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RESUME

Dans ce mémoire, j'explore la fabrication de nouvelles lentilles & immersion solide (SIL) a partir
de mélanges de poudre de dioxyde de titane (TiO2) et de polypropyléne (PP). Deux stratégies
différentes de fabrication de lentilles sont explorées et utilisées pour étudier comment
I'augmentation de la concentration de TiO, permet d'améliorer la résolution d'imagerie du systeme.
La premiere stratégie de fabrication de lentilles consiste a presser la poudre de TiO, avec une
poudre de polypropyléne (PP) a la température Vicat du PP tout en contrdlant la concentration de
TiO; et la porosité de la lentille résultante. La seconde consiste a presser la poudre de TiO2 dans
un hémisphere creux imprimeé en 3D avec un filament de PP. Les lentilles sont ensuite caractérisées
physiquement et optiquement, et leurs indices de réfraction sont comparés aux estimations
theoriques utilisant le modéle de Bruggeman des milieux effectifs. Les mesures expérimentales
dans la gamme de fréquences THz montrent que la limite de résolution de la lentille SI diminue en
effet de maniere inversement proportionnelle a son indice de réfraction. De plus, je démontre que
plusieurs lentilles battent la limite de diffraction d'Abbe de A/2NA et atteignent une résolution aussi
basse que ~0.2A, ce qui est comparable aux meilleures résolutions rapportées dans la littérature lors
de l'utilisation de lentilles & immersion solide en Silicium plus standard et trés dispendieuses. La
technique de fabrication simple et efficace en termes de colt pour la fabrication de lentilles SIL
rapportée dans ce memoire a un fort potentiel pour la fabrication de composants d'imagerie THz et
promet une amélioration des performances des SIL au-dela des solutions en Silicium les plus

courantes.
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ABSTRACT

In this thesis, | explore the fabrication of novel Solid Immersion lenses (SIL) from the powder
mixes of titanium dioxide (TiO.) and Polypropylene (PP). Two different lens fabrication strategies
are explored and used to study how the increase in the concentration of TiO2 enables the
improvement of the system imaging resolution. The first lens fabrication strategy uses pressing the
TiO2 powder with a polypropylene (PP) powder at the Vicat temperature of PP while controlling
the concentration of TiO and the resultant lens porosity. The second design consists in pressing
the TiO. powder in a hollow hemisphere printed in 3D with a PP filament. Lenses are then
characterized physically and optically, and their refractive indices are compared to the theoretical
estimates using the Bruggeman model of effective media. Experimental measurements in the THz
frequency range show that the Sl lens resolution limit indeed reduces inversely proportional to its
refractive index. Moreover, I demonstrate that several lenses beat Abbe’s diffraction limit of
M2NA and reach the resolution of as low as ~0.2Xx, which is comparable to the best resolutions
reported in the literature when using more standard and very expensive silicon solid immersion
lenses. The cost-efficient and simple fabrication technique for Sl lens fabrication reported in my
thesis hold strong potential for THz imaging component fabrication and promises performance

enhancement of Sl optics beyond the leading silicon solutions.
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CHAPTER 1 INTRODUCTION

The terahertz (THz) frequencies, or the THz gap, as it is often referred to in the literature, are a
portion of the electromagnetic (EM) spectrum between the end of the infrared (IR) and the start of
the millimeter waves. From a modern perspective, it is a range where the latest advances in imaging
techniques and telecommunication meet. The THz gap is commonly described as being between
0.1 and 10 THz, or 3 mm to 30 um. This range is known as a gap because of the lack of scientific
interest in these frequencies for the better part of the last two centuries, when technology was not
advanced enough for either the generation or the detection of these frequencies. The high
absorbance in water of these waves combined with the low power achievable makes their
transmission very difficult and their applications few and far between. The advances in laser
science and telecommunications that have occurred since the 1980s have forced a reconsideration
of this consensus. The femtosecond lasers, non-linear optics, and microfabrication methods opened
the door to new generations of antennas, sources, and detectors of THz. The new accessibility to
the THz gap fostered the interest in this forgotten spectrum, which is now the new frontier to many

modern technologies.

In the telecommunication field, 5G technology already pushes the bandwidth to the dozens of GHz.
THz will then become the next step to take in order to improve wireless communication around the
world. In the electronic field, the THz waveguides could eventually be more suited for the increased
speed in commutation of classic electronic signal processors [1]. In the new materials field, THz
can modulate the properties of semiconductors, giving them a tunability that will prove useful in
the future [2].

The imaging industry is one of the fields that are the most interested in the development of THz.
The THz radiation could be a solution for problems met by many applications. The fact that they
do not interact with most non-polar dielectric materials (such as papers and fabrics), that their
frequency corresponds to the low energy levels of the hydrogen bond [3], and that they can be
easily used to find the dielectric function of semiconductor wafers [4], allows them to offer unique
information in many spectroscopic and imaging applications. The longer and non-ionizing
wavelengths of the THz are also less damageable for humans, and could therefore be useful for in

vivo imaging in biomedical applications [5]. Longer wavelengths also facilitate the fabrication of



THz waveguides, whose polishing becomes less restrictive, and where minor defects become less
diffractive. Many polymers also proved to be very good materials for THz guiding, making their

fabrication less costly than in the visible region.

THz are still a new science, and many challenges remain to be solved before seeing more concrete
implementation in industry. One such challenge in the field of imaging is due to the diffraction
limit in the resolution of microscopes, which significantly affects the potential of simple confocal
THz microscopy.

Challenges and objectives of solid immersion imaging

Resolution can be defined by the capacity to distinguish two different and adjacent spots on an
image. Therefore, an imaging system that relies on the focus of a laser beam on a sample to create
a pixel is limited by the radius, or spot size, of the beam. It must then be stressed that no matter
how sophisticated it is, a beam of EM waves focused through a lens system cannot have its size
reduced by an arbitrarily high factor. As an example, we can consider the gaussian beam, which is
the best representation of any laser beam; its most focused position will be described by its waist.
When focused by a thin lens system, the waist of the beam will be found in the focal plane of the

lens and can be expressed by

_ A _ A
W_ZNA_Z*n*sin(H)

(1-1)

where A is the vacuum wavelength of the beam, A = n sin(8) is the numerical aperture of the lens
focusing the beam, 6 is the half-angle of the cone produced by the focused light and n is the
refractive index (R1) of the medium in which the beam propagates. This expression is called Abbe’s
diffraction limit, named after Ernst Abbe, the German physicist who set the standards for the

fabrication of microscopes in the second half of the 19" century.

From Equation 1-1, we can see that the imaging wavelength used in a system is a limit for the final
resolution of the system. A microscope lens in free space with a numerical aperture of 0.6 would
therefore have a resolution of around 0.8 A. Such a system in the visible wavelengths could not

resolve details below a few hundred nanometers. Although for many applications, such a resolution



would not be an issue, the new technologies rely more and more on nanofabrication techniques,
and nanoscopic precision in imaging systems gathers interest from multiple industries. Moreover,
when talking about THz imaging, A ranges from 30 um to3 mm, and a resolution close to 1 is

extremely binding. To enable the full potential of THz imaging, this problem needs to be addressed.

This issue with diffraction in imaging was previously studied by many scientists working with
different parts of the EM spectrum. From their work arose a vast literature on what is known as
super-resolution, i.e., the system for which the resolution is not limited by the diffraction limit.
Those systems use different physical concepts to avoid the diffraction problem, such as
fluorescence markers or probes and apertures in the near-field (NF) of the sample. One of those
techniques, solid immersion imaging [6], has already been applied to THz waves. Resolution down
to 0.15 A have been reported, which is clearly better than Abbe’s limit [7]. The resolution of the
solid immersion imaging depends on its solid immersion lens (SIL), a hemispherical lens whose
RI1 needs to be as high as possible to reduce the diffraction limit. In the THz field, the optimization
of those lenses is still a new topic, and the fabrication of these lenses is not perfectly standardized

yet.

Structure of the thesis

This thesis will address the design, fabrication, and characterization of solid immersion lenses. It
will be divided into four chapters. Chapter 1 presents the literature review and the theoretical
background explaining the utility and challenges of THz imaging, and the need for resolution in its
applications. It also gives references to the literature in order to better appreciate the results
obtained. Chapter 2 presents the methodology of the experiments; the choices faced in the design
of the SILs and the fabrication of solid immersion microscopes are addressed and detailed. In
Chapter 3, an article submitted to the journal Optics Materials Express and titled “Fabrication and
Characterization of High Refractive Index Solid Immersion Lens for Super-resolution Terahertz
Imaging” is presented. In this article, we present the details of the fabrication of four SILs based
on two designs which are intended to maximize the resolution of a solid immersion system with
inexpensive lenses built with titanium dioxide powders A shorter version of the article was

published for the conference 2022 IEEE Summer Topicals Meeting Series. Finally, in Chapter 4,



we discuss the results obtained. The initial assumptions of this project are tested, and potential

improvements are presented for future research.



CHAPTER 2 LITERATURE REVIEW

This chapter gives an overview of the scientific background of this project. First, it sets the
historical context of light diffraction in microscope systems and the advancements that yielded the
formulation of the minimal spot size of a beam focused through a lens. Then, it moves toward the
THz, their generation for imaging purposes, and the resolution needed for some specific
applications. The historical solutions to the diffraction limit are then presented, among which the
solid immersion imaging system. Finally, the subject of building high RI optical components for
THz is addressed as we present potential fabrication techniques for SILs that have been tested, as

well as the results they have yielded.

2.1. The diffraction limit in imaging

2.1.1. Historical context

The first extensive theorization of microscopes as an optical system was made by Ernst Abbe in
the late 1860s, as advances in science and technology made the fabrication of high-quality lenses
possible, both in the visible and in the near IR region [8]. While very powerful telescopes had
existed for centuries, microscopy posed very specific challenges. The first was due to off-axis light
coming from the sample and causing aberrations. The second was because of the need to use the
same lens to illuminate the sample and collect the reflected light, which increased the potential
flaws in the optics used. These concerns made the first microscopes very limited in terms of their
resolution. At the time, the explanation for this limitation was errors due to experimental
conditions. However, Abbe saw it as a physical limit caused by light’s nature as a wave and the
existence of diffraction within a focused beam. He proved his point by fabricating the best lenses
available at the time and showing experimentally what is known today as the diffraction limit. As
shown in Figure 2-1, this limit is produced by the interference of multiple light waves coming from

the object plane of the focusing lens.



[ Abbe’s theory of image formation ]

Back focal plane Image plane

Lens

The object AB (which acts as a diffraction grating) is illuminated
with coherent light. The light is diffracted into orders, shown with
different colors (some orders are collected by the lens). In the
back focal plane, the orders are separated; in the image plane,
diffracted orders interfere to form the image B'A’.

Figure 2-1: Schematic of Abbe’s theory of image formation, and his physical diffraction limit.
Reproduced from [8]

Abbe concluded that the best solution to push back this limit was to increase the ratio of lens width
over the focal lens. Increasing the angle of the cone produced by the focused beam would allow a
higher and more precise constructive interference on the central peak in the image plane. Abbe
would formulate the term numerical aperture (NA) to quantify this resolution power. The numerical

aperture is defined as
NA = nsin(0) 2-1)

where n is the RI of the environment of the image plane and 8 is the one-half angle made by the
cone of focused light rays between the lens and the image plane. Maximizing the numerical
aperture would maximize the resolution. The use of RI within the NA expression was a path to

improve the resolution already traced by Abbe, and which we will discuss further in Section 1.3.

As the context evolved since Abbe’s work at the end of the 19" century, image formation theory
refined itself to a much higher level. As the authors were trying, on one side, to break the limit of
nanoscopy [9], and on the other to push back the resolution for longer wavelengths [7], the
mathematical formulation of this limit became much more precise. Indeed, theoretical development

using the Fourier analysis also yielded similar results, and can be found in most manuals relating



to optics and photonics such as [10] and [11]. These results, which for decades challenged the
progress in the resolution of microscope systems, attracted the attention of the scientific
community. In the following years, and in the context of quantum mechanics development,
Heisenberg came up with the uncertainty principle, which also used the wave-particle behaviour
of light to impose a limit to the information that can be measured empirically. The two limitations
meet in a limit case of resolution, one in which a light beam would be focused in a pupil smaller
than half its wavelength. In this situation, the diffraction perceived on a screen at some distance
from the pupil would be bigger than the pupil, and the diffraction limit would still be respected
(except in the near-field, which we will see in Section 1.3.2) [12].

In 1952, Toraldo di Francia extensively studied the phenomenon of diffraction and proposed that
a non-uniform pupil (or a pupil filter) could force diffraction to focus its central maximum in a
smaller spot size than the diffraction limit [13,14]. It appears, however, that the side lobes produced
by the interference pattern in the far-field would pose other problems limiting the resolution [15].
Toraldo di Francia also popularized the term “super-resolution” to describe a resolution that would
beat the diffraction limit. To this day, this limit is still considered as one of the main physical
limitations encountered in optics. Although different solutions were invented to avoid it, most
require expensive and complicated instruments, and often need to sacrifice other parameters to

improve the spatial resolution (see Section 1.3).

2.1.2. Measuring the size of a beam

When dealing with a laser beam, it is useful to express its shape as a gaussian function. Indeed, this

function, expressed in the form

Wo 2 . . 2 .
U(z) =4, Wz)exp I— WZ(Z)l exp I—]kz —Jjk 2}/?0(2) + jo(z) (2-2)

can be derived from the Fresnel approximation of paraxial beam and is a solution to the Helmholtz
differential equation describing every EM wave. A full derivation of this expression from the
Maxwell equations can be found in reference [10], section 3.1. Although not every electromagnetic

radiation produced by a laser or an antenna precisely follows Equation 2-2, it is convenient to



assume that the beam resembles it to some degree [16]. This is because the gaussian beam describes

a beam whose envelope width shows a variation in the propagation axis z along the shape

W(z) = W, /1 + (ZZ—O)Z 2-3)

which can be very reasonably generalized to most guided beams of light. At its minimum (z = 0),
the diameter of the beam is called the waist and is given by

Wo = |— 2-4)

where z, is the Rayleigh range, i.e., the distance from the waist where the beam width is twice the
waist. Once again, Equation 2-4 shows that this smallest radius achievable with a laser beam is
wavelength-dependent.

Measuring the waist of a beam is crucial in characterizing it, and one of the most popular methods
for doing so is the knife-edge experiment. This technique consists of moving a razor blade in the
plane orthogonal to the propagation of the beam (see Figure 4-10). As the blade slowly moves in
the plane, a detector records the profile of light intensity either on the other side (transmission
mode) or the reflected light intensity (reflection mode). In reflection mode, the power will change
from zero to its maximum as a function of the position of the edge of the knife. Afterwards, one
can fit a gaussian shape on the data acquired to reproduce the shape of the beam and its width
[17,18]. In the case of an imaging system, the slope of the beam profile can be used to extract the
resolution of the system. Measuring the derivative of the intensity yields another gaussian function
whose FWHM gives the region over which the slope is the highest, and henceforth the distance
over which the knife-edge appears in the beam. The FWHM of the derivative is a commonly used

measure of the resolution of an imaging system in the literature [7].



2.2.  Imaging with THz waves

In this section, we explore the challenge of imaging in THz. Some of the most practical THz sources
used in the literature for imaging purposes (meaning sources compact enough to hold on an optical
table while providing enough power and a directional enough beam to be used in imaging) are
listed and explained. A few applications of THz imaging in the literature are proposed to give an
idea of the magnitude of resolution needed, and the field where it would be used.

One of the main reasons for the description of THz as a “gap” is because of the rarity of reliable
and powerful sources to emit these radiations [1]. As we can see in Figure 2-2, research in the field
exploded at the beginning of the 1990s, essentially because those sources became available. Then
followed the interest in imaging, as those sources became cheaper and more stable. As the topics
presented in this thesis can be applied to both imaging and spectroscopy, this section covers
continuous wave (CW) and pulsed sources, as both have their advantages for specific applications.
Although CW sources have more resolution frequency-wise [19], pulsed imaging allows quicker
results thanks to the treatment of all frequencies at once and they often have more power too. In
the case of coherent wave imaging, also called synchronous detection, sensors for THz with phase
information typically have similar working principles, although reversed, as the THz sources. This
section will therefore focus on the generation of THz for imaging purposes. More complete reviews
can be found in the literature for specific kinds of sources, such as those using a surface
phenomenon [20], those whose size holds on a table top [21], or those whose purpose is for imaging
[22]. The objective of this section is to highlight the variety of sources possible for THz radiation.
A proper understanding of these sources helps to appreciate the limitation of THz super-resolution

techniques presented in the next section.
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Figure 2-2: Evolution over the years of the new number of publications recorded on Web of Science
whose titles include the terms “THz” OR “Terahertz” OR “far infrared” OR “submillimeter wave*”
OR “submillimetre wave”. Data is compared to the articles whose title also contained “imag*”.

2.2.1. Generation of CW THz

CW THz sources are older than their pulsed counterparts who heavily rely on the ultrafast laser
which appeared at the end of the 1980s [1]. They were mostly developed in the context of a
telecommunication field depending heavily on antennas and the ability of an electronic system to
identify phase and amplitude information from the signal. Considering the difficulty of producing
THz with the same technology as the microwaves, a wide variety of setups were explored to
generate these radiations, using multiple physical schemes. Their higher spectral resolution makes
it interesting for spectroscopy applications in solid-state samples, where linewidths can be a few

tens of GHz [19], which is much better than in IR spectroscopy [23].

The research on THz CW sources can be summarized in four categories: Direct THz lasing,
frequency-up conversion of microwaves, frequency down-conversion of visible/IR waves, and

vacuum electronics.
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2.211. THz lasers

The first category consists in producing THz radiation with the lasing effect. This idea is a natural
extension of the study of far IR radiation, which was mainly produced by gas lasers. Therefore, the
THz gas lasers typically consist of a CO- laser pumping a medium with a vibrational or rotational
absorption band in the THz spectrum (e.g., HCOOH, CH30OH, and CF2Br) [23]. Those lasers
typically offer enough power for practical application, but suffer also significant inconveniences,
such as their large sizes and a lack of tunability [24]. This explains their rarity in modern THz
setups. These problems are addressed by the development of quantum cascade lasers (QCL) in the
last two decades [25]. QCLs additionally allow mode-locking when complemented by a high-
quality absorber and the production of very short THz pulses [26]. However, these lasers need to
be cooled at extremely low temperatures for CW operation (below 199 K), but can have small
output power in pulsed operation at room temperature [27]. These factors make THz lasers a

promising technology, though not a practical one for imaging in their actual state.

2.2.1.2.  Frequency up conversion and electronic sources

The second category consists in using electronic components such as diodes (source) and
transistors (detector) designed to increase the frequency of an electronic signal into the THz range
and then amplify it to enable its transmission [23]. In terms of THz generation, specific diodes,
such as Gunn diodes, impact ionization transit time diodes, and resonant tunneling diodes (RTD),
have been reported as interesting prospects for generating THz radiations. For these devices, THz
generation is due to their negative differential resistance (NDA). This phenomenon describes a
compound semiconductor whose |-V curve reaches a peak (see Figure 2-3 b), and therefore has a
negative slope on a certain region, meaning a negative resistance. Such a compound can be used
to amplify a signal and, in a way comparable to a laser, achieve oscillation when a resonance

condition is met.

A good example of such a transmitter is a RTD, like the one presented in reference [28]. This
source achieves NDR by placing the diode in a quantum well (see Figure 2-3 a). When the
amplified energy level of the diode is in resonance with the energy level of the quantum well, the

diode emits an oscillated amplified signal that can be tuned in the THz region. This tuning requires
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the right energy level in the semiconductors used in the diode (InP-based semiconductors have
reportedly been efficient for THz generation [29]), and a quantum well designed in consequence.

This category of sources is very important in the field of THz for their tunability, low cost,
programmability of the emitted signal, and the potential to be produced on a wide scale [30]. In
terms of imaging, however, these sources rarely produce more than 100 uW of THz radiation at
room temperature, and this power decreases significantly after 1 THz [29]. They are currently more

used in telecommunication applications.

Output radiation
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Figure 2-3: a) Schematic of a resonant tunneling diode, b) typical I-V curve expected for the source
and c) equivalent circuit. Reproduced from [28]

2.2.1.3.  Frequency down-conversion and optical sources

The third category is the most used in imaging. It consists in using a laser signal and converting
down its frequency to the THz range, thanks to a photomixer (Section 1.2.1.2), a photoconductive
switch (Section 1.2.2.1), or a non-linear medium (Section 1.2.2.2). These devices are generally

used to produce the THz pulses and will be covered in detail in Section 1.2.2.

A frequency down-conversion method to produce CW THz is one of the most used for THz
spectroscopy and is called photomixing. The generation of THz with photomixing relies on the

coupling of two IR lasers which are slightly detuned. By precisely controlling the wavelengths of
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the pump lasers with their temperature, the difference in their frequency will produce an intensity
beat in the signal. This beat will then be focused on the photomixer, where it will induce a
photocurrent. This current will ultimately be directed toward an antenna that will produce the free
space THz generation [1]. On the one hand, this technique has the advantage of generating a
uniform THz power on a wide spectrum (between 0 and 1.8 THz) [19], but on the other hand, it is
very limited in its output power by the efficacy of the photomixer. The optical-to-THz conversion
ratio is typically in the range of 10-10° [1]. This efficiency drops when trying to produce high
frequencies, i.e., when the two IR laser frequencies are the closest to each other. Nevertheless, it
is one of the most precise ways to tune THz waves, and one of the oldest.

2.2.1.4. Vacuum electronic sources

The final category covers some sophisticated vacuum THz sources, such as gyrotrons, Klystrons,
or travelling-wave tubes (TWT) [20]. These sources are typically rarer and more expensive, but
their high output power (some of these sources can produce up to GW of optical power) and wide
range of emission (from 0.1 to 10 THz) makes them unique and very attractive for many
applications. Although often categorized together, they generate THz with a wide range of
mechanisms. A complete description of their working principles can be found in reference [31],
but for imaging purposes, this thesis will rather focus on the backward-wave oscillator (BWO) or
carcinotron, which is used in multiple interesting setups of THz imaging. The BWO is a device
that is part of the TWT family. It was first invented in 1950 and used for THz imaging in 2004
[32]. It distinguishes itself from other sources by its power and high spectral resolution. Its
generation of essentially monochromatic and stable THz radiation makes it rather easy to align in
a system. When focused, it enables good spatial resolution for imaging and spectroscopy with a
high signal-to-noise ratio (SNR).

Its working principle consists in producing a relativistic electron beam confined by a strong
magnetic field in the vacuum. The electron beam is directed from the electron gun to the anode at
the other end of a tube. The beam interacts with a helical conducting structure acting as a slow-
wave structure (SWS). This SWS is a periodic pattern that “slows” the electron beam when it
intersects it. This pattern generates a wave moving in the opposite direction to the beam (from the
anode to the electron gun) and whose frequency is determined by the group velocity of the opposite

wave. This group velocity is tuned by the voltage difference between the gun and the SWS, and
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the geometry of the SWS. BWO output frequency is typically below 1 THz, and their output power
can reach a few dozens of mW.
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Figure 2-4: Schematic of the working principle of a BWO.

Since 2004, many imaging applications use a BWO to generate the THz illumination. The high
quality of the signal made them ideal to test the diffraction limit in THz imaging and to find

solutions to improve it [33,34].

2.2.2. Generation of pulsed THz

Although CW sources have a high spectral resolution, their speed of acquisition of an image
remains a downside of this imaging technology. That is why imaging with pulses is often a
preferred way for many applications. In the THz range, a pulse should typically last between one
and a few dozens of picoseconds, which has been for a long time the limit of the electronic sources.
It is the invention of the femtosecond laser Ti:Sapphire that changed the situation in 1982. A
femtosecond pulse used with frequency down-conversion system is what enables the main sources
of picosecond pulses in most imaging systems nowadays. The next section will address three of

these sources, which are the most covered in the literature.
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2.2.2.1. Photoconductive antennas

The effect of a photoconductive switch consisting in a thin slab of high-resistivity silicon activated
by an ultrafast pulse of light was first observed in the Bell Laboratories in 1975 [35]. By then, it
was described as a novel way to manipulate electrical signals in the field of electronics. A few
microjoules of radiation were emitted in 15 ps with the potential to reduce the impulsion time even
further. A few years later, the air transmission of a 1.6 ps impulsion was observed in the same lab,
this time by illuminating a Hertzian dipole with a pulse of light produced by a mode-locked laser
[36]. It was the first report of a photoconductive antenna (PCA) capable of generating and detecting

THz, which is still to this day one of the preferred ways of producing clean pulses of THz.
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Figure 2-5: a) Schematic of a photoconductive antenna working principle. b), c), d), and e) show
the time evolution of carrier density and anode photocurrent for different time frames of the
activation of the antenna by a light pulse. Reproduced from [37]
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The principle of a PCA is straightforward: an anode and a cathode are deposited on a semiconductor
slab with a gap between them. A voltage is applied between the anode and the cathode so that the
semiconductor blocks the flow of current in the gap. However, when a pulse of light is focused on
the gap, it generates a carrier density that immediately allows the current to flow between the

electrodes for the duration of the pulse’s travel through the slab (see Figure 2-5).
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Multiple parameters need to be set carefully to optimize the performance of the PCA. First, the
type of semiconductor determines the optical wavelength that activates the switch and the carrier
lifetime (which must be short to produce shorter pulses). Many other properties also need to be
considered, such as the carrier mobility, the bandgap shape, the breakdown voltage, and the
suppression of zero bias photocurrent, among others [37]. All of these considerations make gallium
arsenide (GaAs) and indium aluminum arsenide (InAlAs) to be the most used semiconductors in
modern PCAs. GaAs bandgap is activated by an 871 nm wavelength, making it perfectly suited for
Ti:Sapphire femtosecond mode-locked lasers.

2.2.2.2.  Non-linear optics

Non-linear optics refers to the branch of optics in which light pulses are powerful enough to observe
non-linear behaviours in the polarization induced in a medium. In a first approximation,

polarization is typically considered to be a linear function, as is seen in Equation 2-5
P= 60)(5 (2-5)

where P is the polarization, €, is the vacuum permittivity, y the material susceptibility (real
number), and E the electric field [21]. While this is true for low electric field intensity, some
materials start to exhibit non-linearity under a higher intensity, i.e., y becomes a tensor and the
polarizability generates an electric output that can be modulated. The conditions to observe this
behaviour are typically met when using an ultrashort pulse as a pump, such as the one produced by
Ti:Sapphire femtosecond mode-locked lasers. Using the right crystal, different setups can be used
to generate THz using non-linear optics, such as the second order non-linearity optical rectification
[38] or third-order non-linearity frequency mixing [39]. Especially for electro-optic sampling, these
techniques can produce THz pulses with a large bandwidth for most imaging applications. It is in
this sense less limited than the PCAs which emit at a resonance frequency of twice their dipole
length [40]. Their imaging applications are promising, although the alignment is difficult and the

sensibility of the detection is low [41].
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2.2.2.3. Plasma systems

Another THz emission method based on a non-linear effect that is currently attracting a lot of
attention is the two-color plasma. These THz pulses were first reported in the 1990s when studying
the plasma produced by four-wave mixing. This phenomenon in itself is difficult to produce, as it
needs to focus a laser femtosecond pulse with its second harmonic produced by a BBO crystal.
These experimental setups use a Ti:Sapphire laser of 800 nm with the 400 nm second harmonic.
The interaction of both pulses produces a plasma emitting broadband THz pulse, whose amplitude
increases with the optical power of the pulses [42]. Recent progress could simplify the experimental
setup by confining the plasma in a THz waveguide [43], but the resulting pulse amplitude is
reduced. Some reports propose improvement by changing the pump wavelength with an optical
parametric amplifier (OPA) to optimize the resulting THz pulse, which could make plasma a more

practical source for THz application [44].

Ey: (1)

Figure 2-6: Schematic of the common setup for the four-wave mixing in the air plasma that can be
used as a mechanism of THz wave generation. Reproduced from [42]

2.2.3. Some applications of THz imaging

As we saw in Figure 2-2, interest in THz imaging increased drastically since the 2000s, as the
specialized imaging laboratories refined their control on THz generation. The first THz time-
domain-spectroscopy (THz-TDS) system was built in the Bell Laboratories in 1995, with PCA as
both the THz source and detector [45]. The demonstration that time-domain-spectroscopy could be
extended from the traditional range of IR to the new one of THz was significant, and the same
setup was reproduced by many scientists to see how THz would perform in traditional applications

of imaging. Here, we present a few examples of such applications and the THz system
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performances. For more details on the field, many literature reviews can be consulted, such as the
one in reference [46].

2.2.3.1.  Spectroscopy

From an optical point of view, one of the first incentives to study THz came from the need to extend
the IR spectroscopy band. This also motivated the development of THz detectors capable of
coherent detection, meaning that the detector would be sensible enough to detect the phase and the

amplitude of the EM wave.

The upside of using THz waves in spectroscopy is multi-faceted. One such upside is due to their
strong absorption with polar molecules such as water which becomes practical in the study of a-
lactose monohydrate in reference [19]. Another upside is in the detection of weak noncovalent
bonds like the hydrogen bond and the van der Waals forces in reference [47]. In either case, a
precise THz system can yield a better measure of the spectrum of absorption of the sample, which
is then used for its identification. For example, the spectra of water in the THz range has gathered
attention since the discovery of THz, since this part of the spectrum could achieve a better SNR
over the thermal background than in the IR while maintaining a better precision on the line strength

than in the millimeter-waves range [48].

With broad frequency ranges like the THz, coherent detection is technically difficult to achieve as
it requires a high spectral resolution. It can be realized either by moving the phase incrementally
with a delay line or by scanning an interference pattern in the intensity of the transmitted power
[19]. The THz spectroscopy system can use either a CW or a pulsed source. In general, it can be
said that CW setups have a better spectral resolution, while pulsed setups have a quicker time of
acquisition. The spectral resolution of such a system being much more important than its spatial
resolution, this application is not considered to be affected by the diffraction limit. Nevertheless,

spectroscopy does benefit from a better focus to isolate the spectrum of details on a sample.

2.2.3.2.  Semiconductor imaging

The precise characterization of the dielectric function of a material can also be crucial in the
semiconductor industry, either to choose materials in the design of new devices or in the post-

fabrication verification of the device’s function. Typically, properties of conductors such as carrier
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lifetime, mobilities, and dopant concentrations, are characterized by the Hall effect measurements.
However, this technique is inapplicable in the case of nanowires, which are becoming more and
more important in modern electronics because of their one-dimensional nature [49]. It also appears
that the mechanism of THz relaxation can explain approximately 15 to 17% of the value of low-
frequency dielectric constant, as studied on organosilicate glasses in reference [50]. Both examples
are related to problems that modern electronics need to overcome in the near future, and both show

a clear upside to using THz technologies.

These applications, especially for the study of nanowires, are very limited by Abbe’s resolution
limit. Nanowires are typically less than 300 nm long, which is much smaller than the diffraction
limit of 150 um at 1 THz. In general, the study of semiconductors would require an improvement
in the resolution of THz systems of three orders of magnitude to unlock the full potential of the

technique, which would be a very remarkable feat.

2.2.3.3. Medicine

As discussed previously, THz are strongly absorbed by water and their absorption lines are very
well documented in the literature. This feature in itself gives THz interesting prospects in medicine
and cancer prevention, since tumors often indirectly cause water content to increase in some tissues
[51]. Because of this feature, THz can also be used to monitor the formation of ice during
cryosurgery, a novel technique that consists in freezing tissues to remove them or differentiate them
from other tissues [52]. Additionally, the low photon energy of THz is insufficient to cause
ionization, which makes it safer to use for non-invasive biomedical imaging, unlike X-rays and y-
rays [5]. This field of application for THz is extremely recent, but also gives a direct path for THz

to be adopted in new technologies.

As medicine and biomedical imaging progresses, it becomes obvious that THz have a role to play
in this ever-expanding field. As the penetration depth seems like a workable problem [53], the
diffraction limit remains an important obstacle to overcome, as shown by the use of THz
microscopy in the study of a rat glioma model in reference [54]. In this study, a resolution just a
few times below the diffraction limit gives enough details to distinguish important features in the

rat’s brain, showing a good first application of THz super-resolution in medicine.
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2.2.3.4.  Security

The combination of safe radiation for humans (operator and target) and good resolution that makes
THz interesting in medicine also happens to make them appealing for security purposes. In addition
to that, the very low absorption of THz in non-polar and non-conducting elements, which applies
to most fabrics, papers, and plastics, makes them perfectly suited to detect weapons or explosives
concealed on people or in packages [55]. In reference [56], the authors note that many common
explosives like 2,4,6-trinitrotoluene (TNT), hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX),
tetramethylene tetranitramine (HMX), pentaerythritol tetranitrate (PETN), PE-4, and Semtex have
noticeable absorption fingerprints below 3 THz due to lattice vibrational modes of solid-state
explosive materials. The detection of illegal drugs or toxic chemicals could also be possible with
THz spectroscopy, providing a quicker and simpler way to analyze unknown substances for

security purposes [57].

The security applications of THz do not require a very specific resolution, but would still benefit
from details at a subwavelength size (100 um at 3 THz). Similar to applications in medicine, an

order of magnitude smaller than the wavelength would be a satisfying resolution for this field.

Table 2-1 shows a summary of the applications of THz microscopy that we introduced in this
chapter and the resolution that we estimated. The resolutions are of course mere estimates and are
not meant to underscore the interest in achieving THz nanoscopy. It must be appreciated, however,
that the THz wavelengths can be much longer than the details they are meant to resolve.
Furthermore, although all these resolutions are possible to achieve, the systems that do are often

limited by other practical factors, as we will see in the next section.

Table 2-1: Potential applications of THz microscopy and the estimation of resolution required.

Application Resolution
Spectroscopy 109 A
Semiconductors 103 1
Medicine 101 &
Security 101 &
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2.3.  Solid immersion imaging

In terms of THz imaging, the main observation derived from Section 1.2 is that the long THz
wavelengths are a significant physical limitation for their potential applications. It is not a surprise
therefore that overcoming the diffraction limit in resolution attracted so much attention over the
years. This section will be devoted to the imaging systems achieving super-resolution. First, we
present the highest standards in microscopy and an overview of the highest resolutions reached by
non-THz imaging systems not limited by diffraction. Then, we touch on the subject of near-field
imaging, a type of system that achieves direct super-resolution, regardless of the wavelength of
operation. Finally, we introduce the solid immersion system and its unique way of overcoming the

resolution limit.

2.3.1. Some solutions to the diffraction problem

It must be appreciated that for many applications, the diffraction limit does not pose a problem
because super-resolution is not needed. For example, X-rays used in laminographic imaging mode,
because of their shorter wavelengths, yield a resolution of a few hundred nanometers, which is
more than enough for most applications in medicine [58]. The Blue light (405 nm) used in blu-ray
disc readers gives a precision high enough to image at high-speed bits of 476 nm, which is
competitive in terms of data storage technologies [59]. Even though X-rays’ impacts on the target’s
health are concerning, and Blu-ray discs are quickly being replaced by solid-state data storage
systems, using shorter wavelengths might be the easiest way to improve the resolution of a system

if the application is flexible on that matter.

In some other cases, super-resolution is achieved by other means that avoid using the spot size of
a focused beam as a measure of resolution. Fluorescence microscopy is an interesting case in the
biomedical field. Its resolution does not consist in focusing the illuminating light on a spot and
registering the transmission/reflection response, like in conventional microscopy, but in focusing
an illuminating light and recollecting the fluorescence emitted by a marker (dye) that was
previously injected in the region of interest (ROI). In such a system, the definition of resolution

changes. Instead of being defined by the ability to distinguish two features on the sample, it is
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instead defined by the ability to see contrast between the labels used within a diffraction-limited
spot size [60]. In that sense, many authors have reportedly clearly broken the diffraction limit with
fluorescence systems [15]. Resolution as high as 10 nm with visible wavelengths and single-
molecule imaging has been reported in reference [61]. However, this imaging technique is limited
in its application (it is more common in in vivo imaging), and the precision of its results also needs
to be interpreted within the limitations of the system. The concept of labeling can be further refined
when using dyes with a non-linear response. In the example of two-photon microscopy, the
fluorescence excitation is based on a second-order non-linear response of the material (as discussed
in Section 1.2.2.2) called two-photon absorption. This phenomenon occurs when two photons are
absorbed simultaneously by the dye, which emits back one photon with the combined energy of
the other two. This condition being only met at the point of maximal intensity in a focused
femtosecond laser beam, it is possible to locate the ROI with a precision much higher than normal
fluorescence microscopy [62]. This technique has already yielded good results during trials of brain
surgery on mice [63].

The gold standard in nanoscopy to this day is still the scanning electron microscope (SEM) and the
atomic force microscope (AFM). The first probes the surface of the sample with a beam of electrons
generated in a vacuum chamber [64], while the second uses a probe to detect the changes in the
topology of the sample to produce an image [65]. Both techniques bypass the diffraction limit by
probing the surface of the sample instead of imaging with focused EM waves. They both achieve
ultra-high resolution of a few nanometers. They are costly, however, and limited in their
applications. For example, the SEM can only image conducting materials. They are also limited to
imaging the surface of the sample and have very little penetration depth. Image acquisition can also

be very long due to their conditions of operation (vacuum and low temperatures).

To remain within the scope of this thesis, other techniques will not be explored further. However,
one technique that is extremely relevant to the super-resolution field and needs to be introduced is

the Near-field imaging.
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2.3.2. Near-field imaging

As a general definition, the NF imaging systems are designed to use the interaction between
illuminating light and the sample in its “near-field” region, i.e., at a distance of less than a
wavelength. In this region, the pattern of interference has not yet fully deteriorated the initial
wavefront and information can still be extracted from subwavelength areas. These techniques are
heavily documented and have delivered some of the best resolutions in the literature. Their
downside is the complexity of the setup, which does not fit just any sample or application, as well
as the time of acquisition which makes it difficult to achieve real-time imaging [22]. Additionally,
the penetration depth of these systems is typically low, as it cannot be more than a few wavelengths.
However, their principles are simple, which allows a flexible implementation for different

applications. There are two main types of NF imaging systems: with aperture and without aperture.

2.3.2.1.  NF imaging with aperture

The most direct system of NF imaging consists in doing the experiment tried by Toraldo di Francia
and described above, which uses a subwavelength aperture in the propagation plan of the
illumination beam. This aperture is placed in the NF region of the sample, and therefore acts as a
very small source of illumination for the sample and can image a subwavelength volume. This
imaging system is often referred to as scanning near-field optical microscope (SNOM) [66]. Such
a system, although being theoretically free from diffraction, has the large disadvantage of having
power absorption proportional to a®, where a is the radius of the aperture [67]. This limitation
makes this system mostly convenient for systems with very powerful sources. Moreover, the image
acquisition with this system can be very slow, making it very inconvenient for applications needing
real-time imaging [68]. SNOM systems were built for different applications, yielding a vast range
of resolutions, from A/5 [69] to A/50 [70]. In terms of THz imaging, reports of improved PCAs
with extreme sensibility given by resonant cavity could yield very high resolutions down to A/150

despite the low power of the signal [71].
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2.3.2.2.  Apertureless NF systems

The apertureless version of a SNOM is called a scattering-type scanning near-field optical
microscope (s-SNOM). Like the SNOM, a s-SNOM works by collecting light interaction in the NF
of the sample to image smaller points than the diffraction limit at the wavelength used. However,
to avoid the very high loss of power of sub-wavelength aperture, the apertureless SNOM instead
uses a metallic tip to probe the surface of the sample (which is reminiscent of the AFM) [72]. An
illuminating pulse of light is polarized and focused on the region of interaction of the probe sample.
The concentration of electric field at the apex of the tip is therefore confined between it and the
sample, and back-scattered light carries information from both the local dielectric properties of the
sample and the probe-sample distance [73]. To isolate the sample information, this distance
(typically a few dozens of nanometers) is modulated by the probe oscillation at its mechanical
frequency Q. A lock-in detector placed in the far-field samples the scattered signal at a non-
fundamental harmonic of Q, reconstructing the image of the sample. The s-SNOM is almost
limitless in terms of resolution. Only in the last few years, many authors reported the fabrication

of such systems for THz imaging with resolution down to 103 A [73,74].
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Figure 2-7: a) Schematic of a s-SNOM. b) Representation of the reconstruction of the topography
of a sample with a s-SNOM. The blue line represents the oscillation of the tip and the red line
represents the pulses of light focused on the tip at different positions. Reproduced from [75].
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2.3.3. Solid immersion systems

Even before Abbe’s work on microscopes, a specific parameter that could improve the resolution
had been identified by many microscope manufacturers. This parameter is the Rl of the medium
surrounding the image plane. Indeed, by 1840, Giovan Battista Amici had already produced a water
immersion microscope objective [8]. The increase of RI between water and air (1.3 vs 1) would
slightly improve the resolution by confining the beam of light illuminating the sample at A/n, where
n is the RI of the medium. Later, oil would replace water (1.5 vs 1.3) and provide even better
results. 150 years later, Mansfield and Kino reported the fabrication of a microscope (see Figure
2-8) working on a very similar principle, although using a hemispherical lens of n = 3.5 in the NF
of the sample rather than immersing it in liquid [6]. Such a system would also increase resolution
by a factor of n. This system had a much better light budget than SNOM while producing an image
directly observable in real-time.
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Figure 2-8: Schematic of the first solid immersion microscope built by Mansfield and Kino.
Reproduced from [6] .
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Solid immersion lenses became a very dynamic field of study shortly after. Many groups started
testing different shapes of lenses, such as superhemispherical lenses (like the Weierstrass’ lens,
whose geometry improves resolution to the cost of chromatic abberations) [76, 77], cuboid lenses

[78], or aplanatic lenses [79] using hyperbolic metamaterials [80] and microspheres [81], among
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others. Unlike the SNOM and s-SNOM, this imaging system has a very strong light throughput,
making it practical for applications with limited optical power.

When applied to THz imaging, an additional upside of the solid immersion system is that the RI of
the materials is typically higher in the THz range than in the visible. It is therefore very possible to
find ways to produce THz SILs with a refractive index of around 3.5 or higher, especially using
ceramics such as titanium dioxide (TiO2) [82, 83]. Furthermore, research in the past few years on
the design of high-RI metamaterials in this region has reported RIs as high as 67.9 (polarization-
independent) [84], and as high as 100 (polarization-dependent) [85]. Such materials are fabricated
by the deposition of a conductor layer on a dielectric substrate in such a shape that it reaches
resonance at a chosen frequency. These materials have therefore a very short bandwidth on which
the RI is as high as reported. Their fabrication is noteworthy nevertheless and could show progress
in the field of SILs.

The fabrication of solid immersion imaging systems has already been reported in the THz range
and slightly above by many groups [33, 34, 54, 86-89]. These results and important details of the
systems are presented in Table 2-2 along with the application for which they were built. A clear
conclusion from the table is that solid immersion imaging is still much more limited in resolution
than the SNOM and the scattering NF systems. The reported results are nevertheless in the range
of the applications discussed in Section 1.2.3 while offering many advantages compared to the
SNOM and s-SNOM. In the case of these systems, the use of the term “super-resolution” is
debatable, since the wavelength of illumination light itself is changed by the propagation through
a high RI medium. It remains however a very practical solution for imaging below the diffraction
limit in air.

From Table 2-2, we can also observe that until now, most tested SILs are in high-resistivity float-
zone silicon. This material is interesting for the fabrication of SILs since its Rl in the mid-IR and
THz range is high (~3.5), but lenses in this material are expensive and hard to fabricate. Improving
the fabrication of SILs is therefore a relevant goal to test the full potential of solid immersion

imaging.
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Table 2-2: Compilation of Solid Immersion Systems and their final resolution reported.

v [THZz] (ma?elrial) Resolution Application Ref.
3.1
0.1-0.2 (Sapphire) 0.3 N/A [86]
60 3.43 (Si) 0.28 L Thermal microscopy [87]
28 3.4 (Si) 0.23 L N/A [88]
0.5 3.42 (Si) 0.35 L N/A [34]
03-14 3.5 (Si) 0.49 1 Spectroscopy [89]
250 3.5 (Si) 0.29 L Semiconductor imaging [90]
0.6 3.42 (Si) 0.15 2 Medicine [54]

2.4. Possible methods for SIL fabrication

As explained in Section 1.2, the design of THz optical systems needs to reduce as much as possible
the absorption because of the limitation in power generated by the sources. Therefore, it is typically
preferred to use reflecting elements rather than refractive ones. When it is necessary, refractive
elements in THz, such as lenses, are typically made of plastic and machined on a lathe, as is often
the case for other optical components in the IR/visible spectrum [20]. Polymers such as
Polypropylene (PP), High-Density Polyethylene (HDPE), or Teflon (PTFE) are excellent materials
for THz refractive components as they have a very stable Rl on a wide bandwidth and low
absorption losses [91]. As this project focuses on refractive lenses with very high RI, the fabrication
techniques will be chosen so that TiO2, one of the elements with the highest RI in THz, can be an
essential part of it. In this section, some of the techniques used in the literature to fabricate optical
components will be presented and compared in terms of their abilities to create high refractive

index components.

2.4.1. Hot press

The simplest way to fabricate a solid structure with two elements is by pressing. Such a strategy
was the one recommended in the report [92], and a study of the refractive index of a TiO,-doped

polymer had been discussed in reference [93]. The method consists in compacting TiO. powder in
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a mold with another material powder, like a polymer, that would serve as a “glue” to keep the lens
solid. To create the best structure, the pressing needs to be made at the Vicat temperature, a
temperature at which the polymer softens enough to be penetrated by the TiO2 particles, but not
enough to become liquid [94]. This technique is inexpensive and very easy to implement. The lens
fabricated would however be porous, which would decrease its effective refractive index.

2.4.2. Sintering

Sintering is another technique using a hot press, but at much higher pressing parameters. It consists
in pressing the pure TiO. powder at high pressure and temperature so that new connexions are
made between the different crystalline particles, producing a solid structure made of all the
particles. Sintering of TiO2 has been reported to yield structures with densities up to 99% [95], and
very high dielectric constants (i.e., high RI) [96]. The parameters of this process are the TiO:
particle size, the temperature of the press, and the pressure applied. TiO> particles need to be very
submicrometric (a few dozens of nm), and if possible, in the same crystalline phase (a mix of rutile
and anatase is the most common). The powder preparation process varies between the studies, and
can include preliminary compression steps like cold isostatic pressing [96] or dispersion in aqueous
solutions [95]. The temperature and pressure applied during the sintering will influence the size of
the grains inside the sintered lens. Typical temperatures can range from 700°C to 1,250°C with
pressure between 0 and 80 MPa [83], but sintering was reported to a temperature as low as 400°C
at a pressure of 1.5 GPa [97]. In reference [83], the waveguiding properties of titanium ceramics
for millimeter-waves are studied. A very high dielectric permittivity of 90 (RI of approximately
9.5) is observed, although the authors also note that the inclusion of impurities in the powder

influences significantly the losses of the structures.
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Figure 2-9: SEM picture of a ceramic of 0.95 MgTiO3 — 0.05CaTiO3 sintered at 1,300 °C.
Reproduced from [83].

2.4.3. 3D printers

Additive manufacturing is rapidly becoming a normal strategy for customized optical components,
and it is mainly thanks to the emergence of highly efficient and cheap 3D printers. 3D printer is a
term used to regroup multiple additive manufacturing machines working with different principles
such as stereolithography [98] and selective laser sintering [99]. One of the most commonly used
and convenient printers remains those using melting deposition, also called fused layer modeling
(FLM), fused filament fabrication (FFF), or fused deposition modeling (FDM). These printers use
polymer filament (a very wide range of polymers are available) that they melt and depose layer
after layer to make 3D constructions. The precision of these printers has greatly improved over the
years due to a better control of parameters such as nozzle temperature, heatbed temperature,

printing speed, and nozzle height, among others [100].



30

]
=
&
of
=
=
ot
Bl
o
Z

Impact direction EE sl
e 0.3mm-250°C CF T 0.1mm=250°C

0.1mm-200°C

HL x50 2mm

0.3mm-200°C

HL x50 2mm

Figure 2-10: Pictures of cryo-fractured surfaces of 3D printed structures with PP at 0.1 mm of
layer height. The pictures show the variation of density between each filament deposed.
Reproduced from [101].

In the THz band, they become particularly interesting due to their ability to print waveguides with
subwavelength details in low-loss plastics very quickly and with high repeatability, which is very
convenient for the research and development of waveguides [102]. Some researchers also reported
on the possibility of customizing the filaments used in 3D printers by adding inclusions of other
materials in the plastic. In reference [103], the inclusion of glass in PP allows the modulation of
different mechanical and physical properties of the printed structures. In reference [104], TiO:
particles are inserted in a PP filament to change the mechanical and optical properties such as the
Rl of devices fabricated for medical applications. However, the highest percentage of TiO>

inclusions tested is very low (4% of weight), which does not significantly affect the RI.
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2.4.4. Sol-gel

Sol-gel is a chemical procedure in which a colloidal solution is brought to the solid (gel) state by
the formation of a gel. This method is known for being efficient at creating hybrids of metal-oxides
and organic compounds [105]. The design of a sol-gel structure depends mainly on the precursors,
i.e., the solutions in which the particles that have to solidify are initially mixed. Sol-gels of TiO>
are very common, although most of their applications are with thin film rather than large 3D
structures [106]. Nevertheless, some reports can be found on the fabrication of small lenses
fabricated by the sol-gel process of TiO, [107, 108]. In reference [108], the resulting lenses have a
radius of approximately 2 cm and a RI of approximately 1.45. The low refractive index is mainly
due to the low concentration of TiO2 within the gel (which is rather porous). This technique

typically offers an excellent homogeneity in the dispersion of TiOa.
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Figure 2-11: Profile of the surface of a microlens fabricated in SiO2/TiO: sol-gel. Reproduced
from [107].
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2.4.5. Epitaxial growth and other deposition techniques

The final technique reviewed in this section is the growth of single-crystalline TiO> structures by
epitaxial growth or magnetron sputtering. This fabrication technique consists in growing a cylinder
of pure TiO2 crystal in the rutile form (its most common) that could then be cut and polished into
a hemispherical shape. In reference [109], magnetron sputtering is used to produce a film of rutile
and anatase TiO>. The refractive index calculated shows that the 150 nm thick film has the RI of

pure TiO2, meaning that the film has an ideal concentration. In reference [110], magnetron
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sputtering is used for the nanoarchitecture of nanorods of a few hundreds of nanometers. In 2019,
a group managed to grow a porous single crystalline structure in TiO2 of 10 mm x 20 mm x 0.5

mm, demonstrating that components could eventually be built with this material in a crystalline
form [111].
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Figure 2-12: Schematic diagram of a helicon magnetron sputtering cathode used to grow a TiO>
film. Reproduced from [109].
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CHAPTER 3 METHODOLOGY

3.1. Choices in the design and materials

This project started with the preparation of the unpublished report in 2019 “Etude sur les
composites céramiques-polymeres pour I'imagerie THz par immersion solide” [92]. The objective
of this research project was to identify materials that could be used to fabricate SILs for THz
imaging. In its conclusion, the author strongly recommended the use of TiO> and PP powders as
materials to achieve high RI pressed lenses. Among other reasons, the low cost of both materials
and the simplicity of fabrication would quickly produce lenses that could be tested and
characterized. TiO; is chosen for its high RI in the THz wavelengths and PP is chosen for its very

low absorption in the THz wavelengths.

TiOz is indeed a very interesting material for optical components in THz. Its refractive index is
evaluated to 10 [112] and is available in multiple shapes, although its most common one is as a
powder [113]. As presented in Section 1.4, powders can be a very convenient material to fabricate
material components, as they can be used either in molding, 3D printing, or sol-gel techniques. To
achieve the highest refractive index, however, TiO2 needed to be as compact as possible in the final
hemisphere. To that end, it appears obvious that pressing the powder would be the best technique
available. The low absorption coefficient of PP makes it a very convenient secondary material to
shape the TiOa.

We used the Bruggeman model for effective media to make a theoretical prediction of the RI
achievable for our fabricated SILs. In this model, we account for a composite SIL with inclusions
of TiO., PP, and air (to account for the porosity). Indeed, porosity can be a determining factor in
the hot press technique. Unlike sintering, the particles will not recreate new connexions between
each other, and therefore, space will be left between them. The model consists in numerically
solving the equation

Ngir — Nefr
Ngir +2- neff

Nrio, — Neff Npp — Negyr
2 +fopp
nTiOZ +2- neff Npp +2- neff

fair =0 (3 - 1)
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where nair, NTio2 and nep are the RI of air (1), PP (1.510) and TiO; (10), and fair, frio2 and fpp are the
volume fraction occupied by each of the inclusions. First, different mixes of TiO> powder and PP
powder are made with different weight concentrations of TiO2: 85.6%, 90.2%, and 94.1%. The
fractions can be transformed into filling factors through the density of TiO, (4.23 g/cm?®) and PP
(1.07 g/cm®). We plot the effective Rl of each mix while varying the porosity factor. We also plot
the RI of a powder mix that would be exclusively made of porous TiO> (see Figure 4-14). This last
concentration will be tested in a different model of SIL in which we use a 3D printer to fabricate a
thin shell in PP and in which we manually press pure TiO2 powder. In the submitted paper presented
in the next chapter, every step in the fabrication process will be described in more detail.

3.2. Characterization of the SILs

The next step of the project was to characterize and test the resolution of each fabricated SIL. The
characterization of the Rl was made with a cutback measurement. This technique (well documented
in reference [114]) consists in stacking thin slabs of a material to characterize, and then measuring
the electric field amplitude and phase of an EM wave traveling through the stack. When removing
the slabs one after the other, the distance traveled by the wave inside of the material varies, and it
is possible to calculate the complex RI of the material. The setup of the cutback system used for
this project is presented in Figure 4-12. The RI should theoretically give an idea of the improvement
factor in the resolution of the reflection-based time-resolved solid immersion microscope. Next,

we present the fabrication step of this microscope and its alignment.

3.3.  The solid immersion system

3.3.1. Producing the THz pulse

The microscope built for this project is based on a THz-TDS system that was previously built by
Hichem Guerboukha, Ph.D. In the setup presented in Figure 4-6, a femtosecond pulse centered
around 800 nm produced by a Mai Tai Laser (from Spectra-Physics) is divided in two by the BS2.
The first pulse is sent directly to the THz detector, a PCA produced by Menlo (TERAS8-1), in a part
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of the setup called the detector arm. The second pulse is sent to the THz transmitter, an interdigital
array PCA fabricated by Batop Optoelectronics (iPCA-21-05-1000-800-h), in a part of the setup
called the transmitter arm. On the transmitter arm, the pulse travels in a delay line that allows us to
control the time-of-flight of the pulse. The IR pulse in the detector arm generates a THz pulse in
the Batop PCA following the mechanism described in Section 1.2.2.1. The THz pulse is
reconstructed by lock-in detection at the Menlo PCA, by measuring the electric field for different
positions of the delay line. The time position of the reconstructed pulse is determined by the time-
of-flight of the pulse depending on the delay line position. For the detection to work, the distance
in the detector arm must be approximately equal to the distance in the emitter arm. The delay line
consists in a motorized stage (Thorlabs DDS220 direct drive stage) moving at 45 mm s™ on 20
mm. The acquisition card records 1 753 measures of the electric field at 2 500 Hz during the motion

of the delay line to reconstruct a THz pulse of approximately 120 picoseconds.

In the first alignment step, the detector is placed on a 3D motorized stage (three Thorlabs LTS300
translation stage) allowing positioning of the detector in space with a precision smaller than 3 um.
The propagation axis of the pulse is defined as the z-axis. The detector can be moved in the x and
y-axes to characterize the shape of the beam at every position along the z-axis. To align the system,
the L1 lens must be positioned to assure a perfectly collimated beam between L1 and L2. L2 is
therefore removed, and the beam is scanned on two different planes orthogonal to the z-axis. Both
planes are separated by 100 mm. As we can see in Figure 3-1, the beams imaged have almost the

same dimension, meaning that the beam is collimated.
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Figure 3-1: Distribution of the intensity of the pulse in different planes orthogonal to the z-axis.
a) represents a plane at z=0 and b) represents a plane 100 mm farther from the transmitter.
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When L2 is placed back in the setup, the detector is positioned at its focal point. The pulse recorded
is presented in Figure 4-7 b and its associated spectrum is presented in Figure 4-7 c. As we can see,
the pulse is very clearly defined and the spectrum is wide, with a bandwidth of around 1.5 THz.

3.3.2. Alignment of the system

To build a reflection-based time-resolved solid immersion microscope imaging a sample in the
horizontal plane, the emitted THz pulse must be redressed vertically, be transmitted through a beam
splitter, be focused on the sample, and have its reflection reflected on the beam splitter toward the
detector. The proper functioning of the microscope requires a perfectly optimal alignment of these
components, which would both assure the focusing of the beam to the diffraction limit and a
minimization of the losses in the setup. A preliminary setup in which the focusing lens is not
included is presented in Figure 4-8 a. In this setup, the pulse is reflected on a gold-coated mirror.
It is intended to facilitate the alignment of the M1 mirror and the BS1 beam splitter. The detector

is still on the 3D motorized stage to characterize the shape of the THz beam.

To consolidate the system and facilitate the alignment of M1 and BS1 at angles of 45°, a complete
support is designed for 3D printing. This support additionally includes a system to position the SIL
flat surface in the focal plane of the focusing lens. The full support (see Figure 4-9) is in four main
parts. The parts fit into each other to form a rigid support protected against accidental shocks. The
first two parts have cubic shapes and support M1 and BS1 (see Figure 4-12 c). The third part
supports and centers the focusing lens on the beam. It also holds a system of printed racks and
gears that enables the translation of the fourth part (which supports the SIL) along the vertical axis
(see Figure 4-12 b).

From Figures 4-8 b and 4-8 c, it becomes obvious that the optical system affects the pulse
significantly. The SNR of the pulse decreases sharply, its bandwidth is cut in half, and the double

reflection on each side of the beam splitter introduces a pattern of interference in the spectrum.
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3.3.3. Knife-edge experiment and resolution of the lenses

The last step in building the microscope consists in the addition of the L3 lens (see Figure 4-6) on
the third part of the printed support. Considering a proper alignment of the system, this lens
produced by Batop with a NA of 0.54 has a diffraction-limited spot size of 0.9259 A. The choice
of using a lens for focusing, although practical for this design of microscope, introduces chromatic
aberrations in the system. The result is that the focal length of L3 varies slightly with the frequency.
As we image with a pulse, the system will not be diffraction limited for the full bandwidth at the
same position, and therefore the resolution needs to be measured at a specific frequency. With the
intensity of the pulse being at its maximum around 0.1 THz, it is more practical to optimize the
microscope at this frequency. To find the exact position of the focal length of L3 at 0.1 THz,
multiple knife-edge experiments are executed at different distances from the lens (see Figure 4-
10). For every position of the blade, the reflected pulse is recorded at the detector. For each pulse,
the corresponding spectrum is calculated by Fourier transform. It is then possible to plot the specific
intensity of each reflected pulse at 0.1 THz as a function of the position of the razor blade. When
taking the intensity profile of 0.1 THz at different distances of the lens, the width of spot size (given
by the FWHM of the first derivative of the profile, as explained in Section 1.1.2) decreases slowly
until reaching a minimum and increasing again, as we can see in Table 3-1. The position of the
minimal spot size is the position at which the resolution of the system is the best. The SIL can
ultimately be added to the fourth part of the support, and its flat size is moved with the mechanism

(see Figure 4-9 b) at the position identified.

Table 3-1: Spot size of the THz beam at 0.1 THz as a function of the distance of the lens.

Normalized distance Spot size

from L3 [mm] [mm]

0 2.84

0.5 2.64

1 2.53

2 2.30

2.5 2.87

3 3.31
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This concludes the fabrication and characterization of the solid immersion microscope. In the next
section, we present a submitted article where we explain in more detail the SILs’ fabrication and

their resolution measured on the microscope.
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4.2. Abstract

Terahertz (THz) near-field imaging is attracting a lot of attention for its potential applications in
medical and material characterization. However, the spatial resolution of the recorded THz image
was mainly limited by the diffraction limit of the commonly used lens in the THz microscopy
system. Alternatively, a solid immersion lens (SIL) can be a promising approach for achieving
super-resolution imaging as it reduces the spot size of the focused THz beam by a factor of 1/n,
where ‘n’ is the refractive index (RI) of the lens material. In this work, we present the design and
fabrication of hemispherical THz SIL using powder mixes of titanium dioxide (TiO2) and
polypropylene (PP) whose Rls are ~10 and ~1.51 at 1 THz, respectively, in the THz spectral range.
In particular, we present two different lens fabrication strategies that are simple and cost-effective
solutions. The first strategy uses pressing the TiO> powder with a PP powder at the Vicat
temperature of PP while controlling the concentration of TiO and the resultant lens porosity. The
second design consists in pressing the TiO2 powder in a hollow hemisphere that is 3D printed using

PP. The fabricated lenses are then characterized physically and optically, and their RIs are
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compared to the theoretical estimates using the Bruggeman model of the effective media. From the
experimental measurements of the proposed SIL, a resolution limit as low as 0.20A was achieved

which is comparable to the best resolutions reported in the literature.

4.3. Introduction

In recent years, terahertz imaging has become one of the popular techniques in scientific and
industrial applications mainly due to its non-invasive and high-resolution imaging capabilities
when compared with infrared and microwave counterparts, respectively [46]. Due to the rapid
development of high-power THz sources and efficient detectors, the commercial availability of
THz imaging systems has become a reality. However, there are many challenges yet to be
addressed before increasing its widespread applications in many areas. In THz imaging, one of the
main challenges is the physical limitation in the resolution of THz waves which in free space is
approximately ~0.5A according to Abbe’s diffraction limit [22]. For example, this limit implies
that a THz pulse centered around 0.1 THz could not resolve features of the image smaller than 1.5
mm. This particular limitation hinders the application of THz imaging in several areas such as
spectroscopy [47], medicine [51, 54], semi-conductor analysis [49], and security [55, 56].
Therefore, the development of a novel method to increase the spatial resolution of the THz imaging
is the need of the hour.

Near-field (NF) imaging is one of the promising approaches which was developed to resolve the
smallest features of the image [115]. Generally, in an NF imaging system, the information is
collected within a few wavelengths of the sample, before the negative effects of diffraction degrade
the image resolution [66, 116]. Solid immersion microscopy is an example of such a system. In
this system, the focused incident beam propagates through a high refractive index hemispherical
lens (or solid immersion lens (SIL)) located in the near-field of the sample. While propagating in
this lens, the beam is confined by the dielectric response of the high RI medium. Behind the lens,
the evanescent field still contributes to the beam’s intensity, yielding a spot size smaller than the
diffraction limit [117]. This system was first fabricated by Mansfield and Kino in 1990 when they
reported the creation of a solid immersion microscope [6]. This microscope was initially applied
to optical wavelengths which use a liquid with a refractive index of 2, which results in a slightly

better resolution than air. Over time, the concept behind the solid immersion microscope was
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rationalized, and the hemispherical SIL, whether liquid or solid, became a useful microscopy
component in imaging laboratories [118]. In general, the spot size of a focused beam can be

estimated using Equationl.

A A

0= NA ™ Znsing

4-1

From Equation 1, & is the spot size, A is the free space wavelength of the beam, NA is the numerical
aperture of the SIL, and 0 is the half-angle of the cone of light focused by the lens. From Equation
1 it follows that the RI of the SIL plays a significant role in reducing the spot size and improving
the resolution of the image.

In the THz regime, the availability of high Rl material makes the solid immersion microscopy
system a promising solution to achieve higher resolution. As reported in the literature, materials
with RI above 3 give a significant improvement in the resolution of the THz imaging system [34].
The most widely used SILs, for example, are made of silicon whose RI in the THz range is
approximately 3.5. This could be further improved by using the material having higher RIl. By
taking the advantage of longer wavelengths of the THz waves, many authors have reported
metamaterials and metasurfaces with very high RI that will eventually be used in those systems
[119, 120]. However, it could be more practical to simply use natural elements and more classical
fabrication techniques to design the SILs. In this view, we aim at using TiO> in the fabrication of
SIL as it has an RI of around 10 in the THz spectral range [112]. TiO- is a ceramic that is widely
used in the industry, mainly because of its opacity which makes it a perfect white pigment[113,
121, 122]. It is generally produced as a powder by sintering, although it can as well be grown as a
crystal in its most general form of rutile [123]. Moreover, it is commercially available in powder
form and is rather inexpensive. As it is generally described as inert and not highly hazardous
material, however, when used as a nanoparticle, it can also become an irritant and its inhalation
can be dangerous. Nevertheless, the high RI property of TiO can be of great interest in fabricating
several THz components. For example, a SIL that is fabricated using pure TiO2 could theoretically
increase the resolution by a factor of 10. Therefore, the main objective of this work is to maximize

the RI of the SIL by increasing the concentration of TiOx.
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So far, we have shown that TiO2 could be an ideal material for the fabrication of a high RI solid
immersion lens. However, a few fabrication challenges need to be addressed. TiO- is generally
difficult to shape when it is in powder form and it requires high temperature (the sintering
temperature of TiO; is between 400°C and 800°C), and high pressure (~ 1.5 GPa) [124, 125]. This
requires very specific and expensive equipment for fabrication. TiO- can also be grown as a rutile
crystal cylinder by epitaxial growth, and then be cut and polished in the shape of a hemisphere.
This whole process, although providing a monocrystalline and ideally dense TiO: structure, would
also prove itself extremely long and expensive [109]. Alternatively, shaping of TiO> structures
using sol-gel techniques can be possible but demands specific equipment, and also it allows very
limited concentration of TiO2 which further results in lower RI of the SIL [107]. Therefore, a
relatively simple and inexpensive technique must be identified for the fabrication of TiO, based
THz SIL.

The paper is organized as follows. Firstly, we present two different approaches that we carried out
in designing and optimizing the high-performance hemispherical SIL which is followed by the
fabrication procedures. In both designs, we use PP as a secondary material to help shape the TiO:
in a hemispherical form. Among all polymers, PP is chosen because of its reasonably high RI
(measured at 1.510 for 1 THz) and low losses in the THz regime [91]. It is equally a resistant
material whose low melting temperature (160°C) helps to shape and is already available in many
forms for multiple applications. Secondly, we present the theoretical and experimental
characterization of the proposed SILs. Since the lenses fabricated are composites of the two
elements (TiO2 and PP), their measured refractive index will be compared to the theoretical
prediction of Bruggeman’s model [126]. Finally, by carrying out the imaging experiment, we show
that the resolution of the proposed SILs can be reduced to as low as 0.20A at 0.09 THz which is
well below Abbe’s diffraction limit.

4.4. Design and Fabrication of hemispherical SIL

In this section, we present the two simple and repeatable design approaches that were carried out

in the fabrication of SIL. The important parameters will be highlighted along with their limits and
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appropriate design conditions. The TiO> powder was produced by Alfa Aesar in the rutile form,
with a purity of 99.5% and particles size of 1-2 um. Similarly, the PP powder used in this work

was Propyltex 325S which was produced by Micro Powders, Inc. Its particle size is ~10-15 um.

4.4.1. Fabrication of SILs using mechanical hot press (Pressed SIL)

The first design presents the pressing of a heated mix of TiO2 and PP powders inside of a
hemispherical mold. To help estimate the porosity once the SILs are fabricated, each mix is
characterized by a weight concentration of TiO; (i.e., mr;o,/(Mrio, + Mpp), Where mr;o, and
mpp are the mass of the TiO. and PP powders, respectively) and mix density (see Equation 2),
where pr;p, =4.23¢ cm? and ppp = 1.07 g cm™ are the densities of TiO2 and PP, respectively. In
Table 1, we present the concentrations of TiO2 and PP that were used in the fabrication of pressed
SILs.

Mrio, + Mpp

Mrio,/Prio, + Mpp/Ppp

mix density = (4-2)

Table 4-1: Mass of TiO2 and PP mixed to produce lenses of different concentration.

Mass PP | Mass Welght' Mix density
[a] TiOs [g] concentration [g/cm?]
of TiO2
9.5165 | 56.4291 85.6% 2.9660
6.4965 | 59.5489 90.2% 3.2790
42711 | 67.7288 94.1% 3.5994

In what follows, we present the detailed fabrication procedure. The first step in the fabrication of
the pressed lenses starts with the mixing of the powders. The homogeneity of the mix is critical to
the successful fabrication of pressed SILs for two main reasons. Firstly, as PP will effectively act
as glue (supporting matrix for TiO>), it needs to be uniformly distributed within the mix to keep
the TiO> particles in a solid structure. Secondly, one of the assumptions of any effective medium
theory is that the inclusions composing the material are uniformly dispersed within the mix, thus,
yielding a uniform effective RIl. The PP and TiO2 powders are therefore mixed in a high-energy
ball mill for 30 minutes. A ball mill is a type of grinder (see Figure 1 a) consisting of a canister

rotating at high speed in which the powders of interest are placed with hard ceramic balls [127].
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As the canister rotates, the ceramic balls generate several high-speed collisions with the particles
(see Figures 1 b and c), destroying the agglomerations and improving the homogeneity of the mix
[128]. Additionally, the ball mill reduces the size of the particles due to collisions. This particle
size reduction also helps minimize the gap between the PP particles (10-15 um) and the TiO-
particles (1-2 um). Next, the powders are mixed again for 30 minutes with the V-1 Mini V Type
Powder Mixer Machine (see Figure 1d). This machine uses the rotation of a V-shape canister to
mix the powders and improve their homogeneity. During its rotation cycle, the powders are
continuously gathered to the bottom of the canister before being separated equally on the two sides
(see Figure 1 e and f). Considering the important difference of density in the two powders, this step

significantly improves the mixing efficiency.

Figure 4-1: Photographs and schematics of the methods used to improve the homogeneity of the
powder mix. a) Photograph of the high-energy ball mill used for the experiment. b) and c)
Schematics of the working principle of the high-energy ball mill were the ceramic balls
undergoes several collisions with the powders. The arrow marks represent the direction of the
force. d) Photograph of the V-1 Mini V Type Powder Mixer Machine. The red arrow shows the
direction of rotation. €) and f) Schematic of the working principle of the V-1 Mini machine. The
red circles show the areas where the particles are gathered and separated.

In the second step, the mixed powders are transferred to the specially designed mold and pressed

mechanically under heat. The mold consists of three main parts made of aluminum (see Figure 2
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a). The bottom plates are drilled with a cylindrical hole on top of a hemispherical hole, both with
a diameter of 25.4 mm (1 inch). An aluminum cylinder of the same dimensions as the cylindrical
hole is used to apply pressure on the powder located inside of the hemispherical hole. The top plate
was used to apply pressure evenly on the bottom two plates that contain the powder. The design of
the mold with two bottom parts is intended to facilitate the removal of the SIL after the application
of high pressure. Next, the hot press is heated to temperatures close to the Vicat temperature of PP
(150°C) [94]. The Vicat softening temperature, in polymer science, describes a state in which the
polymer softens and can be penetrated by other particles. The optimal temperature and pressure for
mechanical stability of the resultant lenses are experimentally found at 135°C and 2 metric tons,
respectively. It is noted that the mold was pressed for a total duration of 1 hour under this condition.

a) b)
13 mm
s3mm QL Avminim
<> cylinder
25.4mm
L <1} Cylindrical hole
13 mm —— —I
. . .
s——F Hemispherical hole
13 mm $ N -

Figure 4-2: a) Dimensions of the mold in aluminum used to press the hemispherical SILs. b)
Photograph of the mold.

Similarly, to estimate the RIs of the resultant SIL materials, a different mold shown in Figure 2 (a)
was fabricated, where the hemispherical hole was replaced with the cylindrical geometry, while
similar processing conditions and materials concentrations were used during sample fabrication
(see Table 1). The shape of a cylinder sample makes it more practical to measure its Rl and easier
to press as the resultant samples are less fragile than a hemisphere. The cylinder RIs were then
measured using THz spectroscopy and used as an approximation to the Rls of the pressed SILs.
Particularly, two to four cylinders with a 25.4 mm diameter and 2 to 3 mm thickness are pressed
for the same duration as the SIL while varying somewhat the porosity for every mix (see Table 2)
by changing the amount of the material in the mold. Next, the mold was left to cool down to room

temperature. Then, the cylinders and hemispheres are carefully taken out of the molds and polished
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with sandpaper of 120, 400, and 1000 grits [129]. Their mass and dimensions after polishing the
samples are measured. The volume of the air inclusion (f,;-) can be estimated by comparing the
density of the sample (Mggmpie/Vsampie) 10 the powder mix density calculated in Table 1. In the
case of an ideally dense lens, there would be no air inclusion, and the density of the sample would
be the same as the density of the powders. The air inclusion (or porosity) is however unavoidable
due to the limitations of the press and of the mold (aluminum is a rather soft metal that cannot
sustain very high pressure). The porosity is estimated using Equation 3, while the derivation of this
equation is given in the appendix:
sample density

=1- 4-3
Jair mix density ( )

In what follows, the term porosity means the air filling factor by volume calculated by Equation 3.
This expression of porosity gives the filling factor of air inside of the structure from which it is
possible to estimate the theoretical effective RI of the SIL using, for example, the Bruggeman
model. It is observed during the experiments that the lowest achievable porosity also depends on
the concentration of TiO.. This is because the deformation capacity of the PP allows it to better fill
the pores when it is in higher concentration. Thus, using higher concentrations of TiO. (which leads
to higher RI of the samples), generally results in higher sample porosities, and in samples that are
more fragile and tend to break during removal from the mold. At 94.1% TiO., the lowest porosity
achieved at which a lens is still mechanically stable is 41 %. A slightly lower porosity is achieved
in the cylindrical samples for a similar concentration. The properties of the fabricated cylinders
and SILs are presented in Table 2 and Table 3, respectively.

The volume filling factor of the TiO2 and PP inclusions in each sample can be calculated simply
through their mass in the 3 powder mixes and their density. Dividing the mass by the density gives

the volume of each inclusion. The ratio

fTiOz = < mTiOZ/pTiOZ > ) (1 - fair) (4 - 4)

Mrio, /pTi02 + Mpp/Ppp

fee =1 — fair — fTi02 (4-5)
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Table 4-2: Composition of the sets of cylinders fabricated to characterize the refractive index of
samples built with the press.

wt. % | Mix density | Volume | Mass | Density Porosity | Set porosit
TiO2 | [gem® | [em?] | [g] |[gem®] y | Setporosity
1.40 2.618 1.87 36.9%
1.43 2.601 1.82 38.6% 38.5%
1.50 2.677 1.78 40.0%
1.58 3.117 1.97 33.5%
0,
1.49 3.054 2.04 31.1% 30.7%
85.6% 2.966 1.47 3.007 2.04 31.2%
1.53 3.182 2.08 29.9%
1.50 3.076 2.04 31.1%
1.53 3.316 2.17 27.0%
0,
1.57 3.110 1.98 33.2% 29.0%
1.64 3.226 1.97 33.5%
1.62 3.311 2.05 37.5%
0,
1.63 3.330 2.05 37.5% 37.5%
1.52 3.247 2.14 34.6%
0, 0,
90.2% 3.278 1.44 3.080 2.13 34.9% 34.8%
1.46 3.225 2.21 32.6%
0,
1.44 3.133 2.17 33.8% 33.2%
1.30 3.017 2.32 35.6%
94.1% 3.599 1.35 3.082 2.29 36.5% 35.9%
1.37 3.176 2.32 35.5%
Table 4-3: Properties of the pressed SILs fabricated
. Mix density | Volume | Mass | Sample density :
[0)
% Ti0; g cm?] [cm?] ] g cm?] Porosity
85.6 % 2.966 4.29 9.050 2.11 28.9%
90.2 % 3.279 4.29 10.120 2.36 28.1%
94.1% 3.599 4.29 9.085 2.12 41.2%

In Figure 3, we show the fabricated SILs that are removed from the mold structure. Polishing must
be carried out to improve the surface quality. It is noted that the grey stains on the 85.6% TiO, and

90.2% TiO> SILs are due to silicon oil used in the mold to simplify lens release.
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Figure 4-3: Photographs of the top and bottom surface of the pressed SILs. From left to right, the
SIL with 94.1% TiO., 90.2% TiO> and 85.6% TiO..

4.4.2. The printed SIL

The second design is intended to create a SIL made of pure TiO. powders (without PP inclusions).
A thin hemispherical shell was 3D printed (Raise3D pro2) using PP filament inside which the TiO>
powders are pressed manually. The thickness of the shell is 1.5 mm, with PP deposited using a 50
um-thick layers and a 200 um diameter nozzle. The high 3D printing precision is necessary to
minimize the surface roughness of the hemispherical shell and reduce the diffraction of the THz

beam (see Figure 4).

Figure 4-4: Comparison of the thin hemispherical shells of PP that are 3D printed with layer
heights of 100 um, 80 pm and 30 um (from left to right).
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The quality of the surface roughness of the 3D printed shell is an important element of this SIL
design. The thickness of 1.5 mm is particularly chosen so that the shell is solid enough for the TiO>
powder to be compressed inside of it while being thin enough to minimize the shell absorption
losses. It is noted that 3D printing with PP is challenging as it is very sensitive to temperature
gradients which affects strongly the model adherence to the build plate. To improve adherence of
the 3D printed sample to the build plate, the plate temperature was set to 95°C. The filament
extrusion temperature was set at 240°C. The extrusion speed is 15 mm/s.

Next, the 3D printed hemispherical shell was filled with pure TiO2 powder, and manually pressed
to avoid the breakage of the shell (see Figure 5 (a-e)). The porosity of the SIL fabricated using this
approach can be estimated using Equations 3 and 4, thus resulting in f,;. = 52.7% and fr;o, =

47.3%, which is the highest fraction of TiO> among all the fabricated lenses.

Figure 4-5: Photographs showing the step by step process by which the SILs are fabricated using
the pure TiO2 powder in a 3D printed shell. (a)The 3D printed hemispherical shell was placed on
the hemispherical aluminum mold (b). The pure TiO2 powders are filled inside the 3D printed
shell. (c) Aluminum cylinder that helps in manually pressing the TiO2 powder (d). The printed
SIL after pressing it manually (e). The 3D printed hemispherical with filled TiO2 powder was
removed carefully from the mold.



50

4.5. Resolution of the SILs

In this section, we describe the optical characterization of the fabricated SILs. The resolution of
the fabricated SILs is characterized using the THz time-domain-spectroscopy (TDS) system [21,
36, 37, 45]. The schematics of the experimental setup are shown in Figure 6. A high-power
femtosecond laser (Mai Tai) with an average power of ~2.5 Watts and a wavelength of 800 nm was
used as the optical source to drive the emitter and detector photoconductive antennas (PCA). The
THz emitter is an interdigital array antenna fabricated by Batop Optoelectronics (iPCA-21-05-
1000-800-h). The antenna array was mounted with a hemispherical silicon lens and a TPX lens in
the same housing to produce an almost collimated beam. A secondary TPX lens (L1) with a focal
length of 151.5 mm is added and positioned experimentally to collimate the beam.

Beam splitter (BS2) Delay line (DL)
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| . mirror
Flat ! < e splitter I
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Figure 4-6: Schematic of the pulsed THz imaging system with SIL.

The collimated beam from the lens L1 is then deviated vertically by a flat gold-coated circular
mirror with a diameter of 50mm (M1) so that the sample (which should be located on top of the
SIL), can be scanned in the horizontal plane while illuminated from the bottom. The THz beam
passes through the beam splitter BS1 for the first time before L3, and a second time after being
reflected on the sample. A thin silicon wafer of thickness ~200 um was used as the beam splitter

(BS1). Similarly, L3 is a TPX THz lens from Batop optoelectronics with a diameter of 50 mm and
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a focal length of 35 mm whose NA is 0.54. The theoretical spot size of lens L3 is estimated as
0.9259 .. The THz lenses L1 and L2 are identical and are fabricated using PTFE with a focal length
of 151.5 mm and a diameter of 2 inches. The detector is a PCA manufactured by Menlo (TERAS-
1). It is noted that the spot size of the SIL was measured in the NF of the flat surface.
To characterize the THz beam produced by the emitter PCA, a first experiment was conducted by
focusing the collimated beam directly on the detector PCA (see Figure 7 (a)). For this arrangement,
we present the time-resolved THz pulse (see Figure 7 (b) and its corresponding Fourier transform
with a bandwidth of ~1.5 THz (Figure 7 (c)).
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Figure 4-7: a) Schematic of the experimental set up to measure the spot size of the lens, L1. (b)
3D plot of the intensity of the electromagnetic field in the propagation plane of the pulse (the plot
represents a 20mm x 20mm square). (c) The normalized intensity distribution of the time-domain
THz pulse recorded after L1 and d) the corresponding Fourier transform of the pulse in frequency
domain.
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A second experiment was conducted with a simplified version of the THz solid immersion lens
system as shown in Figure 8 (a). Here, support is 3D printed in 4 parts to help align the optical
component of the microscope (see Figure 9). A reference spectrum (without SIL) was measured
by using a mirror to redirect the beam towards the detector. In Figures 8 (b) and 8 (c), the THz
time-domain pulse recorded with this setup is presented which highlights the impact of the imaging
system on the THz pulse. i.e. The THz beam intensity was decreased significantly as it passes
through the beam splitter (BS1). We also note the effect of interference patterns in the Fourier
transform of the time-domain pulse (see Figure 8 (c)), due to the internal reflection on each face of
the beam splitter. Finally, by comparing the spectral width shown for the empty system (see Figure
7 (c)) (1.5 THz), we observe that the spectral width for the experimental setup shown in Figure 8
(a) reduces significantly to ~0.7 THz.
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Figure 4-8: a) Schematic of the experimental setup of the THz imaging system to characterize the
SIL. (b) The normalized intensity distribution of the time-domain THz pulse and c) the
corresponding Fourier transform of the pulse in frequency domain.
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b)

Razor blade

Figure 4-9: a) Schematics of the 4-parts support 3D printed for the fabrication of the solid
immersion system. b) Photographs of the first two parts printed and with the M1 and BS1
inserted. ¢) Photographs of the complete system in the configuration of a knife-edge experiment.

Despite the notable loss in the spectral width (~0.7 THz) of the detected THz beam, it is still
sufficient enough to carry out the THz imaging experiments. It demonstrates that the 3D printed
support provides the necessary alignment for the microscope. The complete solid immersion
system of Figure 6 is therefore ultimately built.

A knife-edge experiment was carried out to perform the following measurements: the spot size
produced by Lens 3 without SIL, the spot sizes with the pressed SILs of 85.6%, 90.2%, and 94.1%
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TiO> (see Table 3), and the spot size with the printed SIL (described in Section 3.2). Due to the
chromatic aberration of L3, the focal plane will not be the same for all frequencies carried by the
pulse. To take advantage of the higher power generated by the PCA at 0.1 THz, the system is
aligned to image the beam at the focal point of that frequency. The measure of the profile is made
by a knife-edge experiment. The measurement entails moving a razor blade in the focal plane of
L3 (which coincides with the flat side of the SIL when present) and recording the reflected intensity
with a spatial resolution much smaller than the beam spot size. As the edge of the razor blade
moves toward the center of the beam, the reflected intensity will increase and define the intensity
profile of the beam. The first-order derivative of this profile yields a gaussian-like function
representing the increase in reflected intensity as a function of the axial coordinate of the beam.
The resolution of the system is defined by the full width at half maximum (FWHM) of the Gaussian

beam profile (see Figure 10) [7].

I(x)
__ |dI(x)/dx |
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Figure 4-10: Schematic of a reflection-mode knife-edge measurement technique to measure the
resolution of the THz imaging system. a) Scenario without SIL. b) Scenario with a SIL, which
reduces the spot size. ¢) Representation of the intensity profile drawn when plotting the intensity

of the pulse recorded as a function of the knife edge position.



56

To characterize the SILs, the displacement step of the knife-edge is set between 10 and 25 pum.
At every step, between 65 and 100 pulses are recorded and averaged. Each pulse corresponds to
1753 measures of the electric field taken by an acquisition card at 2500 Hz with a delay line moving
at 25 mm s, giving a scan duration of approximately 120 ps. The measured profile is smoothed

by a simple moving average algorithm, and the derivative of the smoothed curve is drawn.
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Figure 4-11: Characterization of the SILs using knife-edge experiments. The blue curve
represents the normalized intensity (1) profile of the reflected THz pulse at 94 GHz and the red
curves represent the first order derivative of the intensity. a) Frequency domain spectrum of the
THz pulse detected by the system without any SIL. b) System without SIL, ¢) SIL with 85.6%

TiO2 d) SIL with 90.2 % TiOz, ) SIL with 94.1% TiO and f) Printed SIL.
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As shown in Figure 11, the spot size of the bean focused by L3 at 0.094 THz is 3.189 mm, or
0.90 A. This beam size corresponds to the diffraction limit of the system and will serve as a
reference for the SILs. The same experiment is made for each of the SILs. In Table 4, we present
the beam width at 0.094 THz for different SILs discussed in this work. The distance between each
fitted point on the intensity profile obtained by knife edge is between 60 and 125 um, depending
on the lens tested. This gives a profiles whose precision is smaller than 4% of the wavelength,

yielding an estimation of the precision of the resolution measurement.

Table 4-4: Resolution of the solid immersion system at 0.094 THz for the fabricated SILs.

f (TH2) NoSIL | SIL 85.6% | SIL 90.2% | SIL 94.1% Prs”l‘ted
0.094 0.90 1 0.30 1 0.24 1 0.27 1 0.20
EXperF'{Te”ta' 3.00 3.75 3.33 4.50

The experimental RI presented in Table 4 corresponds to the improvement of resolution due to
the SIL presence (RI = spot sizeyithout si. / SPOt Sizey,itn si1), as follows from Equation 1. We
can see from Figure 11 that the presence of SIL dramatically increases the system resolution.
Moreover, 0.20 A resolution achieved using a printed PP shell with compactified TiO2 powder SIL

competes with the highest resolution of 0.15 A reported in the literature that uses high resistivity Si

[7]1.

4.6. Characterization of the RI of SILs fabricated using mechanical hot press

technique

To validate the experimentally found Rls from Table 4, the Bruggeman model is used to
theoretically predict RIs of the lenses using the air, PP, and TiO: filling factors presented in Table
3. To give more context to the validity of the Bruggeman model, we refine our analysis by also
taking direct measures of the RI of the pressed cylinders while using a standard cutback technique.

The cylinder filling factors are presented in Table 3. In Figure 12 (a), we present a schematic of
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the experimental setup, while details of the THz CW spectroscopy system operation can be found
in References [114, 130]. Briefly, the setup consists of two distributed feedback lasers operating
with slightly different center wavelengths in the infrared C-band. The output of each laser is fiber-
coupled and the two are combined and equally split using a 3dB coupler. After passing through the
piezoelectric fiber stretcher, the laser beams optically drive the emitter and detector photomixer.
The THz waves are then generated from the emitter photomixer by applying the modulating bias
voltage. By using a pair of parabolic mirrors, the generated THz beam is collimated and focused
on to the detector photomixer for lock-in detection. The cylindrical samples are placed in the
collimated THz beam path and the complex RI of the sample is measured using the cutback
technique. The resultant findings for the cylinder RIs sare summarized in Figures 12 b, 12 ¢ and
13. The cutback technique is a very precise and convenient non-destructive way to measure directly

the complex RI of a sample.
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Figure 4-12: a) Schematic of the CW THz spectroscopy system b) Rls of the cylinders with
90.2% wt. of TiO- for different porosities and (c) RIs of the cylinders with different
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Figure 4-13: Refractive index and losses by field of the cylinder with 94.1 wt. % TiO for a
porosity of 35.9%.

The plots presented in Figures 12 (b) and (c) confirm that the RI increases for higher values of the
TiO2 volume filling factor (fr;0, ). In Figure 12 (b), we observe that as porosity (f,;) increases,
the RI decreases. In Figure 12 (c), we see that at similar values of f;., the RI increases with the
increasing concentration of TiO2. At 94.1% of TiO. (see Figure 13), the least porous cylinder
pressed had a porosity of 36% (the least porous SIL had a porosity of 41%) and a RI around 3.95
at 0.1 THz. In the same plot (Figure 13), we present the absorption loss (by field) of a particular
cylindrical sample that corresponds to a pressed SIL with the highest RI.

Next, assuming that the shape of the particle is spherical, the effective RI (n.) is approximated

by using the Bruggeman model by solving Equation 6:

Ngir — N Nrio, — N Npp — N
air eff + ) TiO, eff f PP eff =0 (4_ 6)
2 2 2. PP 2.

Ngir + 2" Negr Nrig, T 2 Negy Npp + 2 Negy

fair

where, fqir, frio, and fpp are the volume fraction of air, TiO2, and PP, respectively (their
summation must be equal to 1). Similarly, n;-, nri0,, and npp are the Ris of air, TiOz, and PP,

which are 1, 10 [131], and 1.51, respectively at ~0.1 THz.
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Figure 4-14: Theoretical prediction using Bruggeman model for estimating the effective RI of the
SlLs.

In Figure 14, as continuous curves, we present the theoretical estimates of RIs for the pressed
powder mixes of different concentrations of TiO.. On the same graph using the “x” and “0”
markers, we present experimentally measured values of the RIs for cylinders and SILs, respectively
at 0.1 THz. The color of the lines and markers represent different concentrations of the TiO- in the
TiO2/PP powder mixes, namely red - 85.6 wt. % TiOa, blue - 90.2 wt.% TiO-, green - 94.1 wt.%
TiO2, and black - 100 wt.% TiO. Only a qualitative agreement between the experimental and
experimental data is observed. This finding is not surprising as Bruggeman model is known to
work well only in the limiting cases of very low or very high values of the filling factors, while for

the intermediate values of the filling factors one can only hope for a qualitative agreement.
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4.7. Conclusion

In conclusion, this paper reported on the fabrication of SILs based on two design strategies
(mechanical hot press technique of TiO2/PP mixes, and 3D printed SIL shell with TiO, powder
compactification), that could be used to enhance the resolution of THz imaging well beyond the
Abbe’s diffraction limit. The fabricated SILs are characterized and tested using a pulsed SIL THz
microscope system. The improvement in resolution is quantified using the knife-edge
measurements of the beam waist after focusing with and without SIL. The best resolution of 0.2 A
at 0.1 THz is achieved using a 3D printed SIL shell with compacted pure TiO2 powder, while the
second-best resolution of 0.25) is achieved using a pressed TiO2/PP SIL with 90.2 wt. % TiO-
concentration. Both results compete well with the highest resolution of 0.15 A reported today in a

THz SIL system that uses expensive high resistivity Si materials.
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4.9. Appendix

Here we show derivation behind Equation 3 that allows experimental measurement of porosity of
the pressed samples using the weights of the TiO2 and PP powders in the mix, as well as the total

volume of a sample.



Porosity = air filling factor by volume
_ Vair

- Vtotal

1— VTiOZ + VPP

Vto tal

Mrio2/Prioz + Mpp/Ppp

Vtotal
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Mrigo2 | Mpp
_ 1 _ Prioz__ Prp Miotal
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Meorat/Viorar 1S the density of the cylinder lense measured experimentally after fabrication

(Mriop + M_PP)/ (% + %) is the mix density defined in Equation 2.
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CHAPTER 5 GENERAL DISCUSSION

In this chapter, we will discuss how well our results answer our original objectives. We will also
present possible improvements to the project, and discuss certain parameters that can be changed
in the experimental part.

In summary, the main objective of the project was to fabricate SILs using TiO. powder and a simple
fabrication method that would achieve super-resolution. More specifically, we were interested in
exploring the resolution improvement of a system that would use TiO> lenses rather than Si lenses.
Whereas the latter is very well covered in the literature (see Table 2-2), very few authors covered
applications with the former. Furthermore, Si lenses are very expensive for a limited improvement
of resolution. The focus was therefore set on designs that could yield a RI higher than 3.5 while
being cost-efficient. Both designs finally chosen only differ by the presence of a third inclusion in
the lens for the pressed SIL. From a practical point of view, the first design (the pressed SIL) was
more useful for manipulation since the fabricated lens was solid and could either be used in both a
horizontal or a vertical microscope. The second design sacrificed some of this practicality to reach
a higher RI. However, it was more fragile and necessitated a vertical microscope. As this lens ended
up being the best one (its resolution at 0.20044 2 is among the best in the literature), it does fit our
initial objective. Our results however do not perfectly fit the expected RI predicted by the
Bruggeman model. Although an important reason, as was discussed in our article in Chapter 3, is
that our experimental evaluation of the volume of the SILs has a very large margin of error, a few

factors could be changed to improve the method.

5.1. Porosity

The first factor, porosity, is the main factor that prevents us from reaching the full potential of
TiO>. In Figure 4-14, we see that a SIL with a weight percentage of 94.1% TiO2 would reach a RI
of 4.0 when its porosity is at 39%. Unfortunately, we were never able to press a lens at this
concentration with a porosity lower than 40%. To the best of our knowledge, the failure to do so is

due to two factors: the hot press pressure was not high enough and the particles were too big. As a
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matter of fact, the pressure of two metric tons applied by the press was limited by the fragility of
the mold. At the start of the project, the mold (see Figure 4-2) was designed as reported in reference
[92]. For fabrication purposes, the material was chosen to be plates of aluminum. Considering the
pressure necessary to press ceramic powders, it would have been better to use a harder metal, such
as steel. When applying higher pressures, the aluminum mold would deform, which limited the
density achievable. A different mold would allow higher pressure which could yield lower porosity.
With a more robust mold and a more sophisticated press, we could even achieve sintering
temperature and pressures as reported in Section 1.4.2, which would yield an even higher RI. This
could yield some of the best THz SILs reported in the literature. Another way to improve the
density achievable would be to reduce the particle size. The TiO> particles being initially much
smaller than the PP particles (1-2 um and 10-15um), it was determined that using a high-energy
ball mill would help to break the agglomerations within the mix, crush the particles, and reduce the
difference in size. The longer the powder spends in the high-energy ball mill, the more the particle
size will be reduced. An idea to consider would be to significantly increase the time in the ball mill
from 30 minutes (time of ball milling for the SILs fabricated in this project) to a few hours, to have
particles much smaller than one micron. With smaller particles, higher density would be

achievable, and porosity could theoretically be decreased much more.

5.2. Absorption

One of the main issues faced in this project is a general one in THz science, which is the limited
power generated by sources. As a source, this project uses a Batop interdigital array antenna which
generates a very powerful pulse of light compared to more conventional PCAs (up to 100 mW
according to the datasheet). However, some problems with our laser (the Mai Tai from Spectra
physics) prevented us from reaching the maximal power with the PCA. Furthermore, our reflection-
mode solid immersion system makes the pulse travel twice through a beam splitter, dividing its
intensity by 4. Then, travelling through 50 mm of TiO> lens would make the detected pulse
extremely weak. In Figure 5-1, we compare the normalized intensity of the pulses recorded without
a SIL to the ones recorded with the two SILs with the highest RI (the pressed SIL with 90.2% TiO>
and the printed SIL). The detected pulses attenuated by the fabricated SIL have roughly 20% of the
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intensity of the initial pulse. It is obvious that although the SILs were designed to minimize
absorption, the losses are very important. The pulses plotted in Figure 5-1 are an average of 100
pulses measured at the detector. Such a large number of pulses is necessary to improve the SNR of

the system but is also very time-consuming.
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Figure 5-1: Comparison of the intensity of the pulses having traveled through a SIL and the
intensity of the initial pulse.

An idea to improve the intensity of the detected THz would be, intuitively, to use a more powerful
THz source. Indeed, a BWO could generate a higher output of monochromatic THz waves, which,
especially because of the chromatic aberrations in this system, would be much more efficient.
However, it does not change the reality that BWOs are rare and very expensive. Another idea would
be to reduce the diameter of the SIL, from 25.4 mm to about 10 mm for example. It would require
many modifications in the microscope (collimating the beam to a shorter radius, changing the
focusing lens, etc) and in the fabrication process (changing the mold, reducing the layer height of
the 3D printer to keep a smooth surface, etc), but it would considerably reduce the losses of the
system, making it much more practical for actual applications. Considering that absorption follows
Beer-Lambert law and that losses decrease exponentially with the distance traveled by light in a

given medium, reducing this distance by half would greatly improve the SNR of the detected pulse.



67

5.3. Surface roughness

Another source of errors in the system was the surface of the fabricated SIL. The experiments being
at the frequency of 0.1 THz (i.e., a wavelength of approximately 3 mm), imperfections at the
surface of the SIL are not as important as in the visible or IR range. It remains important, however,
to achieve a good polishing of the SILs’ flat side in order to have good results with the knife-edge
experiments. However, the polishing of the spherical face is more difficult. In this project, the
pressed SILs’ spherical surfaces were polished superficially with sandpaper sheets of 120, 400, and
1000 grits to remove as many obvious flaws as possible. Working at higher frequencies in the THz
range would require a more thorough polishing, which would affect the spherical shape of the SIL.
Using a tool adapted to polish optical lenses in the visible would be necessary to extend the
applicable range of frequency of the fabricated SIL.

5.4. Chromatic aberrations

The last aspect to be discussed about the project is the choice to design a time-resolved pulsed
microscope with lenses. This choice, which introduces the chromatic aberration, limits the upside
of a pulsed microscope because the resolution becomes frequency-dependent. In this project, the
microscope schematic of Figure 4-6 was mainly adopted because of practical considerations and
because of its simplicity (which matched the time limitations of the project). It was a simple setup
that met the basic requirements, which were to measure the resolution of the fabricated SILs while
illuminating them with a vertical beam. A more optimised system would rely on a parabolic mirror
to provide a focus without aberrations (see Figure 5-2). Another upgrade could come from the use
of a beamsplitter cube rather than the Si slab used for this project. The reason we used the current
beam splitter is that the THz has a wide diameter (approximately 40 mm) and that no beamsplitter
cubes of that size were available at the time when the components were ordered. In the eventuality
that such a part became available, it would remove the noticeable interference pattern on the pulses
(see the secondary pulse in Figure 5-1). This improvement is not a necessity for the functioning of

the microscope but would be an upgrade.
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Figure 5-2: Proposition of an adapted solid immersion microscope in which the beam is focused
with a parabolic mirror instead of a lens.
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CHAPTER 6 CONCLUSION

In conclusion, this thesis presented the fabrication of SILs in TiO> following two designs. The SILs
are hemispherical lenses used in a solid immersion microscope to achieve super-resolution in THz
imaging. Super-resolution (i.e., resolution beyond the diffraction limit) is necessary for many THz
imaging potential applications. The high Rl of TiO. (approximately 10) makes this material very
interesting for SIL fabrication, as it provides a potential for better resolution than the Si SILs which

are used in most recent publications.

First, we proposed our fabrication methods for the two designs. These methods are easy to
implement and use a TiO2 powder that is widely available. The first method simply consists in
pressing the TiO2 powder with PP powder in a hemispherical mold at 135°C. The second method
consists in pressing pure TiO2 powder inside of a 3D printed PP hemispherical shell. The objective
is to maximize the concentration and density of TiO- in the SILs in order to optimize the resolution.

The Bruggeman model is used to estimate the RI of the four SILs fabricated.

The RI of cylinders fabricated with the same method as the pressed SILs is measured by the cutback
technique. The estimation made with the Bruggeman model overestimates the measures by a
significant margin (around 10%), but the demonstration is made that the SILs fabricated have a RI
close to or higher than the Si SIL. The measurements also show that the RI of the SILs depends
mainly on two parameters: the concentration of TiO2 and the porosity in the SIL. Control over these

parameters gives control over the RI, which can then be used to optimize the fabricated lenses.

A complete and functional reflection-based time-resolved solid immersion microscope is built and
characterized. The THz pulse is produced by a PCA and has a bandwidth of 0 to 1.5 THz with a
maximum intensity around 0.1 THz. The system reduces this bandwidth from 0 to approximately
0.7 THz. The spot size of the beam focused through the fabricated SILs is measured by the knife-

edge technique and super-resolution is demonstrated.

In our submitted paper, we presented in detail the fabrication method and resolution of the SIL.
The SILs fabricated are characterized and the solid immersion microscope built is presented. The
final resolution of the best SILs is measured at 0.20047 A, which compares very well to the best

system reported in the literature.



70

Finally, the results are discussed. The SILs provide a resolution improvement factor that shows a
lot of potential for applications in the literature. Ideas to further increase the RI of the SILs are
proposed based on the literature review. Improvements in the fabrication methods are also
presented as consideration for future research. The solid immersion microscope is functional, but

improvements are proposed to make it more practical for applications in THz imaging.
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