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Développement de nouvelles méthodes de métrologie pour système de spectroscopie THz
dans le domaine du temps

Fatemeh AMIRKHAN

RÉSUMÉ
Le système de spectroscopie temporelle térahertz (THz) est un outil puissant car il utilise les

propriétés des ondes THz de manière unique pour les technologies de spectroscopie et d’imagerie

dans une grande variété d’applications, telles que la science des matériaux, l’ingénierie, la

médecine et la chimie. La gamme de fréquences THz se situe entre les bandes micro-ondes

et infrarouges du spectre électromagnétique (EM) (c’est-à-dire entre 0,1 THz et 10 THz), ce

qui relie la partie électronique du spectre à la partie photonique. Par rapport aux fréquences

infrarouges, les fréquences THz peuvent pénétrer les matériaux non métalliques et non polaires

avec une énergie suffisamment faible, insuffisante pour ioniser les atomes ou les molécules.

En outre, le système THz-TDS peut être utilisé pour mesurer non seulement l’intensité d’une

impulsion spectrale, mais aussi le champ électrique transitoire associé, fournissant une méthode

de mesure unique pour calculer facilement l’amplitude et la phase d’une impulsion à partir du

champ électrique THz mesuré.

Au cours des 30 dernières années, les performances des systèmes de détection THz ont été

considérablement améliorées. Cependant, pour faire passer la spectroscopie et l’imagerie THz

d’une technique à l’échelle du laboratoire à un outil polyvalent aux nombreuses applications

pratiques, des développements techniques sont encore nécessaires au niveau des sources et des

détecteurs. Par conséquent, de nombreux scientifiques travaillent actuellement à l’amélioration

des sources et des détecteurs THz avec des caractéristiques améliorées, ce qui implique

généralement l’utilisation de nouveaux matériaux, méthodes et techniques pour améliorer ces

technologies. Cette exigence essentielle motive le sujet de ma thèse : développer de nouvelles

méthodes pour améliorer la sensibilité de détection du système THz.

Ce travail vise à contribuer au développement et à l’avancement des connaissances dans le

domaine de la technologie de détection THz. En particulier, ce travail se concentre sur la

détection THz dans le système THz-TDS. Pour ce faire, une revue de la littérature est d’abord

présentée. Elle couvre les propriétés de la fréquence THz et du système THz-TDS, leur

génération et leur détection, ainsi que leurs applications.

Suite à cette revue de la littérature, nous présentons une nouvelle méthode de caractérisation des

matériaux électro-optiques (EO) en couches minces à l’aide d’un métamatériau (c’est-à-dire

un résonateur à anneau divisé (SRR)) et d’une microscopie en champ proche THz intense. La

méthode est basée sur la simulation et l’étude analytique de la résolution d’imagerie en champ

proche des distributions de champ électrique et magnétique du SRR, qui est conçu pour la

gamme de fréquences THz. Le principal avantage de cette méthode est que l’on peut utiliser une

électrode sans contact (c’est-à-dire le SRR) dans l’expérience pour caractériser un matériau de

film mince inconnu, puis comparer le résultat avec les résultats de simulation fournis dans notre

approche.
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Nous présentons ensuite une technique simple en testant un nouveau dispositif dans le système

THz-TDS qui fournit une onde THz dérivée du temps. Ce dispositif est un réseau de transducteurs

ultrasoniques micro-usinés piézoélectriques (PMUT) qui différencie une impulsion THz en

effectuant des variations temporelles (à l’échelle de la femtoseconde) dans le trajet du faisceau

THz. Le signal THz modulé détecté après le dispositif piézoélectrique est proportionnel à la

dérivée de premier ordre de l’impulsion THz. Cette présentation est couplée à la présentation de

la caractérisation, des performances de ce dispositif et de sa limitation en tant que modulateur

THz. Cette étude permet de comprendre le principe d’utilisation de ce dispositif comme

modulateur THz afin d’accroître les connaissances pour choisir ce type de dispositif avec de

meilleures performances.

Suite à cette présentation, nous avons testé un autre dispositif ayant les mêmes propriétés que

le précédent, mais avec des dimensions et un mouvement plus importants pour améliorer la

dérivation des ondes THz. Il s’agit d’un dispositif piézoélectrique micro-usiné (PM), qui est

inséré dans le trajet du faisceau THz. Il fournit une modulation de référence pour l’unité de

détection à verrouillage, qui à son tour donne accès à l’information dérivée du quatrième ordre

du signal THz entrant. Il convient de noter que l’intégration du signal dérivé enregistré conduit à

un signal de référence récupéré avec un rapport signal/bruit (SNR) équivalent ou même meilleur,

ouvrant la porte à un nouveau type de mesure THz hautement sensible dans le domaine temporel.

Enfin, il y a une conclusion à l’ensemble du travail fourni dans ce sujet de thèse. Elle aborde

également les développements futurs potentiels de ce projet de thèse.

Mots-clés: Détection THz, TDS THz, modulateur THz, film mince, imagerie proche par THz,

métamatériau, différenciateur THz, spectromètre dérivé THz



Development of novel metrology methods for time domain THz spectroscopy systems

Fatemeh AMIRKHAN

ABSTRACT
The terahertz (THz) time-domain spectroscopy (TDS) system is a powerful tool because it uses

the properties of THz waves in a unique way for spectroscopy and imaging technologies in a

wide variety of applications, such as materials science, engineering, medicine, and chemistry.

The THz frequency range lies between the microwave and infrared bands in the electromagnetic

(EM) spectrum (i.e., between 0.1 THz and 10 THz), which connects the electronic part of the

spectrum with the photonics part. Compared to infrared frequencies, THz frequencies can

penetrate non-metallic and non-polar materials with low enough energy, which is insufficient

to ionize atoms or molecules. In addition, the THz-TDS system can be used to measure not

only the intensity of a spectral pulse, but also the associated transient electric field, providing a

unique measurement method to easily calculate the amplitude and phase of a pulse from the

measured THz electric field.

Over the past 30 years, the performance of THz sensing systems has been improved significantly.

However, to move THz spectroscopy and imaging from a laboratory-scale technique to a versatile

tool with many practical applications, technical developments are still needed in sources and

detectors. Therefore, many scientists are currently working on improving THz sources and

detectors with enhanced characteristics, which usually involves using new materials, methods,

and techniques to improve these technologies. This essential requirement motivates the subject

of my thesis: to develop new methods to improve the detection sensitivity of the THz system.

This work aims to contribute to the development and advancement of knowledge in the field of

THz sensing technology. In particular, it focuses on THz detection in the THz-TDS system. To

do so, a review of the literature is first presented. It covers the properties of the THz frequency

and the THz-TDS system, their generation and detection, and their applications.

Following the literature review, I present a new method for characterizing thin-film electro-optical

materials using a metamaterial (i.e., a split-ring resonator (SRR)) and intense THz near-field

microscopy. The method is based on the simulation and analytical study of the near-field imaging

resolution of the electric and magnetic field distributions of the SRR, which is designed for the

THz frequency range. The main advantage of this method is that one can use a non-contact

electrode (i.e., the SRR) in the experiment to characterize an unknown thin-film material and

then compare the results with the simulation results provided in my approach.

I then present a simple technique by testing a new device in the THz-TDS system that provides a

time-derived THz wave. This device is a piezoelectric micromachined ultrasonic transducer

array (PMUT) that differentiates a THz pulse by performing time variations (on the femtosecond

scale) in the THz beam path. The modulated THz signal detected after the piezoelectric device

is proportional to the first-order derivative of the THz pulse. This presentation is coupled with

the presentation of the characterization, performance of this device and its limitation as a THz
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modulator. This study allows understanding the principle of using this device as a THz modulator

in order to increase the knowledge to choose this type of device with better performances.

Following this presentation, I tested another device with the same properties as the previous

one, but with larger dimensions and motion to improve the THz wave derivation. This is

a piezoelectric micromachined device (PM), which is inserted into the THz beam path. It

provides a reference modulation for the lock-in detection unit, which in turn provides access up

to the fourth-order of derived information of the incoming THz signal. It should be noted that

the integration of the recorded derivative signal leads to a recovered reference signal with an

equivalent or even better signal-to-noise ratio (SNR), opening the door to a new type of highly

sensitive THz measurement in the time domain.

Finally, there is a conclusion to the work provided in this thesis. It discusses potential future

developments of this PhD project.

Keywords: THz sensing, THz TDS, THz modulator, thin film, THz near imaging,Metamaterial,

THz differentiator, THz derivative spectrometer
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INTRODUCTION

Context of the research work

The last and least studied of the electromagnetic (EM) spectra, terahertz (THz) spectrum,

has become available for study and research in recent decades (Tonouchi (2007); O’Hara,

Withayachumnankul & Al-Naib (2012); Danciu, Alexa-Stratulat, Stefanescu, Dodi, Tamba,

Mihai, Stanciu, Luca, Spiridon, Ungureanu et al. (2019); Park & Son (2021)) because of

advances in ultrafast-laser developments as well as THz generation and detection. As a result,

scientists and engineers have been investigating and understanding the wide range of phenomena

in these frequencies (Sherwin (2002); Baxter & Guglietta (2011); Zhang, Shkurinov & Zhang

(2017); Cocker, Jelic, Hillenbrand & Hegmann (2021); Zhang & Wu (2021); Zhang, Hirori,

Sekiguchi, Shimazaki, Iwasaki, Nakamura, Wakamiya & Kanemitsu (2021d)), in which THz

electromagnetic radiation offers specific advantages that are not available at other frequencies,

as will be discussed in more detail here and in the next chapter.

THz

Figure 0.1 The THz frequency range

Taken from Koch (2005)

The THz frequencies lie in the frequency range between the infrared and microwaves from 100



2

GHz (𝜆=3 mm) to 10 THz (𝜆=30 𝜇m) in the EM spectrum, which, in fact, can link electronic

devices to photonic devices, as shown in Figure 0.1 (Koch (2005)). One THz frequency is

equivalent to a photon energy of 4 meV or a temperature of 48 K (Tonouchi (2007)). THz

frequencies have the unique properties of being able to penetrate optically opaque materials such

as nonmetallic compounds (e.g., papers, plastics), organic materials, gases, and nonpolar liquids,

making them a valuable tool for non-destructive material assessment (Kozlov & Volkov (1998);

Nuss & Orenstein (1998); Ferguson & Zhang (2002); Lin, Fischer, Mickan & Abbott (2007);

Mittleman (2013)). Furthermore, their low photon energy prevents ionization of materials

(unlike x-ray radiation), and their extraordinary sensitivity to water absorption has stimulated

research, particularly in characterization and imaging (Blanchard, Chai, Tanaka, Arikawa,

Ozaki, Morandotti & Tanaka (2018); Mittleman (2018); Danciu et al. (2019)). In addition, the

short wavelength and wide bandwidth have created new possibilities for highly controlled and

secure point-to-point communication, with the advantage of sufficient data rates up to 10Gbps

(Federici & Moeller (2010); Xiao, Yang, Huang, Huang, Zhou, Gao, Shu & He (2018)).

The ultrafast detection of THz waves allows fundamental physics studies, and the THz waves have

an increasing number of applications due to their unique properties. More importantly, since THz

waves are generated and detected using ultrafast lasers (i.e. femtosecond (fs) lasers), a coherent

and phase-locked detection technique is possible. This technique is based on the sampling of

the THz field with an fs laser pulse called THz time-domain spectroscopy (TDS). It detects the

transient electric field rather than its intensity, allowing amplitude and phase measurements of the

THz electric field (Neu & Schmuttenmaer (2018)). This tool is a technique developed analytically

for characterizing a wide range of materials, without requiring the use of the Kramers-Kronig

dispersion relation (Ueno & Ajito (2008)). Therefore, there exist many sample materials that

have been characterized by THz-TDS, many of which have been used to develop new industrial

applications (Naftaly, Vieweg & Deninger (2019)). Among them are the investigation of solar

cells properties and associated materials (Nagai, Sumitomo, Imaizumi & Fukasawa (2006)),
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nano-composites materials and dielectric film (Nagai, Imai, Fukasawa, Kato & Yamauchi (2004);

Nagai & Fukasawa (2004)). Furthermore, there are various semiconductor materials whose

properties are characterized by THz-TDS spectroscopy, such as their conductivity, mobility, and

plasma oscillation (Nashima, Morikawa, Takata & Hangyo (2001); Mittleman (2003); Nagai

et al. (2006); Mittleman (2013)). It is worth noting that the applications of THz-TDS are not

limited to the characterization of industrial materials. THz-TDS can also be used in the medical

field to sense bacteria (Park, Hong, Choi, Kim, Park, Han, Park, Lee, Kim & Ahn (2014);

Berrier, Schaafsma, Nonglaton, Bergquist & Rivas (2012)) and viruses (Park, Cha, Shin & Ahn

(2017)) through the use of THz-metamaterials, which are sub-wavelength structures created

by engineers (Sarychev & Shalaev (2007); Cui, Smith & Liu (2010)). There are, moreover,

potential applications in detecting skin cancer (Yu, Fan, Sun & Pickwell-MacPherson (2012)).
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However, the THz-TDS system’s abilities depend mainly on its sensitivity, coherent detection,

and high signal-to-noise ratio (SNR). As a result, significant research effort is ongoing to identify

suitable materials and novel generation and detection techniques to improve the performance of

the THz-TDS system for the applications mentioned above, especially for the sensing applications.

Several techniques have been developed during the last few decades to improve the THz-TDS

system’s characteristics, particularly THz generation and detection techniques. Figure (0.2)

shows an intense research focus, as evidenced by the number of published documents related to

this research from "Web of Science". According to Figure (0.2), a Web of Science search using

the terms "THz generation" and "THz detection" revealed a continuously increasing interest in

working on THz detection following the successful development of THz generation in recent

years. This figure also shows that THz generation and detection research development increased

exponentially from 1990 to 2020. Therefore, research is ongoing for the improvement of the

THz-TDS system, and this motivates the subject of my thesis: developing novel methods to

improve the detection sensitivity of the system.

Identification of the research problem

The use of electro-optic (EO) sampling as a detector for the THz-TDS system is a required

approach in order to reveal essential features of the THz pulse, such as the pulse waveform

and spectrum. Furthermore, the EO sampling approach has a broad frequency response and is

well suited to THz pulses with high peak intensity, which is especially important for real-time

THz image acquisition (Wu & Zhang (1995)). In some cases, a thin EO material with a high

EO coefficient is required to achieve near-field detection with high sensitivity (Blanchard et al.

(2013)). It means using an EO thin-film with a high EO coefficient for the improvement of the

SNR in near-field detection systems.
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On the other hand, the THz detection bandwidth is fundamentally restricted by the phase

mismatch between the THz pulse and the optical beam at 800 nm (Nahata, Auston, Heinz & Wu

(1996a)). One way to improve the bandwidth is to use thin crystals, which decrease the impact of

the phase mismatch (Kübler, Huber & Leitenstorfer (2005)). In a typical equation, the sensitivity

of the EO sampling technique can be described by a phase change of Γ in the EO crystal with an

EO coefficient of 𝑟41, as defined by (Lee (2009)):

Γ ∝ 1

𝜆
𝐿 𝑛3

0 𝑟41 𝐸𝑇𝐻𝑧, (0.1)

where L is the EO crystal’s thickness, 𝜆 is the optical beam’s wavelength, 𝑛0 is the optical beam’s

refractive index, and 𝐸𝑇𝐻𝑧 is the THz electric field.

Electric field

EO bulk material

Optical beam

L

(a)

EO thin film material

L(c)
x

y

z

(b)

Figure 0.3 (a) Illustrates a fundamental principle of EO material characterization for

bulk EO material and (b) a few models for applying electric fields to each orientation

of this material using electrodes (taken from Saleh & Teich (1991)) (c) depicts an

example of an EO thin-film with L=1𝜇m

The use of EO thin-film decreases the sensitivity of the detection because the thickness of the

EO crystal (L) is directly related to the phase changes. One way to compensate for this effect

is to select an EO crystal with a high EO coefficient or to increase the THz field (Hirori, Doi,
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Blanchard & Tanaka (2011)). Characterizing EO thin-film modulators with higher Pockels

coefficients is one way to introduce them as a new material for sensing applications.

In general, to characterize EO materials, particularly bulk materials with a length of L (in mm

range), one needs to apply an electric field (THz electric field) to the EO sample while an optical

beam is passed through it, as shown in figure 0.3 (a). Therefore, an EO sampling technique can

be used to measure the EO coefficient of the EO materials. (Aillerie, Theofanous & Fontana

(2000); Song, Chai, Liu, Ma, Li, Wang & Hu (2019)). In fact, to reveal all EO responses, one

needs to apply the THz electric field in all the different orientations (i.e., x-, y-, and z-directions)

of the EO bulk material. Another way to apply an electric field is to place several electrodes on

the material in various orientations instead of a THz electric field to reveal all the EO responses,

as shown in figure 0.3 (b) (Saleh & Teich (1991)). However, using the EO sampling method

to characterize EO coefficients of EO thin-films with L in the 𝜇𝑚 range, either by applying a

THz electric field or providing an electric field in another frequency by putting electrodes on all

orientations of the thin-films (see Fig. 0.3 (c)), is extremely difficult.

Furthermore, the interaction range of light traveling through the EO thin-film is also limited.

Several methods are applicable to characterize EO thin-films, such as spectroscopy ellipsometry,

the Teng-Man method (Schroder (2006); Hansen (1973); Tompkins & Irene (2005); Kang, Xiao,

Avrutin, Özgür, Morkoç, Park, Lee, Lee, Wang & Smith (2008); Teng & Man (1990)), and the

transmission method (Reitze, Haton, Ramesh, Etemad, Leaird, Sands, Karim & Tanguay Jr

(1993); Hoerman, Nichols, Nystrom & Wessels (1999)). They measure the variation of the

refractive index by applying an electric field. These methods, however, are challenging to use

because of their low sensitivity and inaccurate measurement (Tompkins & Irene (2005); Kang

et al. (2008)). They are also dependent on the thin-film’s thickness (Liu, Mak & Wong (2009)),

or are difficult to design and process (Lee, Kim, Kim, Lee, Lee & Steier (2011)). We found that

one can use a non-contact visualization of the electric fields to reveal EO thin-film’s coefficient
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by employing EO sampling THz microscopy and using a metamaterial, instead of electrodes

with wires (See Chapter 2, Part 2.3).

Derivative spectroscopy is another method to characterize materials by improving the resolution

of a reference spectrum and its sensitivity. Because a fundamental feature of a derivative signal

is its ability to detect and identify the slope of a signal as well as the position of the peak in a

time-varying signal (Skolnik (1962)), this can add an important benefit for sensing purposes

by its capability to identify in real-time fixed points such as local maxima and minima with

better accuracy, to improve layer detection accuracy (Redo-Sanchez et al. (2016)) or changes

in refractive indices (Blanchard, Sumida, Wolpert, Tsotsalas, Tanaka, Doi, Kitagawa, Cooke,

Furukawa & Tanaka (2014b)) for THz phase-contrast imaging. One way to obtain derivative

signals is typically to carry out a variety of schemes, including fibre grating, temporal lensing,

and EO effects (Salem, Foster & Gaeta (2013); Slavík, Park, Kulishov, Morandotti & Azaña

(2006); Azaña (2010)). Another way to obtain the derivative of an input optical signal is to

use a resistor-capacitor (RC) filter in combination with a modulation device in the optical path.

This technique is known as derivative spectroscopy (Klein & Dratz (1968); Dubrovkin (1983);

Holcomb & Little (1992); Wiley, Tanner, Chandler & Anderssen (2009); Karpińska (2004)).

THz 
differentiator

Derivative 
THz pulse

THz pulse

Optical
differentiator 

Derivative 
optical pulseOptical pulse

(b)

(a)

Figure 0.4 A simplified explanation of the differentiator methods

shows for (a) optical signals and (b) THz pulses
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Many of these methods have been demonstrated in the near-infrared frequency band but not in

the THz band. In addition, these approaches deal with the complex envelope of an input signal’s

intensity profile (see figure 0.4(a)); but THz measurement systems provide a THz electric field

(see figure 0.4 (b)) that gives direct access to amplitude and phase. For signal processing in

the THz range, this THz feature has many advantages. One advantage is the ability to recover

ultra-fast THz phenomena using low-frequency electronic instruments such as a lock-in amplifier

(Neu & Schmuttenmaer (2018)). As a lock-in amplifier is already a resistor-capacitor (RC) filter,

we realized a THz time-domain derived spectrometer could theoretically be created by adding a

suitable THz modulator. To date, however, only a few efforts have been made with a grating

and ring resonator (Filin, Stowe & Kersting (2001); Xie, Zhu, Zhang, Zang, Chen, Balakin,

Shkurinov & Zhu (2020)) to reveal passive THz differentiators.

Research objective and approaches

This PhD project aims to develop new methods to improve THz sensing in the THz-TDS system.

The thesis is divided into two parts: (1) analysis and simulation of THz near-field images to

obtain EO thin-film characteristics, and (2) a new type of THz modulator have been tested

that are piezoelectric micromachined ultrasonic transducer (PMUT) array and piezoelectric

micromachined (PM) device).

Characterizing EO thin-films to find their EO coefficient is one solution for improving the

sensitivity of the THz-TDS system. We demonstrate this new method for characterizing EO

thin-film material by analyzing and performing simulations of THz near-field images of a split

ring resonator (SRR), which is a unit cell of metamaterial placed on top of the EO thin-film to

retrieve the EO thin-film’s characteristics. THz near-field microscopy with EO sampling is an

excellent technique for observing the distribution of all electric and magnetic fields in a THz

metamaterial (Blanchard et al. (2013); Blanchard, Doi, Tanaka, Hirori, Tanaka, Kadoya & Tanaka

(2011)). In addition to this, the local field enhancement of a metamaterial structure (such as SRR)
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significantly improves the interaction between THz field and the material under the test, allowing

the detection of tiny concentrations on the EO thin-film. Therefore, to develop the method to

study EO thin-film coefficients, intense THz near-field imaging through EO sampling and a unit

cell of metamaterial (SRR) can be used. This development will result in the introduction of a

new EO thin film material with a better EO coefficient.

The second objective is using another method for improving the sensitivity of the THz-TDS

system is to modulate the THz wave. For example, to obtain a THz time derivative wave, one can

use a THz modulator in the THz beam path to delay the THz in the fs time range and measure

the differential between these two signals. In this thesis, we tested a device which works on the

basis of the piezoelectric effect, which can be placed in the THz beam path to modulate the THz

wave in time as a new THz modulator (PMUT array). Development of this method can result in

implement a proof of concept for the THz differentiator. Then by improving this method by

using a device with better performance (PM device). This method can introduce a novel THz

derivative spectrometer (by introducing a THz differentiator).

The following approach was used to characterize EO thin-film. First, we used an intense THz

electric field to apply and enhance the interaction inside the material since we can thus generate

powerful THz pulses (Hirori et al. (2011)). Furthermore, we designed and used a metamaterial

called SRR as a subwavelength device. The SRR acts as an electrode and produces resonant

responses in all directions simultaneously (as illustrated in Figure 0.5 (a)). We placed SRR on

top of the EO thin-film to apply the THz field to all orientations of the EO thin-film, as shown in

figure 0.5 (a). We then used EO sampling THz microscopy to measure all EO responses in the

x-, y-, and z-directions of the film.

Another approach to improve THz-TDS system sensitivity is to convert the THz signal to a

derivative THz signal. We developed a simple method for obtaining THz derivative signals.

As a starting point, we used a piezoelectric micromachine device as a subwavelength device
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Figure 0.5 An illustration of (a) how SRR serves as an

electrode in three orientations and (b) how SRR is being used

to apply a THz electric field to an EO thin-film

controlled by an external electric field with a MHz frequency.

Lock-in
Amplifier 
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Ref. Signal

THz pulse

Displacement P1 AC voltage (on)

P2

piezoelectric 
micromachine 

Derivative 
THz signal 
(n=1)
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Figure 0.6 Showing (a) how the piezoelectric device works in the THz beam

direction and (b) how the piezoelectric device and the lock-in amplifier work together

to generate a THz derivative signal

This device acts as a simple mirror in the THz beam path. When it is activated, it reflects two

THz waves with a time variation of Δt corresponding to its displacement, as shown in figure 0.6
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(a). This method is the first introduction of an active THz time differentiator by using lock-in

detection, as presented in figure 0.6 (b). As a first demonstration, this method was limited by

the device’s small size and motion. Furthermore, the device requires an MHz oscillator, which

makes it less suitable for standard THz applications. To overcome these limitations, we used a

piezoelectric device with more significant motion and larger dimensions that operate at a low

kHz frequency.

The main part of this research work is designed to be an original scientific paper-based thesis,

as advised by the submission policy of the École de technologie supérieure (ETS). In order to

achieve my research objective, I contributed to the publication of six peer-reviewed academic

articles as first author and co-author. I was the first author on three of them, which correspond to

the three chapters (2, 3 & 4) of this thesis. I also had the opportunity to collaborate with other

groups both inside and outside ETS, resulting in three co-authorships. The chapters from the

journal article constitute an abstract, introduction, design and structure, methodology, theoretical

and experimental of subwavelength devices as THz modulators, followed by the results and

discussion. The main content of the thesis comprises an abstract, introduction with research

objectives, literature review, conclusion, and statement of original contribution with future

recommendations.

Thesis Structure

Following the introduction, the thesis is structured as follows. The next chapter of this thesis,

literature review, contains no original contribution but provides information (introduction)

about different concepts and techniques needed later in this thesis. It mainly explores the

related research work and gives details that are not available in the articles. The THz frequency

range is introduced, followed by the THz sensing techniques, which consist of several forms of

generation, detection, and THz-TDS systems and their principles and concepts. This section

includes THz near-field imaging and metamaterials, particularly SRR. The literature review also
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discusses THz differentiators and derivative spectroscopy. The three following chapters present

two methods for the development of THz sensing to achieve the proposed research objectives,

which resulted in the journal publications. Chapter 2 is an article published in the Journal

of the Optical Society of America B (JOSA B) in 2019 under the title "Characterization of

thin-film optical properties by THz near-field imaging method".

In this chapter, all field distributions of SRRs, including the electric and magnetic fields in

three dimensions (x, y, z), are numerically studied as a function of exciting and probing beam

polarizations using finite difference time domain (FDTD) simulation in order to develop a

method for finding EO thin-films with better performance. Then, we demonstrate that the

experimentally found response of the well-known Lithium Niobate (LN) crystal agrees with

our simulations. Following that, the sensitivity of the LN crystal as a function of the applied

electric field and optical probe polarization is studied analytically to calibrate our approach.

This demonstration validates our approach to assessing thin-film EO materials.

Chapter 3 is an article published in Optics Letters in 2020 and has been patented with the

title "Active terahertz time differentiator using piezoelectric micromachined ultrasonic

transducer array"; it is followed by supplementary information regarding this work.

A first-order temporal differentiation in the THz region is achieved utilizing an 8-piece piezoelec-

tric micromachined ultrasonic transducer (PMUT) array driven at its resonance frequency. The

properties and functioning of the PMUT are described initially in this chapter. The methodology

and results of this research are then discussed. Finally, the influence of PMUT amplitude

mobility on derivative signal behavior is assessed.

Chapter 4 is an article published in Optic Express in 2021 under the title “Terahertz time-

domain derivative spectrometer using a large-aperture piezoelectric micromachined

device”.
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A piezoelectric micromachined device (PM) with a higher surface area and functioning in

the kHz frequency range is used to demonstrate an nth-order THz time-domain derivative

spectrometer. The proposed structure for PM devices, as well as their functions, are described

in this chapter. The lock-in amplifier’s operation to access the multiple-order derivative of the

incoming THz signal is also explained. Then, the experimental setup and the resulting findings

are discussed. Finally, the excellent agreement between our experimental and simulation results

is indicated.

The last chapter, Conclusion and Recommendations, briefly concludes the thesis with future

research recommendations.





CHAPTER 1

LITERATURE REVIEW

1.1 THz frequency range

The THz frequency range is the part of the electromagnetic (EM) spectrum that lies between

the infrared and microwave regions, as shown in Fig. 1.1. Today, the THz frequency range is

commonly defined from 100 GHz to 10 THz, and there is a growing range of techniques for its

generation and detection (Mittleman (2003); Sakai & Tani (2005); Li & Li (2020)).

10 GHz 100 GHz 1 THz 10 THz 100 THz

THz range

Electronics Photonics

3 cm 3 mm 300 μm 30 μm 3 μmλ

ν

λ-1

E 0.04 meV 0.4 meV 4.1 meV 41.3 meV 413.2 meV

0.33cm-1 3.33 cm-1 33.3 cm-1 333.3 cm-1 3333.3 cm-1

X-RaysRadio
Waves Microwave Infrared UV

Figure 1.1 THz range in the EM spectrum

As the wavelengths 𝜆 of an EM wave are linked to the frequency 𝑓𝑇𝐻𝑧 (𝜆 = 𝑐
𝑓𝑇𝐻𝑧

, 𝑐 = 3×108 𝑚/𝑠),

the boundaries of this spectral range are typically described by wavelengths ranging from 30 𝜇m

to 3 mm. Furthermore, the THz range can be defined in terms of wavenumber 𝜐 (with the units

𝑐𝑚−1) from 3 𝑐𝑚−1 to 300 𝑐𝑚−1 (where 𝜐 = 1
𝜆 ). The energy of one THz photon (E with a unit

of J) is extremely low and is given by

𝐸 = ℎ 𝑓𝑇𝐻𝑧 = �𝜔 � 6.6 × 10−22 𝑓𝑇𝐻𝑧, (1.1)
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where 𝜔 is the angular frequency, and ℎ is Planck’s constant (ℎ � 6.62 × 10−34𝐽.𝐻𝑧−1, 𝑎𝑛𝑑 � =
ℎ

2𝜋
). So it is preferable to use the electron-volt (𝑒𝑉) as the unit (1 𝑒𝑉 = 1.6 × 10−19 𝐽):

𝐸 � 4.125 × 10−3 𝑓𝑇𝐻𝑧 � 1.237

𝜆𝜇𝑚
𝑒𝑣. (1.2)

Thus, the energy range of THz waves spans from 0.41 to 41 meV. Finally, the THz range can

also be defined in terms of equivalent temperature 𝑇 , in regard to photon energy, as follows,

𝐸 = ℎ 𝑓𝑇𝐻𝑧 = 𝑘𝐵 𝑇 ⇒ 𝑇 =
ℎ

𝑘𝐵
𝑓𝑇𝐻𝑧, (1.3)

with 𝑘𝐵 � 1.38 × 10−23 𝐽/𝐾 being the Boltzmann constant. Therefore, equivalent temperatures

of the THz waves (from 1 THz to 10 THz) lie between 4.8 and 47.8 K. Fig.1.1 illustrates the

THz region with different terms.

Since the THz range is associated with low photon energy, heat radiation and temperature

are noise sources in THz experiments, and they can completely dominate the THz signal.

Furthermore, THz waves will interact with matter only through resonances of molecule rotations

and vibrations. While this frequency range is non-ionizing and hence non-destructive, it is

known to excite bound charges, charge plasmas, molecular dipoles, and phonons in crystalline

materials (Jepsen, Cooke & Koch (2011)).

In summary, the THz range’s unique features are as follows (Sakai & Tani (2005); Coutaz,

Garet & Wallace (2018)). There is a distinct absorption line in molecular gases due to the

interaction of the rotation of the molecule with the THz radiation, and it exists only in gases.

Since each molecular species has its own characteristic rotational energy levels that uniquely

determine the precise frequencies of the absorption lines, this process is applied to environmental

monitoring, atmospheric remote sensing, and analysis of the interstellar medium (Farman,

Gardiner & Shanklin (1985); Solomon, Garcia, Rowland & Wuebbles (1986); Albert, Petkie,

Bettens, Belov & Lucia (1998)). Furthermore, there is no rotation effect in solid and liquid

materials. Since THz waves are longer than visible wavelengths and infrared waves, this means
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Mie dispersion has less impact on THz waves. Therefore, this frequency can penetrate through

a wide variety of common materials, such as clothes, paper, wood, plastics, and cardboard

(Köhler, Tredicucci, Beltram, Beere, Linfield, Davies, Ritchie, Iotti & Rossi (2002); Piesiewicz,

Jansen, Wietzke, Mittleman, Koch & Kürner (2007)), which are totally opaque in the visible and

near-infrared spectrum. Therefore, these materials appear transparent to THz imaging systems

(Lin et al. (2007)). In addition, the majority of dielectric materials, such as polymers, silicon, and

semiconductors (Podzorov & Gallot (2008); Naftaly, Molloy, Magnusson, Andreev & Lanskii

(2016); Shi, Huang, Lu, Zhang, Yue, Qiao & Xiao (2014)), are transparent for THz waves

because of their low free charges, which result in poor absorption or low conductivity. In

addition to this, the effects of free charges and lattice vibrations in many materials result in

significant absorption or reflection of THz waves. THz vibrations, for example, are reflected

by free-charged materials (Lloyd-Hughes & Jeon (2012)) such as noble metals (Ag, Cu, Au,

Al), which function somewhat as mirrors that can be used for security applications (Ren, Zahid,

Fan, Yang, Imran, Alomainy & Abbasi (2019)). In addition, in pure and perfect crystals in the

vicinity of 10 THz, phonon lines (caused by lattice vibrations) create substantial absorption

peaks. For instance, the GaAs crystal contains phonon absorption lines at 8.1 and 8.8 THz

(Shen, Upadhya, Beere, Linfield, Davies, Gregory, Baker, Tribe & Evans (2004)). These

absorption peaks showed resonance structures associated with acoustical and optical phonons

at various frequency combinations. Another THz characteristic is that polar liquids (Møller,

Cooke, Tanaka & Jepsen (2009)), such as water, absorb substantial amounts of THz vibrations,

resulting in strong vibrational absorption of water molecules at these frequencies. However,

non-polar liquids, such as certain oils, are highly transparent (Pedersen & Keiding (1992)).

Therefore, based on the THz characteristics, this part of the spectrum is suitable for spectroscopy

and imaging (Tonouchi (2007); Chan, Deibel & Mittleman (2007); Kampfrath, Tanaka & Nelson

(2013)). THz imaging and THz spectroscopy are two essential technologies for THz applications

in material characterization, security, diagnostic medicine, non-destructive evaluation, and

quality control because of their excellent spatial and temporal resolution compared to microwaves.

In addition, THz waves, unlike X-rays, cause a negligible impact on cells because of their low



18

photon energy and may thus be employed for non-invasive detection of organisms and have

broad medical applications (Wang, Zhang, Chang & Cui (2019a)). THz technology has also

been widely used in the development of semiconductor and superconductor materials (Gu, Singh,

Tian, Cao, Xing, He, Zhang, Han, Chen & Zhang (2010)). Simultaneously, these characteristics

will probably make this band excellent for rapid data transfer in the future of THz communication

(Federici & Moeller (2010); Ma, Geng, Fan, Liu & Chen (2019); Chen, Ma, Zhang, Zhang, Niu,

Kuang, Chen, Li & Li (2019)).

1.2 Terahertz sensing techniques

THz sensing techniques include THz-emission (generation) spectroscopy (Huang, Yao, He, Zhu,

Zhang, Bai & Xu (2019)), THz-detection spectroscopy, and THz-TDS (Mittleman (2013)). This

means that we can characterize a material by placing it either in generation, detection, or at

the focus point of the THz beam via THz-TDS. For example, these techniques are exploited

to characterize the electronic properties of semiconductor nanowires. They allow engineers

and researchers to control and obtain the full potential of the electrical properties of these

materials. Researchers have optimized and tailored the performance of these electronic devices

by understanding and measuring important properties such as carrier lifetime, electron mobility,

electron drift velocity, and dopant concentrations (Grischkowsky, Keiding, Van Exter & Fattinger

(1990); Van Exter & Grischkowsky (1990); Seo, Yoo, Dayeh, Picraux, Taylor & Prasankumar

(2012); Ketterer, Uccelli & i Morral (2012); Ulbricht, Hendry, Shan, Heinz & Bonn (2011);

Van Exter & Grischkowsky (1990)). We can also explain the carrier dynamics of the materials

through plasma frequency and scattering rate by making the THz-TDS of these materials and

applying the Drude-model. These methods can also be applied to thin-films such as graphene

(Jiang, Xu & Zhang (2000b)).

THz emission spectroscopy is comparable to THz-TDS in terms of material characterization.

Rather of utilizing a typical THz source, the THz-TDS system generates THz pulses using

a material that is currently under investigation (testing). The THz emission method offers

many promises for investigating the basic and practical properties of materials (Bell (2017);
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Huang et al. (2019); Rana & Tonouchi (2020)). An alternative method to characterize material

samples is THz detection spectroscopy. This spectroscopy is quite similar to THz emission

spectroscopy, but the sample material is placed on the detector section of the THz-TDS system

and is characterized via the detection process. The detection process allows characterizing the

electro-optic (EO) properties of the material. For instance, the strength of the THz signal is

linearly proportional to the linear EO coefficient. Thus we can measure the linear EO coefficient

of the material.

To understand how to increase the sensitivity of these approaches, we will discuss the concept

and working mechanism of each technique separately in the sections below.

1.3 THz generations

The generation of EM radiation can be described using the wave equation from Maxwell’s

equations in a medium ( Cooke (2007)):

�2 𝐸 − 𝜖 𝜇 ∂2𝐸

∂𝑡2
= 𝜇

∂𝐽

∂𝑡
(1.4)

The right-hand side of the Eq. 1.4 presents the fundamental source of emission known as

non-uniform motion of charge. Here, 𝜖 is the permittivity, 𝜇 is the permeability of the medium,

and 𝐸 is the electric field. In general, the current, J, can be induced by conduction (𝐽𝑐𝑜𝑛𝑑) and

oscillating bound electrons (𝐽𝑏𝑜𝑢𝑛𝑑 = ∂𝑃
∂𝑡

) contributions. Therefore, we can take both free and

bound charge carriers into account in this equation:

�2 𝐸 − 𝜖 𝜇 ∂2𝐸

∂𝑡2
= 𝜇 (

∂𝐽𝑐𝑜𝑛𝑑
∂𝑡

+ ∂2𝑃

∂𝑡2
) (1.5)

Eq. 1.5 is the wave equation with two source terms on the right side: the first derivative of a

conduction current (∂𝐽𝑐𝑜𝑛𝑑
∂𝑡

) and the second derivative of the polarization (∂
2
𝑃

∂𝑡2
). An emitted 𝐽(𝑡)

lasting for a few hundred femtoseconds to a few picoseconds duration leads to the generation of

EM waves in the THz frequency range. Several different techniques have been used to generate

THz radiation. For example, THz emission through photoconductive antennas (Tani, Matsuura,
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Sakai & Nakashima (1997); Burford & El-Shenawee (2017)), extended photoconductive sources

(Kim & Kwok (1995)), optical rectification (Nahata, Weling & Heinz (1996b)), surge current

through the depletion field of semiconductor surfaces (Adomavičius, Urbanowicz, Molis,

Krotkus & Šatkovskis (2004); Chuang, Schmitt-Rink, Greene, Saeta & Levi (1992)), charge

oscillations in quantum well structure (Chuang, Planken, Brener, Roskos & Nuss (1994)), coherent

excitation of active phonons (Dekorsy, Auer, Bakker, Roskos & Kurz (1996)), superconductors

(Hangyo, Tomozawa, Murakami, Tonouchi, Tani, Wang, Sakai & Nakashima (1996)), and

nonlinear transmission lines (NLTLs) (Rodwell, Kamegawa, Yu, Case, Carman & Giboney

(1991)). Most of these are based on the excitation of materials with femtosecond (fs) laser

pulses. In this research, two THz sources have been used. They are the THz source based on a

photoconductive antenna and optical rectification in a nonlinear crystal.

1.3.1 Photoconductive antennas

A photoconductive antenna (PCA) is a fundamental technique for generating THz radiation. It

was invented by Austin in 1970 and further developed in the 1980s (Auston, Cheung & Smith

(1984)).

Figure 1.2 shows a standard scheme for generating THz radiation from a PCA. The PCA consists

of a metal dipole antenna (electrodes) patterned on a photoconductive substrate (semiconductor)

to apply DC biased voltage. The substrate properties of the PCA have a critical impact on the

generation of THz radiation. As a result, the substrate should have a bandgap energy that is

somewhat lower than the laser photon energy, high carrier mobility, a short carrier lifetime, and

a high breakdown voltage. Figure 1.2 shows that an 800 nm fs laser pulse (i.e., the emission

wavelength of Ti: Sapphire lasers), with a pulse duration of 100 fs, is focused on the gap between

the two electrodes and propagates into the semiconductor. The gap size usually varies between

10 𝜇𝑚 and 60 𝜇𝑚. Since the photon energy propagated into a semiconductor is slightly higher

than the bandgap, photons are absorbed by the substrate. Consequently, electron-hole pairs are

created inside the conduction band of the semiconductor crystal. The DC-biased voltage then
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J(t)
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Figure 1.2 THz source illustration based on a

low-temperature photoconductive antenna (PCA)

accelerates these free carriers, resulting in a transient photocurrent that drives the dipole antenna

and re-emits as a THz pulse, as illustrated in Figure 1.2.

Figure 1.3 illustrates the PCA’s transient response, in which the generated carriers are proportional

to the laser pulse as it is absorbed into the semiconductor. This means that a transient photocurrent

with a time increase is proportional to the rise time of the incident optical pulse on the gap

of the antenna. THz radiation by current density time-dependent modulation is described by

Maxwell’s classical equation as,

𝐸(𝑟, 𝑡) =
𝑙𝑒

4 𝜋 𝜖0 𝑐2𝑟

𝛿𝐽(𝑡)

𝛿𝑡
sin (𝜃) ∝ 𝛿𝐽(𝑡)

𝛿𝑡
, (1.6)

where 𝑙𝑒 and J(t) are the effective length of the PCA and the current in the dipole, respectively.

𝜖0 and c, respectively, are the dielectric constant of vacuum and the velocity of light in a vacuum.

In addition, the angle from the direction of the dipole is 𝜃. Equation (1.6) shows that the

variation in current density will generate EM waves. Since the variation of the photocurrent

occurs on a sub-picosecond time scale, a THz pulse is generated, with the THz electric field
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Figure 1.3 An example of pulsed THz generation in a PCA:

a femtosecond optical laser pulse propagates into the PCA,

creating a transient photocurrent that drives the antenna upon

being re-emitted as a THz pulse

being directly proportional to the time derivative of the photocurrent and the biased electric

field (Scott, De Araujo & Carlos (1989)).

Compared to other THz sources, the main advantage of the PCA is that THz energy is taken from

the DC-biased voltage rather than from the optical pulse energy. As a consequence, even with

laser pulses produced by an oscillator laser, it is possible to achieve an efficiency of the order

of 10−4. The most often used semiconductor for the emitter is gallium arsenide (GaAs) with a

band gap of 1.42 eV, either semi-insulating GaAs (SI-GaAs) or low-temperature grown GaAs

(LT-GaAs), because of its high carrier mobility (𝜇 ≈ 8500 𝑐𝑚2/𝑉𝑠)(Sze, Li & Ng (2021)) and

very short carrier lifetime (𝜏 ≈ 100 fs) (Stellmacher, Schnell, Adam & Nagle (1999)). The THz

waves generated by the PCA diverge significantly, which might be a concern when collecting

THz waves in free space. In general, commercial PCAs feature a hemispherical high resistivity

silicon lens connected to the back of the substrate. This connection reduces the number of THz

pulse reflections that can occur because of an air gap. Furthermore, at THz frequencies, silicon
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(n = 3.47) has an excellent refractive index match with GaAs (n = 3.6), reducing reflection losses.

At THz frequencies, silicon exhibits low dispersion and absorption.

While LT-GaAs is a commercial emitter suitable for high repetition rate lasers, it has a bandwidth

of up to 5 THz. Because its optical phonons exhibit 8.5 THz (Sze et al. (2021)), high-frequency

THz radiation is absorbed by GaAs. This problem can be solved by using a thin GaAs layer

of 1–2 𝜇𝑚. Nevertheless, these thin layers of GaAs are too fragile for the lithography process

and practical applications. Therefore, this layer of LT-GaAs must be attached to a substrate,

silicon, which has a similar refractive index and is THz transparent. THz pulses of up to 10 THz

bandwidth have been demonstrated with this technique (Heiliger, Vossebürger, Roskos, Kurz,

Hey & Ploog (1996); Klos, Bartholdt, Klier, Lampin & Beigang (2015)).

1.3.2 Optical rectification

Historically, optical rectification (OR) in a nonlinear medium was widely known in the 1970s

to generate light in the far-IR range (Yang, Richards & Shen (1971)). But, Rice et al. (Rice,

Jin, Ma, Zhang, Bliss, Larkin & Alexander (1994)) presented experimental and theoretical

confirmation of rectification using a Zinc telluride (ZnTe) crystal in 1994. In their work, there

was no photocurrent when the incoming light was normal to the nonlinear crystal surface,

confirming that the radiation phenomenon was caused entirely by an OR process. Figure 1.4

shows the OR method in which an intense optical beam travels through a second-order nonlinear

crystal, inducing transient polarization and generating THz waves.

OR is a second-order nonlinear effect that occurs in a non-centrosymmetric nonlinear crystal

when an optical field is applied strongly enough to create significant electron displacements from

equilibrium. OR is, in fact, a process in which an optical laser pulse induces a time-dependent

polarization change in a crystal, causing it to emit an EM wave. The time dependence of radiated

THz field (𝐸𝑇𝐻𝑧) is given by the equation (Dexheimer (2007)):

𝐸𝑇𝐻𝑧 ∝ ∂𝐽𝑏𝑜𝑢𝑛𝑑
∂𝑡

=
∂2𝑃(𝑡)

∂𝑡2
. (1.7)
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Figure 1.4 The configuration for generating THz pulses

via the OR method in a nonlinear crystal

By assuming two frequency components of the driving electric field of the optical pump (𝐸𝑜𝑝𝑡)

that can be expressed by 𝐸1(𝑡) = cos (𝜔1 𝑡) and 𝐸2(𝑡) = cos (𝜔2 𝑡). The second-order polarization,

𝑃(2) (𝑡), can be described by:

𝑃(𝑡) ∝ 𝜒(2) cos (𝜔1 𝑡) cos (𝜔2 𝑡) =
𝜒(2)

2
[cos (𝜔1 + 𝜔2) 𝑡 + cos (𝜔1 − 𝜔2) 𝑡]. (1.8)

Here, 𝜒(2) is the second-order electric susceptibility tensor of the nonlinear crystal. In Eq. 1.8,

the first term represents the sum frequency, which presents second harmonic generation; and

the second represents the difference frequency, which corresponds to OR. In fact, when the

frequencies of these two photons are equal, (𝜔1 = 𝜔2), a special case of the difference frequency

occurs. Equations 1.7 and 1.8 show that the polarization acts as a source that radiates EM

waves with a duration proportional to the duration of the fs laser pulse (Dexheimer (2007)).

This technique is usually simpler than using a PCA because no external electrical components

are needed. Furthermore, this method provides the broad bandwidth that is linked to OR

(Reimann, Smith, Weiner, Elsaesser & Woerner (2003); Mu, Zotova & Ding (2008)). In fact, the

phase-matching condition between the optical and the THz beam inside the crystal is one of the

most important factors to consider for the efficiency of the OR process. If the phase-matching
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condition is fully satisfied, the THz waves will build up coherently and reach through the whole

thickness of the nonlinear crystal. The other factor to consider is the second-order nonlinear

coefficient of the crystal.

In summary, several factors influence the efficiency, shape, and frequency distribution in the

THz waveform, including the materials used, crystal orientation, nonlinear coefficient, thickness,

and absorption as well as dispersion, diffraction, optical pulse duration, phase-matching, and

saturation (Nahata et al. (1996b)). Table 1.1 shows the comparison of different types of crystals

(Dexheimer (2007); Hebling, Stepanov, Almási, Bartal & Kuhl (2004); Nikogosyan (2006)) for

THz generation using the OR method.

Table 1.1 Comparison of different materials for THz generation via OR

Type of EO coefficent Refractive Refractive Absorption GVM (ps/mm)
crystal (pm/V) index (ngr

opt) index (nph
THz) coefficient

@(𝜇m) @(𝜇m) @THz (𝛼THz)(cm−1)

CdTe 𝑟41 = 4.5 @0.8 3.73 @0.8 3.23 4.8 0.75

GaAs 𝑟41 = 1.43 @0.8 4.18 @0.8 3.4 0.5 0.015

GaSe 𝑟22 = 14.4 @0.8 3.13 @0.8 3.7 0.07 0.10

GaP 𝑟41 = 0.97 @0.8 3.57 @0.8 3.6 1.9 -

ZnTe 𝑟41 = 4.04 @0.8 2.853 @0.8 3.2 1.3 1.1

LiTaO3 𝑟33 = 30.5 @0.820 𝑛0 = 2.46 @0.633 𝑛0 ≈ 6.5 46 14.1

𝑟13 = 8.4 @0.820 𝑛𝑒 = 1.70 @0.633 𝑛𝑒 ≈ 6.4
LiNbO3 𝑟13 = 6.5 @0.633 𝑛0 = 2.46 @0.633 𝑛0 ≈ 6.46 16 14.2

𝑟33 = 30.9 @0.633 𝑛𝑒 = 1.70 @0.633 𝑛𝑒 ≈ 6.15

𝑟51 = 32.6 @0.633

𝑟22 = 3.4 @0.633

DAST 𝑟11 = 160 @0.820 𝑛0 = 2.46 @0.820 2.3 150 1.22

𝑛𝑒 = 1.70 @0.820

Cadmium telluride (CdTe), GaAs, gallium phosphide (GaP), ZnTe and gallium selenide (GaSe)

are semiconductors, whereas lithium tantalate (𝐿𝑖𝑇𝑎𝑂3) and lithium niobate (𝐿𝑖𝑁𝑏𝑂3) are

inorganic EO crystals, and diethylaminosulfur trifluoride (DAST) is an organic EO crystal. ZnTe

(Rice et al. (1994)) and GaP (Chang, Divin, Liu, Williamson, Galvanauskas & Norris (2006))

crystals are commonly used to generate and detect THz waves. That is because these crystals

enable a simple collinear experimental configuration at the optical pump’s wavelength, since

they match relatively well between the THz phase velocity and the optical group velocity of
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the optical pump. However, the nonlinear coefficient of the ZnTe crystal is relatively low and

high energy THz pulses can only be generated by using a large aperture ZnTe crystal (Blanchard,

Razzari, Bandulet, Sharma, Morandotti, Kieffer, Ozaki, Reid, Tiedje, Haugen et al. (2007)). On

the other hand, although organic crystals such as DAST possess higher conversion efficiency,

they normally suffer from a lower damage threshold compared to inorganic crystals (Kampfrath

et al. (2013); Wu & Zhang (1995)). 𝐿𝑖𝑁𝑏𝑂3 has a higher nonlinear coefficient (r33=30.9

pm/V) (Hebling, Almasi, Kozma & Kuhl (2002)) compared to a standard GaP or ZnTe crystal.

Because of the significant difference in the refractive indices, a noncollinear configuration,

which is a Cerenkov-type method based on a tilted front laser pulse, must be used to achieve

proper phase-matching conditions. This method was proposed by Hebling et al.(Hebling et al.

(2002)) to achieve a proper phase-matching condition in 𝐿𝑖𝑁𝑏𝑂3 for efficient THz generation.

Therefore, this crystal is currently being used as a THz source in many THz laboratories for

generating intense THz pulses (Hirori et al. (2011)).

In fact, all of these factors have an impact on the THz generation efficiency, but phase-matching

is the most important factor in a nonlinear process of OR.

1.3.2.1 Phase-matching condition

One way to enhance the sensitivity by increasing the interaction length of the crystal for

broadband OR and EO sampling is to match the THz phase velocity and the optical group

velocity (Nahata et al. (1996b)). One can use the EO sampling approach to detect THz radiation

(This will be discussed further in the detection section of this chapter). Since the process

is mediated by the non linearity of the material, the phase matching condition for such an

interaction with the coherent length of 𝑙𝑐 = 𝜋/Δ𝑘 is

Δ𝑘 = 𝑘 (𝜔𝑜𝑝𝑡 + 𝜔𝑇𝐻𝑧) − 𝑘 (𝜔𝑜𝑝𝑡) − 𝑘 (𝜔𝑇𝐻𝑧) (1.9)

where, 𝜔𝑜𝑝𝑡 and 𝜔𝑇𝐻𝑧 are respectively the optical and THz frequencies, and k is the wave vector.

The frequencies of 𝜔𝑜𝑝𝑡 + 𝜔𝑇𝐻𝑧 and 𝜔𝑜𝑝𝑡 lie in the optical regime. The matching of the THz
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phase velocity and the optical group velocity is critical for both an efficient OR and the EO

sampling technique (Wu, Litz & Zhang (1996b)). The phase-matching condition should be

satisfied by the following equation (Nahata et al. (1996b)):

𝑘 (𝜔𝑜𝑝𝑡 + 𝜔𝑇𝐻𝑧) − 𝑘 (𝜔𝑜𝑝𝑡) = 𝑘 (𝜔𝑇𝐻𝑧). (1.10)

With this formula, we can represent radiated THz waves as the superposition of all frequency

components in the optical pump beam. Furthermore, 𝜔𝑇𝐻𝑧 is dependent on the crystal’s

second-order dispersion coefficient, the pump beam spectrum and the phase shift between the

THz waves and the pump. Therefore, one may write, from Eq. (1.10),

𝑘 (𝜔𝑇𝐻𝑧)

𝜔𝑇𝐻𝑧
≈

[
𝛿𝑘

𝛿𝜔

]
𝑜𝑝𝑡

(1.11)

Eq. (1.11) shows that, to avoid conversion cancellation due to phase mismatch, the crystal

thickness must be greater than the coherence length, 𝑙𝑐, to create efficient THz radiation from a

bulk crystal.𝑙𝑐 can be calculated as follows:

𝑙𝑐 =
𝜋 𝑐

𝜔𝑇𝐻𝑧

��� 𝑛𝑜𝑝𝑡 𝑑𝑛𝑜𝑝𝑡𝑑𝜆 |𝑜𝑝𝑡 − 𝑛𝑇𝐻𝑧
��� , (1.12)

The EO coefficient of several high-dielectric-constant materials, such as 𝐿𝑖𝑁𝑏𝑂3 and other

ferroelectric materials, is extremely high. However, in these crystals, collinear velocity matching

of optical and THz waves is not possible because the index of refraction in the THz range is more

than two times greater than that in the optical pulse range, as shown in Table (1.1). Generating

an efficient THz pulse is one of the critical elements in the real-time, near-field imaging system

(Blanchard et al. (2011)) employed in this research. Therefore, the concept mechanism of

generating an intense THz pulse by 𝐿𝑖𝑁𝑏𝑂3 is described here as well.
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1.3.2.2 Pulse-front-tilt

Hebling et al. developed a very efficient approach for generating intense THz radiation in 2002

(Hebling et al. (2002)), as was later demonstrated by the same team (Hebling et al. (2004);

Stepanov, Hebling & Kuhl (2003)). Figure 1.5 shows the mechanics of the tilted-pulse-front

method. The approach includes tilting the optical pump’s pulse front to match the optical pulse’s

group velocity with the THz pulse’s phase velocity, originally perpendicular to the optical beam’s

propagation path.

Figure 1.5 Generation of coherent THz radiation using a

tilted-pulse-front geometry. This technique corrects the

phase mismatch between optical and THz waves by tilting

the pulse front of the optical wave, resulting in a new

phase-matching condition. Thus, all the created THz

radiations are in phase with one another

THz radiation stimulates in the direction of the tilted pulse front. The pump pulse travels at a

velocity 𝑣
𝑔𝑟
𝑜𝑝𝑡 , but this velocity is projected in the direction of propagation of the generated THz

as 𝑣
𝑔𝑟
𝑜𝑝𝑡 cos 𝜃𝑐. The 𝜃𝑐 is the tilt angle introduced to match the THz and optical pulses’ group and

phase velocities, respectively. As a result, the phase-matching condition is represented by

𝑣
𝑔𝑟
𝑜𝑝𝑡 cos 𝜃𝑐 = 𝑣

𝑝ℎ
𝑇𝐻𝑧. (1.13)
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In a material with a large dielectric constant, this technique may be used to match the two

velocities by selecting an appropriate tilt angle 𝜃𝑐. A grating is commonly used to tilt the

pulse front of an optical beam with respect to the phase front. Figure 1.6 shows a common

grating-based approach for tilting the pulse front. The pulse front tilt angle 𝜃𝑐 is provided by the

following formulas.

780nm pump
pulse front

Tiled pulse front
α
β

Diffraction grating

(a) (b)

Figure 1.6 Illustration of (a) the scheme of pulse-front-tilt using a grating. An

optical beam has an angle of 𝛼 incident on the grating, with a pulse front and phase

front perpendicular to the beam’s propagation path. The pulse front of the grating

is tilted by an angle 𝜃𝑐 after diffraction at an angle 𝛽. (b) shows a schematic

diagram of THz generation via a 𝐿𝑖𝑁𝑏𝑂3 crystal by the titled-pulse-front method

tan 𝜃𝑐 = tan 𝛽 + sin𝛼

cos 𝛽
, (1.14)

where there is an optical beam incident on the grating with an angle 𝛼 that is diffracted by angle

𝛽. By considering the grating equation sin𝛼 + sin 𝛽 = 𝑚𝑁𝜆 in Eq. 1.14 the pulse-front-tilt

angle is given by:

tan 𝜃𝑐 =
𝑚 𝑁 𝜆

cos 𝛽
(1.15)

where 𝛼 and 𝛽 are the incidence and diffraction angles, respectively, as shown in Figure 1.6 (a)

and (b). 𝑁 is the number of grooves per millimeter of the grating, 𝑚 is the order of diffraction,

and 𝑙𝑎𝑚𝑏𝑑𝑎 is the wavelength of the optical beam. If 𝐹 is the demagnification ratio of the lens
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used to image the beam spot on the grating at the crystal location, then 𝑛𝑜𝑝𝑡 is the index of

refraction of the 𝐿𝑖𝑁𝑏𝑂3 crystal with a tilt angle of 𝜃𝑐.

tan 𝜃𝑐 =
𝐹

𝑛𝑜𝑝𝑡

𝑚𝑁𝜆

cos 𝛽
, (1.16)

where 𝜆 is the optical pump wavelength. To calculate the front tilt induced at the crystal location,

one can use Equation (1.16). It is worth mentioning that it is necessary to cut the crystal at an

angle, which meets the velocity matching condition within the crystal for the generated THz

radiation.

1.4 THz Detectors

THz detection schemes are primarily classified as either coherent or incoherent techniques. The

basic difference is that coherent detection measures both the amplitude and the phase of the field,

whereas incoherent detection measures the intensity. Coherent detection techniques are linked

with generation techniques as much as they share fundamental processes and critical components.

THz detectors measure the transition of the electrical field of THz pulses by gating via a fs laser

pulse. There are two standard methods to detect and measure THz radiation: photoconductive

sampling using LT-GaAs (Ye, Zhang & Shen (2006)) and electro-optic sampling (Wu & Zhang

(1996b)) using a nonlinear crystal.

1.4.1 Photoconductive Sampling

THz detection can be performed with a PCA similar to that used for THz generation. Unlike

generation, however, there is no external bias for the metal gap fabricated on the semiconductor,

as shown in Figure (1.7). The electrical field of the THz EM pulse creates electrical bias. In a

way similar to generation, a laser beam focused on a semiconductor gap creates free carriers, that

increase the conductivity of the PCA. Thus, a current is generated that is precisely proportional

to the THz electric field. The detector’s response function is affected by the laser pulse’s duration
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Figure 1.7 Demonstration of (a) THz detection using a photoconductive antenna

(PCA) and (b) the THz waveforms are scanned using a fs laser pulse as an ultrafast

detector

and the carrier’s lifetime. Unlike the situation with generation, where input power also affects

the length of the current pulse, here only the carrier lifetime is critical in detection. Short carrier

lifetimes produce high temporal responses, resulting in wider THz bandwidths. In LT-GaAs,

the carrier lifetime is typically between 100 and 300 fs. The THz-driven current ranges from

picoamperes to nanoamperes. Measuring such tiny currents is difficult, mainly because of the

thermal noise voltage, which is (Jaeger & Blalock (1997)),

𝑈𝑛𝑜𝑖𝑠𝑒 =

√
𝑘𝐵 𝑇

𝐶
, (1.17)

where 𝐶 is the capacitance which is approximately around 10 𝑓 𝐹 (femtofarad) (Jepsen,

Jacobsen & Keiding (1996a)). Thus, noise voltage, 𝑈𝑛𝑜𝑖𝑠𝑒, is around 650 𝜇𝑉 . Since the dark

resistance, R, of the PCA is in the order of 1 𝑀Ω, a current noise is up to 𝐼 = 𝑈/𝑅 = 650 𝑛𝐴.

Since such a signal’s magnitude is low to detect, an amplifier is needed for the current. A lock-in

amplifier can detect the current’s amplitude.
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1.4.1.1 Lock-in amplifier

Lock-in amplifiers are commonly used to detect weak signals in the presence of a noisy

background. A lock-in amplifier is a device that selectively amplifies a signal at a set reference

frequency f. The noisy input signal is multiplied by a sine wave at this reference frequency

and then passes through a low-pass filter (LP) to retrieve the DC component that is the signal

of interest. The time constant (𝜏) of the LP filter is a critical parameter, because, the lock-in

amplifier averages the signal over a period, 𝜏. The advantage of this averaging is to suppress some

of the random noise and smooth the output signal. A considerable time constant and the delay

line’s scanning speed (𝜈) are important for efficiency of THz pulse. As the delay line moves, the

signal changes because it monitors various time point of the THz signal. Therefore, selecting the

right combination of lock-in time constant and scanning speed is critical (Neu & Schmuttenmaer

(2018))..

When the scanning is done too quickly, the amplitude of the signal is substantially diminished.

More crucially, because of the low pass filter properties of the combination of lock-in time

constant and scanning speed, the pulse changes shape and becomes considerably longer in the

time domain. The effect of this low pass filter on the THz signal can be described mathematically

via convolution of the THz time-domain signal with a Gaussian function with a time constant of

𝜎 = 𝜏𝜈. Therefore, when scanning is too fast, the THz pulse will be broadened and attenuated,

but when scanning is too slow, there will be no additional improvement.

Using electrical modulation is often recommended with PCAs. Therefore, the THz time-domain

signal is modulated by turning the generated THz on and off at the desired frequency, using an

electronic chopper to improve the signal-to-noise ratio. However, the capacitance of the antenna,

as well as the frequency response of the cables, amplifiers, and other equipment, limit the best

possible modulation frequency.
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1.4.2 Electro-Optic Sampling

The second detection technique, known as free-space electro-optic (EO) sampling, employs the

linear Pockels effect in a nonlinear (EO) crystal to detect the THz quasi-DC electric field in

regard to the optical beam (100 fs laser pulse). This scheme was simultaneously demonstrated by

different groups in 1995 and 1996 (Wu & Zhang (1995); Wu, Hewitt & Zhang (1996a); Jepsen,

Winnewisser, Schall, Schyja, Keiding & Helm (1996b); Nahata et al. (1996a). Figure 1.8) shows

the working principle of this technique in which an optical beam must overlap spatially and

temporally with a THz pulse inside an EO crystal.

Balanced detector

(1 + )

(1 )

(a)

(b)

=|Ex|2

Figure 1.8 The configuration for detecting THz pulses via EO sampling (a)

without and (b) with the presence of a THz pulse

Figure 1.8(a) shows a basic situation with the absence of a THz electric field. A quarter waveplate

(𝜆/4) modifies the linearly polarized optical laser pulse to circular once it passes through an

EO crystal. The optical beam is divided into orthonormal polarization components (i.e. S- and

P-polarized beams) using a Wollaston polarizer (WP), which is comparable to a polarizing beam

splitter (BS). Individual photodiode detectors detect both orthonormal polarization components.

As a result of the circular polarization of the pulse, each photodiode detects an identical voltage.
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Then it transmits to a lock-in amplifier, which subtracts the two and returns a zero reading.

When a THz electric field overlaps with the optical beam in time, as shown in Figure 1.8(b),

the polarization of the optical beam is changed by the strength of the THz electric field, which

causes the Pockels effect in the EO crystal. This leads to an elliptically polarized optical beam

after the quarter waveplate. The two voltage signals are then not equal after separation with

WP, and lock-in will detect the differences as a signal by subtracting them, i.e. 𝐼𝑥 − 𝐼𝑦 = 𝐼0Γ.

This signal is proportional to the THz electric field induced by phase change Γ. The entire THz

waveform can be traced in time by scanning the time delay between the optical pulse and THz

beams, as shown in Figure 1.7 (b). This phase changeΓ, for nonlinear detection crystals with an

EO coefficient 𝑟41, is given by

Γ ≈
𝜋 𝐿 𝑛3

𝑜𝑝𝑡𝑟41

𝜆
𝐸𝑇𝐻𝑧, (1.18)

where L is the thickness of the EO crystal, 𝜆 is the wavelength of the optical beam, 𝑛𝑜𝑝𝑡 is the

refractive index of optical beam frequencies, and 𝐸𝑇𝐻𝑧 is the THz electric field (Lee (2009)).

ZnTe is most widely utilized for OR and EO crystals, as described in the OR section of this

chapter. However, GaSe, GaP, InP, GaAs, and DAST have also been utilized for EO sampling.

The bandwidth of the detected THz radiation is not limited only by the duration of the optical

pulse. It is also essentially restricted by the phase mismatch between the THz pulse and the

optical beam at 800nm (Nahata et al. (1996a)), as explained in the OR section. One way to

improve the bandwidth is to use thin crystals, which decrease the impact of the phase mismatch.

For example, using a very thin ZnTe crystal can increase the detection bandwidth to 100 THz

(Kübler et al. (2005)). Another way is to perform a short scan by reducing the optical pulse

duration via filters (Blanchard & Tanaka (2016); Ilyakov, Kitaeva, Shishkin & Akhmedzhanov

(2016); Porer, Ménard & Huber (2014)).

The properties of EO sampling depend on various parameters, such as frequency-dependent

phase-matching, reflection, dispersive propagation, and absorption. For example, Bakker et

al. show that the oscillatory tail detected through the EO sampling results from the dispersive

propagation of THz pulses via the EO crystal. In addition, the absorption and reflection in both
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generation and EO sampling detection cause this kind of misrepresentation, especially when

there is a very broadband THz pulse (Bakker, Cho, Kurz, Wu & Zhang (1998)). Because of

these characteristics of EO sampling, much research has been devoted to optimizing the EO

sampling devices (Nahata et al. (1996b); Wu & Zhang (1997)). For example, Kitaeva et al.

introduced the quasi-phase-matching probe energy technique to improve the sensitivity of the

EO sampling technique. This method can be used in narrowband detection to measure the

absorption and reflection of any material (Kitaeva, Kovalev, Naumova, Akhmedzhanov, Ilyakov,

Shishkin & Suvorov (2010)). Because we used real-time THz near-field imaging with the EO

sampling method in this work, we will discuss it in this section as well.

1.4.2.1 THz Near-field imaging

The THz frequency range offers new imaging and sensing capabilities for applications in material

characterization (Mathanker, Weckler & Wang (2013); Blanchard et al. (2018)), microelectronics

(Huber, Keilmann, Wittborn, Aizpurua & Hillenbrand (2008)), medical diagnosis (Yu et al.

(2012)), and environmental control and chemical and biological identification (Walther, Fischer,

Ortner, Bitzer, Thoman & Helm (2010)). However, the spatial resolution of the conventional

THz imaging techniques is limited by diffraction of THz waves. While the best spatial resolution

in a conventional, far-field, imaging set up can be determined by the Rayleigh criterion as

Δ𝑙 = 0.61
𝜆

𝑛 sin (𝜃)
≈ 𝜆

2 𝑁 𝐴
, (1.19)

with 𝜆 the wavelength of the light in vacuum, n the refractive index of the medium, 𝜃 half of

the opening angle of the focused light beam, and 𝑛 sin(𝜃) the numerical aperture (NA) of the

focusing element. For 𝜆 = 300 𝜇𝑚 (1 THz), the best obtainable spatial resolution in THz far-field

microscopy is around 150𝜇𝑚. This means that the smallest spatial features that can theoretically

be resolved are limited by diffraction to values of about half a wavelength.

To overcome this diffraction limit, THz near-field techniques have been developed. Some of these

techniques are specific to the THz frequency range, while others are derived from comparable
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techniques used in other parts of the EM spectrum, such as the visible area. Many of these

near-field methods have an unusual characteristic in that they measure the electric field rather

than the intensity. This allows for studies of the near EM field with resolving power, defined

as the ratio of spatial resolution to wavelength, and bandwidth that are virtually unattainable

in the visible part of the EM spectrum. (Yuan, Xu & Zhang (2004); Lin et al. (2007); Adam

(2011)). One of them is the aperture method, in which a THz wave is focused into a tapered

metal-tip aperture while the sample is scanned in the near-field (Hunsche, Koch, Brener & Nuss

(1998); Mitrofanov, Lee, Hsu, Brener, Harel, Federici, Wynn, Pfeiffer & West (2001); Chen,

Jiang, Xu & Zhang (2000)), leading to a spatial resolution of less than 10 𝜇m. The alternative

method is THz apertureless near-field scanning optical microscopy (ANSOM), in which a sharp

tip is substituted for the resolving aperture to combine the idea of collecting the optical field at

the near-field of the surface of interest with the scanning probe microscopy technique (Chen,

Kersting & Cho (2003); Huber et al. (2008)), resulting in a spatial resolution of 40 nm (Huber

et al. (2008)). In addition, there is another method that utilizes the EO sampling technique; it

allows the THz wave amplitude to be detected in the near-field region of the sample while the

detector is scanned to obtain an image (Seo, Adam, Kang, Lee, Jeoung, Park, Planken & Kim

(2007); Adam, Brok, Seo, Ahn, Kim, Kang, Park, Nagel & Planken (2008); Wang, Cui, Hu,

Sun, Ye & Zhang (2009)). However, all the existing near-field THz systems, with high spatial

resolution, are based on a raster-scanning technique, which requires long measurement times

and is not compatible with immediate measurements on samples that are moving or evolving

dynamically.

1.4.2.2 Real time THz near-field imaging

Alternatively, real-time THz near-field imaging (Blanchard et al. (2011); Doi, Blanchard,

Tanaka & Tanaka (2011); Blanchard et al. (2013)), is two-dimensional THz imaging based on

EO detection (Wu et al. (1996a)) and provides instantaneous measurements. The sensitivity

of the detection part was traditionally not sufficient and had poor resolution (Wang et al.

(2009)) because the CCD camera can not work with a lock-in amplifier and THz sources were
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rather weak at that time. Even though the sensitivity of the detection unit was improved by

dynamically subtracting background images (Jiang et al. (2000b)), raster-scanning techniques

have traditionally been used to obtain THz images (Adam (2011)), in particular, to access

near-field information at THz frequency. The recent development of a THz source (Hirori et al.

(2011); Blanchard, Ropagnol, Hafez, Razavipour, Bolduc, Morandotti, Ozaki & Cooke (2014a);

Zhang, Ma, Ma, Wu, Ouyang, Kong, Hong, Wang, Yang, Chen et al. (2021a)) and the invention

of a THz polaritons platform permit THz waves to propagate and modulate while being imaged

at a frame rate of 1 Hz (Feurer, Stoyanov, Ward, Vaughan, Statz & Nelson (2007); Werley, Wu,

Lin, Tait, Dorn & Nelson (2010)).

The THz microscope consists of three main parts, as shown in Figure 1.9: a high-intensity THz

pulse generator (Figure 1.9a); an EO crystal for near-field THz detection (Figure 1.9b); and a

balanced imaging scheme, which includes a polarization sensitivity analyzer section (Figure

1.9c). The generating part is based on the current optical rectification approach (Hirori et al.

(2011); Blanchard et al. (2011)) in 𝐿𝑖𝑁𝑏𝑂3 (LN) through tilted-pulse-front excitation (Hebling

et al. (2002)). A peak electric field of more than 1 𝑀𝑉𝑐𝑚−1 is very important (Hirori et al.

(2011)) to have a sufficient SNR for near-field imaging using a thin-film.

Free-space 2D EO sampling (Blanchard et al. (2011, 2013); Doi et al. (2011)) is used to detect

the pulse THz waveform in a thin x-cut LN crystal that is placed on a sub-millimeter thick glass,

which can be reconstructed using an optical delay stage. Sensor thicknesses have a direct impact

on the linear spatial resolution of the EO THz microscope system, as detailed in Blanchard et al.

(2013) and Doi et al. (2011). However, because detection sensitivity is proportional to EO crystal

thickness (Yariv (1989); Van Der Valk, Wenckebach & Planken (2004)), for two-dimensional

near-field acquisition, a material with a larger EO coefficient is preferred. The sample is put

immediately on top of the EO crystal to study the near-field area (Winnewisser, Jepsen, Schall,

Schyja & Helm (1997b)). For the probe light at 780 nm, for example, the top and bottom

surfaces of the EO crystal must have a high-reflection and anti-reflection coating. The best SNR

performance can be attained with data averaging and the dynamic subtraction approach (Jiang,
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Figure 1.9 THz EO near-field microscope (a) THz pulse produced by tilted pulse

front excitation. (b) THz pulse sensing in the near-field area using a thin LN EO

crystal. (c) Image splitting for balanced imaging. Other abbreviations include: f, focal

distance; BS, beam splitter; g, grating; OAP, off-axis parabolic mirror; L, lens; PBS,

polarized beam splitter; 𝛾, tilted angle; WP, Wollaston prism; 𝜃𝑑 , diffracted angle; LN,

LiNbO3 cut angle; I, incident angle; 𝜆/4, quarter-wave plat; 𝜆/2, half-wave plate

Taken from Blanchard et al. (2013)

Li & Zhang (2000a)). The time between camera and laser synchronizations must be taken into

account. The reflected images are collected by a CCD camera with a non-polarized BS cube and

returned to the objective lens. A second 200-mm focal length achromatic lens is employed to

send the image to the camera. A combination of a quarter-wave plate, a half-wave plate, and two

polarising BS cubes is used to detect THz-induced birefringence inside the EO crystal, as shown

in the analyzer section of Fig. 1.9c. In addition, to enhance the SNR and image acquisition time,

a balanced imaging technique is utilized. One camera is used to spatially separate and capture

the vertically and horizontally polarized probe images concurrently (Blanchard et al. (2013)).

All the related pixels (from both the S and P polarized images) are grouped together. In real
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time, all the related pixels (from both the S and P polarized pictures) are subtracted, yielding

background-free images per second.

In fact, two requirements must be met for two-dimensional EO THz imaging to obtain high linear

spatial resolution. THz pulses must be recorded in the near-field area before diffraction, and the

probe pulse imaging unit’s performance must match the necessary spatial resolution (e.g., within

a wavelength’s distance from the sample). All of the probing beams that geographically and

temporally coincide with the THz electric field within the EO crystal create an image, according

to these conditions. Simple calculations based on Fraunhofer diffraction of a small, square

aperture are used to predict the dominating parameter for high-spatial-resolution EO imaging

(Doi et al. (2011)). The following grating equation can be utilized with a diffraction grating of

N grooves (𝑚𝑚−1) (i.e. cycles (𝑚𝑚−1)):

𝑁𝐴 = 𝑛𝑁𝐼𝑅 sin 𝜃 = 𝑁(𝑧)𝑚 𝜆𝑁𝐼𝑅, (1.20)

where,𝜃 is the angle between the diffracted and incident light, m is the diffraction order, and

𝜆𝑁𝐼𝑅 is the wavelength of the probe beam (780 nm). A point source is assumed at each z position

inside the crystal. The NA of the point source is determined by the THz amplitude distribution,

and the probe beam is treated as coherent and collimated light propagating along the z-axis to

meet the experimental conditions.

One of the applications of real-time EO THz microscopy is to capture immediately the laterally

propagating electric field near a sample. This feature is useful for mapping samples with desired

dielectric orientation structures such as metamaterials. This potential is widely used to study

and map radiation patterns of metamaterials such as the split-ring resonator (SRR) using an EO

THz microscope (Blanchard et al. (2011); Blanchard, Ooi, Tanaka, Doi & Tanaka (2012)).

Metamaterials can be utilized to increase the sensitivity and resolution of THz microscopy

systems since they are resonant devices. To accomplish field enhancement inside of the resonator

unit, we can build a metamaterial (such as SRR) with a suitable effective wavelength (Razzari,

Toma, Shalaby, Clerici, Zaccaria, Liberale, Marras, Al-Naib, Das, De Angelis et al. (2011)).
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This is because this device transforms free-space propagating optical radiation into confined

energy and the other way around (Bharadwaj, Deutsch & Novotny (2009)). Such resonator

structures are expected to enhance the field at the sample’s contact point (Novotny & Van Hulst

(2011)), therefore immediately enhancing sensitivity in THz microscopy.

1.4.2.3 Metamaterial-SRR

Metamaterials are artificially engineered materials with distinctive EM properties. They offer

a new approach to designing unique material properties that do not exist in nature. These

materials consist of unit cells in a uniform matrix (Smith, Pendry & Wiltshire (2004); Yen,

Padilla, Fang, Vier, Smith, Pendry, Basov & Zhang (2004)) instead of molecules or atomic

structures in ordinary materials. The EM wave interacts with the metamaterial structure in

which their unit cells are smaller than the wavelength of the EM wave, which is the fundamental

concept. Furthermore, this structure responds to EM waves similarly to a homogeneous medium

material, i.e. a crystal structure. The EM properties of a metamaterial are usually characterized

by effective permeability (𝜇) and effective permittivity (𝜖). One can change the response of

a metamaterial by manipulating the elements of its structure. Therefore, one can design the

desired structure for a particular optical response from the material even though it is not available

in nature. Negative refractive index metamaterials were first predicted by Victor Veselago

(Veselago (1968)). They are the composite medium which acts as negative 𝜇 and 𝜖 in the

microwave range (Smith, Padilla, Vier, Nemat-Nasser & Schultz (2000)), radio frequency (RF)

metamaterials (Wiltshire, Pendry, Young, Larkman, Gilderdale & Hajnal (2001)), and THz

metamaterials (Yen et al. (2004)).

A popular common metamaterial unit cell is SRR, which has a structure size smaller than the

wavelength and consists of a metallic ring separated at one point by a gap (Pendry, Holden,

Robbins & Stewart (1999)). According to the structure and material of the unit cell, we can have

different resonance frequencies. For example, SRRs are usually used as magnetic resonators in

metamaterials (Yen et al. (2004)) and are generally composed of highly conductive metals (such

as gold).
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Figure 1.10 IIlustration of (a) a single split-ring resonator (SRR) design

and (b) the equivalent LC circuit. The polarization of the incident THz

electric field is parallel to the gap. It causes the current to flow across the

resonator’s arms, resulting in a single magnetic dipole for the SRR

The design of a single SRR is shown in Figure 1.10a, where d denotes the length of the arm, 𝑡

the width of the arm, 𝑔 the gap width, and h the thickness of the split-ring resonator’s metal.

An SRR can be represented by an LC circuit, as shown in Figure 1.10b. The capacitance 𝐶 is

proportional to the charge density at the gaps, whereas the inductance 𝐿 is proportional to the

current flowing through the resonator (Azad, Taylor, Smirnova & O’Hara (2008)). A SRR’s

capacitance (𝐶) is often estimated by the following formula (Linden, Enkrich, Dolling, Klein,

Zhou, Koschny, Soukoulis, Burger, Schmidt & Wegener (2006)):

𝐶 = 𝜖0 𝜖𝑔
ℎ 𝑡

𝑔
, (1.21)

where 𝜖𝑔 is the effective relative permittivity of the material in the gap, and 𝜖0 is the vacuum

permittivity. The dielectric constant of the substrate as well as the medium inside the gap,

influence 𝜖𝑔. A SRR’s inductance (𝐿) is determined by the geometric form of the ring that is

provided for a planar square split-ring resonator by the following (Yen et al. (2004)):

𝐿 = 𝑁 𝜇
𝑑2

ℎ
= 𝜇0

𝑑2

ℎ
(1.22)
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Here, 𝑁 equals one, which is the coil’s number. 𝜇 is absolute permeability, which equals 𝜇𝑟 𝜇0.

And 𝜇𝑟 and 𝜇0 represent relative permeability and free space permeability, respectively. In

this case, 𝜇𝑟 equals 1 for air. The resonance frequency is determined by the following formula

(Linden et al. (2006)):

𝑓𝐿 𝐶 =
1

2 𝜋
√
𝐿 𝐶

. (1.23)

Since this SRR’s resonance frequency is determined by its dimensions, it can be adjusted by

scaling the geometrical parameters of the SRR. The THz electric field couples to the SRR and

creates a current in the loop when the incident electric field is parallel to the arm holding the

gap of the SRR. In the SRR, the circulating current creates a magnetic field. The magnetic field

produced by the current is greatest at the SRR’s resonance frequency, which is dictated by the

loop inductance and gap capacitance as shown in Figures 1.10(a) and 1.10(b).

1.5 Terahertz time-domain spectroscopy

The study of the energy, wavelength, or frequency of photons passing through a material sample

is known as spectroscopy. Since the 1950s, spectroscopy in the far-infrared region has become

possible by the development of Fourier Transform Infrared (FTIR) spectroscopy (Loewenstein

(1966); Möller & Rothschild (1971)). The FTIR method records the information by the path

difference-domain (also known as time difference). This method provides a quick data acquisition

process, improves the signal-to-noise ratio, and limits the detector noise level instead of the

source noise level (Fellgett (1949)). Nevertheless, the low-energy photons of FTIR sources,

low-resolution in the FIR region, and lack of proper optical elements (e.g. BSs) are disadvantages

of this method (Storm, Halvardsson, Heurlin, Lindgren, Gustafsson, Wu, Monemar & Samuelson

(2012). Moreover, this method cannot directly characterize a material because it provides only

the intensity of the light transmission without phase parameter information (Dexheimer (2007)).

In the 1980s fs lasers brought about an alternative spectroscopy method in the THz region

which opened a new door to materials characterization. Furthermore, the mode-locked fs laser

introduced in the 1990s has significantly improved the usage of time-domain spectroscopy
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studies on different materials (Han & Zhang (2001)). This method, which is based on the

optical excitation of photoconductive dipole antennas, is known as THz-TDS (Van Exter,

Fattinger & Grischkowsky (1989)). It is closely connected to the developments of Ti:sapphire fs

laser technologies, also known as ultrafast laser technology (Hilton, Prasankumar, Trugman,

Taylor & Averitt (2006)).

In this section, the principle of the THz-TDS system will be discussed. As this technique

is used mainly for characterization and sensing applications, how to find the properties of a

material sample as a function of frequency is explained as well as the concept of using Fourier

Transformation. Since derivative spectroscopy is an additional method to characterize materials

that has been used in this research project, we also review THz differentiators, which are the key

modulators to provide THz derivative spectroscopy. In addition, to understand the concept of

THz derivative spectroscopy, the use of this technique at other frequencies for characterization

of materials is discussed.

1.5.1 Principles of time-domain spectroscopy

The principles behind THz-TDS are linked to microwave technology alongside the previous

developments in FTIR systems. The THz-TDS technique is a convenient spectroscopic method

with well-covered wavelengths, sufficient frequencies, spatial resolution, and high sensitivity.

THz-TDS methods are able to directly obtain phase-locked field measurements at a high

frequency. Therefore, THz-TDS techniques can quickly probe fs changes in different structures

owing to their coherent generation and detection techniques.

The time-domain signal in THz-TDS directly detects the transient electric field rather than its

intensity. The electric field is generally measured by the detector (Jepsen et al. (1996a)) with a

time duration of a few picoseconds. Therefore, a fast and sensitive detection method is necessary

to measure the electric field. To achieve sub-picosecond resolution, these optical methods use

an ultrashort optical pulse (often less than 100 fs) to generate and measure the time-dependent

THz field. A fs laser pulse (𝜆 = 800𝑛𝑚) is used to sample an unknown THz field. For this, the
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THz-TDS technique utilizes the convolution of a short optical pulse (e.g. 100 fs) with a longer

THz pulse. There are several different methods in the detection part of THz-TDS to perform this

convolution. These detectors all have one thing in common: they measure the THz field rather

than intensity. When the optical and THz pulses arrive at the same time, all detectors are too

slow to measure instantly the signal with a picosecond resolution. Therefore, instead of direct

measurement, the measured signal, X(t), is generally determined by the convolution of both

pulses as follows,

𝑋(𝑡1) ∝ 𝐼𝑜𝑝𝑡(𝑡) � 𝐸𝑇𝐻𝑧(𝑡1), (1.24)

where 𝐸𝑇𝐻𝑧(𝑡1) is the THz electric field at a single point in time 𝑡1and 𝐼𝑜𝑝𝑡(𝑡) is the intensity

profile of the optical laser pulse. As the optical laser pulse is much shorter than the THz pulses,

it can be considered a delta function (𝐼𝑜𝑝𝑡(𝑡) ≈ 𝛿(𝑡)):

𝑋(𝑡1) ∝ 𝛿(𝑡) � 𝐸𝑇𝐻𝑧(𝑡1) = 𝐸𝑇𝐻𝑧(𝑡1). (1.25)

Practically, the detector will be active only if both pulses arrive at the same time and the optical

pulse is much shorter than the THz pulse. This enables us to measure the THz field as a function

of time. Furthermore, the detector is sensitive to electric field signs. In contrast to previous

approaches (FTIR methods) that measure just the intensity
��𝐸2(𝑡)

�� of an EO signal without

capturing the phase information, we measure the amplitude E(t), which is time dependent. To

measure the THz signal at all time-points, we delay the optical laser pulse into the THz electric

field with a mechanical delay line.

Figure 1.11 shows a schematic illustration of a typical experimental design for THz-TDS systems.

In general, a fs laser pulse is divided into two paths through a BS. One of the beams is used to

generate THz radiation, and the other (shown in dashed line) is used for detection. The time

delay is created by extending one of the beams’ trail lengths. The laser pulse’s transmission time

is 𝑡 = 𝑙/𝑐, where c is the speed of light (30 cm/ns or 300 𝜇m/ps) and l is the length of the optical

path. This reduces the fs temporal resolution challenge to one micrometer spatial resolution.

Precision micro-positioning is achieved by computer-controlled positioning stages. In general,
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Figure 1.11 A THz time-domain spectrometer (THz-TDS) uses a

photoconductive antenna (PCA). The output pulse of a fs laser is split into two

beams by a beam spliter (BS). One beam is routed through a delay line and is used

to generate THz radiation. The other beam is used to detect the THz beam. The

black lines represent signal connections, with the modulation frequency being

input by a chopper and the detected signal being sent to a lock-in. A signal from

the delay line and the lock-in output is sent to a computer for data analysis

these stages are commonly referred to as delay lines in THz-TDS. For each micrometer of delay

line movement, the round trip delay time varies by 6.6 fs (for example). The sampling speed in

the time domain is defined by the movement speed of the delay line. As a result, the delay line’s

speed is commonly expressed as ps/s.

Water vapor in the air has high THz absorption characteristics, which can affect the detection

of a THz electric field (Van Exter et al. (1989); Xin, Altan, Saint, Matten & Alfano (2006)).
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Therefore, in the THz setup the THz beam path is contained in a purge box, as shown in Fig.

1.11; it is purged with dry air or nitrogen to reduce this absorption. Once THz pulses are

generated, they pass through a material sample that is placed at the focusing point of off-axis

mirrors. After the interaction of the THz pulse with the sample, a detected signal proportional

to the THz electric field is recorded. The probe beam is delayed with respect to the pump beam

through the transit mechanical stage for probing the THz field at different times.

The THz-TDS system sketched in Fig.1.11 employs the simplest THz-TDS geometries. In

alternative geometry, the THz pulse reflected from the sample (Howells & Schlie (1996); Thrane,

Jacobsen, Jepsen & Keiding (1995)) can also be measured. Furthermore, THz-TDS can be

utilized to identify a sample in the near-field (Neu, Krolla, Paul, Reinhard, Beigang & Rahm

(2010); Blanchard et al. (2013); Bitzer, Merbold, Thoman, Feurer, Helm & Walther (2009);

Blanchard et al. (2018)). The THz-TDS technique measures the transition between the time

resolved in the electric field of THz waveform transmission via a sample and an equivalent

length in free space. The transitions in THz waveform shape depend on the sample geometry,

which allows obtaining the complex refractive index of the sample material and characterizing

the properties of the sample, such as absorption, the dielectric constant, and surface impedance.

THz-TDS is a highly sensitive, coherent method that is inherently phase-modulated, allowing

access to the temporal field pulse of the detected THz. The interaction of an electronic field with

a sample is linear. In addition, Maxwells equation (Dexheimer (2007)) describes the propagation

through a material with basic parameters given by permittivity and permeability. Therefore, the

linear description concept is employed to respond to the time domain pulse in the frequency

domain as a superposition of plane waves of frequency 𝜔, all with a 𝜅 vector along the THz

system’s optical Z-axis (Tonouchi (2007)).

1.5.1.1 Fourier transformation

The spectrum information of the THz pulse is obtained by Fourier transformation of the observed

THz transient electric field, as shown in Figure 1.12.
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Figure 1.12 Illustration of (a) quasi-dc THz pulse detection at different

delay-line positions shown with different colors in TDS; (b) illustrates several

time points in the recorded THz time-domain signal that are matched to these

places; and (c) shows the unwrapped phase and amplitude, which is obtained

by the Fast Fourier Transform (FFT) of a THz signal

Taken from Neu & Schmuttenmaer (2018)

A complex-valued frequency-domain spectrum is the Fourier transform of a real-valued time-

domain pulse, as defined by (Mathews & Walker (1970))

𝐸(𝑧, 𝜔) =
1

2𝜋

∫ ∞

−∞
𝐸(𝑧, 𝑡)𝑒−𝑖𝜔𝑡𝑑𝑡 (1.26)

where, E(z,𝜔) is the complex field amplitude and E(z,t) is an experimentally measured THz

pulse electric field in the time domain. Figure 1.12(a) illustrates a simplified THz-TDS and (b)

a recorded THz time trace with (c) its complex FFT in the frequency domain. The complex

spectrum is characterized according to amplitude, 𝐸(𝜔), and phase, Φ(𝜔), as described by

𝐸(𝑧, 𝜔) = 𝐸(𝜔)𝑒𝑖Φ(𝜔) (1.27)
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THz-TDS, in fact, has a significant advantage over broadband infrared, and visible spectroscopy

in that it provides amplitude and phase information. This means that one may directly measure the

spectrum without using the Kramers-Kronig relationship and determine the complex-evaluated

refractive index 𝑛(𝜔) (Jackson (1999)).

1.5.1.2 Characterize material with TDS

THz-TDS has been used to investigate molecules in the gas phase (Mittleman, Jacobsen,

Neelamani, Baraniuk & Nuss (1998); Harde, Katzenellenbogen & Grischkowsky (1994); Xie,

Yao & Ying (2014); Mathanker et al. (2013)), solutions and liquids (Ikeda, Matsushita, Tatsuno,

Minami, Yamaguchi, Yamamoto, Tani & Hangyo (2005); Reinhard, Schmitt, Wollrab, Neu,

Beigang & Rahm (2012); Møller et al. (2009)), and solid states (Hangyo, Tani & Nagashima

(2005); Neu, Nikonow & Schmuttenmaer (2018); Yu, Zeng, Yang, Xing, Chechin, Xin,

Zeylikovich & Alfano (2004); Smith & Arnold (2011); Kong, Wu, Wang, Gao, Dai, Wang,

Ruan & Miao (2018)). All these applications have the same goal of determining the sample’s

frequency-dependent complex refractive index. For example, to obtain the refractive index of

the material sample via the THz-TDS system, one can record the electric fields of transmitted

THz pulses with and without the sample, which permits characterizing the sample’s properties.

Therefore, the transfer function, 𝑡(𝜔), calculated is defined by the division of the amplitude of

each field, as shown in the equation below:

𝑡(𝜔) = |𝑡(𝜔)| 𝑒𝑖𝜔𝑡 =
𝐸𝑠(𝜔)

𝐸𝑟(𝜔)
(1.28)

where 𝐸𝑠(𝜔) and 𝐸𝑟(𝜔) are the Fourier transforms of the THz field pulse propagation through

the sample and air (reference), respectively. From the Fourier transforms of the THz field

waveform the transmission of the sample and air, Eq. 1.27, one can access the real part, which is

the refractive index 𝑛(𝜔), and the imaginary part, the absorption coefficient 𝛼(𝜔),

𝑛(𝜔) = −Φ(𝜔)
𝑐

𝜔𝑑
+ 1 (1.29)
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𝛼(𝜔) =
2

𝑑
𝑙𝑛

(
(𝑛(𝜔) + 1)2

4 𝑛(𝜔)
|𝑡(𝜔)|

)
(1.30)

where,

Φ (𝜔) = Φ𝑟 (𝜔) − Φ𝑠 (𝜔) (1.31)

The full dielectric response of the sample can be determined easily using equations 1.29 and

1.30, where d is the sample’s thickness (Dexheimer (2007); Jepsen et al. (1996a)). The THz-TDS

method is basically used for transmission evaluation of materials. This method provides changes

in the phase and amplitude of THz radiation, which is passed through the sample material. The

material response to THz EM waves therefore can be measured via these changes. This response

of the material helps us to understand and study the properties of the material.

1.5.2 THz differentiators

A simple method to convert a THz time-domain spectrometer to a THz time-domain derivative

spectrometer is to place THz differentiators in the THz path to create a derivative THz wave.

Differentiators perform mathematical operations of differentiation (Gilat (2013)) in signal

processors for signal generation and fast computing (Salem et al. (2013); Ashrafi & Azaña

(2012)) which are very important for high-speed THz characterization and measurement. A

temporal differentiator transforms an input signal into an nth-order derivative output signal

that could be a function of time (Ngo, Yu, Tjin & Kam (2004)). For example, a fundamental

first-order THz differentiator provides the first-order time derivative of the input signal’s electric

field.

Figure 1.13 illustrates the operation of a THz temporal differentiator, which can be considered

as a high pass filter for performing effective filtering functions on an incoming optical signal.

Several techniques for realizing the optical differentiator and obtaining the derivative signal

have been proposed, including fiber grating, temporal lensing, and EO effects (Ashrafi & Azaña

(2012); Zhang, Wang, Zhang, Ai, Liao, Hsieh, He, Chen, Hu, Zhang et al. (2021c); Azaña

(2010)). They are used in the near-infrared frequency. There are, however, only a few THz



50

Nth-order THz  
temporal differentiator

Ein(t)

Input signal Output signal

Eout(t) (Ein(t))

For N=1

Figure 1.13 Showing a first-order (N=1) optical temporal differentiator

schematic

temporal differentiators that are based on a metallic grating and an on-chip high-quality factor

silicon resonator (Filin et al. (2001); Xie et al. (2020)).

1.5.3 THz derivative spectroscopy

Derivative spectroscopy (Karpińska (2004)) is a basic differentiation methodology. It is often

used in the UV-visible (Vogt, Klocke, Rebstock, Schmidtke, Wander & Tacke (1999); Karpińska

(2004)) and near-infrared (Wiley et al. (2009); Ortiz (2011)) frequencies in the literature. In these

methods, the wavelength or frequency derivative of an absorption spectrum often enhances the

apparent resolution of the spectrum. The time derivative of an absorption characteristic at a fixed

wavelength is also commonly used to calculate the rates of chemical or photochemical processes.

Derivative spectroscopy is generally defined in the literature as a technique based on spectra

derived from a zero-order basic spectrum. It has been used both qualitatively and quantitatively

in the study of chemical and medicinal compounds to detect the presence of certain components

(Karpińska (2004); Lee (1992)). For example, near-infrared derived reflectance is widely used

to increase the resolution of spectral data (Wiley et al. (2009)) and can detect wavelengths with

significant variations in the contribution of chemical bonds. In reality, however, gain size and

moisture content are sensitive to reflectance spectra and can change the shape of reflectance

spectra as a result of scattering and absorption. Calculating the derivative of the reflectance
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spectrum to eliminate these matrix effects could help reduce these effects. Thus, reflectance

derivative spectroscopy can detect the presence of certain components both qualitatively and

quantitatively.

There are some advantages to using first-, second-, third- and higher-order derivative spectroscopy

(O’Haver, Fell, Smith, Gans, Sneddon, Bezur, Michel, Ottaway, Miller, Ahmad et al. (1982)).

For the first derivative, zero values precisely determine the wavelengths at which peak maxima

and minima occur in the function being differentiated; and because the derivative of a constant

is zero, it removes the background constant. For the second derivative, it provides a moderate

resolution improvement, since zero values accurately identify the wavelengths at which peak

maxima and minima occur in the first derivative, and the background linear trend is removed. The

third, fourth, and higher derivatives all offer comparable benefits, with each offering increased

resolution.

As the THz frequency (far-infrared) spans between the infrared (IR) and microwave portions

of the EM spectrum, it has nearly the same qualities for the characterizing materials as the

IR frequency. It may, for example, offer similar advantages as the near-infrared derivative

spectrometer. On basic principles, the mathematical differentiation strategy used in spectroscopy

differs from the optical differentiation technique. The derivatives are obtained in the optical

portion of the instrument, which is known as modulation spectroscopy and is also a useful

technique in physics. One can use FFT to study the properties of the differentiation method.

There is a method that uses a resistor-capacitor (RC) filter to obtain the derivative of an input

optical signal (Klein & Dratz (1968)). Moreover, The technique of derivative spectroscopy

is presented as an efficient tool to filter out undesirable components in the source spectrum

(Stauffer & Sakai (1968)). However, this method has not been demonstrated in the THz frequency

range.
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1.6 Summary

This chapter outlines THz sensing techniques and how we can increase their sensitivity.

It describes the THz sensing methods that are now available for material characterization

applications, their principles, and applications; it ultimately provides a specific way to develop

these techniques in this research as well. We highlight that there are several ways to increase

the sensitivity of these techniques for sensing applications. The goal of this PhD thesis is to

offer new techniques that will definitely allow the development of a range of new uses and will

therefore contribute to the enrichment of scientists’ knowledge.

The following three chapters of this thesis present the novel THz EO thin-film characterization

method, that is, the modulation and optimization method for THz waves to support THz sensing

techniques. Chapter 2 discusses all the field distributions of SRRs, including the electric and

magnetic fields in three dimensions (x, y, z) as a function of the exciting and probing beam

polarizations using finite difference time domain (FDTD) simulation. Then, the use of intense

THz near-field microscopy to characterize an LN crystal as a sensor is discussed. This is followed

by an analytical study of LN crystal parameters in order to show their sensitivity as a function

of the polarization of the applied electric field and optical probe polarizations. Later, using

these parameters, an analytical study is presented on how to calibrate the method that has been

introduced. In the next chapter, a new method is introduced by using a new device in the THz

path to modulate the THz wave. This is followed by an explanation of the characteristics of the

device and its function in order to understand how the THz wave is modulated. Finally, the

newly introduced method is optimized by using another new device with a better function, which

is discussed in Chapter 4, to achieve better performance in the modulation of THz waves that

have various derivative orders. These introduced methods could open possibilities for increasing

sensitivity in THz sensing in THz systems as needed.
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Résumé

Nous présentons une nouvelle méthode pour caractériser les matériaux électro-optiques en

couche mince. Cette méthode est basée sur la résolution des distributions des champs électriques

et/ou magnétiques dans la région de champ proche d’un résonateur à anneau divisé (SRR)

conçu pour la gamme de fréquences térahertz (THz). Nous validons expérimentalement nos

simulations par l’imagerie en champ proche THz de SRRs directement modelés en contact

avec un cristal de niobate de lithium en couche mince comme capteur. De plus, nous étudions

analytiquement l’effet des différentes polarisations du champ électrique appliqué et calculons la

sensibilité du capteur via différentes polarisations des faisceaux de sonde.

2.1 Abstract

We present a new method to characterize thin-film electro-optic materials. The method is

based on resolving the electric and/or magnetic field distributions in the near-field region of a

split-ring resonator (SRR) designed for the terahertz (THz) frequency range. We experimentally

validate our simulations by THz near-field imaging of SRRs directly patterned in contact with a
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thin-film lithium niobate crystal as a sensor. Furthermore, we analytically study the effect of

the different applied electric field polarizations and calculate the sensitivity of the sensor via

various polarizations of probe beams.

2.2 Introduction

The optical properties of thin-film electro-optic (EO) and magneto-optic (MO) materials are

important due to their wide range of applications (Wooten, Kissa, Yi-Yan, Murphy, Lafaw,

Hallemeier, Maack, Attanasio, Fritz, McBrien et al. (2000); Datta & Das (1990); Tang, Towner,

Meier & Wessels (2004); McKee & Walker (2000); Kim & Kwok (1995); Lu, Jin, Cronin-

Golomb, Liu, Jiang, Wang, Zhao, Wang & Drehman (1998); Lotspeich, Stephens & Henderson

(1982); Von Willisen (1966); Weis & Gaylord (1989); Li, Sullivan & Parsons (1988)). Typical

applications include EO modulators and EO tunable filters in telecommunications (Wooten et al.

(2000); Datta & Das (1990); Tang et al. (2004); McKee & Walker (2000)), optical switches and

waveguide modulators for high-speed integrated optical devices (Kim & Kwok (1995); Lu et al.

(1998)), EO tunable filters (Lotspeich et al. (1982); Von Willisen (1966)) and MO recording

media (Weis & Gaylord (1989); Li et al. (1988)) for memory structures. For many of these

application devices, the thickness of the active films is normally smaller than or comparable to the

wavelength of light. Thus, the optical characterization of thin-film materials can be challenging

given their limited interaction range with the electromagnetic (EM) wave propagating through

them. In addition, determining all Pockels tensors is complicated because the measurement of

their elements’ values depends on the relative orientation between the crystal, the applied electric

field polarization and the propagation direction of light (Schroder (2006); Hansen (1973)).

There are several methods to overcome these issues and characterize thin-film materials

(Hansen (1973); Tompkins & Irene (2005); Kang et al. (2008); Teng & Man (1990); Park

(2008); Enami, Derose, Mathine, Loychik, Greenlee, Norwood, Kim, Luo, Tian, Jen et al.

(2007); Wang, Furman & Haertling (1995); Reitze et al. (1993); Hoerman et al. (1999);

Hunsperger (1995); Rabiei & Gunter (2004); Liu et al. (2009); Palmer, Alloatti, Korn, Schindler,

Baier, Bolten, Wahlbrink, Waldow, Dinu, Freude et al. (2013); Petraru, Schubert, Schmid,
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Trithaveesak & Buchal (2003); Lee et al. (2011)), and all of them are based on measurements

of variations of the material refractive index induced by an applied external field. However,

they all have some limitations or restrictions. For example, spectroscopic ellipsometry is a

common technique for characterizing the optical properties of thin-films, but one which suffers

from rather low sensitivity (Tompkins & Irene (2005); Kang et al. (2008)). The Teng-Man

reflectometry (Teng & Man (1990)) is a method similar to ellipsometry, but with a significantly

better resolution. Although this technique is widely extended for thin-film characterization

(Park (2008); Enami et al. (2007); Wang et al. (1995)), it is still susceptible to misinterpreting

the signals measured. The transmission measurement method (Reitze et al. (1993); Hoerman

et al. (1999)) is based on the same principle of detecting changes in polarization, but using

transmission geometry with a perpendicular angle of incidence. Unfortunately, this method

only determines the effective Pockels value, rather than single tensor elements. The prism

coupling method for its part (Hunsperger (1995); Rabiei & Gunter (2004)) provides sensitive

measurements by using guided mode waves and applying an electric field between the prism

and thin-film (Liu et al. (2009)) , but samples must be thick enough to support multiple modes.

Alternative methods integrate devices such as Mach-Zehnder interferometers (Palmer et al.

(2013); Petraru et al. (2003)) or resonant structure-like ring resonators (Lee et al. (2011) to

determine the EO properties of a material included in this structure. While these methods can

reveal small Pockels effects (Lee et al. (2011)), their design and processing represent an extra

workload.

In the last decade, near-field THz imaging methods have emerged as a powerful method for

mapping the electric field distribution of metamaterial structures (Seo et al. (2007); Bitzer

et al. (2009)) in a contactless approach, and for resolving the intrinsic resonances of such

structures in time and space (Adam (2011); Blanchard et al. (2013)). One such method, which

is composed of a split ring resonator (SRR), a well-known metamaterial unit cell, is able

to excite the electric and magnetic components of the electromagnetic field simultaneously

(Padilla, Taylor, Highstrete, Lee & Averitt (2006); Kumar, Strikwerda, Fan, Zhang, Averitt,

Planken & Adam (2012)). Technically, the subwavelength resonant responses of SRR can act as
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tiny electrodes that concurrently probe information in the x-, y-, and z-directions. Therefore, by

temporally and spatially resolving the electromagnetic field distribution of an SRR patterned

on an unknown thin-film material, one could retrieve the full EO tensors of this material.

However, most THz near-field methods work using the raster scanning approach (Seo et al.

(2007); Bitzer et al. (2009); Adam (2011)), and thus require long acquisition times to retrieve

relatively large two-dimensional information; such methods would suffer from low sensitivity if

thin-film materials were used as EO sensors. More recently, by combining intense THz pulses

(Hirori et al. (2011)) with a near-field method, extremely thin EO sensors have successfully

been used to enable the high-resolution two-dimensional mapping of metamaterial samples

(Blanchard & Tanaka (2016)), as well as nonlinear THz near-field imaging (Blanchard et al.

(2018)).

In this work, we first numerically studied all field distributions of SRRs, including electric and

magnetic fields in three dimensions (x, y, z) as a function of the exciting and probing beam

polarizations using finite difference time domain (FDTD) simulation. Then, we utilized intense

THz near-field microscopy (Blanchard et al. (2013); Blanchard & Tanaka (2016); Blanchard

et al. (2011)) to characterize a 1- 𝜇m-thick X-cut Lithium Niobate (LN) crystal as a sensor.

Indeed, we used an SRR structure sample similar to the simulated one, and patterned it on an

X-cut LN crystal. In agreement with our simulations, we experimentally found the expected

response of the readable EO tensors of the LN crystal. Finally, in order to calibrate our method,

we used the well-known EO parameters of the LN crystal to analytically show its sensitivity

as a function of the applied electric field and optical probe polarizations. This demonstration

confirms that our methodology is valuable for characterizing thin-film EO materials.

2.3 Methodology

The EO sampling method, which relies on the linear Pockels effect (Wu & Zhang (1995)), is

frequently used for coherently detecting THz radiation. Once a THz electric field is applied to

an EO sensor crystal, a modification of its refractive indices appears, depending on the field

polarization and its strength. Therefore, changes in the sensor’s refractive index will modulate



57

the polarization ellipticity of an optical probe beam passing through the sensor. The induced

ellipticity modulation of the optical probe beam can be demodulated using a polarizer, in turn

providing information linearly proportional to the applied electric field (Saleh & Teich (1991)).
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Figure 2.1 Schematic of (a) the experimental setup, where OAP: Off-Axis

Parabolic Mirror, PBS: Polarized Beam Splitter and BS: Beam Splitter. (b)

Schematic diagram of the SRR pattern arrangement on the surface a of 1-

𝜇m-thick LN crystal for the experimental study. (c) Simulation structure of a

single SRR unit on LN crystal with a split gap of g = 4 𝜇m, width w = 10 𝜇m and

length l = 50 𝜇m and 500-nm-thick gold material. (d) The THz electric field

polarization is changed by rotating the SRR structure by the angle 𝜃

Undoubtedly, the most studied EO crystal is lithium niobate, with its high EO coefficient and

well-known tensors (Weis & Gaylord (1985); Shuto & Amano (1995)). However, due to the

phase mismatching condition between the optical waves (e.g., at 800 nm) and the THz waves

(Winnewisser, Jepsen, Schall, Schyja & Helm (1997a)), this crystal is not commonly used for

detecting THz waves. Only recently, the two-dimensional (2D) EO near-field method using a

thin LN crystal was shown to enable high-resolution THz images (Blanchard & Tanaka (2016)),

while being barely sensitive to the phase-matching condition (Blanchard et al. (2011)). In this

system, to access the near-field region, the sample is placed on top of the EO crystal. The top
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and bottom surfaces of the EO crystal must have a high-reflection and an anti-reflection coating

for the probe light at 780 nm. As shown in Fig. 2.1 (a), the probe light at 780 nm forms an image

of the mask on the top surface of the EO crystal after passing through an achromatic lens (L1)

in combination with an objective lens (L2). The reflected images are returned to the objective

lens and retrieved by a charge-coupled device (CCD) camera with a non-polarized beam splitter

cube. To transfer the image to the camera, a second achromatic lens is used (L3). Finally,

the measurement of THz-induced birefringence in the EO crystal is detected by a polarization

analysis scheme. Since the thickness of the films to be characterized are usually smaller than the

wavelength of light, the interaction range with the electromagnetic wave propagating through

them is limited. A primary means of compensating for the small EO response is through the use

of intense THz pulses (i.e., 500 kV/cm at the focus position) (Hirori et al. (2011)).

A significant advantage of performing two-dimensional THz microscopy is that it allows the

retrieval of the absolute electromagnetic field distribution on a large field of view (e.g., 500

𝜇m × 500 𝜇m) without changing the experimental condition. To capitalize on this ability, we

designed a gold SRR sample arrangement that exhibits distinctive responses as a function of

THz field polarizations, which can be simultaneously probed within the same viewing area (see

Fig. 2.1 (b)). In order to avoid SRR fabrication difficulty for different material characterizations,

the SRRs can also be fabricated on a silicon wafer and then placed on top of the sample EO

material to perform a 2D THz microscopy. To fully characterize the expected field distributions

of our structure, we carried out 3D simulations using FDTD software from Lumerical. A THz

Gaussian beam with a 0.35 ps pulse width and a central frequency of 1 THz was used to excite the

SRRs, with its field polarized in the y-direction. All simulation movies cover 17 ps of temporal

evolution with 16.8 fs in step resolution. A 500-𝜇m-thick glass substrate, a 1-𝜇m-thick lithium

niobate crystal and a 3-𝜇m-thick SiO2 material for high reflectivity coating were included in the

simulated materials, same as the experimental conditions. For our characterization method, we

restrict our analysis to the lowest resonant frequency of the SRR, i.e., the LC resonance. The LC

resonance is approximately 0.5 THz for the considered dimension of the SRR, also depending

on the substrate refractive index. Note that to explore the EO response in a different frequency
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range, one can change the SRR dimension. In simulations, retrieving all electromagnetic field

distributions, 𝐸𝑥 , 𝐸𝑦, 𝐸𝑧, 𝐻𝑥 , 𝐻𝑦 and 𝐻𝑧, in the vicinity of each SRRs, can be done through

solving the Maxwell equations. To access the near-field information, a 2D monitor plane is set 5

𝜇m under the SRR position (as shown in Fig. 2.1 (d)), which is in good agreement with the

THz microscope used in this study (Blanchard et al. (2011)). Experimentally, by using the same

structure as the simulated one, but patterned on an unknown EO sensor, the 2D electromagnetic

response will only be sensed by the existing EO tensors of the investigated thin-film material

(i.e., 𝑟𝑖 𝑗 𝑘 EO tensors). Therefore, there is a straightforward relation between the observable

experimental response and the related signature from our simulated SRR sample arrangement.

For our demonstration, we analytically studied the uniaxial X-cut LN crystal (also called b-cut),

with its ordinary (𝑛𝑜) and extraordinary (𝑛𝑒) refractive indices oriented as follows: 𝑛𝑜 = 𝑛1 = 𝑛3

and 𝑛𝑒 = 𝑛2, as illustrated in Fig. 2.1 (c). In Fig. 2.1 (d), an applied THz beam (𝐸𝑇𝐻𝑧) travels in

the z-direction, with its electric and magnetic components pointing toward the ordinary and

extraordinary refractive indices, respectively. However, since metamaterial is used to investigate

an EO response of thin-film materials, each combination of field polarizations will be available

at the same time. In order to simplify our analysis, we defined the principal axes of the THz

electric field polarization framework (𝐸𝑇𝐻𝑧) in agreement with the principal refractive indices

of the crystal, i.e., 𝐸𝑇𝐻𝑧 = (𝐸𝑥, 𝐸𝑦, 𝐸𝑧). The elements of the impermeability tensor of the crystal

are described by Eq. 2.1:

𝜂𝑖 𝑗 (E) = 𝜂𝑖 𝑗 (0) +
∑

𝑘 𝑟𝑖 𝑗𝑘 𝐸𝑘 , 𝑟𝑖 𝑗𝑘 =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 −𝑟22 𝑟13

0 𝑟22 𝑟13

0 0 𝑟33

0 𝑟42 0

𝑟42 0 0

−𝑟22 0 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

𝑖 𝑗 𝑘 = 1, 2, 3 ,

(2.1)

where E = (𝐸1, 𝐸2, 𝐸3) which is related to 𝐸𝑇𝐻𝑧 = (𝐸𝑥, 𝐸𝑦, 𝐸𝑧), where 𝐸1 = 𝐸𝑧, 𝐸2 =

𝐸𝑥 , and 𝐸3 = 𝐸𝑦 according to (Winnewisser et al. (1997a)) and 𝑟𝑖 𝑗 𝑘, the well-known linear

Pockels coefficients of the LN crystal. To find the modified index ellipsoid of the LN crystal, the
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following equation should be calculated:.

∑
𝑖 𝑗

𝜂𝑖 𝑗 (𝐸) 𝑥𝑖𝑥 𝑗 = 1 (2.2)

Consequently, the EO response can be extracted from the modified index ellipsoid equation,

(Saleh & Teich (1991)) as shown in Table 2.1. For an EO sampling measurement, the probe

beam 𝐸𝑃𝑟𝑜𝑏 = (𝐸𝑥, 𝐸𝑦, 𝐸𝑧) undergoes a phase retardation from the modification of the index

ellipsoid. It should be mentioned that the intensity of the probe beam is not strong enough to

induce the Pockels effect inside the crystal. Thus, 𝐸𝑃𝑟𝑜𝑏 defines the polarization of the probe

beam relative to the THz field. The phase retardation is proportional to the difference between

the modified ordinary and extraordinary refractive indices, which is a function of the electric

field components (𝐸𝑇𝐻𝑧) and Pockels coefficients (𝑟𝑖 𝑗 𝑘 ). Therefore, the phase retardation, Γ, of

the probe beam after propagation in the crystal is given by,(Saleh & Teich (1991)):

Γ = 𝑘𝑜 (𝑛𝑜 (E) − 𝑛𝑒 (E)) 𝐿, (2.3)

where 𝑘𝑜 is the wavenumber of the probe beam and L is the thin-film thickness. Thus, from this

phase retardation function, we can determine the EO response as a function of the THz field

polarization, probe polarization and Pockels coefficients of the material. Table 2.1 shows how

the sensitivity of the LN crystal depends on the polarization of the applied THz electric field and

its EO coefficient by choosing different polarization configurations for the optical probe beam.

The first step to characterize a thin material is to know all polarization conditions of the applied

electric field and probe beam. Each condition allows determining the specific Pockels coefficients.

Table 2.1 presents several conditions. For example: In Table 2.1 (b), the applied THz electric

field polarization is in the direction of ordinary refractive index and probe beam polarization

is 45𝑜 from ordinary and extraordinary indices of the crystal axis. With this condition, the

sensitivity of the LN crystal is 20 pm/V. This shows that the polarization of the THz electric

field in this direction only changes the ordinary refractive index of the LN crystal. Therefore, the

probe beam experiences the effect of Pockels coefficient 𝑟22 by considering proper polarization.
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Table 2.1 Differential phase retardation as a function of the THz pulse and probe

beam polarization directions

Investigation conditions n1 

n2 

n3 

ETHz 

EProb 

n1 

n2 

n3 
n1 

n2 

n3 
n1 

n2 

n3 

(a) (b) (c) (d)

THz field (ETHz) (𝐸𝑥, 0, 0) (𝐸𝑥, 0, 0) (0, 𝐸𝑦, 0) (0, 𝐸𝑦, 0)

Modified index ellipsoid when, 𝑛𝑜(𝐸) ≈ 𝑛𝑜(𝐸) ≈ 𝑛𝑜(𝐸) ≈ 𝑛𝑜(𝐸) ≈
no = n1 = n3, 𝑛𝑜 − 1

2
𝑛3
𝑜𝑟22𝐸 𝑛𝑜 − 1

2
𝑛3
𝑜𝑟22𝐸 𝑛𝑜 − 1

2
𝑛3
𝑜𝑟13𝐸 𝑛𝑜 − 1

2
𝑛3
𝑜𝑟13𝐸

ne = n2 𝑛𝑒(𝐸) ≈ 𝑛𝑒 𝑛𝑒(𝐸) ≈ 𝑛𝑒 𝑛𝑒(𝐸) ≈ 𝑛𝑒 − 1
2
𝑛3
𝑒𝑟33𝐸 𝑛𝑒(𝐸) ≈ 𝑛𝑒 − 1

2
𝑛3
𝑒𝑟33𝐸

Optical probe beam polarization (0, 𝐸𝑦, 0) ( 1√
2
𝐸𝑥,

1√
2
𝐸𝑦, 0) (𝐸𝑥, 0, 0) (0, 𝐸𝑦, 0)

Phase retardation, Γ, (pm/V) None −1
2
𝑛3
𝑜𝑟22 ∝ 20 −1

2
𝑛3
𝑜𝑟13 ∝ 39 1

2
𝑛3
𝑒𝑟33 ∝ 163

Investigation conditions n1 

n2 

n3 
n1 

n2 

n3 
n1 

n2 

n3 
n1 

n2 

n3 

(e) (f) (g) (h)

THz field (ETHz) (0, 𝐸𝑦, 0) (0, 0, 𝐸𝑧) (−1√
2
𝐸𝑥,

1√
2
𝐸𝑦, 0) ( 1√

2
𝐸𝑥,

1√
2
𝐸𝑦, 0)

Modified index ellipsoid when, 𝑛𝑜(𝐸) ≈ None 𝑛𝑜(𝐸) ≈ 𝑛𝑜(𝐸) ≈
no = n1 = n3, 𝑛𝑜 − 1

2
𝑛3
𝑒𝑟13𝐸 𝑛𝑜 − 1

2
√

2
𝑛3
𝑒(−𝑟22 + 𝑟13)𝐸 𝑛𝑜 − 1

2
√

2
𝑛3
𝑒(𝑟22 + 𝑟13)𝐸

ne = n2 𝑛𝑒(𝐸) ≈ 𝑛𝑒(𝐸) ≈ 𝑛𝑒(𝐸) ≈
ne − 1

2n3
er33E 𝑛𝑒 − 1

2
√

2
𝑛3
𝑒𝑟33𝐸 𝑛𝑒 − 1

2
√

2
𝑛3
𝑒𝑟33𝐸

Optical probe beam polarization ( 1√
2
𝐸𝑥,

1√
2
𝐸𝑦, 0) (0, 𝐸𝑦, 0) (−1√

2
𝐸𝑥,

1√
2
𝐸𝑦, 0) ( 1√

2
𝐸𝑥,

1√
2
𝐸𝑦, 0)

Phase retardation, Γ, −1
2

(
𝑛3
𝑜𝑟13 − 𝑛3

𝑒𝑟33

)
None 1

2
√

2

(
𝑛3
𝑜(−𝑟22 + 𝑟13) − 𝑛3

𝑒𝑟33

)
1

2
√

2

(
𝑛3
𝑜(𝑟22 + 𝑟13) − 𝑛3

𝑒𝑟33

)
(pm/V) ∝ 125 ∝ 103 ∝ 74

For X-cut LN crystal, 𝑛𝑜=𝑛1=𝑛3=2.29 and 𝑛𝑒=𝑛2=2.20 at 0.840. Where, 𝑟22=3.4 pm/V, 𝑟13=6.5

pm/V, 𝑟33=30.8 pm/V, at 0.633nm (Blanchard et al. (2013))

In condition Table 2.1 (a), the probe beam polarization is not proper to undergo any phase

retardation. Therefore, we cannot detect any sensitivity from the LN crystal with the same

applied THz electric field polarization.

2.4 Results and discussion

According to Faraday’s Law, the electric field vector E and magnetic field vector H of the

time-varying electromagnetic wave are linked. Once an incident 𝐸𝑇𝐻𝑧 is applied with its

polarization parallel to the SRR arm containing the gap, an asymmetric field distribution induces

a current on the metal surface. Within this conductive loop, a magnetic flux appears in the

z-direction. This current also leads to an accumulation of charge carriers near the gap area

and creates a field enhancement. The enhancement factor depends on the accumulated charge

carrier amount in the gap zone, which is finite and a function of the gap size (Bagiante, Enderli,

Fabiańska, Sigg & Feurer (2015)). In the near-field range of the SRR gap position, several orders
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of magnitude in field enhancement are reachable. Such a strong field enhancement is a key point

allowing sensitive thin-film material characterization through THz microscopic imaging. The

spatial distribution of the different frequencies within the bandwidth of the THz pulse of each

electromagnetic field in the frequency domain can be determined from the electromagnetic field

response in the time domain by using a Fourier transformation. For example, 𝐸𝑧(𝑥, 𝑦, 𝜔) can

be determined from 𝐸𝑧(𝑥, 𝑦, 𝑡). In this section, as a second step of our characterization method,

we present all the responses of the designed SRR as shown from Fig. 2.2 to Fig. 2.5.
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Figure 2.2 Simulated amplitude-frequency maps of the electric

and magnetic field components of an SRR at 0.46 THz with the

incident THz field polarized in the y-direction. (a) and (b)

respectively, show the real and absolute amplitude-frequency maps

for (𝐸𝑥, 𝐸𝑦, 𝐸𝑧) and (𝐻𝑥, 𝐻𝑦, 𝐻𝑧)

In Fig. 2.2, we explore the Fourier-transformed images of the spatially distributed electric

(𝐸𝑥, 𝐸𝑦, 𝐸𝑧) and magnetic (𝐻𝑥, 𝐻𝑦, 𝐻𝑧) amplitude field maps at 0.46 THz for an SRR excited
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by a THz field polarized in the y-axis. Fig. 2.2 (a) shows the real part of the normalized

electromagnetic field, in which each field is normalized with its maximum response (i.e.,

excluding contributions from the imaginary part). Fig. 2.2 (b) illustrates the absolute value

of each electric and magnetic field components at the LC resonance. Each map shows their

maximum local field amplitudes. The incident-simulated field is 10 V/cm and large enhancements

are observed for each field direction. Indeed, the local field amplitudes are enhanced relative to

incident THz electromagnetic field amplitude. All these fields are simultaneously applied on the

thin material. Technically, by sensing an unknown EO thin-film material, a THz microscopy

investigation of an SRR should reveal one of the near-field maps presented in Fig. 2.2. As

the incident THz field is polarized in the y-direction, the charges accumulate at the gap edge

position. This leads to an antisymmetric electric field distribution on the SRR for the 𝐸𝑥 and

𝐸𝑧 components, while the 𝐸𝑦 component remains symmetric. Therefore, the 𝐸𝑦 electric field

concentrates in the middle of the SRR gap with constant phase, and 𝐸𝑥 and 𝐸𝑧 appear with a

𝜋-phase shift across the gap. These symmetric and antisymmetric electric field distributions can

be attributed to the symmetry of the SRR, in addition to the symmetry of the incident electric

field. The 𝐸𝑧 electric field component shows the charge density on the surface of the SRR. The

𝐸𝑦 electric field presents the electric field enhancement in the gap with a high intensity, while

the intensity of the 𝐸𝑧 component is close to one order of magnitude lower as compared to the

𝐸𝑦 and 𝐸𝑥 components, as shown in Fig. 2.2 (b).

To improve our understanding of the near-field distribution of the SRR, Fig. 2.3 reports the

polarization dependence response of the SRR, resulting in confirming the crystal axis orientation.

To have a comprehensive idea of the coupling efficiency as a function of polarization, all electric

field amplitudes are normalized, with the maximum amplitude electric field found for SRR

with 𝜃 = 0◦. Figs. 2.3 (a) and (b) respectively represent the angular dependency of the real and

absolute values of the near-field electric component in the x-direction (𝐸𝑥), i.e., perpendicular to

the incident THz field. These two-dimensional normalized maps can be translated as the electric

charge density just outside the SRR surface in the x-direction at 0.46 THz. Figs. 2.3 (c) and

(d) respectively show the real and absolute amplitudes of the electric field (𝐸𝑦) enhancement
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appearing in the gap of the SRR, with the highest intensity for 𝜃 = 0◦.
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Figure 2.3 Normalized amplitude electric field maps from the SRR

response at 0.46 THz and as a function of THz field polarization. (a), (c)

and (e) are the real amplitudes of 𝐸𝑥 , 𝐸𝑦 and 𝐸𝑧 components as

functions of the incident THz field, respectively. (b), (d) and (f) are the

absolute amplitudes of 𝐸𝑥 , 𝐸𝑦 and 𝐸𝑧 components as functions of the

incident THz field, respectively

The field enhancement is gradually reduced until vanishing at 𝜃 = 90◦. In this case, no

asymmetric field distribution exists and the current becomes null. Figs. 2.3 (e) and (f) show the

corresponding two-dimensional maps of the real and absolute amplitudes of the 𝐸𝑧 components.

The field in the z-direction shows the amount of charge density on the surface of the SRR, and is

proportional to the charge distribution around the SRR. As the near-field electric component in

the z-direction (𝐸𝑧) is perpendicular to the SRR metal surface, it shows how light emerges from
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the SRR surface. In addition, the spatial distribution of the surface charge density occurs in

the vicinity of the gap of the SRR (Bagiante et al. (2015); Adam et al. (2008)) and undergoes a

𝜋-phase shift across the gap. To visualize this effect in the time domain, Fig. 2.4 (a) shows the

simulated time-dependent out-of-plane electric field 𝐸𝑧(𝑡) at two points close to the gap of the

SRR (i.e., p1 and p2). The different snapshots of the 𝐸𝑧(𝑥, 𝑦, 𝑡) field distribution at different

times is shown in Fig. 2.4 (b). The time stamps in the x-axis of Fig.2.4 (b) are selected based on

the time corresponding to peak amplitudes in Fig.2.4 (a), as illustrated by 𝑡1 to 𝑡8. It can clearly

be observed that the field is changing signs right at the edge of the gap due to the 𝜋-phase shift.
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Figure 2.4 Simulated time-dependent out-of-plane electric field for the

SRR with a 4 𝜇m wide gap. The time-dependent electric field measured

at two points of p1 and p2 close to the gap of SRR structure is shown in

(a). The intensity graphs show the time-dependent electric field

distribution 𝐸𝑧(𝑥, 𝑦, 𝑡) at a selected time (b)

As the time-varying optical electromagnetic wave is described by Faraday’s Law, the near-field
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distribution in the vicinity of the SRR structure also has a magnetic excitation in the x-, y- and

z-directions. It means that coupling the incident electric field to the SRR structure and producing

a current in the loop causes a magnetic field to appear. It is well known that the amplitude of the

magnetic field is strongest at the first resonant frequency of the SRR. From Faraday’s Law, we

have:

𝐻 = − 𝑖

𝜔 𝜇0

∂𝐵

∂𝑡
=

𝑖

𝜔 𝜇0
� × 𝐸, (2.4)

where 𝐵 = 𝜇0𝐻 and the time derivative of a time-harmonic wave can be represented by 𝑖𝜔,

where 𝜔 is the frequency of the wave. For example, the near-field magnetic component in the

x-direction, as shown in Fig. 2.5 (a), simplifies the numerical curl operation from Eq. 2.4 to:

𝐻𝑥 =
𝑖

𝜔 𝜇0

(
∂𝐸𝑧
∂𝑦

− ∂𝐸𝑦

∂𝑧

)
(2.5)

Hx 

Hy 

Hz 

ETHz 

0 

-1 

0o 30o 45o 60o 90o 

50 μm 

(a) 

(b) 

(c) 

1 
H 

E 

k 

ETHz 

x 

y 

z 

N
orm

alized am
plitude 

θ θ

Figure 2.5 Normalized amplitude of the magnetic field mapped at

the lowest resonant frequency, i.e., 0.46 THz. (a), (b) and (c) are the

real amplitudes of 𝐻𝑥 , 𝐻𝑦 and 𝐻𝑧 components as functions of the

incident THz field, respectively

The current orientation in the conductive material is proportional to the applied electric field

orientation and based on Ohm’s law, a magnetic field is perpendicular to the current direction



67

(Olmon, Rang, Krenz, Lail, Saraf, Boreman & Raschke (2010)). Therefore, 𝐻𝑥 provides the

contribution of the electric field component in the y- and z-directions, as shown in Fig. 2.5 (a).

The charge separation generated from the electric field over the x-direction creates a current

that gives rise to a magnetic dipole in the y-direction (𝐻𝑦), in response to the driving incident

THz electric field. With our simulated monitor placed 5 𝜇m under the SRR (inside the thin-film

material), only the currents perpendicular to the SRR arm can be observed, as shown in Fig. 2.5

(b). Fig. 2.5 (c) shows the two-dimensional spatial distribution of the near-field Hz of the SRR

at the lowest resonance frequency, with different polarizations of 𝐸𝑇𝐻𝑧. As 𝐻𝑧 is perpendicular

to the surface of the SRR, it provides information on the spatial distribution of the magnetic

field going inside and outside the SRR. We observe that the magnetic field is strongest near the

bridge region that connects the two voids, where the current has the maximum value.
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Figure 2.6 Illustration of (a) normalized absolute amplitude of experimental

electric field obtained on the structure illustrated in Fig. 2.1 (a) as a function of

angle mapping of the SRR at the LC resonance frequency, i.e., 0.39, 0.44, 49, and

54 THz. (b) and (c) are respectively the experimental and simulated results of the

absolute values of the electric field enhancement, 𝐸𝑦, in the gap of SRR

In the last step, in order to confirm and calibrate our proposed method, we experimentally

characterize a 1-𝜇m-thick LN crystal by performing a 2D near-field THz imaging, whose
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experimental details are described in (Blanchard et al. (2013); Blanchard & Tanaka (2016);

Blanchard et al. (2011)). The SRRs arrangement on the LN sample is shown in Fig. 2.1 (b) for

experimental characterization. For the sensing demonstration, the condition (d) from Table 2.1 is

considered, where the THz and probe polarization are set parallel to each other and aligned with

the extraordinary index axis of the crystal. This condition exhibits the strongest EO response Γ

of 163 pm/V, as predicted by Table 2.1 (d). In this condition, the probe beam experiences the

phase retardation due to Pockels coefficient 𝑟33. In Fig. 2.6 (a), we show the absolute value

of the 2D electric field maps for 0.39, 0.44, 0.49 and 0.54 THz, normalized to the reference

signal (i.e., without the SRR structure) in the LN crystal. This normalization procedure directly

produces a 2D field enhancement mapping of the resonant response. The reference and signal

THz movies cover 10 ps of temporal evolution with 40 fs in step resolution. In order to smooth

their spectral response, 10 ps of padding data were added to both movies. Still, the spectral

resolution of our experimental measurements is limited to 100 GHz line width.

Through a simple observation, it can be seen that the polarization dependency clearly corresponds

to the 𝐸𝑦 response from the SRR structure (see the simulated response in Fig. 2.3 (d)). The

maximum field enhancement at the gap position is observed at 0.49 THz, in good agreement

with our simulations. Conversely, no field enhancement exists for the 90◦ SRR structure, as

expected. A gradually decreasing field enhancement behavior is observed for the other SRR

structures (i.e., at 30◦, 45◦, and 60◦). To confirm that this visual observation is representative of

the 𝐸𝑦 response, we extracted the absolute field enhancement value measured at the gap position

of each SRR (Fig. 2.6 (b)) and compared them with the corresponding simulated values of 𝐸𝑦

(Fig. 2.6 (c)). The comparison shows that the simulated absolute field enhancement 𝐸𝑦 at the

gap position of the SRR is in good agreement with the experimental response from the LN

thin-film. Still, some differences exist between the experimental and simulation results, and they

may arise due to the low spectral resolution of our system. This would be critical in the case of

high Q-factor resonators, where misleading measurements of the resonance responses could

occur.
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Table 2.2 Differential phase retardation for a probe beam polarized in Y-direction as

a function of THz pulse polarizations for (a) 0◦, (b) 30◦, (c) 45◦, and (d) 60◦ angles

Investigation conditions n1 

n2 

n3 
n1 

n2 

n3 
n1 

n2 

n3 
n1 

n2 

n3 

ETHz 

EProb 

(a) (b) (c) (d)

THz field (ETHz) (0, 𝐸𝑦, 0) (1
2
𝐸𝑥,

√
3

2
𝐸𝑦, 0) ( 1√

2
𝐸𝑥,

1√
2
𝐸𝑦, 0) (

√
3

2
𝐸𝑥,

1
2
𝐸𝑦, 0)

Modified index ellipsoid when, 𝑛𝑜(𝐸) ≈ 𝑛𝑜(𝐸) ≈ 𝑛𝑜(𝐸) ≈ 𝑛𝑜(𝐸) ≈
no = n1 = n3, 𝑛𝑜 − 1

2
𝑛3
𝑜𝑟13𝐸 𝑛𝑜 − 1

4
𝑛3
𝑜(𝑟22 + 𝑟13)𝐸 𝑛𝑜 − 1

2
√

2
𝑛3
𝑜(𝑟22 + 𝑟13)𝐸 𝑛𝑜 −

√
3

4
𝑛3
𝑜(𝑟22 + 𝑟13)𝐸

ne = n2 𝑛𝑒(𝐸) ≈ 𝑛𝑒 − 1
2
𝑛3
𝑒𝑟33𝐸 𝑛𝑒(𝐸) ≈ 𝑛𝑒 −

√
3

4
𝑛3
𝑒𝑟33𝐸 𝑛𝑒(𝐸) ≈ 𝑛𝑒 − 1

2
√

2
𝑛3
𝑒𝑟33𝐸 𝑛𝑒(𝐸) ≈ 𝑛𝑒 − 1

4
𝑛3
𝑒𝑟33𝐸

Optical probe beam polarization (0, 𝐸𝑦, 0) (0, 𝐸𝑦, 0) (0, 𝐸𝑦, 0) (0, 𝐸𝑦, 0)

Phase retardation, Γ, (pm/V) 1
2
𝑛3
𝑒𝑟33 ∝ 163

√
3

4
𝑛3
𝑒𝑟33 ∝ 142 1

2
√

2
𝑛3
𝑒𝑟33 ∝ 116 1

4
𝑛3
𝑒𝑟33 ∝ 82

To better understand our EO characterization method and its limitation, we have compared the

experimental measurements with the predicted response from our structure. For that purpose,

at least two factors must be taken into account; the EO response in the appropriated crystal

direction and the coupling efficiency of each SRR. In other words, the THz beam coupled to

the SRR gap is a function of the SRR angle and the EO response of the LN crystal, which also

depends on the field direction. The EO response of LN crystal as a function of the SRR angle

for 0◦, 30◦, 45◦ and 60◦ are reported in Table 2.2. Similarly as in experiment, the probe beam

is kept parallel to the extraordinary crystal axis. The analytical study shows the LN response

dependency on the polarization of THz beam gradually reducing from 163 to 82 pm/V, as

expected for the SRR oriented from 0◦ to 60◦, respectively. On the other hand, the efficiency of

the incident THz beam 𝐸𝑦 coupled with the SRR can be estimated by this simple relation (Staelin

(2011)), 𝐸𝑐𝑜𝑢𝑝𝑙𝑒𝑑 ≈ 𝐸𝑦𝑐𝑜𝑠(𝜃), where 𝜃 is the SRR orientation angle with respect to the THz

beam. Additionally, the projection of the field enhancement response at the gap position 𝐸𝑔𝑎𝑝,

which is read by a probe beam aligned in the 𝐸𝑦 direction, must follow a 𝑐𝑜𝑠(𝜃) relationship.

Thus, this combined relation can approximate the simulation response:

𝐸𝑔𝑎𝑝 ≈ 𝐸𝑦 (𝑐𝑜𝑠 (𝜃))2 (2.6)

In the second column of Table 2.3, the response of Eq. 2.6 as a function of the SRR angle

is reported. By normalizing the simulated response of the SRR (i.e., from Fig. 2.6 (c)) to

its maximum response for the SRR at 0◦, a clear agreement with Eq. 2.6 is found in column
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3. Since the simulation does not take into account the EO coefficient of the LN crystal, the

expected experimental response has to be weighted using the coefficient obtained in Table 2.2.

It is interesting to note that when the probe beam is aligned to the extraordinary axis, only 𝑟33

parameter appear in the response (as in Table 2.2), For that condition, the sensitivity dependency

found in column 5 of Table 2.3 exactly follows the one reported in simulation (i.e. in column 3).

Table 2.3 Ratios between the different Pockels coefficients considering the different

couplings of the THz beam on the SRR gap

SRR Response in Simulation EO Expected Experiment Experiment
angle Ey direction measurements coefficient weighted results results
𝜃 ∼ Ey(cos(𝜃)2 Ey (0.46 THz) Γ(pm/V) response Ey (0.44 THz) Ey (0.49 THz)
0 1 1 163 1 1 ± 3.7% 1 ± 3.6%

30 0.75 0.78 142 0.75 0.72 ± 3.8% 0.77 ± 3.0%

45 0.50 0.49 116 0.50 0.41 ± 7.2% 0.64 ± 3.2%

60 0.25 0.25 82 0.25 0.16 ± 7.5% 0.18 ± 4.0%

90 0 none none none none none

Finally, to evaluate the repeatability of our measurements, we extract all field enhancement

data at the gap position of every SRR structure. All the corresponding structures are averaged

together. As shown in Fig. 2.1 (b), we have two SRRs structures for 0◦, four at 30◦, four at 45◦,

four at 60◦, and two at 90◦. Using these data, a standard deviation of the measurements for each

SRR angle is extracted. The last two columns of Table 2.3 show the normalized absolute field

values of each SRR with their corresponding standard deviations. Due to a higher signal-to-noise

ratio (SNR), the strongest field responses show better standard deviations than the weaker field

enhancement values (e.g., SRR at 60◦). It means that, the range of field responses as a function

of angle dependency agrees well with the expected measurements. The most problematic SRR

behavior is seen at 45◦. We suspect that the Q-factor of this resonator is slightly higher than

other SRRs in this sample arrangement. This might be due to the absence of a mutual coupling

between adjacent SRR structures. It can be seen in Fig. 6(a) that SRR 0°, 30° and 60° are

mutually coupled at 0.39 THz (i.e., by the strong fields between them). This situation does not

exist with the SRR at 45◦ and may sharpen its resonance (see also the experimental time-domain

movie of signal - reference in supplementary info S1). In fact, this reason and the low spectral

resolution may explain the small discrepancy between our measurements and the expected
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response reported in Table 2.3. Nevertheless, we believe that this demonstration remains an

important tool for EO characterization, particularly when it comes to rapidly evaluating the field

direction responses of novel thin EO materials. We can use the data presented here as a reference

tool to characterize novel EO thin materials. As an essential step, if the tensor structure is not

known, the X-ray method could be performed (Weis & Gaylord (1985)). Based on this tensor

structure, the next step would consist in exploring the spatially resolved EO responses for various

probe beam polarization conditions. It is worth mentioning that for some EO coefficients, it

would be mandatory to evaluate additional crystal cuts (e.g., a z-cut LN crystal is needed to

retrieve the 𝑟42 coefficient). Therefore, the same evaluation as in Table 2.1 could be used to

extract the obtained spatial signature from our special SRR design. In principle, a correlation

between LN material response and an unknown material response could lead to an absolute

EO calibration method. As an example for the current experimental condition, the modulation

values read by our microscope system (i.e. from the balanced imaging scheme) could be used to

estimate the THz field at the gap position of each SRR. This operation is commonly done for

field evaluation of THz sources (Blanchard et al. (2007)):

𝑀𝑜𝑑𝑢𝑙𝑎𝑡𝑖𝑜𝑛 ≈ 2 𝜋

𝜆
𝑛3
𝑒 𝑟33 𝐸𝑇𝐻𝑧𝐿 (2.7)

with L the thin-film thickness, 𝑟33 a known EO coefficient of LN crystal and 𝜆 the probing beam

wavelength. For an unknown thin-film EO material, the rest of the solution becomes a reverse

problem. Hence, knowing the expected THz field values for each SRR, one could measure the

modulation and fit its response with the sought EO values.

2.5 Conclusion

We introduced a new method to characterize the optical properties of EO thin-film materials using

the THz near-field imaging technique. In agreement with our simulations, we experimentally

found the expected responses of the readable EO tensors of an X-cut LN crystal. As the EO

parameter of the LN crystal was known, we analytically showed its sensitivity as a function of

the applied electric field and optical probe polarizations. This demonstration confirmed the
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responses of the LN crystal. Indeed, the analytical results showed how to find all elements of

the EO coefficient tensor from X-cut LN crystal as a function of THz pulse and probe beam

polarization. Therefore, using the setup presented here, we should be able to characterize an

unknown material with the same SRR structure that is patterned on it. In other words, we should

be able to retrieve the EO components of the unknown material according to our previous LN

characterization by this method. Ultimately, since the SRR structure also exhibits a magnetic

response, this method could be extended to characterize novel magneto-optic materials.
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Résumé

La croissance rapide des technologies de l’information est étroitement liée à notre capacité à

moduler et démoduler un signal, que ce soit dans le domaine des fréquences ou dans celui du

temps. Des démonstrations récentes de modulation térahertz (THz) font appel à des surfaces

métamatérielles semi-conductrices actives ou utilisent un micromiroir à réseau pour le réglage

du décalage de fréquence. Cependant, un différentiateur actif et à large bande dans la bande de

fréquence THz reste à démontrer. Nous proposons ici une méthode simple pour différencier

une impulsion THz en induisant de minuscules changements de phase sur le trajet du faisceau

THz à l’aide d’un réseau de transducteurs ultrasoniques micro-usinés piézoélectriques. Nous

démontrons précisément que le signal THz modulé détecté après le dispositif piézoélectrique est

proportionnel à la dérivée de premier ordre de l’impulsion THz. La technique proposée pourra

prendre en charge une large gamme d’applications THz, telles que les schémas de détection de

crête pour les systèmes de télécommunication.
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3.1 Abstract

The rapid growth of information technology is closely linked to our ability to modulate and

demodulate a signal, whether in the frequency or in the time domain. Recent demonstrations

of terahertz (THz) modulation involve active semiconductor metamaterial surfaces or the use

of a grating-based micromirror for frequency offset tuning. However, a wideband and active

differentiator in the THz frequency band is yet to be demonstrated. Here, we propose a simple

method to differentiate a THz pulse by inducing tiny phase changes on the THz beam path using

a piezoelectric micromachined ultrasonic transducer array. We precisely demonstrate that the

modulated THz signal detected after the piezoelectric device is proportional to the first-order

derivative of the THz pulse. The proposed technique will be able to support a wide range of

THz applications, such as peak detection schemes for telecommunication systems.

3.2 Introduction

Modulators are the key to success in advancing information technology in terms of speed and

efficiency (Yu, Wu, Wang, Guo & Tong (2017); Cai, Qin, Cui, Li & McCann (2018b); Ma

et al. (2019)). Undeniably, in the context of the ever-increasing demand for telecommunications

bandwidth (Gubbi, Buyya, Marusic & Palaniswami (2013); Al-Fuqaha, Guizani, Mohammadi,

Aledhari & Ayyash (2015)), research activities focused on designing and implementing new

and efficient modulators are not about to slow down. For optical communications, the last

decade has witnessed the achievement of critical modulation functions to overcome the severe

speed limitations imposed by an electronics-based system (Salem et al. (2013)). In particular,

optical differentiator schemes that perform the time derivative of the field envelope of an optical

signal are mandatory in processing ultrahigh-bit-rate optical communication signals (Slavík

et al. (2006); Azaña (2010)). In the near-infrared range (NIR), this operation is generally

done using various schemes, such as fiber grating, temporal lensing, and electro-optic effects

(Salem et al. (2013); Slavík et al. (2006); Azaña (2010)). At the same time, the spatial

differentiation function is a common operation in digital image processing for edge detection

(Gonzalez & Woods (2002)). For example, this operation can be achieved optically using
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plasmonic response at the metal-dielectric interface (Zhu, Zhou, Lou, Ye, Qiu, Ruan & Fan

(2017)), as well as by guided resonances in photonic crystal slabs (Guo, Xiao, Minkov, Shi & Fan

(2018)). Although many of these approaches are well established in the manipulation of the

optical beam, they still remain to be demonstrated in the THz frequency band (i.e., from 0.1

THz to 10 THz). The arrival of THz waves in the telecommunications world is eagerly awaited

(Nagatsuma, Ducournau & Renaud (2016); Ma, Shrestha, Adelberg, Yeh, Hossain, Knightly,

Jornet & Mittleman (2018)). Consequently, the demand for a differentiation device to identify

the high-frequency component of a signal, such as peak detection, will be a necessary tool to

respond to future real-time, high-speed information processing. Significant efforts have been

investigated in achieving the analog modulation of THz waves (Ma et al. (2019); Kappa, Sokoluk,

Klingel, Shemelya, Oesterschulze & Rahm (2019); Wang, Zhang, Guo, Chen, Liang, Hao, Hou,

Kou, Zhao, Zhou et al. (2019b); Cai, Huang, Hu, Liu, Fu, Zhao, He & Lu (2018a); Zhang,

Chen, Liu, Zhang, Zhao, Dai, Bai, Wan, Cheng & Castaldi (2018a); Vasić, Zografopoulos, Isić,

Beccherelli & Gajić (2017); Filin et al. (2001); Jiang et al. (2000a); Fang, Lou & Ruan (2017)).

For example, micromirror array grating-based (Kappa et al. (2019)) and THz metasurfaces

(Wang et al. (2019b)), which are based on various functional materials, such as photoexcited

semiconductors, liquid crystal and graphene, have provided several modulation types: frequency

tuning (Kappa et al. (2019)), amplitude modulator (Cai et al. (2018a)), phase modulator (Zhang,

Zhao, Liang, Zhang, Wang, Zhou, Kou, Lan, Zeng & Han (2018b)), and polarization control

(Vasić et al. (2017)). Although a few attempts have been made to introduce temporal (Filin

et al. (2001); Jiang et al. (2000a)) and spatial (Fang et al. (2017)) differentiators, to the best of

our knowledge, none of them work dynamically in the time and/or space domain, i.e., with an

external control signal, which is required to efficiently couple information from an electronic

signal to THz radiation. In this letter, we propose a differentiator using an 8×8 piezoelectric

micromachined ultrasonic transducers (PMUT) array excited at its resonant frequency to realize

a first-order temporal differentiation in the THz region. The PMUT array is generally used

for ultrasonic transducers (Robichaud et al. (2018b)). Here, each unit cell acts as a single

micromirror to modulate the full THz bandwidth in the time domain. The piezo resonance is

excited by an external single-frequency electric field, which induces an up and down translation
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of each unit cell, allowing tiny temporal (i.e., at the femtosecond timescale) variations in

the THz beam path. Using a lock-in detection referenced on the piezo resonance frequency

allows undertaking a differential measurement. Here, we first describe the characteristics and

functionality of the PMUT. Then, we demonstrate that the lock-in detection of THz pulses at the

PMUT’s resonant frequency is proportional to the first-order derivative of the reflected THz

pulse. Third, we evaluate the effect of PMUT amplitude motion on the derivative signal behavior.

Based on these observations, we recommend the limit at which microelectromechanical devices

can act as differentiators for THz waves.

10
-0
.4

-0
.3

0.
2

1

Figure 3.1 Picture of the fabricated PMUT array on an SOI wafer with the illustration

of (b) unit cell, (c) materials, (d) functionality when a driving voltage is applied, and

(e) the picture of the array mounted on a gold leadless chip carrier (LCC) package

Adapted from Robichaud et al. (2018b)
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3.3 PMUT Array Structure

Figure. 3.1(a) shows the PMUT array. The fabrication process is similar to the one described in

reference (Robichaud et al. (2018b)). The PMUT array covers an area of 4.3 × 4.3 𝜇𝑚2 on a 0.4

mm thick silicon-on-insulator (SOI) wafer substrate. The array is built with 8 × 8 PMUTs with a

500 𝜇𝑚 lattice pitch in both directions. A unit cell of the PMUT array (Figure.3.1 (b)) consists

of a silicon membrane structure that is suspended above a trench etched into the substrate. The

membrane has a 200 𝜇𝑚 diameter, with a 500 nm thick piezoelectric layer (aluminum nitride)

sandwiched between the membrane and a top electrode layer to drive the structure electrically.

The top electrode is composed of a 1 𝜇𝑚 thick aluminum layer and the silicon membrane is

10 𝜇𝑚 thick, as shown in Figure.3.1 (c). The structure is suspended above a cylindrical cavity

to allow up and down displacement, as illustrated in Figure. 3.1 (d). Due to the geometry

and materials of each element, all PMUT unit cells have almost identical resonant frequencies,

with their first and second resonant modes located at 1.38 MHz and 5 MHz, respectively. By

applying an external sinusoidal electric field at 1.38 MHz, only the first resonant mode of the

piezo material is excited, and yields an oscillation in the piezo structure. As illustrated in Figure.

3.1 (d), the maximum achieved displacement normal to the substrate plane is around ± 500 nm,

for a total round trip of 100 nm. It should be mentioned that this magnitude of displacement is

not high enough to induce a significant curvature on the aluminum surface during the resonant

motion at 1.38 MHz, and thus a flat surface.

3.4 Methodology

To test the capacity of the PMUT array to modulate THz signals, we used a standard time-domain

THz spectrometer with photoconductive antennas (PCA) (Jepsen et al. (2011)). Figures 3.2 (a)

and (b) show the experimental configuration without and with modulation applied to the PMUT

array, respectively. An ultrafast Ti:Sapphire oscillator laser at an 80 MHz repetition rate with

a central wavelength at 805 nm and a pulse duration of 30 fs was used to pump two LT-GaAs

PCAs (from Teravil Ltd.) for the emission and detection of THz waves. The average pumping

power is set to 25 mW and 20 mW for the emitter and detector, respectively.
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Mode B

Mode A

Figure 3.2 Illustration of (a) and (b): experimental device classified into two

modes (Mode A and Mode B) using an electronic chopper on the transmitter and a

signal generator on the PMUTs, respectively. (c) and (d) show the measured THz

wave in Mode A for mirrors only, and the PMUT array replacing 𝑀2, respectively

The hemispherical Si lens on the back of the emitter and detector provides a collimated THz

beam approximately 12 mm in diameter. Therefore, to simplify this demonstration, no focusing

optics were used; rather, only 2-inch diameter copper mirrors with bare gold coatings on top,
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denoted M in Figure 3.2 (a) and (b), were used. To work in reflection geometry, the PMUT

array is placed in position 𝑀2. Figures 3.2 (c) and (d) show the THz traces obtained with the

experimental configuration Mode A, as illustrated in Figure 3.2 (a). For these measurements,

the lock-in detection is referenced to the emitter modulation frequency, which was set to 25

kHz. Figure 3.2 (c) shows the THz pulse after the reflection from only highly reflective copper

mirrors. In this case, the Fast Fourier Transform (FFT) spectra reveal a bandwidth of 0 to 4 THz

and a reading of the lock-in amplifier voltage in the millivolt range. As observed in Figure 3.2

(d), the THz pulse reflected from the PMUT array exhibits a complex shape when compared

to the reflection from the flat surface of 𝑀2. This phenomenon is explained by the spatial

property of the THz beam impinging on the sample, which is collimated, and thus has a beam

size larger than the PMUT array. In this and other such cases, the strongest pulse in Figure 3.2

(d), highlighted by the red dotted line, corresponds to that from the PMUT array, whereas the

smaller pulses that appear temporally before and after the main signal originates from multiple

reflections coming from the LCC package.

To study the differentiator function of the PMUT array on the THz wave, in active mode, we

changed the reference signal sent to the lock-in amplifier by the fundamental resonance frequency

of the piezoelectric material. This operation is illustrated in Figure 3.2 (b), and is hereinafter

referred to as Mode B. Before investigating the effect of the PMUT motion on the THz beam, we

characterized the PMUT frequency response by measuring the transmitted radio frequency (RF)

energy (power) using a network analyzer (E5061B Keysight VNA). To identify the resonant

frequency, the power transferred (i.e., measured via the S21 scattering parameter) between both

electrodes was measured (Robichaud et al. (2018b)). In figure 3.3 (a), we show the characteristic

response of all PMUT arrays as a function of frequency. From that figure, the PMUTs sharply

resonate at 1.386 MHz, and can therefore only be excited optimally at a single frequency of

1.38 MHz. Since each PMUT operates in the MHz frequency range, a high-frequency lock-in

amplifier (model SRR844 from Stanford Research System) was required to perform the lock-in

detection with the reference signal at 1.38 MHz in order to investigate the effect of PMUT

motions on THz radiation.
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Figure 3.3 (a) Resonant frequency of all PMUTs obtained by a network analyzer

(1.38 MHz), (b) Measured THz response at two PMUT resonant frequencies, 1.38

MHz and 1.10 MHz, using Mode B setup, (c) Dependency of the measured THz

signal as a function of PMUT driving voltage at 1.38 MHz, and (d) Motion

characterization of a PMUT unit cell with a vibrometer as a function of driving

amplitude voltage with the corresponding peak-to-peak detected THz pulse

3.5 Result and Discussion

Figure 3.3 (b) shows the measured THz response for 1.38 MHz and 1.10 MHz exciting frequencies

of the PMUT array. As expected from the network analyzer, no signal is observed for excitation

at 1.10 MHz, i.e., when the device is not significantly oscillating. On the other hand, at a

modulation frequency of 1.38 MHz, a nanovolt-scale THz signal in phase with the modulation of

the PMUT array is clearly observed. We have to stress that for this experimental demonstration,

the total active area of the PMUTs represents only 3.4% of the total irradiated THz beam size.
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In addition, since each unit cell of the PMUT array is smaller than the wavelength (i.e., 200 𝜇𝑚

in diameter), we expect strong diffraction of the THz wave to occur.

To confirm the effect of the PMUT motion on the detected THz waves, in figure 3.3 (c), we

show the dependency of the measured THz signal as a function of the PMUT driving voltage at

1.38 MHz. Note that the applied voltage on the PMUT provides proportional changes in the

amplitude of the detected differential THz signal. To relate the effect of the absolute motion

of the PMUT array to the measured THz signal, figure 3.3 (d) shows the displacement of the

PMUT, measured by a vibrometer and the THz peak-to-peak (pp) electric field, recovered in

figure 3.3 (c), as a function of the control voltage. Both curves show a linear dependency on

their respective scales. This dependency confirms the active control of the THz response in

phase with the PMUT oscillating field strength and frequency. It is clear that for movements of

60 nm and less, i.e. for a control voltage of 10 V and less, the signal falls in the noise level.

In the last step, we investigate the signature of the modulated THz wave from the PMUT array.

As the lock-in amplifier is referenced to the resonant frequency of the PMUT array (Mode B

described in Figure 3.2 (b)), The detected THz signal is simply the subtraction of the electric

field by itself shifted by the time path length difference induced by the upper and lower positions

of the aluminum membrane of the PMUT array (see Figure 3.1 (d)). As shown in Figure 3.3 (d),

for the maximum PMUT displacement of 100 nm, the corresponding roundtrip phase change

in the THz beam path is only 0.66 fs. This change is two orders of magnitude less than the

resolution of the stepping scan mode of the mechanical delay line, i.e., corresponding to a time

interval of 53 fs for this experiment. In such a condition, the PMUT motion induces a differential

signal response significantly greater than the detected bandwidth of the measured THz pulses.

Instead, the difference signal reveals the variations of the THz electric field Δ𝐸 in Volt/cm/s.

Mathematically, this can be expressed by the limit of m(t) as t approaches 𝑡0 is m, the slope of

the electric field at a given time t, where:

𝑚 = lim
𝑡→0

𝑚(𝑡) = lim
𝑡→0

𝑓 (𝑡) − 𝑓 (𝑡0)

𝑡 − 𝑡0
≈ Δ𝐸

Δ𝑡
(3.1)
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This well-known behavior is at the core of calculus and modern mathematics, the so-called

derivative function, and also expressed as dt when Δ𝑡 tends towards zero. Figure 3.4 (a) shows

the signal detection concept using a lock-in amplifier synchronized to the motion of the PMUT

array. As the displacement of PMUTs increases due to the piezoelectric effect, the THz beam

path difference Δ𝑡 increases, and thus, the THz electric field difference Δ𝐸 also increases

proportionally, i.e. as long as the slope does not change within the motion range of the PMUT.

This situation is illustrated in Figure 3.4 (a) where the larger motion offers greater sensitivity

(Δ𝐸2 > Δ𝐸1), but with the drawback of a low-pass filtering effect of the measured signal, as

illustrated by the difference between the readings of slopes 𝑚1 > 𝑚2.

 Ref
 Cal
 PMUT

 

 ModeA

 dt
 100nm
 5um
 10um
 15um
 20um
 25um
 30um

m1 ΔE1 / Δt1
m1 
m1 
m2 ΔE2 / Δt2
m2 
m2 

ΔE2

ΔE1

m1 ≠ m2

Δt2

Δt1

Figure 3.4 (a) Signal detection concept using a lock-in amplifier

synchronized to the motion of the PMUT array. (b) Amplitude spectra

dependency of the recovered signal as a function of PMUT array motions. (c)

Measured Mode A (black) and Mode B signals (blue) with the calculated

derivative signal (red) from the Mode A measurement
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To quantify the impact of the increased PMUT motion on the derived function, we created a

simulated reference signal with the same THz bandwidth as the experimental signal, i.e. 0.1 to

4.0 THz, but with a higher time resolution, i.e. 6.6×10−3 fs. The evaluation of the first-order

derivative as a function of the displacement of the PMUT, Δ𝑡 is obtained by inducing small phase

differences (ranging from 0.6 fs to 200 fs, corresponding to 0.1 𝜇𝑚 to 30 𝜇𝑚 in PMUT motion)

on this high temporal resolution signal. To ensure that this evaluation was representative of the

experimental condition, we recovered the slope information only at a discrete time interval, e.g.

for every 0.53 fs where Δ𝑡 varies around these discrete time intervals. We then integrated the

derived signals according to Δ𝑡 and retrieved the amplitude spectrum of the recovered signals

according to the movements of the PMUT array.

In Figure 3.4 (b), we show the amplitude spectra dependency of the recovered signal as a function

of PMUT array motions. Interestingly, for motions of 5 𝜇𝑚 and less, the spectral content remains

almost unchanged in the 0 to 4 THz range and has a response similar to the reference spectra.

For motions greater than 5 𝜇𝑚, spectra are progressively affected by the low-pass filtering effect,

as illustrated in Figure 3.4 (a). In principle, to avoid losing the high-frequency component of the

THz information, phase shifts that are at least two times smaller than the sampling timing should

be considered. This would ensure satisfying the Nyquist theorem, which is highly respected in

our demonstration.

Finally in Figure 3.4 (c), we plot the THz wave reflected by the PMUT array for both modulation

types with respect to their absolute time scale: Mode A for emitter modulation (black curve),

corresponding to all reflected THz waves on the device when the device is passive, and Mode B

for PMUT array modulation (blue curve) when the device is active. The red curve in the same

graph represents the calculated first-order derivative of the reflected THz pulse electric field

obtained from Mode A (corresponding to 𝑑𝐸
𝑑𝑡 of the black curve). Strikingly, an excellent match

is found between the Mode B signal and the first-order derivative of the Mode A signal (see blue

versus red curves). The amplitude spectra of mode A and B signals are presented in the inset.

A shift at a higher frequency is found for the Mode B spectrum, consistent with the derivative

function.
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3.6 Conclusion

Summing up, we have demonstrated a simple method to actively modulate THz waves in reflection

mode using a PMUT array as a differentiator. This modulator enables the reconstruction of

the time derivative of the THz pulse back-reflected from its surface, i.e., supplying an output

proportional to the derivative of the input. Such differentiators are highly anticipated for the

future of data transmission in THz telecommunications. Derivation could also be of interest for

spectroscopy because it allows spectral information to be shifted from low to high frequencies and

to quickly identify the rate of change of the THz signal, which could be particularly interesting for

non-linear processes identification in the THz band (Salén, Basini, Bonetti, Hebling, Krasilnikov,

Nikitin, Shamuilov, Tibai, Zhaunerchyk & Goryashko (2019)). Our result confirms the merit

of microelectromechanical devices for manipulation and control of THz waves and suggests

the use of PMUTs with larger motions to improve sensitivity and to work at a lower frequency

(Gratuze, Alameh & Nabki (2019)), which are already in preparation.
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3.8 Supplementary Information

This document provides supplementary information to the article entitled “Active terahertz

time differentiator using piezoelectric micromachined ultrasonic transducer array”. We start by

describing the fabrication flow of piezoelectric micromachined ultrasonic transducers (PMUT)

with their electrical and mechanical characterization by a vector network analyzer and vibrometer-

based methods, respectively. Then we evaluate the amount of THz modulated power that reaches

the THz-TDS system’s detector. Finally, we establish the relationship between PMUT array

motions and the phase
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3.8.1 Fabrication flow of PMUT

Figure 3.5 shows a visualization of the piezoelectric micromachined ultrasonic transducer

(PMUT) array using scanning electron microscopy (SEM). As can be seen in Figure 3.5 (a), the

arrangement of the PMUT is linearly spaced, with a distance of 500 𝜇𝑚 separating them. The

PMUT device is a free-standing 200 𝜇𝑚 diameter silicon membrane anchored using four 20

𝜇𝑚-wide and 30 𝜇𝑚-long arms (or anchors). The silicon membrane acts as the bottom electrode,

and is covered by a layer of Aluminum Nitride (AlN) acting as the piezoelectric material. The

AlN layer, for its part, is covered by an aluminum layer acting as the top electrode (Robichaud

et al. (2018b); Robichaud, Cicek, Deslandes & Nabki (2018a)).

Figure 3.5 SEM micrographs of the fabricated PMUT:

(a) view of the PMUT array, (b) close-up view of one

PMUT, (c) detailed view of the layers

Figure 3.5 (b) presents a view of a single PMUT, with an indication of two electrodes for signal
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and ground. In this figure, we can clearly see the anchoring of a single PMUT. In Figure 3.5 (c)

we show a detailed view of the anchor, where the signal is taken, and which clearly identifies all

layers used in the manufacture of the PMUT.

Figure 3.6 Piezo MUMPS process flow for the

fabrication of a PMUT and post-processing: (a) SOI

wafer, (b) growth of thermal oxide, (c) deposition of

aluminum nitride, (d) deposition of aluminum, (e)

etching of silicon (f) membrane release

The PMUT array was fabricated using the commercial Piezo, Multi-User MEMS Processes

(MUMPS) process by MEMSCAP (Cowen, Hames, Glukh & Hardy (2014)), and the fabrication
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steps are illustrated in Figure 3.6. The process starts with using a Silicon On Insulator (SOI)

wafer composed of a 400 𝜇𝑚 thick silicon layer, a 400 nm thick insulator layer and a 10 𝜇𝑚 thick

silicon layer (Figure 3.6 a). Electrical conduction is achieved by doping the substrate, followed

by the thermal growing of a 200 nm thick pad oxide layer (Figure 3.6 b) by photolithography.

This step allows electrical insulation between the two electrodes. Afterward, a 500 nm AlN

layer is deposited as a piezoelectric material by sputtering (Figure 3.6. c). The top electrode is

created by the deposition and patterning of a 1 𝜇𝑚 thick and 180 𝜇𝑚 diameter aluminum layer

(Figure 3.6. d). Later, the silicon device layer is etched by Deep Reactive-Ion Etching (DRIE),

resulting in a 200 𝜇𝑚 diameter circular silicon membrane (Figure 3.6. e). The diameter of the

silicon structure is made deliberately larger than the aluminum nitride to ensure no overhang of

the piezoelectric material. Finally, the membrane is released by etching a trench from the back

of the handle wafer (or substrate) by DRIE (Figure 3.6. f).

3.8.2 Electrical response of PMUT from Network analyzer

A network analyzer is a device with input and output ports that measures the transmitted

or reflected power of a signal that passes through the Device Under the Test (DUT). The

measurement of reflected power via scattering parameters S11 and S22 or transmitted power

using scattering parameters S21 and S12 can be performed. The measurement is based on

transmitted or reflected energy from the DUT. The measure of the S parameters allows the

identification of the resonant frequency of the DUT. For example, by transferring alternative

power through the DUT, S21 and S12 will experience higher power when DUT is resonating

rather than when DUT is not resonating. In our case, the average resonant frequency of the

PMUT is measured using a Vector Network Analyzer from Keysight, model E5061B, with the

64 PMUT devices connected in parallel in the PMUT array. The resonant frequency of PMUT

array is measured via S21 by passing the power between both electrodes of the PMUT array.
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3.8.3 Modulated THz power at the detector

Here, we are interested in evaluating the maximum detected modulated THz power at the

detection position. To that end, we first estimate the THz intensity (𝐼𝑇𝐻𝑧) from the emitter

reaching the PMUT array, with the THz power (𝑃𝑇𝐻𝑧) transferred per unit area (A) (i.e.,

𝐼𝑇𝐻𝑧 = 𝑃𝑇𝐻𝑧/A). The emitted THz beam is collimated by a 12 mm diameter spherical lens and

assuming a Gaussian THz irradiation. The half-power beam width (HPBW) is 1/𝑒2 of the THz

beam’s peak irradiance, which corresponds to a radius of 4.31 mm. Therefore, for the maximum

generated THz power of 6 𝜇𝑊 (Ltd) and a THz beam area of 58.3 𝑚𝑚2 (𝜋×4.312), the intensity

at the PMUT array position is approximately 100 𝑛𝑊/𝑚𝑚2.

5

10

4
-0.3
0.2

1

Figure 3.7 Illustration of (a) an experimental setup scheme when THz

beam travels from 𝑀1 to PMUT array and then reaches the detector, (b)

diffraction effect from a single PMUT

To estimate the THz modulated power after reflection on the PMUT array, we added up the active

area covered by the 64 PMUT array, as illustrated in Fig. 3.7 (a). Each PMUT was 200 𝜇𝑚 in

diameter, and we found a corresponding active area of 2 𝑚𝑚2 for 64 PMUT (64×𝜋×0.12). This
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area over the THz beam area represents only 3.4% of the THz beam irradiance. By multiplying

the THz intensity at the PMUT position by the active area, we found a modulated THz power of

200 nW.

In addition, since each PMUT (unit cell) has an active area of 200 𝜇𝑚 in diameter, and assuming a

central frequency of around 0.5 THz, as shown in Figure 3.2 (c), the corresponding wavelength of

600 𝜇𝑚 indicates a large diffraction effect. As predicted by the first-order diffraction represented

by equation 3.2, it is clear that 𝜃 cannot be solved for this situation, indicating the diffraction

behavior of a point source:

𝑊𝑠𝑖𝑛(𝜃) = 𝑚𝜆 (3.2)

where w is the size of one PMUT, 𝜆 is the wavelength of the THz wave (600 𝜇𝑚), and 𝜃 is the

angle at which the first minimum for m = 1 is found. Given a distance of 160 mm from the

PMUT array to the detector, a half-spherical surface is around 160×103 𝑚𝑚2 (2𝜋×160 𝑚𝑚2),

as illustrated in Figure 3.3 (b). Therefore, the corresponding intensity at the detector position is

1.25 pW/𝑚𝑚2. Finally, to retrieve the THz power detected, we multiplied the THz intensity by

the collecting lens area of the detector (i.e., 6 mm radius Si hemispherical lens). This results

in a maximum power of 141 pW (1.25 pW/𝑚𝑚2 ×113 𝑚𝑚2) at the detection position, which

represents a ratio of the detected modulated THz power of only 0.0023% of the total transmitted

THz power.

3.8.4 Mechanical response of PMUT from Vibrometer method

Contrary to the vector network analyzer which measures an electrical response, the vibrometer

method optically measures the mechanical response of the PMUT. The vibrometer is used

to carry out non-contact vibration measurements of a point using the Doppler effect. In this

fashion, the amplitude and frequency of a mechanical motion can be characterized. The laser

of the vibrometer is then targeted at the center of a PMUT membrane (as shown in Fig. 3.8).

Time-domain measurements were undertaken using a function generator and a Polytec OFV-5000

vibrometer.
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Figure 3.8 Schematic of the test bench using the vibrometer to

characterize a PMUT

The function generator type 33 250A from Agilent is used to provide an electrical excitation

to the PMUT (a 1.38 MHz sinusoidal signal with 20 V peak-to-peak amplitude). Then, the

PMUT transforms this electrical excitation into a mechanical excitation, i.e., a displacement.

The PMUT vibrates optimally at this specific frequency, which is the mechanical resonance

frequency. The amplitude of displacement is linearly proportional to the applied voltage.

3.8.5 Phase shift on derivative signal induced by PMUT motions

To evaluate the impact of PMUT motions on the derivative function, we created a simulated

reference signal with a 6.6×10-3 fs time resolution and calculated its first-order derivative

response as a function of PMUT displacement. To ensure this evaluation was representative of

the experimental condition, we retrieved the slope signal only at discrete time frames, e.g., same

as in the experiment for every 53 fs. This is illustrated in Fig. 3.9, where 𝛿𝑡 varies around these

discrete time frames.
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Figure 3.9 Illustration of the differentiation principle. The motion

of the PMUT array induces a THz beam path change proportional to

𝛿𝑡. The slope measurement is differentiated according to temporal

size 𝛿𝑡 (e.g., where 𝛿𝑡1 < 𝛿𝑡2), and is only retrieved for discrete

positions every 53 fs

The result of this evaluation is presented in Fig. 3.10 (a) for some selected displacements: 50

nm, 20 𝜇𝑚, 30 𝜇𝑚, 35 𝜇𝑚 and 45 𝜇𝑚. The same calculations are performed for the discrete

position every 0.33 fs in Fig. 3.10 (b). In these two figures, the reference signals and their

first-order derivative calculations are evaluated as a function of time delay 𝛿𝑡 ranging from 0.33

fs to 133.3 fs, also corresponding to 50 nm to 45 𝜇𝑚 in PMUT motion, respectively. Note that

sub few microns motions would be the highest practical range.

In Fig. 3.10 (a) and (b), as 𝛿𝑡 increases, a clear shift of the peak position of the derivative signal

towards negative time is observed. Phase shift-related information is summarized in Fig. 3.4(b)

of the main document. To have an idea of the impact of the phase shift on the experimental data,

we have, in Figure 3.10 (c), integrated the calculated derivative signals of Figure 3.10 (b) and

compared them with the reference signal. Note that the reference signal was created with the

same THz bandwidth as the experimental one, i.e., from 0.1 to 4.0 THz. It is clear that the THz

signal recovered from the derivative one is highly dependent on PMUT motions.
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Figure 3.10 Illustration of (a) and (b) time variations of the calculated first

derivative of a simulated signal based on different displacements at discrete times

53.3fs and 0.33 fs, respectively, (c) integration of selected first derivative of

signals, (d) amplitude spectra dependency of the recovered signal as a function of

PMUT array motions

Finally, to estimate the amplitude spectrum dependency of the recovered signal as a function of

PMUT array motions, we show the amplitude spectra obtained by Fast Fourier Transform (FFT)

of the integrated signals calculated in Figure 3.10. From that figure, we can confirm that the

PMUT motion of 100 nm used in our experiment does not induce any change in the spectral

domain, which confirms the ability of the broadband to induce phase change on a THz signal

with this novel modulator.
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Résumé

L’ingénierie des systèmes optomécaniques a explosé au cours des dernières décennies, avec de

nombreuses géométries et applications découlant du couplage de la lumière avec le mouvement

mécanique. La modulation du rayonnement électromagnétique dans la gamme de fréquences

térahertz (THz) par des systèmes optomécaniques ne fait pas exception à cet effort de recherche.

Cependant, certaines capacités de modulation fondamentales pour les communications THz et/ou

les applications de traitement de données à grande vitesse restent à établir. Nous démontrons ici

un spectromètre dérivé THz dans le domaine temporel basé sur un dispositif piézoélectrique

micro-usiné (PM). L’insertion du dispositif PM dans le trajet du faisceau THz fournit une

modulation de référence pour l’unité de détection à verrouillage, qui à son tour donne accès à

l’information dérivée d’ordre n du signal THz entrant. De manière frappante, l’intégration du

signal dérivé enregistré conduit à un signal de référence récupéré avec un rapport signal/bruit

équivalent ou même meilleur, ouvrant la porte à un nouveau type de mesures THz hautement

sensibles dans le domaine temporel.
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4.1 Abstract

The engineering of optomechanical systems has exploded over the last decades, with many

geometries and applications arising from the coupling of light with mechanical motion. The

modulation of electromagnetic radiation in the terahertz (THz) frequency range through

optomechanical systems is no exception to this research effort. However, some fundamental

modulation capabilities for THz communications and/or high-speed data processing applications

are yet to be established. Here, we demonstrate a THz time-domain derivative spectrometer

based on a piezoelectric micromachined (PM) device. Insertion of the PM device into the

THz beam path provides reference modulation for the lock-in detection unit, which in turn

provides access to the nth-order derivative information of the incoming THz signal. Strikingly,

the integration of the recorded derived signal leads to a recovered reference signal with an

equivalent or even better signal-to-noise ratio, opening the door to a new type of highly sensitive

THz measurements in the time-domain.

4.2 Introduction

In recent decades, the development of several techniques for the generation and detection of

electromagnetic waves in the terahertz (THz) frequency range (Tonouchi (2007); Song & Nagat-

suma (2015)) has led to a wide range of applications in the fields of security (Kawase, Ogawa,

Watanabe & Inoue (2003); Liu, Chen, Bastiaans & Zhang (2006)), nondestructive testing (Zhong

(2019); Zhuldybina, Ropagnol, Bois, Zednik & Blanchard (2020)), spectroscopy (Van Exter

et al. (1989); Ferguson & Zhang (2002); Hafez, Chai, Ibrahim, Mondal, Férachou, Ropag-

nol & Ozaki (2016)), telecommunications (Nagatsuma et al. (2016); Elayan, Amin, Shihada,

Shubair & Alouini (2019)), imaging (Mittleman (2018); Guerboukha, Nallappan & Skorobogatiy

(2018)) and microscopy (Amirkhan, Sakata, Takiguchi, Arikawa, Ozaki, Tanaka & Blanchard

(2019); Blanchard et al. (2013); Cocker, Jelic, Gupta, Molesky, Burgess, De Los Reyes, Titova,

Tsui, Freeman & Hegmann (2013)). In order to improve the performance of THz systems in these

various applications, the design of innovative and efficient modulators in this frequency range is

the subject of intense research activity (Rahm, Li & Padilla (2013); Wang et al. (2019b); Ma et al.
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(2019)), particularly for sensing applications (Rahm et al. (2013); Wang et al. (2019b)) and data

transmission systems (Ma et al. (2019)). As in the world of optics for ultrafast signal processing

(Salem et al. (2013), it would be necessary to design and implement fundamental mathematical

operators, such as differentiator (Slavík, Park, Kulishov, Morandotti & Azaña (2006)), integrator

(Park, Ahn, Dai, Yao & Azaña (2008)) and Hilbert transformer (Asghari & Azaña (2009)).

A differentiator is one of these fundamental operators that perform the mathematical action

of differentiating an input signal. In the same way, an nth-order derivative type differentiator

provides an nth-order derivative type output signal derived from an arbitrary input signal, which

can be a function of time, frequency or wavelength (Ngo et al. (2004)). Differentiators have been

realized for the ultrafast processing of light in the temporal, spatial and spectral domains, which

have generally been realized using special fiber-optic routing and wave-mixing devices (Zhang

et al. (2021c)). When dealing with slowly varying optical signals, a simple method to obtain the

derivative of the input signal is the use of a resistor-capacitor (RC) filter in combination with

a modulation device in the optical path, such as a tachometer (Klein & Dratz (1968)). This

latter case is a well-established method that has been used for decades is known as derivative

spectroscopy (Klein & Dratz (1968); Dubrovkin (1983); Holcomb & Little (1992); Wiley et al.

(2009); Karpińska (2004)).

While the ultrafast optical differentiator (Salem et al. (2013); Slavík et al. (2006); Park et al.

(2008); Asghari & Azaña (2009); Ngo et al. (2004); Zhang et al. (2021c)) and derivative

spectroscopy (Klein & Dratz (1968); Dubrovkin (1983); Holcomb & Little (1992); Wiley et al.

(2009); Karpińska (2004)) approaches to deal with the complex envelope of the intensity profile

of an input signal, THz measurement systems provide direct access to the amplitude and phase of

the electric field, thanks to coherent methods of generation and detection by sampling (Blanchard

et al. (2007); Wu & Zhang (1996a)). This additional feature can have several advantages for

signal processing in the THz range. One such advantage is the use of low-frequency electronic

tools, such as a lock-in amplifier, to recover ultra-fast THz phenomena (Neu & Schmuttenmaer

(2018)). Since a lock-in amplifier is already a sophisticated RC filter, the addition of a suitable

modulator only could in principle transform the traditional THz time-domain spectroscopy
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(THz-TDS) system (Zhuldybina et al. (2020); Neu & Schmuttenmaer (2018)) into a THz

time-domain derived spectrometer (THz-TDDS). Using electronics, an accurate reading of

the derived THz signal could quickly measure the slope and/or the position of the peak in the

time-varying signal (Skolnik (1962)). Derived information could also be applied to allow the

precise identification of fixed points, such as local maxima and minima. The latter case could

be of great interest for THz phase-contrast imaging, improving the accuracy of layer detection

(Redo-Sanchez et al. (2016)) or refractive index changes (Blanchard et al. (2014b)). However, to

date, only a few attempts have been made to demonstrate passive THz time differentiators, using

a grating (Filin et al. (2001)) and a silicon ring resonator (Xie et al. (2020)). More recently, we

reported an active THz time differentiator with an 8×8 piezoelectric micromachined ultrasonic

transducer (PMUT) array (Amirkhan, Robichaud, Ropagnol, Gratuze, Ozaki, Nabki & Blanchard

(2020)). Nevertheless, the latter demonstration was limited due to the small pixel size (i.e.,

sub 𝑚𝑚2) and the small motion of the PMUT unit cell relative to the THz propagation path.

Additionally, the need to use a voltage driver with a MHz-scale oscillator to sustain the resonant

frequency of the PMUT array made its use less convenient for the lock-in amplifier.

Accordingly, we demonstrate here an nth-order THz time-domain derivative spectrometer using

a piezoelectric micromachined device (PM) with a surface area that is larger than 1 𝑚𝑚2 and

operating in the kHz frequency range. Originally designed for energy harvesting (Gratuze et al.

(2019)), once inserted in the THz beam path as a modulator, this new device has an impressive

performance to accurately measure not only the first derivative of the incoming signal, but our

results show a good response up to the fourth-order derivative. This paper is organized as follows;

we first present the proposed structure for PM devices and its functionality. We also explain

the operating principle of the lock-in amplifier to access the multiple-order derivative of the

incoming THz signal. We then describe the experimental setup and the results obtained. Finally,

we show the good agreement of our experimental results with the simulations and demonstrate

the ability to recover the original signal with high accuracy by integrating the information from

the differentiated signal.
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Figure 4.1 Illustration of (a) the PM device, (b) with its layers of aluminum

chromium (Al Cr), aluminum nitride (AlN), silicon (Si), and on a silicon-on-insulator

substrate. (c) A graphical representation of the complex motion of the three separate

areas of the PM surface; the center, yellow wings, and green wings, with lengths of

12.67 𝜇m, 2.45 𝜇m, and 1.42 𝜇m, respectively

4.3 PM device material and its characteristics

Fig. 4.1 (a) shows the PM device with its electrodes for controlling and activating displacements.

The PM device has been fabricated using the commercial PiezoMUMPS process from MEMSCAP,

detailed in (Cowen et al. (2014)). The design, fabrication and characterization of such PM are

detailed in Gratuze et al. (Gratuze et al. (2019)). The surface area covers 2.1×2.1 𝑚𝑚2 on a 0.4

𝑚𝑚 thick silicon-on-insulator (SOI) substrate. This metallic multilayer device (see Fig. 4.1 (b))

consists of a stack of from top to bottom: 1 𝜇𝑚 thick aluminum (Al), 0.02 𝜇𝑚 thick chromium

(Cr), and a 0.5 𝜇𝑚 thick piezoelectric material (aluminum nitride) deposited on the 10 𝜇𝑚 thick

top silicon (Si) layer of the SOI substrate. As shown in Fig. 4.1 (a), the metallic multilayer

acts as an upper electrode layer and the Si layer acts as the lower electrode to piezoelectrically

control the displacement of the structure. To avoid short circuits where needed, an additional
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insulating layer of silicon dioxide with 0.2 𝜇𝑚 is deposited between the Si layer and the metallic

multilayer stack.

To allow large vertical movements around its resting position, the structure is suspended above

an empty cavity with an area of 1.7×1.7 𝑚𝑚2, as illustrated in Fig. 4.1 (c). Inside this cavity, the

maximum round-trip displacements perpendicular to the plane of the substrate for the green

wing, the yellow wing and the central (grey) part of the device are 12.67 𝜇𝑚, 2.45 𝜇𝑚 and 1.42

𝜇𝑚, respectively. Indeed, these values are based on the simulation and measurement of the mode

shape of the PM device as presented in (Gratuze et al. (2019)). The PM device is a resonator,

and therefore it is possible to excite it with a sinusoidal signal, in which case each moving part

of the PM will oscillate at the same frequency. Thereafter, this frequency will be referred to as

the modulation frequency ( 𝑓𝑚𝑜𝑑). To achieve the maximum displacement at 𝑓𝑚𝑜𝑑 , an external

sinusoidal voltage amplitude 20 𝑉 peak-to-peak at 10.82 𝑘𝐻𝑧 is applied across the electrodes.

4.4 Principle of operation

To understand the difference between a typical THz wave measurement and the use of our

device, it is important to recall the basic concept of lock-in detection. As illustrated in the

supplementary info (Fig.S1), a lock-in amplifier is a kind of alternating current (AC) voltmeter

that mixes an input signal with a periodic reference signal (Kloos (2018)). For THz-TDS

measurements, the electro-optical sampling method is commonly used and requires a lock-in

amplifier (Neu & Schmuttenmaer (2018)). This method involves either a mechanical chopper or

control of the bias voltage of a photoconductive antenna (PCA), the latter acting as an ON-OFF

switch of the input signal. Unlike the electronic modulation of a PCA or the mechanical chopping

of the THz signal, our device does not modulate the input signal ON and OFF. In fact, the PM

device induces a small change in the path length of the THz beam (Amirkhan et al. (2020)).

This modulation causes the physical system we are interested in (i.e., the THz signal) to respond

with a frequency 𝑓𝑚𝑜𝑑 , whereas the detector and lock−in amplifier convert its response into a

voltage. For a lock-in amplifier, a stimulus x(t) of amplitude A and oscillating with an angular
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frequency Ω𝑚𝑜𝑑 , which is 2𝜋 𝑓𝑚𝑜𝑑 , around an average value 𝑥 can be expressed by:

𝑥(𝑡) = 𝑥 + 𝐴𝑠𝑖𝑛(Ω𝑚𝑜𝑑𝑡). (4.1)

Upon application of the stimulus, the detector reads a time-varying signal V(t):

𝑉(𝑡) = 𝑉(𝑥(𝑡)). (4.2)

Under the assumption that the modulation A is sufficiently small, we can approximate V(x(t)) by

a Taylor-series expansion about 𝑥. Passing through the lock-in amplifier provides an output that

is proportional not only to the modulation A, but also to the derivative of the system’s response

to the stimulus, evaluated at 𝑥 = 𝑥 (Kloos (2018)):

𝑉𝑜𝑢𝑡 ≈ 𝐴√
2

𝑑𝑉

𝑑𝑥
|𝑥 . (4.3)

According to equation (4.3), changing the ON-OFF modulation for a change in THz path length

converts a THz-TDS system into a THz derivative spectrometer. Furthermore, as with derivative

spectroscopy (Holcomb & Little (1992)), reading the Nth-order harmonic signal from the lock-in

should, in principle, provide access to the Nth-order derived function of the modulated signal

(Kloos (2018)). To describe the functionality of a THz derivative spectrometer obtained by

combining a PM device with a lock-in amplifier, we show in Fig.4.2 the relationship between the

motion of a part of the PM device (see the green wings at the top of the figure) as a function

of the lock-in detection phase. In Fig.4.2 (a), assuming an excitation frequency at 𝑓𝑚𝑜𝑑 with

20 V peak-to-peak, a phase change of 2𝜋 corresponds to a complete excursion of about 12.66

𝜇m on the wing edge. In such a condition, the PM motion still induces a sufficiently small

differential response Δ𝐸/Δ𝑡, i.e., greater than the detected bandwidth of the measured THz

pulses (Amirkhan et al. (2020)), to recover a derivative measurement. In Fig.4.2 (b), (c) and (d),

we show the value of the phases with respect to the excitation frequency 𝑓𝑚𝑜𝑑 corresponding to

the second, third and fourth harmonic functions of the lock-in amplifier, respectively.
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Figure 4.2 Illustration of the displacement of a PM device in the y-direction

relative to its x position, all in relation to the phase interpretation of the lock-in

amplifier for the measurement of (a) 1𝑠𝑡-order, (b) 2𝑛𝑑-order, (c) 3𝑟𝑑-order, and (d)

4𝑡ℎ-order derivatives

In these cases, the harmonic function of the lock-in amplifier allows the slope of the slope

to be determined, and so on as the harmonic value is increased (for more information, see

supplementary S1).

4.5 Experimental setup and results

Terahertz spectroscopy (Jepsen et al. (2011)) is well-known for the characterization of THz

devices, such as modulators (Wilk, Vieweg, Kopschinski & Koch (2009)), filters (Lo & Murphy

(2009)) and artificial metamaterials (Padilla et al. (2006)), to name a few applications. Similar

to these experiments, we employed a THz-TDS system based on the transmission and detection

of THz waves by two PCAs from TeraVil Ltd. The PCAs were pumped using a Ti:Sapphire

laser oscillator providing 810 nm, 40 fs laser pulses at a repetition rate of 80 MHz and an
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average power of 20 mW on each antenna. The hemispherical silicon lens at the back of the

transmitting antenna collimates the THz output beam with a diameter of about 10 mm. As

shown in Fig.4.3(a), the collimated THz beam is guided by a gold-coated flat mirror, followed

by a concave mirror 3 inches in diameter and 3 inches in focal length. The PM device is located

exactly at the focus of the concave mirror, and the reflected beam returns symmetrically to the

opposite side of the concave mirror, where the THz beam is recollimated. Finally, another

gold-coated flat mirror guides the THz beam to the high resistivity hemispherical silicon lens of

the PCA detector. The latter focuses the THz beam on the micrometer gap of the antenna.
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Figure 4.3 Demonstration of (a) the experimental setup in reflection geometry

using a gold-coated concave mirror (in position of 𝑀2) of 3-inch focal distance and

a signal generator to drive the PM device to modulate the THz signals. (b) and (c)

are the measured THz pulse and its spectrum, respectively, when the modulation

is applied to the antenna. The inset in (c) shows the measured reference spectra
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In order to study the behavior of our PM device, we first measured the THz signal without any

external electric field applied to the device, as shown in Fig.4.3 (b). In this case, the PM device is

considered at rest, behaves like a metallic mirror, and only the THz transmitting antenna is biased

with a voltage of 40 V modulated at a repetition frequency of 30 kHz. This ON-OFF modulation

on the emitted field of the transmitting antenna is the typical lock-in detection operation used for

the standard THz-TDS configuration (Jepsen et al. (2011)), hereinafter referred to as the THz

reference measurement. Fig.4.3 (b) and (c) show the THz pulse reflected from the PM device

(i.e., in the state of rest) and its fast Fourier transform (FFT) spectra, which reveal a bandwidth

of 0 to 5 THz with the central frequency located at 0.7 THz.
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Figure 4.4 The reference signal (black) when the PM device is not operating, the

temporal measured THz waves (red) using PM device as a differentiator with

lock-in amplifier set to (a)1𝑠𝑡 , (b) 2𝑛𝑑 , (c) 3𝑟𝑑 and (d) 4𝑡ℎ harmonic measurement

and the calculated derivative signal of the reference (blue) which are normalized

separately. In (e), (f), (g) and (h) are the corresponding retrieved THz spectra

from (a), (b), (c) and (d), respectively
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To study the modulation effect of the PM device on the THz signal, the lock-in detection is

referenced to the 10.82 kHz excitation frequency obtained using an AC signal generator and the

time steps used for all measurements are set to 66 fs. Fig. 4.4 shows the time traces (in red)

obtained with the lock-in amplifier and the PM device activated for (a) the first harmonic, (b)

second harmonic, (c) third harmonic and (d) fourth harmonic. The black trace represents the

reference signal, i.e. the one obtained with the emitter modulated ON and OFF. The traces in

blue represent (a) the first derivative, (b) second derivative, (c) third derivative and (d) fourth

derivative of the reference signal obtained using the mathematical derivation function. Fig. 4.4

also shows that the signal modulated by the PM device (in red) is slightly different from the one

calculated (in blue). This difference is mainly observed for the first (a) and second derivative (b),

while a great similarity exists between the experimental and calculated data for the third (c) and

fourth derivatives (d). Nevertheless, as shown in Fig.4.4, the slope of the reference signal is

recovered by the odd-order derivatives (1𝑠𝑡 and 3𝑟𝑑), while the peak of the reference signal is

found by the even-order derivatives (2𝑛𝑑 and 4𝑡ℎ), as expected for the derived function.

4.6 Analysis and discussion

As THz measurements are performed on the electric field as a function of time, the FFT allows

us to move into the frequency domain to analyze the information in amplitude and phase. Figure

4.4 also shows the normalized amplitude spectra in a linear scale of the reference signal (black

curves), and in red the signals derived from (e) first, (f) second, (g) third and (h) fourth order

recovered by the PM device. The blue curves represent (e) the first-order, (f) second-order, (g)

third-order and (h) fourth-order derived signals calculated from the reference signal. As for the

information in the time-domain, there is some difference in the low-frequency part between

the calculated and experimental spectra, but mainly for the first-order derivative, see Fig. 4.4

(e). In this figure, as highlighted with green color, it can be seen that frequencies around 0.7

THz are modulated differently from their higher frequency counterpart (i.e., frequencies shorter

than 1 THz or wavelengths longer than 300 𝜇m). The increase in the order of the derivatives

produces a closer agreement between the experimental information and the calculated derived
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information, see Fig. 4.4 (f), (g) and (h). These discrepancies between the low and high

frequencies of the first derivative signal are partly due to the complex motion of the PM and the

wave diffraction principle (Cowley (1995)). Therefore, the spatial distribution is dictated by

the diffraction-limited condition at focus and is not uniform with frequency. In other words,

only longer wavelengths are reflected from the entire substrate (2.1𝑥2.1𝑚𝑚2), in contrast to

shorter wavelengths, which are mainly reflected at their center. In this case, it is reasonable to

assume that the low-frequency part of the spectrum is more affected by the complex geometry of

the device, while the higher frequencies are mainly located in a uniform area, the central part.

Moreover, as mentioned previously, the reference signal is taken for a complete reflection on the

whole substrate and the whole device simultaneously. However, the modulated signal only comes

from the reflection of the moving complex geometry of the device, as shown in Fig.4.12 in the

supplementary information. Only this "complex" signal should be used for comparison purposes,

as a reference. Unfortunately, this reference information is inaccessible to obtain experimentally

with this device. Fortunately, we have to stress that since the derivative function acts as a

high-pass filter (Cooper & Cowan (2004)), the transition to higher-order derivative information

becomes less sensitive to the complex geometry of the device, or to the discrepancy observed at

low frequencies. The shift of the peak position of the spectra towards higher frequencies, up to

2.5 THz for the 4𝑡ℎ derivative order, confirms this high-pass filtering effect and is in a very good

agreement between the calculated and measured high-order derivatives, see Fig. 4.4 (f), (g) and

(h).

To confirm the quality of the derivative measurements, Fig. 4.5 (a) shows the calculated transfer

function of the PM device obtained from the integral of the measured first derivative signal over

the measured reference signal. The majority of the spectral range, i.e. from 0.8 to 4 THz, shows

a flat response while complex variations appear for frequencies below this range. As mentioned

earlier, the difference in beam size at the focus position as a function of frequency (Blanchard

et al. (2013)) accounts for this non-uniform frequency response and can now be viewed as a new

spectral response function for this system.
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Figure 4.5 Illustration of (a) the transfer function of the PM device and (b)

presents the ratio of normalized amplitude between the experimental data and the

calculated signal to evaluate the PM device as a THz differentiator for four order

derivative measured signals that are first, second, third and four derivatives

In Fig. 4.5 (b), we also show the normalized amplitude between the experimental data and the

expected signal, i. e., those calculated from the reference signal. Normalization is expressed by

the ratio between the experimental signal and the calculated derivative signal depends on the

frequency, called 𝛼(𝜔), as follows:

𝛼(𝜔) =
𝑁𝑡ℎ 𝑜𝑟𝑑𝑒𝑟 𝑑𝑒𝑟𝑖𝑣𝑎𝑡𝑖𝑣𝑒 𝑜 𝑓 𝐸𝑥𝑝

𝑑𝑁 (𝑅𝑒 𝑓 )
𝑑𝑡𝑁

(4.4)

where N is the derivative order, Ref. and Exp. are the reference and experimental modulated

THz signal, respectively. In order to qualitatively evaluate the purity of the experimentally

derived signals, a ratio 𝛼 equal or close to 1 would mean perfect agreement. In Fig. 4.5 (b),

the results of this calculation show that the ratio 𝛼 for the frequency range between 0.7 THz to

3.5 THz is almost flat around 1, which clearly indicates a good performance of the PM device

with a lock-in amplifier as a THz derivative spectrometer. Only for frequencies below 0.7 THz,

the performance of the PM device did not allow accurate recovery of the “readable” original

signal. A second indication of the good performance of our THz derivative spectrometer is the

achievable signal-to-noise ratio (SNR). In general, derivative spectroscopy has the disadvantage

of poor SNR (Singleton & Collier (1956)).
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To evaluate if the THz derivative spectroscopy with this method suffers from the same problem,

we were interested in comparing the SNR of the original reference signal with those obtained from

the derivative measurements. An interesting way to carry out this comparison on a comparable

scale is to recover the reference signal from the integration of the measured derivative signals.

For example, the integral of the 1st order derivative measurement leads to the reference signal.

Similarly, the double integral of the measured signal of the 2𝑛𝑑 order derivative also leads to the

reference signal, and so on. However, we found that by increasing the number of integration on

the signal, the DC component in the generated FFT signal was amplified. As a result, a succession

of integral calculations on the higher-order derivative signals introduces a non-negligible offset

in the recovered signal. On the other hand, the positive result of the integration is its low-pass

filtering action, which nicely eliminates the high-frequency noise level.
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compared with the reference spectra
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Figures 4.6 (a) and (b) show the 1𝑠𝑡 and 2𝑛𝑑 order integration of the detected modulated THz

signal in the time domain and (c) and (d) their respective frequency spectra. By way of

comparison, the black curves of each figure are the reference signal in the time and frequency

domains. For a fair comparison, it is important to note that all scans were done with the same

scale and integration time. As expected, the signals of the first-order integral in the time and

frequency domain are similar to the measured reference signal, except for the low-frequency part.

In Fig. 4.6 (c), we can also see that the SNR between the reference signal and the integrated

signal are surprisingly comparable, without any sign of SNR degradation. Even more strikingly,

compared to its reference, the double-integrated signal in Fig 4.6 (d) has an order of magnitude

better dynamic range in the frequency range of 1 to 3 THz, i.e., in the operational range of the

device. To ensure that this setup does not introduce errors for future spectroscopic applications,

we show in the insets of Fig.4.6 (c) and (d) a zoomed-in view of the water absorption lines.

From these results, it is clear that no negative effect exists on the spectral shape of the water

lines, only an increase in signal with respect to the reference spectrum. Therefore, the device

can be used for practical THz derivative spectroscopy experiments in the time domain.

4.7 Simulation results

In order to simulate the effect of the PM device on the THz field, we used Lumerical’s FDTD

(Finite-Difference-Time-Domain) software. As the simulations produce discrete information,

the differentiation function must be expressed as an analytical expression in the form of a

set of discrete points (see Table S1 for more information) (Gilat (2013)). As detailed in the

complementary information S2, we have simulated two configurations of the PM device: first

for a uniform displacement such as a plane mirror (see Fig.S2 (a)) and second for a complex

angular displacement (see Fig.S2 (b)), closer to the experimental reality of the PM device with a

time step of 1 fs. The formula of the central difference approximation of the derivatives was

used (Gilat (2013)), see in supplementary information Fig.S3 the discretization of the points

according to the position of the simulated structure. This derivative function allows to estimate

the derivation from points on both sides of the central point at which the derivative is calculated.
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For example: Two-point and three-point central difference formula for the first and second

derivative is derived using (Gilat (2013)),

𝑓 ′(𝑑𝑖) =
𝑓 (𝑑𝑖+1) − 𝑓 (𝑑𝑖−1)

2ℎ
(4.5)

𝑓 ′′(𝑑𝑖) =
𝑓 (𝑑𝑖−1) − 2 𝑓 (𝑑𝑖) + 𝑓 (𝑑𝑖+1)

ℎ2
(4.6)

where h is the difference between the points in time, 𝑑𝑖 is the central point of origin, while 𝑑𝑖+1

and 𝑑𝑖−1 are lateral points as displacements of the device, for example ±6.33 𝜇𝑚 for a round trip

of 12.66 𝜇m. The simulation results for the differentiation of orders 1, 2, 3 and 4 are presented

in Fig. S4 and Fig. 4.7, with (a) the reflection on a flat surface and (b) on a complex surface.
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Figure 4.7 Comparison of the frequency spectras reference, differentiated by FDTD

and calculated one, (a) obtained from the time domain traces for a uniform

displacement while (b) are obtained with an angular displacement.

(see supplementary info).

A perfect agreement is found using simulation from a flat mirror. In contrast, the simulations for
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the complex geometry produce a significant reading error. We attribute this discrepancy to the

fact that the simulations are performed with discrete points and the background signal from the

stationary parts of the device is orders of magnitude larger than the simulated changes, which

could not be resolved.

In the simulations, we also compared the spectrum of the THz signal reflected from all elements

of the PM device with the spectrum of the signal reflected only from the moving parts of the

device (see Fig. S5). It is interesting to note, as shown in Fig. 4.5 (e), that a clear difference

in the range of 0.1 THz to 0.7 THz appeared between the reference signal reflected from the

complete device and that of the moving part only. In light of this finding, it is reasonable to

assume that the main difference between the measured derivative signals and those calculated

from the reference is due to the complex structure of our device.

4.8 Conclusion

Using a large aperture PM device, we have investigated a simple strategy to convert the traditional

THz-TDS system into a derivative THz spectrometer. Our results confirm that the THz signal

modulated by the PM device provides access to the nth-order derivation of THz pulses. We

have experimentally demonstrated up to the 4𝑡 ℎ derivative and found good agreement with the

expected derivative information of the reference signal. Moreover, after the integration of the

nth-order derivative signal, the recovered information shows an increase of the SNR compared

to its reference signal. This demonstration could be very useful for fine THz spectroscopy

where the phase changes on a signal is the critical parameter to improve. In the near future, this

differentiator can be implemented as a two-dimensional uniform motion matrix that would allow

the development of new methods for computational imaging and advanced manipulation of THz

pulses.
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4.10 Supplementary information

4.10.1 Lock-in amplifier:

Lock-in amplifiers are essential to measure a weak signal within a noisy background. A lock-in

amplifier is a system which selectively amplifies this signal at a given reference frequency.

Fig.4.8 shows the input signal, 𝑉𝑖𝑛, which is multiplied by a reference wave, 𝑉𝑟𝑒 𝑓 , at reference

frequency which modulates the input signal. Then, after applying a low-pass filter (LPF), the

final result is a DC signal, which is the signal of interest to measure (Kloos (2018)).

Low pass filter

Figure 4.8 The simplified chain of elements constituting a lock-in amplifier

In our experiments, we used an SR865A lock-in amplifier from Stanford research. The input

signal is a sinusoidal signal with a frequency of 𝑓𝑚𝑜𝑑 , at 10.82 𝑘𝐻𝑧. In general, the low LPF
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period is always fixed to 1/ 𝑓𝑚𝑜𝑑𝑒, regardless of the harmonic order to be detected (i.e. N as

a harmonic number on the lock-in amplifier) in the operation of the lock-in amplifier (Kloos

(2018)).The output signal will be averaged over N periods of the detected frequency. Then the

lock-in is able to detect signals at harmonics order of the frequency of the reference signal.

Simply, the lock-in multiplies the input signal with a digital sine wave with a frequency of N× 𝑓𝑚𝑜𝑑 .

Therefore, only input signals at this, Nth harmonics order, will be detected. Consequently,

the other signal is not detected. In order to describe the performance of the PM device in

combination with lock detection, the relationship between the moving parts of the PM device

and lock detection must be explained. In this context, it is important to understand two things:

(i) how the lock-in amplifier reads "device position" and (ii) how the harmonic function operates

according to this first description. In our case, the lock-in reference signal is a fixed sine wave that

drives the PM device, called the modulation frequency 𝑓𝑚𝑜𝑑 , or modulation angular frequency

Ω𝑚𝑜𝑑 . The angular frequency Ω𝑚𝑜𝑑 of the reference signal is changed based on the selection of

the number of harmonics in the lock-in, N. Therefore, for the first harmonic measurement, 𝑓𝑚𝑜𝑑

is 2𝜋 𝑓𝑚𝑜𝑑 . The angular frequencies for the second, third, and fourth harmonic measurements

are 4𝜋 𝑓𝑚𝑜𝑑 , 6𝜋 𝑓𝑚𝑜𝑑 , and 8𝜋 𝑓𝑚𝑜𝑑 , respectively. This means that to measure the first derivative of

the THz beam, the lock-in detects the differential THz signal of two positions of the moving part

of the PM device during a period of one cycle from 0 to 2𝜋. By increasing the harmonic order

N, the lock-in amplifier detects the signal at N times the referenced signal. Therefore, it will

have N times more stop position of the PM device to read the THz field amplitude and thus N

times a subdivision of the differential optical path leading to the measurement of the N-order

derivative function of the THz waveform. These subdivisions are carried over periods of 4𝜋, 6𝜋

and 8𝜋, corresponding to the 2𝑛𝑑 , 3𝑟𝑑 and 4𝑡ℎ harmonics, respectively.

As an example, the relationship between the motion and the lock-in detection phase as function

of the Nth order derivative of one part of the PM device is shown in Fig.2 of the main article

for the green wings (see at the top of these figures). As mentioned in the article, in Fig.2(a),

(b), (c) and (d) the value of displacement with its corresponding phase value are shown for

each Nth order derivative function. For measurement of the second derivative signal, as the
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harmonic N increases to 2, the angular frequency, Ω𝑚𝑜𝑑 , of the reference signal for Lock-in

detection will be 2 𝜋(2 𝑓𝑚𝑜𝑑), resulting in detection over two distinct displacement regions,

i.e., +6.33 𝜇𝑚 to 0 and 0 to -6.33 𝜇𝑚 also corresponding to the 0 to 2𝜋 and 2𝜋 to 4𝜋 phases.

These subdivisions in displacements of the device and the corresponding phases according to

the order of the harmonics N increase accordingly, see (c) and (d) in this figure for the 3𝑟𝑑

and 4𝑡ℎ harmonics, respectively. In light of this explanation, it is important to note that in the

experimental measurement, the derived information obtained from the incoming THz signal

results from the combination of the complex movements of each part of the PM device, i.e.,

green and yellow wings as well as grey central part displacements.

4.10.2 Simulation study of PM device:

In order to simulate the effect of the PM device motions on the THz field, we used the

Finite-Difference-Time-Domain (FDTD) software from Lumerical. As the simulations produce

discrete information, we used the differentiation function to calculate numerically the 𝑁𝑡ℎ order

derivative that is expressed as an analytical expression in the form of a sets of discrete points

(Gilat (2013)). We first simulated the response of the PM device for discreet displacement points

in the FDTD simulation and then we calculated the Nth order derivative of corresponding data

from simulation using the numerical differentiation function.

Table 4.1 The finite central difference formulas for numerically calculating the first-,

second-, third-, and fourth-order derivatives, where h is the time interval difference

between points, 𝑑𝑖 is the center point of origin, and 𝑑𝑖+𝑥 is the displacement for each

device motion

Derivative order Definition Eq. set of points
1st 𝑓 ′(𝑑𝑖) =

𝑓 (𝑑𝑖+1)− 𝑓 (𝑑𝑖−1)
2ℎ (S1) two

2nd 𝑓 ′′(𝑑𝑖) =
𝑓 (𝑑𝑖−1)−2 𝑓 (𝑑𝑖)+ 𝑓 (𝑑𝑖+1)

ℎ2 (S2) three

3rd 𝑓 ′′′(𝑑𝑖) =
𝑓 (𝑑𝑖−3)−8 𝑓 (𝑑𝑖−2)+13 𝑓 (𝑑𝑖−1)−13 𝑓 (𝑑𝑖+1)+8 𝑓 (𝑑𝑖+2− 𝑓 (𝑑𝑖+3)

8ℎ3 (S3) six

4th 𝑓 ′′′′(𝑑𝑖) =
𝑓 (𝑑𝑖−2)−4 𝑓 (𝑑𝑖−1)−6 𝑓 (𝑑𝑖)−4 𝑓 (𝑑𝑖+1)+ 𝑓 (𝑑𝑖+2)

ℎ4 (S4) five

Table 4.1 shows the formula of the central difference approximation of the derivatives (Gilat

(2013)) that we used to calculate the first-, second, third, and fourth-order derivatives from
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simulation data using various set of discrete data 𝑑𝑖. The discrete points are considered for all

displacements from every moving part of the device (green, gray and yellow parts) as shown in

Fig 2 (c) in the main article. These functions allow to calculating and estimating the derivation

from points on both sides (e.g. 𝑑𝑖+1 and 𝑑𝑖−1) of the central point. It is important to mention that

the values of both sides from the central point should be equal as well as they should have the

same distance from each other.

x, t

F(x) (a)

x, t

F(x) (b)

Figure 4.9 Illustration of a silicon layer of the PM device design in the FDTD

simulation with (a) a planar surface with uniform displacements and (b) an angular

surface with complex displacements for three parts of this layer

In Fig.4.9, we have simulated two configurations of the device: (a) for a uniform displacement

of the entire structure and (b) with a complex angular motion of the different moving parts of

the device. In the simulation, the incoming THz beam is assumed to be Gaussian with a central

frequency of 0.83 THz and a bandwidth of 2.5 THz. Finally, the incident beam impinges normal

to the surface of the PM device and then the reflected THz signal is recorded by a monitor. In

(a), the entire device undergoes a round-trip motion of ±6.33 𝜇𝑚. In (b), the green and yellow

wings and the central part of the PM device undergo a motion of 12.66 𝜇𝑚, 2.45 𝜇𝑚, and 1.42

𝜇𝑚, respectively.

To better understand how to use the numerical differentiation function for the flat surface,

Fig.4.10 shows a set of (a) two, (b) three, (c) six, and (d) five discrete simulation conditions.
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The positions chosen correspond to the data needed to compute the finite central difference

formulas for recovering the first-, second-, third-, and fourth-order derivative of the THz signal,

respectively. For example, Fig.4.10 (e) illustrates how to position the device at a set of three

locations in the simulation to obtain the second-order derivative of the THz signal from the

motion by using Eq.(S2) in table 4.1.

The temporal derivative traces obtained by simulations are shown in Fig.4.11 with (a) the

reflection on a flat surface with uniform displacements and (b) on an angular surface with

complex displacements. The subfigures show the 4 signals derived from the simulation data

using the numerical differentiation function (in red) and from the simulated THz reference signal

using the derivation function (in blue). An excellent match is obtained between the simulation

results and the calculation from the reference signal when the PM device acts as a flat surface

with uniform displacements. In (b), when the PM device operates with complex angular motions,

we observed a very good agreement for the 1𝑠𝑡 and 2𝑛𝑑 order derivatives with the calculations.

However, the simulations of the 3𝑟𝑑 and 4𝑡ℎ order derivatives produce a significant difference to

the response of the calculations of these same derivatives. We translate this difference into the

fact that the numerical method uses simulation data with discrete points and the signal reflected

from the non-moving parts of the device has a magnitude that far exceeds the signal reflected

from the moving parts of the device.

4.10.3 Difference between measurement and calculation of derivatives:

To explain the discrepancy between the experimental and calculated derived THz signal, as

shown in Fig. 4(e) in the main article, we compared the THz signal reflected from all elements

of the PM device and that reflected from the moving parts of the PM device, i.e. by FDTD

simulation. Fig.4.12(a) shows the spectra of the reflected THz signals from these two cases. It is

clear that the amplitude of the signal reflected by all the elements (blue curves) is greater than

that of the signal reflected by only three parts (red curve) of the device, which is explained by
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Figure 4.10 Illustration of the numerical method with a set of discrete points for a flat

surface with a uniform motion of the silicon layer of the PM device to calculate the first

(a), second (b), third (c), and fourth (d) derivatives of the THz signal. (e) Example of

using the method in the simulation with a set of two points to calculate the second

derivative of the THz signal at the zero point

the smaller surface covered by the moving parts of the device.

More interestingly, in Fig.4.12(b), the normalization between the two spectra reveals a significant

shift for frequencies below 0.7 THz, as was also observed experimentally in Fig. 4(e) in the main
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article. Therefore, we suggest that the main difference between the experimental and calculated

results comes from the way we measured our reference spectrum. This result is important

because it also suggests the importance of using a uniform moving structure to accurately realize

the derived function over a wide range of frequencies.





CONCLUSION AND RECOMMENDATIONS

Conclusion

THz sensing technology is a rapidly growing field. Terahertz time domain spectroscopy (THz-

TDS) is an excellent tool for THz sensing because it allows the characterization of matter in

novel ways using characteristics of THz radiation. Although, significant technical advances have

been made over the past three decades to enable more efficient THz sensing and imaging, much

improvement is still needed in sources and detectors in order to transform THz spectroscopy

and imaging from a tool in laboratory settings to a flexible instrument with practical real-world

applications. Many researchers are currently working on developing better performing THz

sources and detectors with advanced features, which often include the use of new materials,

processes, and techniques, to improve THz sensing technology. Following this line of research,

the ultimate goal of this research project is to focus on creating innovative ways to improve THz

detection.

The first contribution of this PhD research is the development of a new method for characterizing

the electro-optic (EO) properties of a thin-film material based on intense THz near-field

microscopy, as developed by Blanchard et al. (2013), where the THz electric field of a split-ring

resonator (SRR) can be mapped using EO detection by a Lithium Niobate (LN) thin-film placed

under the SRR. More specifically, we propose probing the unknown EO properties of a thin-film

by probing the near-field response of an arrangement of SRRs with different orientations with

respect to the main axis of the EO thin-film material. Therefore, as a proof of principle, we apply

this method to an LN thin-film. For this purpose, we design an SRR for the THz frequency and

use finite-difference time-domain simulation (FDTD) to study its field distribution. In order to

access the response of the SRR in all orientations of the thin-film, we also study and analyze all

the field distributions of the SRR using different applied THz field polarizations. Then, to show

the validity of our simulation results, we use the same designed SRR with different orientations
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for the experimental work and place it on top of a well-known LN thin-film crystal, which is the

𝑋 − 𝑐𝑢𝑡 crystal in the experimental setup shown in Chapter 2.

As near-field THz imaging methods have been used as a powerful method to map the electric

field distribution of metamaterial structures in a non-contact approach, we used this method,

which can be located in the detection of the THz-TDS system, to observe the SRR response. We

find a very good agreement between our simulation and the experimental results. To characterize

and find the sensitivity of the EO crystal in all orientations, we also analytically study the LN

crystal and show how the sensitivity of this thin-film crystal can be obtained as a function of

the applied THz electric fields and probe beam polarizations. Indeed, the analytical results

demonstrate how to calculate all the elements of the EO coefficient tensor of an 𝑋 − 𝑐𝑢𝑡 LN

crystal as a function of THz pulse and probe beam polarization. As a result, we should be

able to describe an unknown material using the technique provided here, with the same SRR

structure that is patterned on it. In other words, using this technique can lead to improvement in

THz sensing technology, and we should be able to recover the EO components of an unknown

material on the basis of our provided LN characterization, which allows us to find a thin-film

material with better performance.

This unique developed method of proposed EO thin-film characterization using non-contact

electrodes provides a suitable way to explore the characteristics of EO thin-films for other

wavelength ranges as well, for example, from 512 nm to 850 nm. The theoretical and

numerical simulation results presented in this work could assist enhance the understanding

of future researchers in further exploring similar metamaterial design candidates for material

characterization and finding EO properties. In addition, for sensing applications, these analytical

and theoretical studies can help in selecting the orientation of a crystal as well as an appropriate

polarization for the probe beam to obtain a better response for using this crystal in THz detection
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and generation. Finally, as the SRR structure has a magnetic response, this approach could be

used to characterize new magneto-optical materials.

The second contribution of this thesis is the development of a simple approach for actively

modulating THz waves in reflection mode. This method is based on utilizing a piezoelectric

micromachined transducer (PMUT) array with a lock-in amplifier, resulting in a differentiator.

We report this method, which performed a first-order time-domain differentiation of broadband

THz pulses using a PMUT array. This array can be electrically driven to induce displacement

translations on the array elements at around 100 nm. These particularly small spatial translations

induce tiny variations in the optical path of an impinging THz beam, which in turn dynamically

changes the arrival time of the THz pulse to the detector. This modulator allows the time

derivative of the THz pulse reflected from its surface, providing an output proportional to the

input’s derivative. In real time, we tested this device in the THz-TDS system, and it yields

time-derived THz wave. This device operates based on the piezoelectric effect, which is mainly

employed as an ultrasonic transducer (Robichaud et al. (2018b)). We placed this device in

the THz path of the THz-TDS system, where the THz pulse is modulated on a femtosecond

(fs) scale. Because lock-in amplifiers in the THz-TDS system use a method known as phase-

sensitive detection to identify the component of the signal at a specific reference frequency

and phase, we can measure the differentiation of two THz pulses with a variation of fs time

while lock-in referenced to the resonant frequency of this device. We have proven theoretically

and experimentally the concept of active THz time derivative measurement using the PMUT

array in this work. We show a very good agreement between the calculation and the measured

signal where the modulated THz signal detected after the piezoelectric device is proportional to

the first-order derivative of the THz pulse. We also show the limitation of this method, which

results from the tiny size (i.e. 200𝜇m) and limited movement range (100 nm) of the unit cell of

this array relative to the propagation THz path. Because of this limitation, the technique was

restricted to the first-order derivative. Furthermore, we had to employ a voltage driver with a
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MHz oscillator to maintain the resonance frequency of the PMUT array, which made its use for

the lock-in amplifier less straightforward. This study allows the concept of using this device as a

THz modulator to expand the knowledge required to select this device for better performance by

presenting its characteristics and performance as well as describing the device’s limits as a THz

time modulator.

Finally, as the third contribution of this research effort, we have improved the previously

presented approach (second contribution) by employing a new device, i.e. a piezoelectric

micromachined (PM) (Gratuze et al. (2019)) device with a higher motion range and larger size

relative to the THz beam. As a consequence, we can suggest a simple approach for converting

a standard THz-TDS system into a derivative THz spectrometer utilizing the PM device. We

evaluated the PM device on a standard THz-TDS system to measure directly the time-domain

derivative (i.e.: up to fourth-order derivatives) of the THz wave. We characterize how the

THz derivative wave is measured using this device in comparison to a reference wave and its

numerical derivatives. To do this, we theoretically calculated the derivative of the THz reference

signal as measured when the device acts as a mirror. Then, by using differentiated functions,

we prove the validity of the fourth-order derivative of THz signals. In addition, we employed

FDTD to study numerically THz differentiation by placing the PM device as a mirror at discrete

points relative to the displacements of the PM device. Even though this device worked very well

to provide THz derivative signals, there was a slight disagreement between the experimental

result and the calculated one from the reference signal in the low-frequency range below 0.7

THz. Therefore, we investigated the response from the device using the simulation to detect

reasons for the disagreement at these low frequencies. We also illustrate the comparison by the

ratio between the measured derivatives and those calculated from the reference signal. This

comparison reveals how this device works as a function of THz frequency, relatively. This also

shows the spectral range of the ratios ranging from 0.7 to 3.5 THz.
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Furthermore, after the integration of the first- and second-order derived signals, the recovered

information shows an increase in SNR compared to the reference signal. Therefore, these

examples can potentially be very useful in sensitive THz spectroscopy, where phase variations in

a signal are the most essential feature to improve. We calculated the PM device transfer function,

which is derived by integrating the measured first derivative signal over the observed reference

signal. This transfer function shows that this device has a flat response in the spectral range

from 0.8 to 4 THz but no flat response for frequencies below this range. We attribute this to the

variation in beam size as a function of frequency (Blanchard et al. (2013)) compensating for this

non-uniform frequency response. Additionally, the response of this device may be regarded as a

new spectral response function for the THz-TDS system.

Ultimately, although many unanswered questions remain in this thesis, this is not particularly

surprising since we have focused on only a few aspects of a very broad topic. In the following

section, we conclude by highlighting some unresolved questions that may be addressed in the

future.

Recommendations for future work

We propose here some suggestions for improving of the methods developed in this thesis,

followed by their possible application to extend the research covered by this thesis.

Characterization of EO thin-film materials and their future applications

The development of the EO thin-film characterization using THz near field microscopy reveals

EO responses in the x-, y-, and z-directions of thin-film materials. In the case of the experimental

demonstration and SRR design, there are some suggestions for future work to improve and

expand the method developed here. We listed them below as follows:
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1) We designed an SRR for 0.5 THz to characterize EO thin-film materials whereby their

all-electric and magnetic near field distribution are studied using FDTD simulation. These

simulation results can be considered reference responses from this particular SRR. Since the

SRR structure also exhibits a magnetic response (see Figure. 2.1), as shown in Chapter 2, this

method could be extended to characterize novel magneto-optic (MO) materials. This indicates

that this SRR structure can be used to study the magnetic response of well-known thin-film MO

materials in an experimental setting, potentially providing a new approach to characterizing

unknown MO thin-films.

2) In addition to this, to investigate the EO response in a THz frequency range different from 0.5

THz, one can change the SRR dimension and its gap size to access other THz frequencies to

characterize the EO thin-film. The equation for SRR design is provided in the literature review

section in Chapter 1.

3) Fabricating an SRR on materials might be difficult for each material characterization using

our method. We therefore recommend that, in future, an SRR be fabricated on a silicon wafer,

which can be utilized for multiple material characterizations by putting it on top of each material

sample using our approach.

4) To improve the experimental data, a modification is required for the SRR sample. We

recommend the increase of distance between the 45-degree SRR and the other excised SRRs

in the design of the SRR sample. Because, in our fabricated SRR sample (see Fig.2.1(b)), the

distance between the 45-degree SRR and the other excised SRRs appears to be insufficient, this

caused a different mutual coupling in the enhanced field (showing a larger Q factor) observation

for this SRR angle, which differs somewhat from the numerical study (see 2.6 (b) and (b) in

Chapter 2).
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5) To extend this method beyond the 800 nm wavelength to characterize EO thin-films with other

optical beams, it is possible to study and examine the characterization of EO thin-films with other

optical beam wavelength ranges (e.g., 512 nm to 850 nm) while using the same SRR. This is

because the THz electric field acts as an electric field applied to the EO material to characterize

the thin-film. Doing this will allow the extension of this method to other applications related to

sensing, integrated electro-optics and communication.

6) To examine the influence of polarization on the sensitivity of the EO material, it is essential

to test experimentally a thin-film with varying THz and probe beam polarizations. Then,

the resulting experimental data need to be compared to the modeling and analysis results to

determine the accuracy of this study, which will provide a working knowledge of the influence

of beams and THz polarization on the orientation of the EO thin-film.

Characterization of EO thin-films not only provides a highly sensitive EO crystal for THz

sensitivity applications, but is also very useful for higher speed, lower cost integrated optical

devices and communications. Indeed, the design of a new generation of high-speed photonic

modulators would require new materials with high Pockels coefficients, which would allow for a

faster response and a wider bandwidth. On the other hand, EO thin-films can be bonded to a

variety of substrates (see references Weigel, Zhao, Fang, Al-Rubaye, Trotter, Hood, Mudrick,

Dallo, Pomerene, Starbuck et al. (2018); Zhang, Wang, Kharel, Zhu & Lončar (2021b)) and

their fabrication is more compact than bulk EO modulator platforms. Therefore, they can be

used as EO modulators and tunable EO filters in telecommunications, as optical switches, and

as waveguide modulators for high-speed integrated optical devices.

Derivation of THz wave by PMUT array and possible future applications

The study of a time-domain THz differentiator using a piezoelectric micromachined ultrasonic

transducer array (PMUT) demonstrates the idea of measuring the phase-modulated THz signal
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after the PMUT array in a THz-TDS system. In fact, this device works as a phase (femtosecond

time) modulator combined with a lock-in amplifier to provide a THz-time derivative signal

that could be useful in THz applications, including information processing, spectroscopy, and

imaging. Differentiators are highly anticipated for the future of data transmission in THz

telecommunications. However, this work is still based on laboratory instruments that need to

be developed for industrial work. For example, we used a lock-in amplifier to measure the

differentiation of THz signals that are delayed in time by the PMUT array. For telecommunications

applications, a lock-in amplifier must be developed as a simple device to differentiate these two

signals at the resonant frequency of the PMUT array device. Other than this, differentiators are a

type of high-pass filter. The derivation of a THz signal could be interesting for THz spectroscopy

applications as well because a derivative THz signal provides access to spectral information at

high frequencies. It allows us to quickly identify the rate of change of the THz signal, which

could be particularly interesting for the identification of nonlinear processes in the THz band:

(Salén et al. (2019)). However, due to the PMUT array device’s motion and small unit cell size,

the PMUT array has several limitations, allowing only the first-order derived signal of the THz

signal to be measured.

Since the potential of microelectromechanical devices to manipulate and control THz waves has

been demonstrated we have studied and proven the limitations of the method both experimentally

and mathematically. Therefore, we recommend that appropriate microelectromechanical devices

with larger unit cells and appropriate motion be selected and designed. Furthermore, we

recommend using a device that will be able to work with a kHz oscillator that makes it easier to

use with the lock-in amplifier. We also suggest a sampling rate of the data collection in which,

to avoid losing the high-frequency component of the THz information, phase shifts that are at

least two times smaller than the sampling timing should be considered. This would satisfy the

Nyquist theorem. The proposed methodology using the PMUT array device is able to support a

wide range of THz applications, from edge detection for imaging to peak detection techniques
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for telecommunications systems, in addition to developing the sensitivity of THz spectroscopy

methods. Furthermore, as it is a matrix modulator in which each transducer is electronically

controllable, the development of new spatio-temporal computational information retrieval in the

THz frequency range is highly anticipated.

From our suggestion to use a microelectromechanical device with bigger dimensions and

movements to increase sensitivity, which also functions at a lower frequency, we found a device

(i.e. the PM device) (Gratuze et al. (2019)) that was ready to be used for our next step in this

project to develop our suggested method.

THz time derivative spectrometer using the PM device and its future applications

We used the large aperture PM device with a simple strategy to convert the traditional THz-TDS

system into a derivative THz spectrometer. Our findings show that the THz signal modulated by

the PM device allows up to the 4th order of THz pulse derivation. Following these observations,

the recovered information indicates an increase in SNR relative to the reference signal. This

example may be particularly beneficial in precise THz spectroscopy, where the phase changes

in a signal are a key parameter to optimize. Therefore, one of the recommendations for future

work would be the design of this device with uniform motion to remove the disagreement in

the low-frequency range of performance of the PM device that is under 0.7 THz, as shown in

Figure 4.5 and highlighted within the spectral range in Figure 4.4 (b). These discrepancies

between the low and high frequencies of the first derivative signal are due in part to the complex

motion of the PM and the wave diffraction principle (Padilla et al. (2006)). Therefore, the spatial

distribution is dictated by the diffraction-limited condition. In addition to this, we suggest that

this differentiator can be implemented as a two-dimensional uniform motion matrix in the near

future, that would allow for the development of this novel approach for THz imaging processing

and advanced THz pulse modulation.
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The THz derivative spectrometer might be one of the advanced new spectroscopy techniques

based on the so-called derivative THz time-varying signal originally generated from a zero-order

reference. Derivatization of the zero-order signal can result in the separation of overlapping

signals as well as the removal of noise produced by the presence of other chemicals or materials

in a sample. Because of these characteristics, it is possible to quantify one or several analyses

without first separating or purifying the sample. Therefore, our suggested approach could become

a highly valuable supplementary instrument that helps to resolve various analytical problems.

The basic characteristic of the derivation of a THz signal is that it helps identify the slope of the

THz signal and the position of the peaks and this could be helpful for sensitive spectroscopic

applications, particularly with time-varying signals such as those of radar applications (Skolnik

(1962)), spectroscopy and imaging. As a result, one of the most important advantages of utilizing

the PM device is its ability to detect accurately fixed points such as local maxima and minima,

in real time. In the work of Redo-Sanchez et al. (2016), using this device might have great

potential to enhance layer detection accuracy. Another potential application of this device, in

reference to Blanchard et al. (2014b), would be to show the change in refractive indices for THz

phase-contrast imaging.

For example, for sensing purposes, Redo-Sanchez et al. (2016) were motivated to use the

Probabilistic Pulse Extraction (PPEX) algorithm which calculates the probability of each point

of an extremal value (i.e. obtained by maths logic) in the signal according to the amplitude,

first derivative (for velocity), and statistical characteristics of the noise in the signal because

the edge detection methods can suffer from sensitivity to noise. The reason they chose this

method was that it uses a distinct filtering process to distinguish the signal from the noise. PPEX

actually uses the amplitude and velocity histograms to create a probability distribution for both

amplitude and velocity. It calculates the combined probability of a point being external on the

basis of such a probability distribution. PPEX, however, does not indicate which candidates

match which peaks. According to experimental and modeling data, candidates tend to cluster
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around a genuine pulse peak. To match the candidates to distinct peaks, Redo-Sanchez et al.

(2016) utilized k-means clustering.

Figure 5.1 (a) Showing the PPEX

algorithm flow

Taken from Redo-Sanchez et al. (2016)



130

In Redo-Sanchez et al. (2016) work, the derivation function is in the PPEX algorithm flow for

image processing as described in the supplementary figure 2 (a) (see Figure 5.1) of this article.

In particular, in the second process of calculating the slope of the signal by the histogram of

the combination of the amplitude and velocity, they define a probability distribution for both

amplitude and velocity. In the next process, they indicate that candidates tend to the group

around a real peak of the pulse. However, this is a long process, in which a derivation of the

signal is able to identify in real-time fixed points, such as local maxima and minima, with better

accuracy to enhance the layer detection accuracy (Redo-Sanchez et al. (2016)). We believe that

our developed method of using PM devices might have great potential for use in this sensing

application without using the algorithm to identify the real peak of the signal. Redo-Sanchez

et al. (2016) digitally differentiated a signal that directly emphasizes the high-frequency noise.

The reason is that when dealing with discrete measurements digitally, differentiating a signal

directly emphasizes the high-frequency noise. Since in their method, EO sampling and balanced

detection are used for THz detection, we suggest that the use of our PM device, which can

optimize detection of the derived signal in an analog way without adding noise. Thus, any

unwanted signal is removed by lock-in detection while preserving the differentiated information.

The integration of a discrete signal results in a reduction of the noise level, while highlighting

the low-frequency information. This is exactly what we are looking for in THz measurements

(i.e., an analog differentiation followed by a digital integration).

Another suggestion for future research could be to make a new 2D PM device for 2D derivative

measurements using the compressive sensing algorithm. The gain in SNR offered by the

integration of the derivative measurements would be very useful in this type of application

where a low SNR is often associated with 2D measurements.
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