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ABSTRACT

Nowadays, technological advancements demand smaller, faster, and more efficient devices.
This makes nanomaterials essential, as they offer innovative solutions by enhancing
performance at the nanoscale and driving the development of new materials. Their applications
span a wide range of fields, from next-generation transistors and flexible electronics to high-
efficiency solar cells and advanced drug delivery systems. However, one of the major
challenges in working with nanomaterials is their characterization, which requires contactless
and non-destructive techniques. The electronic, structural, and optical properties of these
materials are crucial for the future of materials science. This thesis, divided into five chapters,
presents results obtained using two powerful techniques for characterizing different types of
two-dimensional (2D) materials: photoacoustics (PA) and terahertz (THz) spectroscopy. Both
methods are widely employed in imaging and material analysis. Following the introduction in
Chapter 1, Chapter 2 provides a brief review of absorption and refraction, serving as a simple
reminder. Chapter 3 is dedicated to photoacoustics, explaining the underlying phenomena,
relevant equations, and applications. Photoacoustic microscopy (PAM) is introduced, and
results obtained in the laboratory using this setup are presented for four different types of
nanoparticles: titanium nitride (TiN), gold nanoparticles (nanospheres and nanorods), erbium-
ytterbium (Er**—Yb*") co-doped nanoparticles, and an iron oxide (FesOs) nanocomposite
(FesOs@BCD-PHY). All images acquired using PAM demonstrated excellent resolution and
contrast. Moreover, the diversity in optical and electronic properties among the samples
confirms the versatility and effectiveness of photoacoustic microscopy. Chapter 4 explores
terahertz experiments, particularly Terahertz Time-Domain Spectroscopy (THz-TDS). It
presents the theory behind the generation and detection of THz radiation, along with
applications within this low-frequency range of the electromagnetic spectrum. Results include
the characterization of 2D transition metal dichalcogenides (TMDs) and the design of a
continuously tunable filter for THz telecommunication systems. Finally, Chapter 5 outlines
future work to be carried out in upcoming THz experiments. Through these chapters, this work

aims to contribute to the rapidly advancing field of nanomaterial characterization.

Keywords: photocacoustics; terahertz; photoacoustic imaging; nanomaterials.



RESUMO

Atualmente, os avangos tecnoldgicos exigem dispositivos menores, mais rapidos e mais
eficientes. Isso torna os nanomateriais essenciais, pois oferecem solucdes inovadoras ao
melhorar o desempenho em escala nanométrica e impulsionar o desenvolvimento de novos
materiais. Suas aplicagdes abrangem diversas areas, desde transistores de proxima geracao e
eletronicos flexiveis até células solares de alta efici€éncia e sistemas avangados de entrega de
farmacos. No entanto, um dos principais desafios ao trabalhar com nanomateriais ¢ a sua
caracterizagdo, que requer técnicas sem contato € nao destrutivas. As propriedades eletronicas,
estruturais e opticas desses materiais sdo fundamentais para o futuro da ciéncia dos materiais.
Dividida em cinco capitulos, esta tese apresenta os resultados obtidos a partir de duas técnicas
poderosas utilizadas para caracterizar diferentes tipos de materiais 2D: fotoacustica (PA) e
espectroscopia no terahertz (THz). Ambos os métodos sdo amplamente utilizados para
imageamento e analise de materiais. Apds uma breve introdu¢do no Capitulo 1, o Capitulo 2
apresenta uma explicacdo breve sobre absor¢ao e refragdo como um lembrete conceitual. O
Capitulo 3 ¢ dedicado a fotoacustica, explicando os fendmenos envolvidos, suas equagdes e
aplicacdes. A microscopia fotoacustica (PAM) ¢ introduzida, e os resultados obtidos em
laboratdrio com essa técnica sdo apresentados para quatro tipos diferentes de nanoparticulas:
nitreto de titdnio (TiN), nanoparticulas de ouro (nanocristais esféricos e nanobastdes),
nanoparticulas co-dopadas com érbio-itérbio (Er**-Yb**) e um nanocompdsito de 6xido de ferro
(FesO4@PBCD-PHY). Todas as imagens obtidas com a PAM apresentaram excelente resolugdo
e contraste. Além disso, o fato de que todas as amostras possuem propriedades Opticas e
eletronicas distintas confirma a utilidade da microscopia fotoactstica. O Capitulo 4 explora
experimentos no terahertz, como a Espectroscopia no Dominio do Tempo no Terahertz (THz-
TDS). A teoria para geragdo e detec¢do da radiacdo THz ¢ apresentada, assim como suas
aplicagdes dentro dessa faixa de frequéncia do espectro eletromagnético. Sdo discutidos os
resultados da caracterizacdo de dicalcogenetos de metais de transicdo (TMDs) bidimensionais
e o design de um filtro continuo sintonizavel para sistemas de telecomunicagdo em THz. O
Capitulo 5 apresenta os trabalhos futuros que serdo desenvolvidos para os experimentos em
THz. Por meio destes capitulos, este trabalho busca contribuir para o crescente campo da

caracterizacdo de nanomateriais.

Palavras-Chave: fotoacustica; terahertz; imageamento fotoacustico; nanomateriais.
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1 INTRODUCTION

In recent years, two-dimensional (2D) materials and nanomaterials have gained significant
attention due to their physical, chemical, and mechanical properties, such as mechanical
flexibility, tunable electronic behavior, high optical transparency, and low-temperature solution
processability, all of which are of great interest for electronic and optical devices [1]. These
materials — including graphene, transition metal dichalcogenides (TMDs), M Xenes, and metal
nanoparticles (MNPs) — possess unique characteristics such as high electrical conductivity,
mechanical strength, and tunable optical properties, making them ideal for applications in
electronics, energy storage, optoelectronics, electrocatalysis, and medicine. Their applications
range from next-generation transistors and flexible electronics to high-efficiency solar cells and
drug delivery systems [2,3]. In today’s context of rapid technological advancement, there is a
growing demand for smaller, faster, and more efficient devices, which makes nanomaterials a
fundamental tool by providing innovative solutions and enhancing performance at the

nanoscale.

However, one of the major challenges lies in the characterization of these materials, which
requires contactless and non-destructive techniques. Transmission and Scanning Electron
Microscopy (TEM and SEM), X-ray Diffraction (XRD), Polarized Optical Microscopy (POM),
Atomic Force Microscopy (AFM), and X-ray Photoelectron Spectroscopy (XPS) are standard
characterization techniques that can provide information about the morphology, structure,
particle size, and surface area of the material. Techniques such as UV—Vis spectroscopy,
Diffuse Reflectance Spectroscopy (DRS), and photoluminescence (PL) are useful for analyzing
the optical properties of 2D materials, including absorption, reflection, and
phosphorescence [4,5]. The need for large-scale equipment to perform such measurements,
combined with the destructive and ionizing nature of some techniques, underscores the

importance of developing alternative methods for characterization.

Photoacoustic and terahertz (THz) techniques can play a crucial role in the characterization
of two-dimensional (2D) materials due to their non-destructive and non-ionizing nature, as well
as their ability to provide valuable insight into structural, electronic, and optical properties [6].
Photoacoustics enables the analysis of thermal and mechanical characteristics by detecting
acoustic waves generated through light absorption, making it particularly useful for evaluating

defects and performing imaging of 2D materials [7]. On the other hand, terahertz spectroscopy,
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owing to its sensitivity to low-energy excitations, allows the investigation of carrier dynamics,
conductivity, and dielectric properties. It is especially effective for studying interlayer
interactions, phonon modes, and electronic transitions [8]. By combining these two techniques,
a more comprehensive understanding of 2D materials can be achieved, fostering advancements
in optoelectronics, nanophotonics, and quantum technologies. Their non-invasive nature and
ability to probe fundamental material properties make them indispensable tools in the
development of next-generation devices.

Imaging techniques are another important approach for material characterization,
commonly used for morphological studies and, in the biomedical field, for a wide range of
diagnostic purposes [9]. Today, some of the most widely used techniques include magnetic
resonance imaging (MRI), computed tomography (CT), positron emission tomography (PET),
ultrasound, and optical coherence tomography (OCT). However, the applicability of each

technique is limited, as all of them present certain drawbacks [10].

Magnetic resonance imaging, in addition to being very expensive, requires a long
acquisition time. CT and PET scans involve the use of ionizing radiation, which carries a
potential risk of inducing cancer [11] and, therefore, should not be used too frequently [12].
Despite these concerns, their use remains widespread due to the implementation of strict safety

protocols.

Photoacoustic and terahertz imaging techniques are widely employed due to their non-
ionizing and non-destructive nature. Photoacoustic microscopy (PAM) has been extensively
applied in biomedical contexts and can be further enhanced through the use of contrast agents.
By combining optical contrast with acoustic resolution, PAM is a powerful technique capable
of studying the morphology of microscale materials [13]. Meanwhile, terahertz (THz) imaging
systems leverage their non-destructive nature for applications in biomedical diagnostics and
security screening [14]. In the past, the practical use of this technique was limited by the raster-
scanning requirement, which resulted in very low imaging speeds. However, significant
progress has been made in recent years, including the achievement of micrometer-scale
resolution [15], reduced imaging time, and the development of single-shot ultrafast terahertz
photography [16]. Thus, photoacoustic and terahertz techniques offer a broad range of

possibilities and pave the way for new studies on emerging materials.
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2 LIGHT-MATTER INTERACTION

This chapter provides the fundamental background for the thesis, focusing on two key
phenomena: absorption, which is essential for understanding the photoacoustic effect, and
refraction, extremely important for terahertz (THz) measurements. But before explaining about
these topics, however, it is important to introduce the light sources that can induce these

phenomena.

2.1 LIGHT SOURCES AND LASERS

Studying the properties of a given material is a complex task. One effective approach
involves analyzing its interaction with light. Among various light sources, discharge lamps
deserve special mention, as they were widely used in optical measurements prior to the
invention of lasers [17]. These lamps operate by passing an electric current through a tube
containing a gas or a mixture of gases. There are noble gas lamps (such as xenon and helium),

as well as lamps containing other elements, such as hydrogen and mercury.

The first maser (Microwave Amplification by Stimulated Emission of Radiation) was built
in 1955 by Gordon, Zeiger, and Townes, who demonstrated that it was possible to amplify a
microwave signal using ammonia molecules [18]. They showed that this could be achieved with
a population inversion in the ammonia molecules (meaning that most of the molecules were in
an excited state rather than in the ground state) and if they were confined within a cavity. Three
years later, Townes and Schawlow detailed the functioning of the maser and proposed that this
effect could be extended to the visible and infrared spectrum [19], leading to the first laser
(Light Amplification by Stimulated Emission of Radiation), built in 1960 by Maiman, which
operates at 694 nm [20]. One crucial requirement for a laser is a pumping energy source to
enable population inversion in the active medium (or gain medium), which happens when most
of the atoms are in an excited state. This pump can come from flashlamps, electric current, gas
discharge, or even another laser. These atoms can then return to the ground state through a
process known as stimulated emission.

Stimulated emission is a process in which an atom in an excited state interacts resonantly
with a photon. This means that the energy of the incident photon matches the energy difference

between the atom's excited and ground states. When this happens, the previously excited atom



20

transitions to a lower energy state, emitting a photon with the same properties (frequency,
phase, and polarization) as the incident one. Figure (2.1) illustrates the stimulated emission
process.

Figure 2.1: Stimulated emission diagram.
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In the diagram represented in Figure (2.1), a photon with energy hv interacts with an atom
in the active medium (represented by the red circle), which is already in an excited state due to
the pump energy. Notice that the energy difference between the excited state (E,) and the
ground state (E;) is equal to the energy of the incident photon (E, — E; = hv). When this
interaction occurs, the atom returns to the ground state, and during this process, it emits a photon
with energy hv, as represented in the final scheme. Since the incident photon was not absorbed
at any point, the result of this phenomenon is an atom in the ground state and two emitted
photons.

When the gain medium, in which the stimulated emission occurs, is placed inside an optical
cavity — consisting of a set of properly aligned mirrors — it allows the photons to interact with
the active medium multiple times, acting as a feedback system and enabling more photons to
interact with the molecules of the active medium, thereby amplifying the number of photons
produced by stimulated emission. To allow part of the beam to exit the optical cavity, one of
the mirrors must be partially reflective (< 100% reflectivity). This enables the transmission of
photons in a direction defined by the cavity axis. The result is a monochromatic, collimated,

and coherent beam — unique characteristics of a laser, illustrated in Figure (2.2).
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Figure 2.2: Diagram showing a laser cavity.
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2.2 ABSORPTION

Light absorption by a medium occurs if the optical frequency is resonant with the resonance
frequency of the atoms in the medium. The energy difference between the excited state and the
ground state of the atoms (denoted as AE) must be equal to the energy of the photon emitted by
the light source, which is calculated using the product of Planck's constant (/) and the frequency

of the light beam, i.e.:
E=hv . (2.1)

If AE = E and only one photon is absorbed, an electron is ejected into an excited state.
This phenomenon is known as photon absorption (1PA).

The invention of lasers made it possible to study processes that depend on a very intense
monochromatic source [25], leading to the development of nonlinear optics [26]. It was the
advancements in nonlinear optics that led to a more general description of the absorption

coefficient, a parameter that characterizes material absorption, as given by [20]:

a=ag+bl . (2.2)
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where [ represents the beam intensity, while a0 and b are the linear and nonlinear absorption
coefficients, respectively. This shows that there is a dependence on beam intensity for nonlinear
materials. For very low intensities, even nonlinear materials will exhibit a linear absorption
behavior, but as the intensity of the light incident on the sample increases, nonlinear effects
begin to appear. Therefore, the development of the laser was crucial for observing nonlinear
phenomena due to its high power. As a result, it became possible to observe the phenomenon
of two-photon absorption (TPA) [21]. This phenomenon was theorized in 1930 [22] and
describes the possibility of an electronic transition from a lower energy state to a higher energy

state through the absorption of two photons, given that the beam intensity is sufficiently high.

As a specific energy per photon (AE) is required for absorption to occur, it is strictly
necessary that the sum of energies of each photon be equal to the energy difference between
the excited and ground states. This doesn’t mean that the two photons must be identical, but
rather that there is a condition on the sum of the frequencies, which must be precisely defined,
so that the sum of the energy of each photon equals the difference between the excited and
ground states. Moreover, because it is a nonlinear phenomenon, there is a direct dependence on

the beam intensity, as previously mentioned.

2.3 REFRACTION

Refraction is a phenomenon in which a wave passes from one medium to another (with two
different refractive indices, as shown later), changing its properties — such as velocity and
phase — while maintaining its frequency. It is already known that light is an electromagnetic
wave and, therefore, is susceptible to this phenomenon. Starting from Maxwell’s equations, one

can obtain the Helmholtz wave equation, expressed as:

o) iy

(V2 — ,u6w2)< > =0 . (2.3)

One possible solution for this equation is proportional to e!*=®%)  considering the
electromagnetic wave traveling along the x direction. The quantity “k” is called wavenumber.

To satisfy this, we need that:
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k =7=‘/,uea) , 2.4)

and the phase velocity (v) is:
w1 55
YTk T VE n 2

The quantity called “n” is of great interest for physical systems. It’s called refractive index,

and it’s usually a complex function:
aAlw) =n+ik . (2.6)

From now on, the complex refractive index will be denoted by 7@ while the real part of it
will be just n. The real part of the complex refractive index is due to phase shifts, while the
imaginary part is related to the absorption of the medium. Understanding how the refractive
index plays an important role in physics systems is very important, especially regarding the
behavior of an electromagnetic wave is after changing the medium of propagation. To

understand this, it’s necessary to solve the following boundary conditions [23]:

[e(By + Ey) —e'By] - =0
[k x Ey + k" x Ey —k' x Ej] - =0
(By + By —Ep) x 2 =0 7)

o

1 - - g 1 - —
[;(kxEo+k”xEO’)—17(k’xE(’))]xﬁ=O .

It’s possible to have the electric field parallel or perpendicular to the plane of incidence.
Therefore, we may have two different equations, one for each case, as represented in Figure

(2.3).
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Figure 2.3: Refracted waves on an interface with different refractive index. Electric field (a) parallel and (b) perpendicular to
the plane of incidence.

(b)

One can solve these equations considering that the interface is at at x = 0 (to eliminate
the exponentials) and for normal incidence (i = 0), the transmitted and reflected electric field

arc:

E; 27 Ey #,—17
D=, L= (2.8)
Ey, Tfig+1, E, 7, +1,

It’s very important to state that the boundary conditions represented in Equation (2.7)
must be solved for every interface where refraction occurs. As will be presented in Chapter 4,

this treatment is crucial for terahertz (THz) measurements.
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3 PHOTOACOUSTICS

In this chapter, the photoacoustic effect will be presented, as well as one imaging technique
called “Photoacoustic Microscopy” (PAM). First, the theoretical background and an
explanation of the phenomena will be discussed. Subsequently, the PAM technique is
explained, highlighting some wuseful applications. Finally, four results for different

nanoparticles will be presented using this technique.

3.1 THEORY

The first report about photoacoustics was in 1880, when Alexander Bell observed that it
was possible to hear a sound coming from solid materials, such as selenium, gold, silver, and
platinum, when pulsed light was impinging on the material [24], proposing that it was a
fundamental property of matter. One year later, Tyndall [25] and Rontgen [26] observed this

phenomenon in gases and started calling it the photoacoustic effect (or optoacoustic effect).

This phenomenon was completely forgotten for a long time because measuring it was
extremely challenging due to the fact that the detection system relied on human hearing, making
accurate measurements very difficult. It was only with advancements in microphone technology

and the development of new light sources that photoacoustic experiments were resumed [27].

In 1976, Rosencwaig and Gersho proposed that thermal diffusion played a role in the
generation of the photoacoustic effect, demonstrating that the periodic absorption of light (due
to modulated-intensity light) generates a periodic heat flow in a thin layer at the interface
between the sample and the surrounding medium. This process induces an oscillatory motion
that propagates as an acoustic wave, representing the first theoretical explanation for the
photoacoustic effect [28]. Thus, the photoacoustic effect is generated when a modulated-
intensity light beam is absorbed by a material, leading to a localized temperature rise. This
increase in temperature generates a variation in local pressure, which propagates as an acoustic
wave. This wave is then detected by a transducer or microphone, which converts the mechanical
signal from the acoustic wave into an electrical signal. This electrical signal is subsequently

analyzed by an acquisition device.

However, it is not just any modulated-intensity light that generates the photoacoustic effect.

One important feature is that the excitation of the light ends before the heat diffuses through
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the medium and before the generated acoustic wave propagates out of the illuminated region.
This occurs when two characteristics are considered: the thermal confinement time (7;5,) and

the pressure confinement time (7), which are given by:

d? d
Tth = T = —
Qe S

, 3.1)

where d is the spatial resolution, v is the sound speed in the medium and a; is the thermal
diffusivity of the medium. In the situation where the laser pulse width (7) is smaller than these

two characteristics time, the pressure increases as:

R = o

E, =TE, (7). 3.2
oo Ea=TEa(?) (32)

In Equation (2.16), I is the Griineisen parameter and E,, is the energy density of the beam.
It is possible to observe that the variation in local pressure, responsible for generating the
photoacoustic wave, is only proportional to the material's absorption. Therefore, effects such as
scattering, diffraction, and refraction, which influence optical measurements, do not interfere
with the photoacoustic signal. However, this variation in pressure that gives rise to the
photoacoustic effect must occur in a pulsed manner. To show this condition, starting with the

continuity equation for a mass flow:

dp(7, t)

P V-(p(# ) =0 . (3.3)

It’s possible to derive a wave equation for an infinitesimal variation in pressure p that has

the term on the right-hand side as a source, depending on the thermal energy H (t):

o L%\ _ 1 0H v
2oz )P T TC, ot (3-4)
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where v, T, and C p are the sound speed in the medium, temperature, and heat capacity at
constant pressure, respectively. The formalism for deriving these equations is provided in [29].
This equation shows that a time-dependent heat energy flow is fundamental to generating the
photoacoustic effect. Therefore, only a modulated-intensity beam, such as pulsed lasers, can

generate the photoacoustic effect [30], illustrated in Figure (3.1):

Figure 3.1: Schematization of the photoacoustic effect
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Accurate measurement of the photoacoustic effect was a major challenge. The first
measurements were made using microphones [32,33] and piezoelectric crystals [34,35], which
measure the electric field generated by the pressure created from the photoacoustic wave, and
can be detected as a voltage. Additionally, ultrasonic transducers [36] are extensively used
nowadays, some of which are immersion types, allowing them to be placed in water for better

acoustic coupling [37].

Since photoacoustics is a phenomenon that depends solely on the material’s absorption, it
is highly useful as a spectroscopic technique. Spectroscopy is the study of the interaction
between radiation and matter. In most optical spectroscopic techniques, the properties of
materials are studied through their interaction with electromagnetic radiation in the optical
domain. The materials’ properties are determined based on the photons either transmitted
through the sample or scattered and reflected [38]. In both methods, obtaining an absorption
spectrum is not straightforward and requires relating the light signal before and after it reaches
the sample. Although these methods are valuable tools that have been used for centuries, they
present certain limitations depending on the type of sample [27]. Since the absorption spectrum
is obtained by comparing the emitted and transmitted signals, materials with low absorption

make it difficult to extract meaningful data because there will be minimal signal differences
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between the beam before and after interacting with the sample. Additionally, samples like
powders, amorphous solids, and biological tissues have high scattering properties, which
significantly interfere with optical absorption measurements. For opaque materials, where the
signal is a combination of specular reflection, diffusivity, and transmission, analyzing the

results becomes highly complex [38].

Photoacoustic spectroscopy (PAS), developed in the 1970s, helps to overcome the
challenges associated with conventional techniques because it uses the photoacoustic effect to
analyze the sample’s absorption [38] In this technique, a pulsed light beam strikes the material
being studied, generating photoacoustic waves, which are detected by a sensor. Since the
emitted signal is directly proportional to absorption, as mentioned before, it is possible to
analyze the material’s absorption across different wavelengths, thereby generating an
absorption spectrum by recording the photoacoustic signal of the sample at each specific
wavelength. However, to remove any unwanted contributions from the system, it is necessary
to normalize the signal by taking the ratio of the measured signal to a reference. This procedure
is often done by using a highly absorbing material, such as carbon powder, with the same light
source and power [38]. This technique has proven highly valuable due to its practical
applications, such as simulating studies on atmospheric pollution, determining gas
concentrations [33], as well as biomedical applications, where spectra of proteins, hemoglobin
[38], chemical changes in ocular structures [39] and properties of tissues [40] have already been

studied.

Photoacoustics can also be used for imaging techniques, especially for biomedical purposes.
Although conventional optical imaging techniques provide images with excellent contrast, they
suffer significant losses in resolution and sensitivity due to effects such as scattering [9], leading
to low penetration, of approximately 3 cm [41]. Scattering of light by biological tissue is at least
one hundred times greater than the scattering of sound waves [42]. On the other hand, the sound
scattered by biological tissues is one hundred times lower than the scattering of light, allowing
greater penetration (approximately 6 cm) [43]. Although they offer better resolution and
sensitivity due to the much lower acoustic scattering, the contrast is much lower, making them
unable to provide important information such as chemical composition, absorption,
metabolism, and physiological changes [44]. The ideal solution for effective imaging would be
to combine the contrast provided by purely optical techniques with the resolution and sensitivity
of ultrasound, which can be achieved through the photoacoustic effect [41,45], leading to what
is called Photoacoustic Microscopy (PAM).
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3.2 PHOTOACOUSTIC MICROSCOPY (PAM)

The study of the morphology of samples on a microscopic scale through the photoacoustic
effect became a valuable area of research due to the high sensitivity and non-destructive nature
of the technique [46]. To reproduce the image of the surface of the studied material [47],
photoacoustic microscopy (PAM) emerged, leading to the development of photoacoustic
imaging (PAI) techniques. The direct dependence between the photoacoustic signal and the
material’s absorption means that the dimensions of the beam incident on the sample determine
the size of the region from which the material’s information will be obtained, as shown in
Equation (2.14), which demonstrates a local dependence regarding the generated signal [48].
Thus, by using a light beam with micrometric dimensions, the absorption of light will occur
through a region of the sample with these dimensions, allowing for more detailed material

characterization—this is the principle behind photoacoustic microscopy (PAM).

The micrometric beam size for photoacoustic imaging was introduced by von Gutfeld and
Melcher [49] to examine material defects. The decrease in beam diameter was achieved through
an objective lens to focus it, and the sample was placed near the focus. The first application of
this system was to detect defects on the material’s surface by shining the beam on different
spots of the sample, performing a scanning process. For each illuminated region, a
photoacoustic signal is generated and compared with the signals from other regions—a process
that was initially performed manually [49]. The differences in the signals from each region,
either in amplitude or in the time taken by the photoacoustic wave to reach the detector, served

as an indication of a defect in the material.

Figure (3.2) presents a sketch of how it is possible to distinguish and map a material’s
surface. Two different spots generating the photoacoustic signal will have different times and
amplitudes when compared to each other. For example, in the graph presented in Figure (3.2),
the time (t,) is the trigger and represents the moment the optical beam reaches the sample. In
this situation, two different places are considered: the green and red spots. The green spot is
closer to the transducer and, therefore, the photoacoustic wave will reach the transducer in a
shorter time (t;) when compared to the red spot (t,). Furthermore, since the distance is shorter,
the attenuation will also be smaller, and the amplitude of the signal will be higher. So, by
measuring the distance between the transducer and the sample on the timescale from an

oscilloscope, it is possible to detect flaws in the material’s surface. Of course, for materials with
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regions of different absorption, the amplitude of the photoacoustic signal will change according

to the material’s absorption, as mentioned before.

Figure 3.2: Photoacoustic measurement and signal relation to the point of the photoacoustic source.
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In addition to detecting faults on the surface of the samples, it was shown that, depending
on the wavelength of the incident light, it was possible to reach deeper regions of the material
and obtain subsurface information [47]. The change in the amplitude and phase of the signal
allowed for the differentiation of defects from other components that might be present in the
sample, based on the absorption coefficient. Therefore, photoacoustic microscopy is capable of

characterizing the surface and subsurface of samples in a non-destructive manner [47].

This feature sparked the interest of many researchers, who began to conduct PAM
experiments and improve the method, eventually reaching depths of hundreds of
micrometers [46,47,50—52]. Due to these characteristics, it wasn’t long before applications in
the biomedical field were suggested, and the first photoacoustic imaging was performed in
1979, in which a hexagonal pattern on a chromium sample and aluminum foil was detected

using a Nd:YAG laser emitting at 1064 nm [53]. This result is shown in Figure (3.3).
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Figure 3.3: First photoacoustic microscopy measurement compared to others optical standard techniques (a) transmission, (b)
reflection and (c) photoacoustic
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Source: [53]

Enlightened by this result, the proposal of a new imaging technique called Photoacoustic
Microscopy emerged in 1979 [54], where it was demonstrated that this technique was more
compatible than the ultrasonic microscopy technique used at the time. The applications of
photoacoustic microscopy in biomedicine are varied. The first studies were conducted to
determine peroxidase activity in biological tissue [54] and to identify biological components
present in tissues [43]. The technique was further refined to the point where it could determine
oxygen saturation in blood [55], as well as angiography, histography, and dermatology
applications [7].

Another important feature of any imaging technique is the system’s resolution. In
Photoacoustic Imaging, the lateral resolution of the system is mainly limited by the ultrasonic
transducer’s central frequency. The lateral resolution can be estimated by the following

equation [7]:

v
LRpy =071 ———— .
PA f‘c . NAS (3'5)
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In Equation (3.5), v is the speed of sound in a medium, f_ is the ultrasonic transducer’s
central frequency and NA is the acoustic numerical aperture. Therefore, the lateral resolution
can be improved by increasing the central frequency of the ultrasonic transducer. The increased
center frequency also results in increased acoustic attenuation, limiting the imaging depth.
Therefore, when designing a PAM system, it is very important to carefully consider the trade-
off between imaging depth and lateral resolution [7]. As an example, with a center frequency
of 50 MHz and an NA of 0.44, 45-um lateral resolution and 3-mm imaging depth have been
achieved. Such a system is adequate to see through human skin lesions in vivo, as required for
accurate diagnosis and staging. Reducing the center frequency to 5 MHz extends the imaging

depth to 4 cm and relaxes the lateral resolution to 560 um [13].

Imaging techniques that exploit the photoacoustic effect present certain advantages when
compared to conventional techniques, such as ultrasound and optical coherence tomography
(OCT), due to their non-destructive nature, high contrast, and good spatial resolution —
especially in biological tissues, where the scattering of the electromagnetic wave is
approximately one hundred times greater than that of the acoustic wave, allowing better

resolution for PAM.

3.3 RESULTS IN PHOTOACOUSTICS

In this section, the results on photoacoustic microscopy will be presented. The experimental
setup is represented in Figure (3.4). A nanosecond laser with a repetition rate of 10 Hz and a
pulse width of 7 ns was used as the light source for different kinds of samples, as will be
presented. The samples were placed in a plastic container filled with distilled water for better
acoustic coupling. The container was placed on two motorized stages (THORLABS MTS50-

Z.8) positioned perpendicular to each other, allowing the sample to be moved for a 2D scan.
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Figure 3.4: Photoacoustic Microscopy setup. M, mirror; PD, photodetector; OSC, oscilloscope, ST, stage; L, lens; T,
transducer.

Source: The author (2025)

The photoacoustic wave is detected by an ultrasonic transducer (OLYMPUS V312-N-
SU) with a central frequency of 10 MHz. The signal is then amplified (MINI-CIRCUITS ZFL-
500-LN-BNC) and digitized by a two-channel oscilloscope (TEKTRONIX 3032B), connected
to a computer running LABView software with a homemade acquisition program for PAM. A
100 mm focal length lens is used to achieve micrometer resolution (around 70 pm). Figure (3.5)
illustrates the focused beam and the transducer detecting the photoacoustic wave. The inset
(Figure 3.5b) shows the oscilloscope signal. The blue plot is the trigger from the photodetector
(reference), and the yellow curve is the photoacoustic signal. The delay between the blue peak
and the photoacoustic one corresponds exactly to the time interval for the acoustic wave to

travel from the sample to the transducer.
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Figure 3.5: Scheme representing the photoacoustic detection. (a) the focusing beam onto the sample and detected by the
transducer and (b) the digitalized signal from the oscilloscope.

Source: The author (2025)

The samples were placed in an acrylic holder with a hole in the middle to increase the
distance from the sample to the bottom of the container. By doing this, if there is any
contribution to the photoacoustic effect from the container, it would be shifted, making it
possible to separate both signals. The samples studied using this system were: titanium nitride
(TiN), gold nanoparticles (nanospheres and nanorods), erbium-ytterbium (Er**-Yb*") codoped
nanoparticles and an iron oxide (Fe3O4) nanocomposite (Fe;Os@BCD-PHY). For the first three
samples, an optical parametric oscillator (OPO) VIBRANT 355 LD, ranging from 410 nm to
2.4 um, was used. This OPO allows selecting the desired wavelength for each measurement.
Meanwhile, for the last sample (FesO4@BCD-PHY) a typical Nd:YAG laser was used

(Continumm, Surelite II) operating in 1064 nm.

3.3.1 Titanium Nitride (TiN) Nanoparticles

The fact that the emitted photoacoustic wave depends only on the material’s absorption, as
shown in Equation (3.2), and propagates as a sound wave, allows the photoacoustic effect to be
used in various applications that require knowledge of the material’s absorption. One interesting
and simple application is the study of two-photon absorption (TPA) [9]. The number of photons

absorbed by a material per unit of time can be expressed as [21]:
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Naps = [, 0P CEF DE2(#,t)dV (3.6)

where C(#,t) is the samples’ concentration, ® the two-photon absorption cross section and
E?(#,t) is the energy density on the sample. Considering a homogeneous sample and the
thickness of the sample bigger than the depth of focus (DoF) of the beam, the number of
absorbed photons will be:

Ngps = S2Co@PE%(t) . (3.7)

In Equation (3.7), S is a constant depending on the wavelength, refractive index and the
numerical aperture of the lens, only spatial parameters. Since the photoacoustic signal depends

solely on the absorption, and therefore the number of absorbed photons:
PA «< E? . (3.8)

This means that In(PA) « 2In(E). Therefore, the slope of a plot of the logarithm of the
photoacoustic signal versus the logarithm of energy density will provide the number of photons

absorbed.

This work [56] deals with the TiN nanoparticles synthesized using the laser ablation
technique, a process in which material is removed from a solid surface by irradiation with a
laser beam. For this set of nanoparticles, a Yb:KGW femtosecond laser (TETA 10, AVESTA,
Moscow, Russia) was used, with a wavelength of 1030 nm, a repetition rate of 10 kHz, and a
pulse duration of 270 fs [57]. The bulk TiN sample (GoodFellow), with 99.5% purity, was
placed vertically in a cuvette with acetone (Sigma Aldrich). The beam passed through a 100
mm focal length lens to reduce its diameter, which was initially approximately 3 mm. This led
to the removal of TiN nanoparticles. To avoid material removal from the same spot, a
galvanometer scanner was used, allowing for a change in the beam's incidence direction,
thereby targeting different regions of the TiN sample. In this process, which lasted around 20
minutes, the pulse energy was 100 pJ, and the final sample concentration was 50 ng/mL [56].

A schematic representation of the nanoparticle synthesis system is shown in Figure (3.6a).
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Figure 3.6: (a) Laser ablation method for synthesize TiN nanoparticles and (b) Size distribution of the TiN nanoparticles.
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The chemical and structural characteristics of the nanoparticles were measured using a
scanning electron microscope (SEM) (MAIA 3, Tescan), along with an energy-dispersive X-
ray spectroscopy system (X-act, Oxford Instruments). The SEM results confirmed the
formation of spherical nanoparticles. A statistical analysis established a size distribution for the
generated nanoparticles, with a most frequent diameter around 40 nm, as shown in Figure
(3.6D).

The first step to perform photoacoustic microscopy is determining the best wavelength for
the measurement, which means the one with the highest absorption. Therefore, the absorption
spectrum of the nanoparticles synthesized in acetone was measured using a UV-Vis-NIR
spectrophotometer (Fluoromax, HORIBA) and is presented in Figure (3.7a). It shows two
regions of high absorption: one in the ultraviolet (UV) region due to interband transitions, and
another around 725 nm caused by surface plasmon resonance. This can be confirmed through
a nonlinearity measurement, as previously mentioned, in which we analyze the amplitude of
the photoacoustic signal as a function of the optical fluence incident on the sample. By plotting
a log-log graph, from Equation (3.7), one can confirm the nonlinear absorption of any kind of
material. For the TiN NPs, this measurement was performed using three different wavelengths
(532, 725, and 880 nm). The result, represented in Figure (3.7b), shows that only at 725 nm
does two-photon absorption occur, since it is the only wavelength for which the fitting slope is
equal to 2, while for 532 nm and 880 nm the slope is close to one, indicating one-photon

absorption.
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Figure 3.7: (a) Absorption spectra of TiN nanoparticles and (b) Two-photon absorption measurement of TiN nanoparticles
for different wavelengths.
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Photoacoustic microscopy was performed using the system described previously for the
same three wavelengths (532, 725, 880 nm) reported in Figure (3.7b) for the nonlinear
absorption measurement. The samples were placed in a capillary tube (PRECISION, China)
with an internal (external) diameter of 1 mm (1.5 mm). Since the maximum fluence achieved
was 1.85 mJ/cm? for the 880 nm wavelength, all the PAM measurements were recorded keeping
this energy density constant for all three wavelengths. The results are shown in Figure (3.8). By
keeping the power constant for all wavelengths in question, we ensure that the change and
increase in the photoacoustic signal is a result of the material’s different absorption at different
wavelengths. It is verified that the three images show excellent contrast and resolution, as it is
even possible to measure the thickness of the tube in which the sample is placed, represented
by the vertical dashed line. It is noticeable that the best image is obtained at 725 nm, as expected
from the absorption spectra presented in Figure (3.7a), and this is due to the two-photon

absorption.
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Figure 3.8: Photoacoustic microscopy of the TiN nanoparticles at (a) 532 nm, (b) 725 nm and (c) 880 nm.
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Source: [56]

3.3.2 Gold Nanoparticles

Recently, metallic nanoparticles (such as gold nanoparticles) have been studied as an
alternative for tumor detection due to their greater photostability and absorption compared to
conventional contrast agents. This absorption peak is typically found within the first biological
window (a region where tissues are less absorbent), which is in the near-infrared (NIR) range
(700 nm — 1000 nm). This results in images with improved resolution since regions without
nanoparticle accumulation generate a much lower signal than those containing them, providing
higher image contrast [58]. By tailoring the appropriate shape and dimensions [59], these
nanoparticles exhibit a well-defined absorption band due to a phenomenon known as surface
plasmon resonance (SPR) [60], which occurs in materials that have free electrons, such as
metals. When the incident beam has a wavelength larger than the dimensions of the sample, the
free electrons on the material’s surface oscillate in sync with the electric field of the incoming
light, constantly changing the polarization of the nanoparticles. This electronic oscillation,
combined with that of the electric field, enhances the material’s absorption and scattering

effects [59,61]. The scattering and absorption cross section for a conductive sphere is [23]:
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In Equations (3.9) and (3.10), € is the complex permittivity of the NP (e = €' + i€"'), k is
the wavenumber, and r is the radius of the nanosphere. For thermal applications, structures with
high absorption are desired, and as shown in Equation (3.10), the shape and size of the
nanoparticles play an important role in their absorption. A clever way to tailor and optimize the
size and dimensions of the nanoparticles is to use the Joule number as a figure of merit to assess

the temperature variation in the nanoparticle [62], as proposed in this work.

The size-dependent absorption can be experimentally demonstrated with photoacoustic
microscopy. In this work [63], in collaboration with the Laboratory of Biomedical Optics and
Imaging (LOBI) at UFPE, simulations in COMSOL Multiphysics were performed for different
dimensions of gold nanospheres (Au NSs) (5, 50, and 100 nm diameter) and nanorods (Au NRs)
(41 x 10,90 x 25, and 134 x 40 nm) to obtain the theoretical value of the Joule number for each

nanoparticle. The Joule number (Jo) can be expressed as:

/1ref Oabs (3 11)

T 2 Vv

In Equation (3.11), Vis the nanoparticles volume and 4, is the reference wavelength of
a photon with energy of 1 eV (4, & 1240 nm). The simulations result from the nanospheres

and nanorods are presented in Figure (3.9), where the insets in each figure show the absorption

spectra of the respective nanostructure.

Figure 3.9: Joule number as a function of the dimensions of the nanostructure for (a) Au NSs and (b) Au NRs.
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The blue curve in Figure (3.9b) is the Joule number when the polarization of the light is
parallel to the long axis of the nanorod. The average Joule number ({J)g,4) is shown as the red

line in Figure (3.9b), considering all the possible angular configurations (6 and ¢ spanning
from 0° to 90°). From the insets of Figure (3.9), one can see that the highest absorption for the
nanospheres is at 530 nm, while for the nanorods it is at 808 nm, thus determining the respective
wavelength for PAM for each nanostructure. It is important to state that the concentration for
all sets of samples was the same (for AuNSs, the final concentration among samples was 17.4
png/mL, while for AuNRs it was 42 pg/mL). The samples were placed in a capillary tube with
an internal (external) diameter of 1 mm (1.5 mm). From the simulations presented in Figure
(3.9), it is expected that the 50 nm diameter nanosphere exhibits a higher photoacoustic signal
due to the higher Joule number and, therefore, higher absorption. The results of the PAM

performed for these nanoparticles are represented in Figure (3.10):

Figure 3.10: Photoacoustic microscopy of (a) Au NPs and (b) Au NRs. The photoacoustic signal of (c) Au NPs and (d) Au
NRs.
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As we can see from Figure (3.10), it’s evident that the results from PAM are in perfect

agreement with the simulations performed. As expected from the Joule number, represented in
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Figure (3.9), the 50 nm nanosphere has the highest absorption and the highest photoacoustic
signal. The results for the nanorods may, at first glance, seem somewhat contradictory to the
simulations presented in Figure (3.9), since {Jo)g,¢ is higher for the 41 x 10 nm dimension NR.
However, it is important to remember that nanorods are highly sensitive to the beam’s
polarization and also depend highly on their own orientation. Therefore, although the 41 x 10
nm nanorod may appear to have greater absorption, this is not entirely valid since there is a
dependence on the beam’s polarization. This feature explains why the photoacoustic signals

from the 41 x 10 nm and 90 X 25 nm are comparable.

3.3.3 Er**-Yb** Nanoparticles

Rare-earth-doped (RED) nanoparticles absorbing in the biological window are promising
candidates for working as contrast agents for photoacoustic imaging, providing high-contrast
and high-resolution for photoacoustic imaging [64—66]. Biocompatibility is required for
materials choice to act as contrast agents, and RED has already been used for this purpose in
photoacoustic imaging [67,68]. In this work [69], Er**-Yb** co-doped KGdsF 1o nanoparticle is
proposed as a contrast agent for PAM. Another set of this nanoparticle was also functionalized
with SiO; (Er**-Yb*" :KGdsF10@Si0>). The results of the PAM are in Figure (3.11) for different
wavelengths (520 and 980 nm).

Figure 3.11: Photoacoustic microscopy of nanoparticles. (a) and (b) Yb>*/Er**:KGdsF 10 nanoparticles; (c) and (d)
Yb*/Er*t:KGdsF10@ SiO». Figures (a) and (c) the wavelength used was 980 nm; and (b) and (d) 520 nm.
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The photoacoustic microscopy measurement in Figure (3.11) shows good resolution and
contrast for the core-shell sample, as indicated by the color scale on the right side, which means
that the functionalization of the NPs increases the optical absorption at both wavelengths. The
good absorption at 980 nm is due to the Yb*-Er** dopants, which are extensively exploited
because of their up-conversion emission, as shown in Figures (3.11a) and (3.11c). The 980 nm

beam excites the Yb*" ion more efficiently, and through energy transfer, excites the Er** ion.

Figure 3.12: Simplified energy diagram for the Er3+ and Yb3+ based NP, showing the excitation path at 980 nm and 520 nm.
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The good results on PAM concluded that the Er**-Yb** co-doped KGdsF1o cores and core-
shell Er**-Yb*":KGdsF10@SiO2 are very promising candidates for photoacoustic imaging as
contrast agents for biomedical applications because of the high absorption in the biological

window, implying that there will be a higher penetrability in the tissues.

3.3.4 Iron Oxide (Fe3O4) Nanoparticles

Photoacoustic Microscopy has been widely studied for biomedical applications [37], and
the use of nanoparticles as contrast agents — as biosensors (for sensing metal ions, pH,
enzymes, temperature, hypoxia, reactive oxygen species, and reactive nitrogen species) and in
bioimaging (lymph nodes, vasculature, tumors, and brain tissue) — improves photoacoustic
imaging performance, enhancing the contrast of the final image [70,71], as mentioned before.
One kind of contrast agent is magnetic nanocarriers, such as iron oxide (FesO4), which have

already been studied as nanocarriers for drug delivery systems [72].

In this particular work [73], a collaboration with the Rare-earth Laboratory (BSTR) of
UFPE, a nanoparticle of FesOa coated with B-cyclodextrin (B-CD) to load phyllacanthone—a
compound with antitumor activity—is studied. The nanocomposite (Fe;O4@BCD-PHY)
presents good absorption in the near-infrared (NIR) region, around 1064 nm, making it a
promising contrast agent due to the fact that this particular wavelength lies in the second
biological window (1000-1400 nm), where biological tissues are more transparent to light [43].
For this measurement, 200 pL microtubes were used to place the sample on the acrylic holder.
The size of the microtube is larger than the capillary tube used in the previous measurements,
so to avoid a very long acquisition time, the laser beam diameter and the stage step size were
increased to 1 mm, but the optical fluence was kept at 83 mJ/cm?, below the maximum exposure
for this wavelength [74]. Also, a pulsed Q-switch Nd:YAG (Continuum, Surelite II) emitting

in 1064 nm laser was used as light source, as mentioned before.
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Figure 3.13: Photoacoustic microscopy of iron oxide composite. (a) Image of the detection, (b) two samples in different
concentrations with an empty microtube and one with the solvent; (c) PAM of the nanocarrier in different concentrations and

the iron oxide.
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In Figure (3.13b), one can notice that there is no photoacoustic signal coming either from

the solvent or from the microtube, which means that the measured photoacoustic signal in every

measurement comes from the samples. Figure (3.13c) shows that although the highest

photoacoustic signal comes from the highest concentration nanocarrier, there is a considerable

signal generated from the ones with lower concentration. Since the 1 mg/mL nanocarrier

concentration sample had the highest photoacoustic signal, phyllacanthone (PHY) was added

to this nanocarrier, and photoacoustic microscopy was performed comparing the signal from

the nanocomposite and the nanocarrier, as shown in Figure (3.14).
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Figure 3.14: Photoacoustice microscopy of the nanocarrier (on the left) and the nanocomposite (on the right).
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After confirming that the nanocomposite has a good photoacoustic signal, a measurement
with biological tissue was performed, placing chicken skin above the samples to simulate a
biomedical application and see if this sample could be used as a nanocarrier for cancer

diagnosis. The result is presented in Figure (3.15):

Figure 3.15: Photoacoustic microscopy with biological tissue with different thickness.
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As one can see, in Figure (3.15) three PAM were performed with different biological tissue
thickness. For the thinner layer, the signal is almost unchanged. As the thickness increases, the
photoacoustic signal decreases due to light attenuation, but even with a 5 mm thick tissue the
photoacoustic signal is achievable and therefore confirms this nanocarrier as a promising

candidate for biomedical applications.

3.4 CONCLUSION

The dependence of the photoacoustic signal on the absorption of the material makes this
technique an excellent tool for material characterization and imaging. Besides, the capability of
studying amorphous, powdered, solid, and gaseous samples makes it an interesting technique

to be used.

The four results presented show how powerful photoacoustics can be. Measuring how the
photoacoustic signal changes with optical fluence is an easy experiment to determine two-
photon absorption in any kind of material, as observed in the first result on TiN. Another
interesting feature of photoacoustics is the possibility of building an imaging system, such as
photoacoustic microscopy (PAM). For all four samples, the PAM measurements are in
complete accordance with what was expected from the absorption measurements and
theoretical calculations, as presented in the gold nanoparticle results, where PAM was used to
confirm not only the size-dependent SPR.

Photoacoustic microscopy proved to be very effective in absorption-based measurements,
as expected. By combining the optical contrast with the resolution of acoustic techniques, it is
possible to perform biological tests with new contrast agents for biomedical applications, as

reported in the iron oxide sample.
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4 TERAHERTZ

This chapter is dedicated to presenting the basic principles of terahertz (THz) radiation and
explaining the most common systems used in its numerous applications. First, [ will explain the
spectral region of THz radiation and its importance in different fields of research. I will briefly
describe the generation and detection processes of THz pulses and how they can be measured
in a laboratory setting. After that, I will introduce two techniques for sample characterization:
Terahertz Time-Domain Spectroscopy (THz-TDS) and Optical Pump—Terahertz Probe (OPTP).
I will conclude this chapter by presenting some results obtained during my internationalization
program at the Institut National de la Recherche Scientifique (INRS, Canada), where I built and
performed THz-TDS measurements on 2D Transition Metal Dichalcogenides (TMDs) and
designed a continuously tunable filter for a THz two-wire waveguide for telecommunication

systems, with simulations showing great potential for future applications.

4.1 THEORY

The terahertz (THz) spectral range, also known as the THz gap or far-infrared (FIR), spans
the electromagnetic spectrum from 30 pm to 3 mm, corresponding to frequencies between
100 GHz (0.1 THz) and 10 THz, as shown in Figure (4.1). In recent years, these frequencies
have gained significant attention for a wide range of applications, including sample
characterization, wireless communication, sensing, imaging, and positioning [75]. However,
studying this region has not been without challenges. Historically, the THz range has been
considered one of the most difficult parts of the electromagnetic spectrum to explore due to the

lack of bright sources and sensitive detectors [76].
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Figure 4.1: Electromagnetic spectrum highlighting the THz gap.
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Almost one hundred years after the near infrared experiment by Herschel [78], the first
significant experiment on the THz region was only reported in 1893 by Heinrich Rubens [79],
in which he studied the refraction of long-wavelength rays in rock salt, sylvite, and fluorite. He
continued to study these long-wavelength rays for almost 30 years, making this period known
as Rubens’ era [80]. One of his major contributions to the study of long-wavelength rays is
related to Planck’s Radiation Law, which incorporates the long-wavelength radiation results by
Rubens. A remarkable achievement was made in 1924, when the first generation of a THz
source from a Hertzian dipole was produced, with wavelengths of 90 um [81] and 220 um [82].
Most of the early works in the FIR focused on instrumentation, mainly in the generation
process, since the bolometer, invented by Langley in 1880 [83], was almost universally used
for detecting infrared radiation [80]. Only in 1947 Marcel Golay invented a pneumatic infrared
detector, now known as Golay cell, an opto-acoustic device capable of measuring infrared
radiation [84].

All these inventions were an important step towards the so-called “THz era,” starting in the
early 1950s, when several instruments that are still in use today were fabricated, such as
photoconductive detectors [85] and germanium bolometer [86]. Of course, the most important
contribution was the laser itself, which led to the first high power far infrared laser in 1964 [20].
From that moment, the development of new lasers sources was inevitable and the first optically

pump far-infrared laser was built [87].
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Over the years, significant advancements have been made in instrumentation, alongside
numerous efforts focused on practical applications. One notable milestone was achieved in
1974 when the first terahertz image was captured using a THz gas laser [88]. Since then, THz
imaging science and technology have progressed tremendously. THz radiation offers unique
advantages for imaging, as it occupies a distinct region of the electromagnetic spectrum. As a
result, THz images provide complementary information to those obtained using microwaves,
infrared, visible light, ultraviolet, or x-rays [89]. Compared to lower-frequency imaging, THz
imaging benefits from superior spatial resolution due to its shorter wavelength. Additionally,
many common materials — such as paper and cardboard — are relatively transparent in the
THz range, making it particularly useful for security applications, including the detection of
drugs and explosives [90-92]. Furthermore, every explosive and narcotic have a distinct THz
spectral signature, enabling precise differentiation between illicit substances and benign

compounds.

Another great feature is the fact that THz radiation is very sensitive to polar molecules,
allowing the observation of intermolecular vibrations [93]. This feature, combined with the fact
that water content in malignant tissues has been observed in various tumor types and is
commonly used as a marker for malignancy, makes THz imaging possible with excellent
contrast, without any contrast agent [94,95]. Terahertz has also been applied to study
microorganisms [96,97], organic compounds [98-102] and in dentistry [103—-107].

Obviously, the THz range is not restricted to imaging and biomedical applications only.
Nowadays, wireless data traffic has drastically increased, demanding higher speeds for wireless
communication [75]. The 5G technology is becoming obsolete, and data rates on the order of
100 Gbps or more will flourish at frequencies above 100 GHz, where the available spectrum is
massively abundant. Thus, the terahertz band is envisioned as a key wireless technology to
satisfy this high demand [108-110].

The vast potential of the THz region makes it a highly promising area for research, and
conducting experiments within the THz regime is of significant interest in the field. As a result,
understanding how to generate and detect THz pulses in a laboratory to perform experiments is

fundamental.
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4.1.1 Generation

Generating THz beams has been a big challenge over the past years. Nowadays, there are
different means to do that, but only those called “tabletop sources” (the ones we can have in a
laboratory, whose basic principle involves a femtosecond laser) will be presented. Under these
conditions, photoconductivity and nonlinear optical processes are the two major techniques that

have been used to generate THz electromagnetic transients from femtosecond lasers [111].

A photoconductive antenna (PCA), represented in Figure (4.2), operates as a
photoconductive switch. The idea is to generate electric currents by modulating the resistance
of a semiconductor through the absorption of a short laser pulse. Such a device is sometimes
called “Auston switch” after its inventor, David Henry Auston, and it was invented in
1974 [112]. We can divide the THz generation by PCAs into three different stages: the antenna
before illumination, the antenna when the optical pulse meets the antenna gap, and finally the

THz pulse emission.

A supply voltage V between the two antenna contacts results in an electric field in the
semiconducting antenna gap between the metal contacts. Since the semiconductor is highly
resistive, there are no free electrons in the conduction band, and therefore nothing happens
before the IR beam reaches the antenna gap. The external voltage is provided by a pulse

generator with a square shape at a frequency of some kHz.

When a short optical pulse meets the antenna gap, the optical energy is absorbed, and free
carriers are created in the semiconductor material. Each absorbed photon creates a free electron,
which follows the applied electric field, creating a short current pulse j(t) in the semiconducting
gap material. In other words, the optical pulse acts as a switch for an electric circuit, as

represented in Figure (4.2¢).



51

Figure 4.2: Sketch of a photoconductive antenna. (a) side view, with a silicon hyperhemispherical lens for collimation; (b)
back view, showing the wires connections and the semiconductor chip; (c) circuit representation of the working principle of
the antenna.
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Source: The author (2025)

While the IR beam is on the antenna gap, an electromagnetic field is emitted by the dipole if
the current pulse changes with time. The current increases during the illumination of the gap
and emits the first part of the THz pulse. Eventually, the current will decrease because the
electric field is subsequently compensated by the transferred carriers, then the second part of
the THz pulse is emitted with a reverse polarization direction. The THz pulse has the shape of
the derivative of a Gaussian pulse, as the IR pulse. It is longer than the optical pulse because it
is determined by the antenna’s length L. In Figure (4.3) there is a simple comparison between

the current/optical pulse and the THz waveform.

Figure 4.3: Comparison between the optical pulse and the THz pulse generated by the photoconductive antenna.
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One important feature of the PCAs regards the polarization of the generated beam. This
polarization will be along the axis of the gap of the circuit on the antenna, which means that it’s
possible to change the polarization of the beam by simply rotating the antenna itself.

Another process to generate THz pulses is based on nonlinear optics. Optical rectification
(OR) [113] is a specific case of difference frequency mixing (DFG) and is described by the
second-order nonlinear susceptibility y(? [114]. For sufficiently high intensities, the
polarization in a material can be described as a linear term in the electric field but also includes
higher-order terms. These higher-order terms give rise to a nonlinear polarization (P1), which

is customarily written as the following expansion in powers of the electric field [115]:
PV = [y PEE + y®EEE + y"WEEEE + -] . 4.1

Here, the time dependence of the polarization and the electric field is omitted, and the bold
letters indicate vectors. Since OR is a second-order nonlinearity, hereafter we are going to
consider only the first non-linear term, related to y ®). We can perform a Fourier transform and

write the nonlinear polarization in the frequency-space (also called w-space) as:
POV = ¢y DE; (w))e™ 7 E3 (wy)e 2% (4.2)

Ineq. 4.2, w, and w, are the possible pump frequencies of the pulse which has a bandwidth
Aw related to the temporal width of the pulse At according to the temporal bandwidth product
(also called duration-bandwidth product). Considering that the pump pulse has a gaussian

shape, this relation can be written as:
AtAw = 41In2 . (4.3)

From Maxwell’s equation we can derive the electromagnetic wave equation with the

polarization as a source:

2 2
VvE- 2 p=_L % [pL) 4 piD)] (4.4)

c2 ot2 c2eq Ot2
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where PW s the linear polarization, which we can write as P = €,(n?(Q)) — 1)E. Therefore:
n

V2E - ——FE=———PWD | (4.5)
c

Defining w; — w, = Q and k; — k, = k4, in frequency space we can write this equation

as:

2 202 02 _
EE(Z) + CZ E(Z) = EP(NL) , (46)

2 202 02 3 3 '
EE(Z)-{- = E(2) =C—2)((2)E1(a)1)E§(cu1—Q)e‘klZz : 4.7)

The solution for this equation is the following:

2

E(Z) B _Cz(k12 - K?)

XPEy(0)E; (0 — D)[aet™” + bemiK? 4 etlizr] - (48)

where K & n?Q?/c? and a and b are constants to be defined from the boundary conditions of
the system. Considering that we are focused on the transmission of the beam, we can neglect

the reflection part (b = 0). Also, E(z = 0) = 0, implying in a = 0. Therefore:

2

E@ =~ G0 —xm

AP Ex () Es (w; — )[ei27 — o] | (4.9)

Writing Ak = kq, — K:

2 elAkZ _

Y ¢) } Ex —0)—— . 4.10
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If w; and w, have the same polarization, we can show that the phase matching condition
(Ak = 0) is easily satisfied when we consider w = w; + ST W= o and the refractive index

can be written as:

) sy + 247 411
wtz)=nalw)too “.10)

. Q Qdn
ifwts)

This condition is equivalent to the condition that the phase velocity of the THz radiation is
equal to the group velocity of the pump pulses and, therefore, phase matching is fulfilled [111].
We can also check from Equation (4.10) that the electric field is proportional to . Considering
a 100-fs laser pulse, the bandwidth Aw is around 5 THz, as we can check from the temporal
bandwidth product expressed in Equation (4.3). This means that by selecting a proper material,
it’s possible to generate THz pulses from femtosecond lasers. Obviously, there are some
requirements for these selected materials for optical rectification: they must possess a relevant
nonlinear susceptibility, and since it is necessary to use high intensities, the damage threshold
should be high enough to tolerate such intensities. Lithium niobate (LiNbO3), lithium tantalate

(LiTa0s), and zinc telluride (ZnTe) are the most common crystals used for OR to generate THz

pulses.

It’s important to state that, since the focus of this section is only on “tabletop sources,” THz
sources such as synchrotrons [116,117], free-electron lasers [118], quantum cascade

lasers [119] and gas lasers [20] have not been discussed.

4.1.2 Detection

Once the THz pulse is generated, it must be detected. Most optical detection systems
measure the intensity of the light reaching the detector, and the phase information about the
electric field is lost. One reason the THz detection system is so powerful is that it measures the
electric field associated with THz radiation, rather than the light intensity as is common in most
optical detection systems. This means that both amplitude and phase are acquired
simultaneously. Measuring THz pulses based on a femtosecond laser follows the same
principles as those explained for the generation and can be achieved by either PCAs or nonlinear

optical methods [120].
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The working principle of a photoconductive antenna as a detector is almost the same as in
the emitter case. The difference lies in the fact that the detection antenna is not externally biased.
Here, an optical probe beam and a THz pulse simultaneously interact with the switch, with the
former producing charge carriers and the latter driving them to form a current. It’s important to
state that the measured electric field occurs at one moment: when the probe pulse reaches the
antenna. Therefore, to obtain the entire waveform, we need to apply what is called the
“sampling technique.”

The principle of the sampling technique is to create a delay between the two pulses: the THz
and the probe. By doing this, it’s possible to measure the electric field at different times and the
entire waveform is obtained. Figure (4.4) shows a sketch of the acquisition of the waveform:
when two mirrors are placed on a motorized stage and moved, a delay in the probe beam is
created and the waveform is acquired. For each mirror position, represented in different colors,
a single point is measured. Combining all these points, the waveform is obtained, as represented
in Figure (4.4). Thus, the sampling technique maps the waveform by creating a delay between

the THz pulse and the probe.

Figure 4.4: Working principle of sampling technique. The colored squares on the left represent a different time point in the
THz waveform, on the right side of the figure.
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The current created by the THz electric field on the antenna is on the order of picoamperes
to nanoamperes [8]. For such small currents, an amplifier capable of measuring the signal
within a noisy background is required. For this purpose, a lock-in amplifier is the most suitable
equipment because it can selectively amplify a signal at a known reference frequency. The noisy
incoming signal is multiplied by a sine wave at the reference frequency and then sent through
a low-pass filter to obtain the DC component, which is the signal of interest [121]. In the case
of the photoconductive switches, the reference frequency is the one from the function generator

that supplies the antenna.

Besides the photoconductive switch, it’s also possible to detect the THz signal by electro-
optic sampling (EOS) [122], represented in Figure (4.5). In this method, based on the Pockels
effect, an applied electric field (THz pulse) modulates the birefringence of a detector
crystal [122]. Thus, if the visible sampling pulse travels through the crystal at the same time as
one point in the THz pulse, its polarization will be rotated. The magnitude of rotation is
proportional to the magnitude of the THz field, and the direction of rotation is proportional to
the sign of the field. Therefore, the modulation of the polarization of the probe beam can be
analyzed to provide information about both the amplitude and the phase of the THz pulse that
created the birefringence. The thickness of the crystal plays an important role in the acquired
signal, since there is a trade-off between sensitivity and frequency response [123]. If the crystal
is too thick, it will have a longer interaction length. On the other hand, there will be a group
velocity mismatch between the two pulses. The most common crystals used for EOS are lithium
tantalate (LiTaO3), lithium niobate (LiNbO3), and zinc telluride (ZnTe) [124]. Sampling
techniques and the lock-in amplifier are also necessary to acquire the whole waveform of the
THz pulse. Since the OR does not need a function generator, chopping the probe pulse at a
particular rate (kHz or MHz) is the most common way to have a reference frequency for the

lock-in amplifier.
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Figure 4.5: Working principle of electro-optic sampling.
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Although it’s possible to use both generation and detection techniques interchangeably,
there are some considerations to be made. The first and most important one regards the
bandwidth [123]. The bandwidth of the detector must be higher than that of the emitter to
acquire the whole waveform of the THz pulse; otherwise, information will be lost. Since
photoconductive switches have a smaller bandwidth, the combination of a nonlinear crystal as
a THz generator and a photoconductive antenna as a detector is not a good idea.
Photoconductive antennas have superior detection responsivity, and their signal-to-noise ratio
is typically far better for chopping frequencies of a few kHz [125]. Meanwhile, in EOS it’s
easily possible to calibrate the THz electric field [123], and since it is a purely optical
technique, it allows faster acquisition (rapid delay line scan) because the response time is faster
than the electrical one. Besides, due to its low dispersion, EOS plays an important role in THz
imaging.

Now that the generation and detection processes have been explained, the applications for THz
pulses will be presented. To begin with, it will be shown how the capability of measuring
directly the electric field (both amplitude and phase) makes THz a powerful tool for material

characterization and spectroscopy.
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4.2 SAMPLE CHARACTERIZATION
4.2.1 Terahertz Time Domain Spectroscopy (THz-TDS)

From Terahertz Time Domain Spectroscopy (THz-TDS) measurements, one can obtain the
frequency-dependent complex refractive index of the sample in question. One of the greatest
advantages of this technique is that, since the transient electric field is measured (both amplitude
and phase), the real and imaginary parts of the refractive index can be measured simultaneously,
which means that the Kramers-Kronig relationship is not necessary. Thus, the goal of the THz-
TDS experiment is usually to extract the material response, such as the refractive index and the

optical conductivity [126].

Due to its long wavelength, THz radiation is suitable for noninvasive detection without
damaging the material under study, as mentioned before. Besides, it’s very sensitive to various
kinds of resonance, such as vibrational, translational, and rotational. Additionally, the fact that
THz waves are nonionizing, non-invasive, and have good penetration depth makes them
suitable for identifying and analyzing a variety of materials. Therefore, THz-TDS is widely

used in pharmacy, dentistry, biomedicine, security screening, military use, and so on [77].

The low energy and the transparency of terahertz pulses for paper and plastic bags make it
possible to achieve nondestructive inspection for illicit drugs, such as heroin and morphine [90].
Other drugs like ecstasy (MDMA) and cocaine can also be detected due to their unique
fingerprints in the THz range [92]. Terahertz TDS can also be applied to explosive and weapons
detection for security applications [90,91,127,128].

In dentistry, the THz-TDS system has been used mainly for diagnosis and
characterization [107]. It has been shown that carious tissues typically have greater THz
transmission attenuation than healthy ones, allowing the diagnosis of caries in early
stages [105]. There are also studies showing that the refractive index of enamel is higher than
dentin [129] and characterizing primary and permanent teeth [103].

There is also a great number of THz-TDS measurements for quality control in the food
industry. There are reports about using the spectroscopy for antibiotic detection in milk and egg
powder [130] and to pesticide detection in food powders [131]. Characterization of optical
properties of some vegetable oils have also been reported [132], and the prediction of sugar

and alcoholic content in some beverages [133].
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An example of experimental setup, working on transmission mode and electro-optic

sampling detection, is shown in Figure (4.6).

Figure 4.6: Terahertz time domain spectroscopy setup (THz-TDS). M, mirror; PBS, polarizing beamsplitter; PCA,
photoconductive antenna; DL, delay line; L, lens; PM, parabolic mirror; PD, photodetector; LA, lock-in amplifier; FG,
frequency generator.

Source: The author (2025)

The procedure to obtain the complex refractive index is quite simple: first, the THz electric
field Ey¢f(t) of a reference material - could be just air or a substrate in which the sample is
deposited - is measured. A Fourier transform is performed to write E..r(v). The following step
is to repeat the same procedure, but now for the sample in question. Thus, writing E'(v) for the
sample, the next step is to solve the transfer function T (v) — which is simple the ratio between

the sample and reference electric field in the Fourier space.

E()

T(V): m .

(4.12)

After solving the boundary conditions, in Equation (2.6), for all interfaces, the theoretical
transfer function is built, and the complex refractive index is obtained after numerical

calculations, comparing the experimental data T(v) and the theoretical one. The complex
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transfer function is written depending on the experiment itself. For example, suppose one

sample is a layered material on a substrate, as represented in Figure (4.7).

Figure 4.7: THz pulse interaction with sample and substrate.

MEDIUM 0123

Source: The author (2025)

In this situation, it is better to use the transmission through the substrate alone without the
sample material as a reference. The advantage of this referencing method is that the influence
of the substrate thickness cancels out. The theoretical transfer function of this system can be

easily built after introducing the Fresnel transmission and reflection coefficients (#; and 7;):

fi; — fi; 27;
—2 = — (4.13)

’r‘.. o —= —
H n; + nj

where the subscript ij represents the interface between the mediums i and j. Also, writing P; =

e~%odjnj a5 the propagation through layer j and considering the Fabry-Pérot etalon caused by

partial reflections of M pulses, defined by [8]:

m
FPjy = Z%zo(rklpkr}'kpk) . (4.14)
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From Figure (4.6), considering the material with refractive index n, as the substrate and

the one with n; as the sample, the transfer function in the transmission mode is described by:

E()  to1Pit1pPoty3FPo1pFPipsEy  toit1aPy FPy12FPyy3
Erer(v) Loz Pota3P3F Pyy3Ey to2P3 FPyy3

(4.15)

From Equation (4.15) it’s possible to solve it for 71; once the refractive index of the
substrate is known. This equation can also be simplified in most cases, depending on the
samples and the substrate’s thickness and conductivity [8]. Silicon compounds are the best
substrate materials for electronics [134], since they are the most transparent dielectric materials
in the THz frequency range. Besides, they show little dispersion and a relatively constant
refractive index in the THz frequency range [135]. Dai et al. performed a THz-TDS
measurement on high-resistivity (HR) silicon to obtain its refractive index and the absorption
coefficient. These results show that there is almost no absorption in the THz range and that the
refractive index is almost constant (n = 3.417) between 0.5 THz and 4.5 THz, as shown in
Figure (4.8). This is an important measurement, since the refractive index of the substrate must

be considered when the THz-TDS measurement is performed with layered samples.

Figure 4.8: Silicon refractive index and power absorption coefficient from THz-TDS measurement.
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It’s important to state that these parameters measured by the THz-TDS technique are at
equilibrium. Despite this limitation, there are two other techniques that probe charge carriers’

dynamics and therefore measure the photoinduced change in conductivity resulting from the
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photoexcitation of charge carriers. They are called Time-Resolved THz Spectroscopy (TRTS)
and Optical Pump — Terahertz Probe (OPTP) [100].

4.2.2 Optical Pump Terahertz Probe (OPTP) and Time-Resolved Terahertz Spectroscopy
(TRTS)

The main idea behind the Optical Pump — Terahertz Probe (OPTP) and Time-Resolved
Terahertz Spectroscopy (TRTS) lies in a pump/probe system. To build this setup, basically one
should add another beam path to the THz-TDS setup. This new path will act as the pump and
must pass through a mechanical delay stage, which controls the time interval between the pump
pulse and the THz pulse. This is known as the pump—probe delay time. The pump will induce
some changes in the sample, while the probe measures how the system evolves over time as a
result of this excitation. Both techniques are important tools to investigate quasiparticle

dynamics in nanostructures on time scales that range from sub-picosecond to nanosecond [136].

In OPTP, the delay stage in the THz path is fixed at its maximum value, while the stage in
the pump path is scanned. To guarantee a uniform photoexcited carrier density, the pump beam
spot size must be larger than that of the THz pulse [137]. This technique records the change in
the peak transmission of the THz beam as a function of the pump-probe delay time. Therefore,
the transmission of the THz pulse will be measured before, during, and after the interaction
between the pump and the sample. From this measurement, one can obtain photoconductivity
decay, relaxation and scattering rates, and how the conductivity changes due to photoexcitation.
Supposing that the THz transmitted pulse with and without the pump excitation are expressed
by TON(t) and TOFF (¢t), respectively, the fractional change in transmittance because of the

photoexcitation will be given by:

AT 3 (TON _ TOFF)

T o (4.18)

where all these variables are frequency dependent. From this difference transmission the

photoconductivity can be expressed by [136]:
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1+7n 1

Zod |1 +AT/T, 1 4.19)

)

Ao(t) =

in which Z; is the impedance of free space (Z, = 377 (1) and the refractive index is the one
from the substrate.

There are numerous reports studying the photoconductivity of semiconductors using OPTP
setup. As an example of a possible result from this kind of measurement, Figure (4.9) presents
the results from Liu ef al., who studied the carrier relaxation dynamics of CdS and Se-alloyed

CdS nanobelts [136].

Figure 4.9: Typical optical pump — terahertz probe measurement for CdS and CdSo.¢5Seo.3s. (a) the THz amplitude of the
transmitted pulse and (b) the pump — probe result.
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From these 4 plots in Figure (4.9) it’s possible to better understand how the measurement
is done. Figure (4.9 a) brings the THz pulse recorded at 3.5 and 3.8 ps after pump excitation for
CdS and CdSo.65Se0.35, respectively. The amplitude of the THz wave decreases because of the
generation of free carriers, leading to an increase in conductivity. Meanwhile, Figure (4.9b)
shows the differential transmittance of the THz pulse. In this situation, the THz delay stage is

fixed at the maximum THz signal, and the pump path is scanned. A decrease in the transmission
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is evident exactly when the pump and probe overlap in time, followed by an increase after

photocarrier depletion, and from Equation (4.17), the photoconductivity is calculated.

The Optical Pump Terahertz Probe (OPTP) technique has been widely used to study the
carrier dynamics of different materials, such as hexane [138], MoS; [139], graphene [140-142],
InGaAs [143] and silicon [144] . Also, OPTP has also been applied to study the insulator-metal
transition in vanadium dioxide (VO») films [145]. However, this technique has one limitation:
since this measurement is done by fixing the THz signal at its maximum, it is assumed that the
refractive index is constant for all THz frequencies. Therefore, this scan is not very suitable
when the sample has a frequency-dependent photoresponse, since the change in transmission
could be due to a change in the refractive index, and not to THz absorption by the free carriers.
In this situation, Time-Resolved Terahertz Spectroscopy is more adequate [146], as it consists
of taking a series of fixed pump delay scans at a variety of times after sample photoexcitation.
Such technique will provide a 2D grid that maps the THz waveform for different pump delay
times, as shown in Figure (4.10) [147]:

Figure 4.10: Terahertz-Time Resolved Spectroscopy (TRTS) plot example, showing the frequency dependence of the

conductivity.
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These TRTS measurements were performed with GaAs/AlGaAs core-shell nanowires by

fixing the pump delay and taking the THz waveform for each pump-probe delay. Each spectrum



65

measures the frequency-dependent conductivity at a fixed delay after photoexcitation at a fixed

fluence, leading to a 2D counterplot of the conductivity of the studied material.

4.3 TERAHERTZ MEASUREMENTS RESULTS

In this section, I will present the results obtained during my internationalization program at
INRS (Institut National de la Recherche Scientifique). Two main projects were carried out in
different fields. The first one that I will discuss is the design of a continuous tunable filter for
terahertz two-wire waveguides. The second is the characterization of 2D Transition Metal

Dichalcogenides (TMDs) that can work as THz modulators.

The experimental setup is the same as shown in Figure (4.6): a Ti:Sapphire laser (Mai Tai,
Spectra Physics, 100 fs, 800 nm, 3 W) was used to generate free carriers in a commercial
photoconductive antenna (iPCA, BATOP). The beam was collimated to a | mm diameter and
500 mW average power. A function generator (KEYSIGHT 33600A) applied a square 10 mV
voltage with a 10 kHz frequency for THz emission. Electro-optic detection was performed using
a 1 mm thick ZnTe crystal. To measure the polarized probe beam, free-space balanced amplified
photodetectors (PDB 210A) were used and connected to a lock-in amplifier (STANFORD
RESEARCH SR860).

4.3.1 Terahertz Continuous Tunable Filter

Future 6G networks and wireless applications are probably a few years away from
implementation and are sure to benefit from operation in the 100 GHz to 1 THz frequency
bands [75] and therefore the ever-growing demand for high data rates could be achieved.
Developing a new series of components, such as modulators, switches, couplers, filters, and
multiplexers, that can serve as the fundamental blocks for manipulating THz communication
signals [148], is a must.

Inspired by the possibility of surface engineering and optical components for signal
processing inside the waveguide [149], the idea of a continuously tunable filter for THz
frequencies is proposed. This filter will allow changing the cutoff frequency by only moving
one grating that will be held between the two-wire waveguide, as represented in Figure (4.11).

By moving this grating up and down, it will be possible to select the desired cutoff frequency.
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To fabricate the grating, a 3D printer (ELEGOO Mars 4 Ultra) and ELEGOO Rapid Standard

Grey Resin were used.

Figure 4.11: Terahertz continuous tunable filter between two wire waveguide.

Source: The author (2025)

Once the idea is just to cut off one specific frequency, taking advantage of the Bragg grating
1s an excellent start. The proposed design consists of a Bragg grating with different Bragg
periods, depending on the position of the grating. The idea is quite simple, but increasing the
signal to its maximum and making the bandwidth of the reflected frequency as narrow as
possible (increasing the Q-factor) is not an easy task. For this purpose, Lumerical software was
used to perform simulations and optimize the grating parameters. The first and most important
parameter is the refractive index of the grating, which is why one THz-TDS measurement was

performed, and the result is shown in Figure (4.12).
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Figure 4.12: Complex refractive index measurement of the grey resin from the 3D printer.
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To perform this measurement, a 1 mm thick wafer was printed and then characterized by
using THz-TDS technique. The result shows a linear refractive index n = 1.9. This value was
used for all the simulations. The gap distance between the two wires is g = 300 um for better

coupling, as represented in Figure (4.13).

Figure 4.13: Two wire waveguide coupling. (a) the electric field profile, showing the coupling and (b) the transmission
through the two-wire waveguide.
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Once there is a limitation due to the distance between the wires, the thickness of the
grating was kept fixed at 100 um, while the other parameters, such as the length and the Bragg
period, were optimized. After some ftrials, it was shown that 36 gratings were the best
configuration for the filter design, leading to 2 cm on one side and 8 mm on the other, and a
total length of 4 cm. The grating parameters are reported in Figure (4.14), and the transmitted
spectra at different positions are plotted in Figure (4.15).

Figure 4.14: Continuous tunable filter grating parameters
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Figure 4.15: Transmission spectra of the grating in different positions.
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Figure (4.15) shows the simulations performed by Lumerical. By changing the vertical
position of the grating, the transmission spectra will change, and a new different frequency will
be cut off. To illustrate this, Figure (4.16) brings the electric field profile at 0.3 THz when the

grating is at 14 mm.

Figure 4.16: Electric field profile at 0.3 THz when the grating is positioned at 14 mm.

0.899

0.599

0.3

x(mm)

Source: The author (2025)

The electric field profile in Figure (4.16) shows that, when the grating is at the 14 mm
position, there is no transmitted signal at 0.3 THz because it is reflected by the grating placed
between the two wires. Obviously, there are some concerns about how the grating should be
hung between the wires. Thus, the actual printed grating, represented in Figure (4.17), is slightly
longer, with an aperture in the middle where a post can be screwed in to hold it steady. Also, to

avoid bending, some structures were added between the gratings to prevent it from stretching.
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Figure 4.17: Printed grating.
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To perform the measurement after the filter had been optimized, we used two different
lenses: a 10 mm lens to focus the beam between the two wires and couple the THz pulse, and a
100 mm lens to collimate the beam after the two wires, which were placed in an acrylic holder.
The filter was mounted on a 3-axis stage for better positioning. While the terahertz beam was
successfully coupled between the two wires, the limited space made it difficult to position the
grating freely. This constraint increased the risk of the sample touching the wires (possibly due
to some bending) and losing the coupling. So far, no experimental data has been obtained from
this setup. A potential solution to overcome this issue is to increase the gap between the wires,

which will be discussed in Chapter 5 (Future Works).

4.3.2 Characterization of 2D Transition Metal Dichalcogenides (TMDs)

Transition Metal Dichalcogenides (TMDs) have a chemical formula of “MX>”, where "M"
is a transition metal and "X" is a chalcogen (excluding oxygen and polonium). Atomically, the
transition metal is sandwiched by two chalcogens. The structure M Xz is called a “layer.” These

layers are bonded via Van der Waals forces. The bulk TMD is a set of layers, one on top of the
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other. Regarding synthesis, there are a couple of methods to obtain a 2D material from the bulk,
including bottom-up approaches, such as Chemical Vapor Deposition (CVD), and top-down

methods, like mechanical exfoliation [1].

TMDs are promising materials for optoelectronics due to their tunable bandgap, high carrier
mobility, and strong optical response [150]. Thus, the characterization of new 2D materials is
a major step toward potentially improving the performance of certain devices. Therefore, this
section is designated to presenting new results regarding the characterization of 2D TMDs. The
characterized samples are ZrTe;, NbSez, and MoS:. Their synthesis follows a bottom-up process
called “redox exfoliation” [151]. From this set of samples, there are already studies of MoS; in
THz frequencies [152—158], which will be important for future comparisons. A literature

result [139] of the complex refractive index is expressed in Figure (4.18):

Figure 4.18: THz-TDS measurement of MoS2. a) the comparison signal of reference and sample; b) the real and imaginary
part of the complex refractive index.
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An important consideration before the measurements themselves is regarding the parameters
necessary to solve Equation (4.15). For this purpose, a Python script was coded to use FFT (Fast
Fourier Transform) and solve the boundary equations for every sample in question. To obtain
the refractive index of the TMDs, the thickness of the deposition and the refractive index of the
substrate must be known. All three samples were deposited on high resistivity (> 10 kQ) 1 mm
thick silicon wafers (VIRGINIA SEMICONDUCTORS) by spin coating technique for a
uniform deposition. Thus, Scanning Electron Microscopy (SEM) was performed to measure the

layer thickness, showing a 35 nm deposition (these results are in Figure 1 in Appendix A).
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Regarding the refractive index of silicon, it was already mentioned in Figure (4.8) that this value
is around 3.42. Even though this value is well known, we took the opportunity to measure it.
Terahertz Time-Domain Spectroscopy was performed to obtain experimental results of the
refractive index of the high-resistivity silicon used in the TMDs deposition. The results are

shown in Figure (4.19):

Figure 4.19: THz-TDS measurement on silicon wafer. (a) both air (reference) and silicon (sample) signal; (b) the Fourier
transformed signal to obtain the frequency dependent spectra; (c) refractive index of the silicon.
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It’s noticeable that there is a delay and a decrease in the amplitude of the THz signal after
passing through the silicon wafer, as shown in Figure (4.19a). Since the imaginary part of high-
resistivity silicon is close to zero, one possible way to estimate the real part of the refractive
index of silicon is, considering that it’s frequency independent, measuring the distance between
the maximum amplitude of the highest signal and that of the etalon. The etalon is nothing more
than a multiple reflection signal after one roundtrip, so the beam propagates through the silicon
twice. Therefore, the refractive index will be estimated by only calculating n = cAt/2l, where
[ is the substrate thickness. From the data, one peak is at 46.25 ps while the other is at 69.01 ps.
The estimated real part of the refractive index is around 3.414, in agreement with the

experimental results.
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In possession of the necessary parameters, now it’s possible to solve Equation (4.16). One

possible simplification is using the thin film approximation [159], leading to:

Es _ to1Pits2 1 . (4.20)
Erer tooPy 1 —113701 P

After solving Equation (4.20), all three samples refractive index are presented in Figure

(4.20), where the absorption coefficient is not shown because it is close to zero for all samples

(the plot for each sample separately is in Figure 2 on Appendix A).

Figure 4.20: Refractive index of the samples MoS2, NbSez and ZrTe;.
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A single plot of the MoS, sample is presented in Figure (4.21). The reason for that is to
compare the result obtained experimentally to the one from Figure (4.18). It’s evident that both

components of the complex refractive index of the MoS, agree with the literature, getting a real

part close to n = 3 and an almost zero absorption coefficient.
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Figure 4.21: MoS: real and imaginary part of the refractive index.
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There are numerous applications for TMDs in electronics, such as transistors,
photodetectors, biosensors, and energy [160—164]. Additionally, in the communications field,
especially in the THz range, these samples can work as optical THz modulators [157]. Not only
MoS2, but also other TMDs such as WSe2, ReSe2, ReS2, and SnS2 have shown this
property [165]. Thus, it is of great interest to verify if the samples in question have this property
as well. The measurement consists of applying an optical CW pump (Fabry-Perot Laser Diode,
FPL80S8S, 250 mW, 808 nm, Thorlabs) with a spot size larger than the THz beam and measuring
its transmission for different pump powers. By applying this external pump, the conductivity
of the samples will increase and therefore the transmission of the THz will decrease. Two 35
mm Teflon lenses were used to focus and collimate the THz beam onto the sample, as
represented in Figure (4.22). The diameter of the THz beam at the silicon was around 3 mm

and the IR beam was around 3.2 mm.
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Figure 4.22: Sketch representing the modulation experiment on TMDs.

Source: The author (2025)

Calculating the modulation for each sample consists of comparing the transmission of the
beam with and without the pump, following the same idea as the OPTP experiment. In contrast,
here a CW pump is applied, so there is no interest in the conductivity or the recombination time

of the photocarriers. The modulation M (w) can be easily obtained by [157]:

ti(w) — to(w)

M) =@

, (4.21)

where t; and t, are the transmission with and without the pump after the Fourie transform. The
full spectra of all samples are represented in Figures 3, 4 and 5 in Appendix A. For comparison,
choosing one specific frequency (0.7 THz, for example), it’s possible to check the modulation

depth of each sample compared to the bare silicon, for example. This result is in Figure (4.23).
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Figure 4.23: THz modulation result for each of the samples.
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By applying an external pump, photocarriers will be generated, leading to an increase in
conductivity and, therefore, a decrease in transmission. The modulation depth represents how
much signal is lost due to the pump. Obviously, increasing the power will increase not only the
number of photocarriers but also the modulation depth. High resistivity (HR) silicon shows this
property, as represented by the plot in Figure (4.23). More importantly, when the samples are
deposited, there is an increase in the modulation depth, reaching almost 100% for MoS: and
NbSe>. One possible explanation is that TMDs have the ability to catalyze HR silicon to
aggregate more electrons at the interface, resulting in better modulation performance. Electrons
and holes generated in HR silicon would recombine in HR silicon. However, TMDs on the
surface of the HR silicon could capture electrons to reduce the concentration of electrons in HR
silicon, which could reduce the rate of recombination. Therefore, more free carriers could exist
in HR silicon to provide higher photoconductivity, which could lower the transmission of the

THz wave [165].

4.4 CONCLUSION

Terahertz (THz) techniques have emerged as transformative tools in modern science,

bridging the gap between microwave and infrared technologies. Their ability to penetrate
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various materials while remaining non-ionizing makes them invaluable for applications in
spectroscopy, imaging, and wireless communication. From biomedical diagnostics and security
screening to next-generation electronics and fundamental physics, THz technology continues

to unlock new possibilities across multiple disciplines.

In this study, we successfully characterized a set of 2D Transition Metal Dichalcogenides
(TMDs) using THz Time-Domain Spectroscopy (THz-TDS) and obtained their refractive
indices. Additionally, modulation measurements demonstrated that these materials have the

potential to function as THz modulators for future applications.

Another promising result is the design of a continuously tunable THz filter in a two-wire
waveguide system. While it has yet to be experimentally characterized, our findings suggest
that this filter could serve as an efficient tool for signal processing in the THz frequency range.
These results contribute to the growing field of THz science and highlight the potential of
TMDs and waveguide-based components in shaping future THz technologies. As research in
this field progresses, continued advancements will further expand the applications and impact

of THz techniques in both fundamental science and industry.



78

5 FUTURE WORKS

The next step for these measurements is to perform the pump-probe experiment, which is
already aligned at INRS. To do this, we need to change the substrate to quartz, since silicon is
not transparent at 800 nm. Before coming back to Brazil, I took some measurements to obtain
the refractive index of quartz for future work, as demonstrated in Figure (5.1). The idea is to
have a more comprehensive result, presenting the photoconductivity and the characteristics of
each sample. Also, in collaboration with the Air Force Laboratory (USA), other TMDs could
be characterized. Besides, another deposition could be made with a thicker layer of sample to
compare the results.

Figure 5.1: Characterization of quartz slit for OPTP experiment.
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Also, I want to perform the continuous tunable filter experiment using a 500 um gap
between the two wires. There were some limitations due to the distance between the wires for
inserting the grating and placing it correctly. Therefore, by increasing the distance between the
wires, we will have more freedom to position it. I performed some simulations to check the
transmission of the THz pulse under this configuration, and we still have some signal coupled

between the wires, as represented in Figure (5.2). So, it might be possible to achieve a good
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result. Although, there will be some changes and modifications to the grating parameters to

optimize the signal.

Figure 5.2: Comparison between two-wire waveguides with 300 um and 500 um gap. (a) the electric field profile of 300 pm

(above) and 500 um (below), and (b) transmission of the signal in both configurations.
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APPENDIX A

Figure 1: SEM measurements for MoSz, NbSe2 and ZrTe: to determine the thickness of the layered sample.
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Figure 2: Complex refractive index for all the three samples studied.
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Figure 3: Transmission and modulation measurements for MoS: in different positions.
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Figure 4: Transmission and modulation measurements for NbSez in different positions.
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Figure 5: Transmission and modulation measurements for ZrTez in different positions.
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