured thin layer lies on a certain substrate. Aside from several

pre-defined substrate types in the software, there is a possibility to create a new

substrate by stating the real and imaginary part of the substrate’s refractive index.

At the moment, this function is disabled with no possibility of being activated. For

the purposes of this work, no substrate was selected, as the samples were measured

in various conditions. Measured interferograms were instead processed externally

(see section 3.4).

3.1.6 Working directory

Selection of the working directory serves as a path for saving the experimental results.

A folder containing files specified in Tab. 3.1 is then created at the selected location.

file content description file extension

measurement conditions .csv yes yes

sample photograph .png no yes

conductivity map .png, .txt yes, yes yes, yes

interferograms of measured pixels .h5 no yes

conductivity map histogram .png yes yes

amplitude profile of the selected line .png if selected if selected

interferogram preview of selected points .png, .csv no if selected

spectrum preview of selected points .png, .csv no if selected

Tab. 3.1: Comparison of the data saving regimes in Onyx software.

3.1.7 Reference spectrum

Onyx software offers an opportunity to use internal reference spectrum - a special

part of the sample stage in the upper right corner is dedicated to it. This setting

seems to be rather a choice of safety-checking of the system than actual adjustment

of the measurement. The instrument’s manual states it should be run automatically

before the first measurement and appear in the form of preview. This does not

happen and the reference spectrum option may be therefore used solely to record

the reference spectrum for analytic purposes.
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3.2 Spectral range

By the term spectral range, a region of frequencies measurable by an instument is

meant. This range is an intersection of the spectral ranges of all of the components in

the optical path of the instrument. In some cases, several components of the instru-

ment might be replaced by the users to alter the frequency range of the instrument

and to suffice the specific needs of their experiments. As the Onyx instrument was

not designed to perform measurements with the character of THz-TDS, its spectral

range is strictly given by its current state. As no information regarding the com-

ponents located inside the instrument is provided to the user, an experiment was

conducted to establish the spectral range of the Onyx tool. Arrays of gold diabolo

antennas on the quartz substrate, designed to be resonant at various THz frequen-

cies, were measured with the Onyx setup. The results of these measurements can

be seen in the Fig. 8, this experiment is discussed further in the section 5.2. Based

on it, the spectral range of the Onyx instrument is estimated to be (0.3 − 1.4) THz.

Antennas resonant below 0.3 THz and above 1.4 THz have not been tested, but

the available results advise that the spectral range might be even broader, adding

approx. 0.1 THz to each of the range limits.

Fig. 8: Spectral range of Onyx. Based on the results of condicted experiment, the spectral

range of Onyx has been estimated to (0.3 − 1.4) THz. Legend shows the approximate

resonance peak position.

3.3 Spectral resolution

Spectral resolution of an instrument denotes its ability to resolve features in the

measured spectra. In the case of TDS, the spectral resolution is mostly given by the
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length of the recorded time domain region. The spectral resolution ∆𝑓 of the TDS

tool can be established by analogy to the equation:

∆𝜔min[cm−1] =
1

𝑑t[cm]
, (13)

with ∆𝜔𝑚𝑖𝑛 being the spectral resolution of a standard FT spectroscopy tool and 𝑑𝑡

the total optical path difference of the measured interferogram [44]. This equation,

when adjusted to the time domain approach and converted to the units convenient

to the used setup, results into simple formula:

∆𝑓 [GHz] =
1000

∆𝑡[ps]
, (14)

where ∆𝑓 stands for the spectral resolution of a TDS instrument and ∆𝑡 represents

the length of the measured time domain interval. According to this, the spectral

resolution of the measurement carried out with the Onyx system gives ∆𝑓 = 20 GHz,

as the length of recorded time domain interval is 50 ps. Although, when the data is

processed, only a part of the time domain region is selected for further analysis (the

one coresponding solely to the reflection at air-antenna interface, i.e. green lines in

Fig. 9). The restriction of the the time domain interval has a negative influence

on the yielded spectral resolution and the value of spectral resolution increases with

respect to (14).

A way for decreasing spectral distance of two plotted points can be introduced by

the addition of zero valued data to the end of the selected time domain region,

thus artificially elongating the selected time domain interval ∆𝑡. With respect to

(14), the spectral distance of two plotted datapoints has been lowered down to ca.

18% of its previous value, as the limitations were set by the size of the measured

conductivity map and available computing memory. All the results presented within

this thesis have been processed in a way which results into the spectral resolution

∆𝑓
.
= 10 GHz.

3.4 Processing of the collected data

For the processing of data collected during the THz-TDS measurement, an analyti-

cal software tool MATLAB has been used. Without additional data processing, the

measured interferograms provide only a little to no information about the plasmonic

responses of the antennas – which is the goal of the THz-TDS measurement in this

case and therefore should be accomplished.

Hence, a script has been developed which applies Fourier transform on interfero-

grams collected from every point of the measurement. To provide the results in high

quality and isolate the plasmonic antenna responses from the other collected data,
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several processing steps are included, described in the following subsections. First,

a time domain region used for FT is specified, as using the whole measured interval

for FT yields no observable antenna resonances. Before the FT itself, the selected

time domain data are multiplied by an apodization function, which prioritizes the

temporally earlier effects and deminishes the values of recorded ringing at the end of

the selected time domain region, which originates in the instrument or the antenna

sustrate. The described actions enhance the quality of the spectra in a significant

way, see Fig. 9. For selected points of the conductivity map, the average spectra

are created by using the spectra of the correspondive neighboring points to ensure

the results reflect the actual plasmonic responses of the antennas in an accurate

way. The Fourier transformed spectra are then plotted ”as are” and also in their

normalized nature, with respect to a selected point of reference.

Not all the mentioned data processing steps have been implemented into the

MATLAB script by the author of this thesis. To clarify the origin of individual

operations, the subsection 3.4.1 is devoted to the description of the script developed

by Dr. Curdin Maissen, former post-doc in the CIC nanoGUNE nanooptics group,

which served as a starting point for further adjustments developed by the author,

described in the subsections 3.4.2 – 3.4.4.

3.4.1 The original script

The original script loads all the data included in .h5 file generated by the Onyx

software and applies Fourier transform to two selected points, corresponding to the

pixels of the obtained conductivity map. Fourier transform is a powerful tool which

enables the decomposition of the measured temporal or spatial dependence to the

corresponding frequency contributions,

𝐹 (𝛼) =

∫︁ ∞

−∞
ei𝛼𝑥𝑓(𝑥)𝑑𝑥. (15)

However, as the measurement time is finite, the developed script uses discrete Fourier

transform:

𝐹𝑘 =
𝑁∑︁

𝑛=1

𝑥𝑛ei2𝜋(𝑘−1)𝑛−1
𝑁 , (16)

ergo the set of measured values {𝑥𝑛} := 𝑥1,𝑥2,...𝑥𝑁 dependent on time is trans-

formed into a set of values dependent on frequency {𝐹𝑘} := 𝐹1,𝐹2,...𝐹𝑁 . Within

the script, the former temporal 𝑥-axis is recomputed to the frequency axis and the

corresponding 𝑦-values are altered by the means of Fourier transform as already de-

scribed. An option of zero-padding was introduced, enabling better resolving ability

in the gained spectra by artificial addition of the zero-valued points to the end of the

sequence {𝑥𝑛}, this enhancement is discussed in [44]. After the Fourier transform,
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the spectrum of point of interest would be divided by the reference spectrum in

order to obtain normalized reflectivity of the sample point.

As described, the script was given to the author of this thesis, who made a few

adjustments in order to actually observe resonances of fabricated antennas with the

THz TDS setup.

3.4.2 Time domain subinterval selection

The selection of the time domain interval used for Fourier transform showed up to be

crucially important. In the early starts of this work, no specific antenna resonance

could be observed due to strong Fabry-Perot resonances occuring in the system.

Firstly, multiple measuring strategies have been probed which would not affect the

spectral resolution of the method, but as none of them led to satisfying results, the

restriction within the time-domain region was put to use.

An illustrative example is shown in Fig. 9. Gold antennas on quartz substrate

were measured in reflection setup, shown in Fig. 5A), and a plain quartz substrate

was used for the normalization of gain results. In Fig. 9A), the results of the

described measurement are shown with no addititonal processing. No resonance can

be observed as a result of using the whole interferogram for the Fourier transform.

However, the stated reason has been justified only after the division of the measured

time domain region into individual parts coresponding to the reflections shown in

Fig. 5C). When these subintervals were used for three individual Fourier transforms,

shown in Fig. 9B), some clarity has been brought to the results obtained in classical

data processing shown in panel A). The first and the second reflection (marked

by green and red, respectively) cancel each other out and therefore, no specific

resonance has been observed in the nanoantenna array. For all data processing

contained in this work, the time domain region corresponding solely to the first

reflection, ergo reflection at the air-antenna interface, has been taken into account

for Fourier transform and further analysis.

3.4.3 Apodization

Even though the spectra shown in the Fig. 9C) already enable the observation of

the plasmonic antenna responses, a lot of noise features which affect the shape of

the resonance peak is still present. To eliminate these, an apodization function has

been introduced: by multiplying the interferogram with this function, the parts of

interferogram causing the remnant noise are devalued. Within the developed script,

a half-gaussian window is implemented and its borders correspond to the borders

of the selected time domain interval. The shape of the curve (the strength of the

devaluation) can be controlled by adjusting a single parameter 𝑎, which corresponds
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Fig. 9: Taking advantage of the time-domain spectroscopy. A) Non-processed data, the

whole measured time domain region has been used for Fourier transform. No antenna

resonance can be observed. B) Processed data, only selected parts of the time domain

have been considered for each Fourier transform, corresponding to the reflections marked

in A. C) Individual time domain regions are multiplied by an apodization function. A

reduction of noise elements is visible.

to the reciprocal value of the Gaussian standard deviation. For the processing of

the data, a function in this form the has been used:

𝑤𝑛 = exp

(︃
−1

2

(︂
𝑎 · 𝑛
𝑁/2

)︂2
)︃

;𝑛 = 0, 1, ...𝑁/2, (17)

where 𝑁 is the number of time-points which have been recorded within the selected

time domain region and 𝑎 = 3. To see the shape of this function and the effects of

the apodization curve introduction, see Fig. 9D).

3.4.4 Averaging

As mentioned, in the early starts of this work, solely two points were used for get-

ting information about the measured samples. To improve the reliability of the data

processing, the script was adjusted to perform Fourier transform of every measured
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point from the conducitivity map. Further, according to the user input, Fourier-

transformed interferograms are averaged around several selected points. This pro-

vides the user with spectra, which reflect the plasmonic responses of the antenna

arrays in a more realistic way. All the results displayed in this thesis are already

in their averaged form, which is computed from a (1.1 × 1.1) mm2 area, centered

around the originally selected points.
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4 SAMPLE PREPARATION

In this chapter, the whole fabrication process of the plasmonic antennas will be fur-

ther explained. There are many ways of fabrication of nanostructures; their usual

classification is based on the direction, in which the nanostructures are formed.

When the nanostructure is grown on the substrate, the fabrication methods are col-

lectively referred to as bottom up techniques. On the other hand, when the nanos-

tructure if formed by the shaping of the deposited material volume, it is denoted as

a top-down fabrication method.

For the fabrication of the diabolo antennas resonant in the THz region, one of the

top-down fabrication methods was chosen, direct laser writing (DLW) (see Fig. 10.

This technique has been utilized, as it requires minimal amount of time and causes

no problems whned non-conductive substrates are patterned. When compared to

other top-down methods such as electron beam lithography or focused ion beam

induced techniques, DLW has lower resolution. State of the art DLW tools can fab-

ricate structures with minimal feature dimension of 100 nm in lateral direction or

250 nm in axial direction [45]. However, antennas resonant in the (0.1 − 1.5) THz

are far larger, with minimal feature dimension of 4 µm for quartz and 2 µm for

silicon substrates. Hence, the resolution of the DLW method is sufficient for the

THz diabolo antenna fabrication, as demonstrated in section 4.4.

A) B) C) D) E)

Fig. 10: Lithographic steps of the direct laser writing method: A) Cleaned substrate.

B) Substrate with thin layer of the photoresist. C) Photoresist after light exposition and

development, topographically modified. D) Metal deposition. E) Prepared nanostructure

after the lift-off process.

The main criterion for the selection of the substrates for the sample fabrication

has been the non-conductive character of the substrate. Materials with high concen-

tration of free charge carriers could deteriorate the antenna resonances by screening

the antenna-induced electric field. Anteriorly, both intrinsic silicon and quartz were

used as substrates. Later, quartz substrates were favored due to their lower index

of refraction, see section 5.1. The use of quartz substrate also enabled the increase

of the antennas while maintaining the same resonance wavelength, as given by equa-

tion (12).

All used substrates were thoroughly cleaned in a three-step process; to enhance

the cleaning of the substrates, the beakers containing the cleaning fluids were floated
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in ultrasonic bath. To provide the cleanest surfaces of the samples, individual steps

should last as long as possible. For practical reasons, a five-minute time interval

has been chosen for each of the cleaning steps. In the first cleaning step, the sam-

ples were dipped in acetone, to remove any excessive organic rests. Afterwards, the

cleaning with isopropanole followed, as it removes any redundant acetone. Finally,

the sample was cleaned with deionized water in order to get rid of last remainings

of isopropanole and dried by nitrogen gas stream.

4.1 Spin-coating

Cleaned substrates were covered with a thin layer of a photoresist by means of spin-

coating. First, the sample was heated to remove any moisture from its surface and

to allow better distribution of the photoresist. After that, a small volume of the

photoresist was dropped on the sample surface – approx. 70 µl/cm2 of the quartz

substrates and around 50 µl/cm2 on the silicon substrates, in order to cover the

whole surface of the substrates. The sample is attached to a holder by a vacuum

nozzle, so that it maintains its position while being rotated at high frequencies

– several thousands of rounds per minute. With these conditions, the centrifugal

force acts on the droplet and the photoresist forms a thin layer with thickness up to

0.5 µm, depending on the used resist and spincoating conditions. After this process,

the sample is heated one more time in order to let the photoresist harden.

A) B) C) D) E)

Fig. 11: Spin coating method: A) Substrate pre-bake. B) Droplet of the resist on the

substrate, substrate is spinned with high angular frequency. C) Thin resist layer after

high-frequentional spinning of the substrate. D) Resist after-bake. E) Thin layer of resist

ready for exposition.

A photoresist is a light-sensitive material; when exposed to light, it undercomes

several structural changes which affect its solubility. Based on this behaviour, two

types of photoresists can be distinguished: the positive resists and the negative re-

sists. A positive resist is characterized by increased solubility of the light-exposed

areas, while the light-exposed parts of a negative resist become less soluble than

unaffected material. The process of nanostructure fabrication takes advantage of

these substances by making them protecting masks for etching of the underlying
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substrate or deposition of additonal thin layers of various materials, as described in

the next section.

Within this work, a positive photoresist AZ1505 from the MicroChemicals com-

pany was used. When spinned with 4000 rpm (revolutions per minute) for 60 s,

acceleration of 2000 rpm/s (upcome of revolutions per minute in one second), the

photoresist forms a layer with the thickness of ca. 500 nm. Heating of the sample

before and after the resist application has been executed with the hotplate set to

100°C, for the time period of 60 s each.

4.2 Sample patterning

There are various different methods of exposing specific intended areas of the pho-

toresist to light. Techniques of optical lithography use non-translucent masks to

block the incoming light, therefore effectively providing the selection of exposed

areas. This method is useful for fabrication of a large amount of nanostructures,

considering that it is very fast and highly replicable. The fabrication of the mask

is although necessary, which makes the technique inflexible when series of the same

antennas with slight modifications should be prepared, which is the case of this work.

Instead, we deployed the technique of direct laser writing.

To pattern the spin-coated photoresist, a DLW instrument from the Heidelberg

company has been used, named µPG 101. It uses a laser diod at 375 nm, which

enables the patterning of standard photoresists and UV-photoresists as well. The

patterning mode with the focal length of 10 mm was used, enabling the writing

resolution of appprox. 1 µm.

Ahead of the sample patterning itself, a dose test has been conducted in order

to determine what power of the laser is sufficient enough to affect the entire volume

of the underlying resist while making sure only designed areas of the photoresist are

being exposed to the laser. Nine series of nanoantenna arrays have been exposed

with varying parameter of laser energy, see Fig. 12A). Based on this test, the pat-

terning was set to 5 mW and 25% of the laser power. Unwanted ghost-like patterns

can be observed at higher percentages of the laser power. Although these were not

deep enough to uncover the underlying sample surface, they could affect the lift-off

process in a bad manner, making the structure revealing more difficult.

Additionally, a comparison of the two possible patterning modes was done. An-

teriorly, a classical exposition mode was used, due to its lower time-consumption.

This mode makes every movement of the laserhead worth, as it patterns the sample

in both movement directions, as indicated in Fig. 12B) on the left. This results

in wave-like structure at the antenna edges. To avoid this effect, a uni-directional
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50 μm 

Classical exposure Uni-directional exposure

A) Dose test

20 μm 20 μm 

B) Exposure mode test

Fig. 12: Testing of the patterning settings. A) Test of various doses for patterning of the

photoresist with 5 mW laser. Visible marks have been patterned alongside the structures

at high percentage of laser power, therefore the setting of 25% at 5 mW has been used

later for the case of this work. B) Comparison of two exposure modes. Red arrows indicate

movement connected with patterning while black arrows represent the movements with

the laser blanked. The uni-directional mode has been chosen for the fabrication because

of its better accuracy – differences are visible especially at the edges of the patterned

structures.

patterning mode has been used. Although taking more time – as the laser head

returns to the starting line and does not pattern the sample on its way back (black

arrows ) see the right image of Fig. 12B) – it shows better accuracy for the antenna

edges and therefore has been used for further fabrication of antennas.

After the patterning, the sample is put in the developer – a solvent which dis-

solves some parts of the resist layer, depending on wheter it has or has not been

exposed by the light. This process usually takes several tens of seconds and then

needs to be stopped. Within this work, a developing reactant AZ 726 MIF has been

used, the sample was submerged in it for 30 s and immediately after that, the sam-

ple was dipped in the DI water for a minute, to completely terminate the process of

resist dissolving. To secure the patterned resist, the sample was additionally baked

at 100°C for 60 s. At this point, a mask for metal deposition has been fabricated.
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4.3 Metal deposition and lift-off process

In this work, two types of metal deposition have been used, both taking place in

the Kurt Lesker evaporator system. First, the sample was covered by ca. 3 nm

thick layer of titanium by means of electron beam asissted evaporation. This layer

serves as an adhesive for a 140 nm thick layer of gold, deposited by means of thermal

evaporation.

The main difference between the two mentioned deposition methods dwells in

the melting of the deposited metal. The electron beam evaporation uses high energy

electron beam (ca. 10 keV) to locally melt the metal in the crucible. However, in

the case of thermal evaporation, the boat, filled with metal, is heated by passing

electrical current trough it. The heat of the boat eventually causes the metal in

the boat to melt and evaporate. Sample, located directly above the melted metal

(regardless of the melting technique) is then very uniformly being covered by the

evaporated metal particles. The homogenity of the deposited thin film is dependent

on the deposition speed, which commonly reaches values of units of Angströms per

second and can be monitored troughout the whole process with an oscillating quartz

crystal. Titanium and gold are fairly stable materials regarding the deposition

process, hence the deposition rate was set to 0.6 Å/s.

A) B) C) D)

Fig. 13: Lift-off process: A) Sample with patterned resist. B) Metal deposition. C) Lift-

off process, in marked spots, the photoresist is dissolved. Therefore, excessive metals are

removed from the sample surface. D) Sample after the lift-off process: metallic nanostruc-

ture on the substrate.

After the metal deposition, the excessive material shall be removed from the

sample substrate in order to unveil the fabricated nanostructures. For this procedure,

the lift-off process is used. Sample is put in resist solvent for an amount of time

which is sufficient enough to dissolve the photoresist lying under the deposited metal.

Within this work, samples were submerged into acetone for ca. 14 − 16 hours. To

support this procedure, additional ultrasound bath of the samples in the solvent is

often deployed too, as it helps deattatch the redundant gold film from the structures

and hence enhancemes of the edge resolution of the prepared structures. As the angle
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of incidende of metallic particles which are being deposited on the sample does not

necessarily happen under a right angle, the metal might be deposited on the sides

of the resist pattern as well, creating artefacts on the edges of fabricated structures.

The ultrasound bath prevents the artefacts from staying at the structure borders.

4.4 Fabricated structures

Gold diabolo antennas were fabricated on quartz and silicon substrates by the means

of DLW. Fig. 14 shows several important characteristics of a diabolo antenna, to

which we will refer in the following design discussion. Within the antenna designing

process, the main parameter was the antenna length L, as it affects the resonance

wavelength in a most significant way. The bridge length 𝐿𝐵 and bridge width 𝑊𝐵

were scaled according to 𝐿/𝐿𝐵 = 1/0.137 and 𝐿/𝑊𝐵 = 1/0.1. The wing angle 𝛼

was kept constant at 60° for all the fabricated antennas. The antenna separations

𝑠 within the arrays were also dependent on the antenna length 𝐿. After fabrication

and measurement of the test sample containing different 𝐿/𝑠 ratios (see section 5.1),

the antenna separation of 𝑠 = 2.0𝐿 was maintained for the later fabrication of the

samples.

Antenna length L Bridge length LB Bridge width WB Wing angle α Antenna separation s 

Fig. 14: Diabolo antenna parameters preview. For the fabrication of antennas on quartz,

the antenna dimensions were scaled according to 𝐿/𝐿𝐵/𝑊𝐵 = 1/0.137/0.1. The wing

angle 𝛼 = 60° for all the fabricated antennas. After fabrication and characterization of

antenna arrays with different s parameters, the antenna separation s was set to 𝑠 = 2.0𝐿

for futher designs.

To summarize, 9 arrays of antennas with different antenna separation 𝑠 = 1.2𝐿

to 𝑠 = 2.8𝐿 were fabricated on a quartz substrate. To enable an experimental study

of the influence of the substrate on the antenna resonances, additional 9 antenna

arrays with different antenna separations was fabricated on silicon. As it was proven

beneficial to fabricate antennas on quartz substrates (see Fig. 16A)), additional 13

antenna arrays with lengths in the range of 𝐿 = 42.1 µm to 𝐿 = 187.1 µm were

fabricated on quartz substrates for further studies.

Fig. 15 shows SEM images of the fabricated diabolo antennas. In panel A), a

diabolo antenna of length 98.3 µm is shown, designed for the resonance at 600 GHz.

Panels B) and C) depict antennas of lengths 53.7 µm and 42.5 µm, corresponding
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A)

Au quartz

B) C)

F)E)D)

Fig. 15: Scanning electron microscopy images of the fabricated antennas. The yellow

vertical scale mark is of length 80 µm in each of the panels. The shown materials are

labelled in panel A) with green. A)-C) Individual diabolo antennas with lengths 𝐿 =

98.3 µm, 𝐿 = 53.7 µm and 𝐿 = 42.5 µm, respectively. D) An entire array consisting of 64

antennas (individual antenna is shown in A)) with separation 𝑠 = 2.0𝐿. E)-F) Images of

diabolo antenna arrays with antenna separation 𝑠 = 2.0𝐿, corresponding to the individual

antennas shown in B) and C).

to resonances at 1100 GHz and 1400 GHz, respectively. Panel D) shows an entire

fabricated diabolo antenna array with 𝑠 = 2.0𝐿, containing 64 antennas of lengths

98.3 µm, resonant at 600 GHz. Panels E) and F) include images of the antenna

arrays with separation 𝑠 = 2.0𝐿, designed for resonance at 1100 GHz (𝐿 = 53.7 µm

as in B)) and 1400 GHz (𝐿 = 42.5 µm as in C)), respectively.

The accuracy of the DLW antenna fabrication method has been evaluated by a

comparison of the designed and actual measured values of several antenna param-

eters included in Fig. 14. For the measurement of the antenna dimensions, optical

microscope images were analyzed using a graphical analysis tool Gwyddion to get the

average of 𝐿, 𝐿𝐵 and 𝑊𝐵 dimensions of the fabricated antennas. These are marked

as “actual” and compared to their diesign values in the Table 4.1. To summarize,

every antenna length 𝐿, with two exceptions, differs from the designed dimension

in less than 0.5 µm, which is a good result, considering the patterning system res-

olution of approx. 1 µm. The bridge lengths 𝐿𝐵 deviate from the designed values

a little more, as the edge between the antenna wing and the bridge could not be

fabricated as sharp as designed. The same agreement has been found between the

design and actual values of the bridge width 𝑊𝐵 dimensions. Based on the results of

this comparison, the DLW method can be described as a reliable way of producing

micrometer-scale antennas with resonances in the frequency region (0.2-1.4) THz.
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resonance / GHz 𝐿 / µm 𝑏𝐿 / µm 𝑏𝑊 / µm

designed actual designed actual designed actual designed actual

315 308 187.14 188.30 32.42 32.40 18.71 18.00

350 342 168.43 169.80 29.18 29.00 16.84 16.70

425 425 138.71 139.50 24.03 23.60 13.87 13.20

500 496 117.90 118.70 20.42 20.30 11.79 11.60

600 602 98.25 98.30 17.02 16.20 9.83 10.60

700 696 84.21 84.80 14.59 14.10 8.42 9.20

800 802 73.69 74.00 12.76 12.40 7.37 8.10

900 897 65.50 65.90 11.35 10.50 6.55 6.50

1000 1003 58.95 59.10 10.21 9.50 5.90 6.10

1100 1109 53.59 53.70 9.28 8.90 5.36 5.80

1200 1180 49.13 49.30 8.51 8.13 4.91 5.24

1300 1322 45.35 45.60 7.85 7.13 4.53 4.93

1400 1404 42.11 42.50 7.29 6.48 4.21 4.40

Tab. 4.1: Summary of the designed and measured antenna dimensions and resonances

corresponding to them. The wing angle was kept constant at the value 𝛼 = 60°, antenna

separation 𝑠 = 2𝐿. Resonance peak maxima were collected directly from the measured

spectra, in the last two cases not identified (NI) due to unreliability of the measured

datasets, see also Fig. 17.
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5 THz-TDS RESULTS

As discussed in the introductory plasmonic chapters, the resonant wavelength of a

plasmonic antenna may be altered by the antenna size, shape, its dielectric surround-

ings,... . In this chapter, the influence of the mentioned factors on the resonance

wavelengh of the antenna array will be experimentally demonstrated and analyzed.

In the first part of the experimental work, antenna arrays with various inter-antennal

separations have been fabricated on quartz and silicon substrates. In the second part,

the influence of the antenna size on the resonant wavelength of an diabolo antenna

has been studied.

5.1 The influence of the antenna separation on

different substrates

For an experimental study of the influence of the substrate on the resonance wave-

length of a diabolo antenna, THz-TDS spectroscopic measurements of various an-

tenna arrays with different antenna separation on both silicon (𝑛Silicon = 3.4) and

quartz substrates (𝑛Quartz = 1.9) were performed. Nine antenna separation varia-

tions have been probed, ranging from 𝑠 = 1.2𝐿 to 𝑠 = 2.8𝐿 on both substrate types.

The size of the antennas was kept constant for all arrays on silicon and quartz, with

𝐿Silicon = 128 µm and 𝐿Quartz = 67.5 µm. The results of these measurements are

depicted in Fig. 16.

The Fig. 16A) shows the spectra of the antenna arrays on silicon (left) and

quartz (right) substrates. The results clearly show the dominance of yielded reso-

nances from antennas on quartz substrate. Two explanations of this result can be

provided. First, a metallic antenna, supporting a LSP resonance, creates an electric

field around it, as discussed in chapter 2. In a substrate with high refractive index

(hence higher density of free electrons), such as silicon, the conduction electrons are

forced by the mentioned electric field to reorganize and eventually partially screen

the LSP ocurring at the air-antenna interface. Hence, the observed magnitude of

the normalized reflectivity is smaller with silicon than compared to quartz, material

with lower refractive index. The second explanation is more straight forward: the

lower refractive index of quartz enables the use of bigger structures for the resonance

at the same wavelength, according to the equation (12). Bigger antennas have bigger

scattering cross-sections, and therefore, more signal is detected from the antennas,

resulting into larger magnitude of normalized reflectivity values.

The design of the antenna arrays is shown in Fig. 16B), where 𝑠 denotes the

distance between neighboring antenna centers and 𝐿 the antenna length, as estab-
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s = 1.2L 1.4L 1.6L 1.8L 2.0L 2.2L 2.4L 2.6L 2.8L
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A)

Silicon substrateSilicon substrate, nSilicon=3.4 Quartz substrateQuartz substrate, nQuartz=1.9

s
s

L

Fig. 16: THz-TDS of the diabolo antenna arrays. A) Spectra of arrays on silicon and

quartz substrate for different antenna separations 𝑠. The color of the spectra corresponds

to the array of the same color illustrated in panel B. B) Design of the antenna arrays.

Antenna lengths 𝐿Silicon = 128 µm and Quartz = 67.5 µm were kept constant within

all the substrate-corresponsive arrays. The general design of the antenna dimensions is

specified in the section 4.4.

lished in Fig. 14. The colors of the insets correspond to the colors of the spectra

shown in panel A). On both substrates we find that the resonance peaks intensify

with decreasing antenna separation s, while the resonance slightly shifts to higher

frequencies. For 𝑠 < 2.0𝐿 we additionally see a broadening of the resonance. On the

other hand, for 𝑠 > 2.0𝐿 we find that the signal becomes too weak to be detected.

The increasing peak height with decreasing separation s can be explained simply by

the fact that more antennas are located in the THz beam. For comparison, with

the beam spot of 2.1 mm and quartz substrate, 137 full antennas fit in the beam

spot with 𝑠 = 1.2𝐿, but only 20 full antennas fit for the setting 𝑠 = 2.8𝐿. The

blueshift and broadening of the antenna resonance can be explained by transverse

electromagnetic coupling of the antennas, which has been previously observed and

explained, for example, with infrared antenna arrays [46]. The antenna arrays with

separation 𝑠 = 2.0𝐿 on quartz seemed to be most appropriate, as they provide large

signals without being disturbed too much by transverse near-field coupling. Hence,

this array-type has been used for further experiments.

32



5.2 Influence of the antenna size
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Fig. 17: Antenna resonance tuning by the antenna size variation. A) THz-TDS spectra

of antenna arrays (𝑠 = 2.0𝐿) on quartz substrate. Vertical lines indicate the resonance

frequency according to the antenna design. B) Resonance frequency versus antenna length,

the maxima from spectra shown in A) are used. C) Resonant wavelength versus antenna

length. The dotted line is fitted to the measured points (triangles), 𝜆res = 5.06𝐿. Colors

of the triangles correspond to the color of the spectra shown in panel A).

To experimentally examine the impact of the antenna size on the resonance

wavelength of a diabolo antenna, 13 arrays of antennas were fabricated on quartz

substrates by the means of DWL (see chapter 4) and mesured by the THz-TDS

system.

Fig. 17 shows time domain spectroscopy results obtained for antenna arrays

where the size of the antennas was varied, while the distance between the antennas

was set to 𝑠 = 2.0𝐿. The shape of the antennas was the same in all arrays, as

described in the section 4.4. The variations of the antenna size are denoted by the

antenna length in this figure, as the antenna length is the main parameter of a
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diabolo antenna; antenna length contributes to the resonance wavelength position

in most significant way, as the direction of this parameter was parallel with the

polarization of the THz beam used for TDS. Fig. 17A) shows THz-TDS spectra of

the antenna arrays. As the antenna length increases, a shift of the antenna resonance

to higher frequencies can be observed. With respect to equation (12), a relationship

between the resonance frequency 𝑓res and antenna length can be derived:

𝑓res ∼=
1

2𝐿𝑛eff

, (18)

which supports the reciprocal proportion of the two quantities. Fig. 17B) shows

the spectral peak positions as a function of the antenna length and the tendency

resembles of a inverse proportionality. Indeed, Fig. 17C) demonstrates the linear re-

lationship between the antenna length and the resonance wavelength (𝜆res
∼= 1/𝑓res).

The measured resonances (marked as triangles) have been fitted and a linear function

was obtained:

𝜆res = 5.06𝐿, (19)

marked with the dotted line. For dipole antennas, a linear dependence is expected,

see equation (12). Hence, the observed factor of 5.06 between the resonance wave-

length and the antenna length originates in the materials, which form the arrayed

antennas and the substrate (gold and quartz, respectively).

By revealing the linear relation (19), the fabrication of diabolo antennas with

predefined resonance wavelength will be easier as the designs can be inspired by the

results achieved within this work.
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6 CONCLUSIONS

The aim of this work was to support the running PETER project, which deals

with the Plasmon Enhanced Terahertz Electron Paramagnetic Resonance, by the

fabrication and characterization of diabolo antennas.

The first two chapters are introductory, giving the basic information about the

history and theoretical background of the field of plasmonics. The resonances of the

localised plasmon polariton have been introduced, as this is the fundamental aspact

of the theory on which this work is based.

The third chapter is focused on the description of the tool used for THz time-

domain spectroscopy. As this tool has been designed for different purposes, it has

never been used for the THz TDS before. Hence, a detailed technical description

of its individual features and settings is provided to facilitate the work with the

tool. Then, an introduction to the processing of the data measured by this tool is

provided. Based on the work of Dr. Curdin Maissen, a computer script has been

developed by the author, which enables the analysis of the yielded data in order to

observe plasmonic responses of the antennas resonant in the THz frequency region

in high quality, free of unwanted noise and resonances.

Chapter 4 describes in detail the fabrication process of the diabolo antennas

by the means of direct laser writing. The basic principles of individual fabrication

steps are explained and followed by a summary of produced samples. Eventually, an

evaluation of the accuracy of the direct laser writing method is provided, proving that

for the fabrication of micrometer-scale antennas, the chosen technique is reliable.

The last chapter deals with the results of the THz-TDS measurements. These

were provided by the tool described in chapter 3, and processed by the developed

script. First, the influence of the substrate is demonstrated by a comparison of

plasmonic resonances yielded from antennas on silicon and quartz substrates. It has

been shown that the resonance is more significant in the measurement of the anten-

nas placed on a quartz substrate. This is explainable by the antenna size and also

by lower refraction index of the substrate material, which leads to smaller screening

of the plasmonic responses from the antennas. Within the same experiment, the

dependence of the resonant wavelength on the antenna separation is demonstrated.

An ideal separation between the diabolo antennas has been established, providing

sufficiently large signals while lacking the disturbances caused by the coupling of the

neighboring antennas, which result into broad resonance peaks. Eventually, a study

of the antenna size impact on the resonance wavelength has been performed. Based

on this experiment, a relationship between the antenna length and the resonance

wavelength has been introduced, which will facilitate the fabrication of diabolo an-

tennas with precise resonance wavelength.
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