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The latter is necessary in order to minimize their well-known frequency limitation related to capacitance defined by the electrode size. Traveling wave photomixers is another type of photomixers that allows to overcome the capacitance limitation of the vertically illuminated devices due their distributed structure. In addition to the carrier lifetime's fundamental limitations of photomixers, the traveling-wave photomixers are limited by the mismatch between the THz refractive index and the optical group index. Herein, we introduce a novel concept for traveling-wave photomixers based on low temperature grown Gallium Arsenide capable of handling high optical powers reaching the watt level for wavelengths of both 780 nm and 1550 nm due to its larger active region reaching the 1 mm length. Moreover, this new design enables an easy adjustment of both indices, leading to a better matching. Ultimately, the findings of this manuscript demonstrate that it is feasible to fabricate a traveling-wave photomixers allowing both high optical power handling and plausible index matching allowing for these photomixers to compete with vertically illuminated photomixers and even overcome their limitations.
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Résumé

Le photomélange est une technique de conversion d'onde optique en onde THz qui implique l'interaction de deux sources optiques de fréquences différentes dans un matériau photoconducteur, ce qui entraîne la génération d'une onde électromagnétique THz à la différence de fréquence entre les deux sources optiques. L'un des principaux avantages du photomélange est son fonctionnement à large bande, qui permet de générer un rayonnement THz dans une large gamme de fréquences. En outre, les matériaux photoconductifs peuvent être facilement intégrés dans des dispositifs petits et portables, ce qui permet de créer des sources THz compactes et très efficaces. L'utilisation de matériaux photoconductifs est principalement attribuée à leur grande photoconductivité et à la courte durée de vie des porteurs du matériau et, en partie, à la conception de l'appareil. Les photomélangeurs actuels sont des dispositifs de la taille micrométrique qui sont éclairés verticalement et sont principalement limités par la puissance optique incidente maximale en raison de la petite taille de leur zone active. Cette dernière est nécessaire pour minimiser la limitation de fréquence bien connue liée à la capacité définie par la taille de l'électrode. Les photomélangeurs distribués sont un autre type de photomélangeurs qui permettent de surmonter la limitation de capacité des dispositifs à éclairage vertical grâce à leur structure distribuée. Outre les limites fondamentales de la durée de vie des porteurs, les photomélangeurs distribués sont limités par le décalage entre l'indice de réfraction THz et l'indice du groupe optique. Nous présentons ici un nouveau concept de photomélangeurs distribués basé sur de l'arséniure de gallium épitaxié à basse température, capable de gérer des puissances optiques élevées atteignant le niveau du watt pour des longueurs d'onde de 780 nm et 1550 nm grâce à sa plus grande zone active atteignant une longueur de 1 mm.

En outre, cette nouvelle conception permet un ajustement facile des deux indices, ce qui conduit à une meilleure adaptation entre ces indices. En fin de compte, les résultats de ce manuscrit démontrent qu'il est possible de fabriquer un photomélangeur distribué permettant à la fois de gérer une puissance optique élevée et une adaptation d'indice plausible, ce qui permet à ces photomélangeurs de rivaliser avec les photomélangeurs à illumination verticale et même de surmonter leurs limites.

Introduction:

Science and technologies based on THz electromagnetic radiation are sometimesconsidered as a recent topic with respect to other domains of physics. However, the research in this domain seems to have its origins from the radio wave discovery by H. Hertz in 1886. The development of experimental techniques to generate THz radiations, known back then as sub-millimeter waves or far infrared radiation, started in the early 1920's. However, it is true that in the last 30 years, this topic has developed at a high rate because of new potential applications in real and everyday life. One good reason for this fast evolution, is the development of laser-based terahertz time-domain spectroscopy in the 1980s and the 1990s. Nowadays, THz technologies have become prevalent in the research community especially for projects related to governments. On the other hand, THz radiation have several potential applications like biomedicine, food, security, telecommunication etc.

The focus of this study is on photoconductors and their role in the generation and detection of THz radiation. The first chapter introduce the THz frequency domain and its various applications, followed by a discussion on continuous wave THz sources and coherent THz detectors. The last part of this chapter will be dedicated to photonics and its role in THz generation via photomixing and THz detection via heterodyne mixing. In the second chapter, traveling wave photomixers will be discussed, including a comparison between their limitations and those of vertically illuminated photomixers, leading to the presentation of a new design for a traveling wave photomixer that is compatible with 780 nm and 1550 nm wavelengths. Chapter 3 and 4 will cover the design, simulation, fabrication, and characterization of this device at those wavelengths respectively.Overall, this work represents a significant advancement in photoconductor engineering for THz generation and detection.

Introduction to the THz domain 1.THz frequency band

Historically, the THz frequency domain is considered as the last unexplored region of the electromagnetic spectrum due to the difficulty of generation and detection of these waves. However, for a couple of recent decades, THz science and technology have been shown a rapid growth. Figure 1.1 shows the electromagnetic spectrum from the ultraviolet (UV) to the radio wavelength region. The THz region is defined here as the interval of frequencies ranging from 0.1 THz to 10 THz (30 µm to 3000 µm) [START_REF] Lashkaryov | Brief history of THz and IR technologies[END_REF].In this frequency range, the electromagnetic waves interact mainly with the molecular structure of the material.Figure 1.1, shows only the THz molecular interaction with solid phase of the material which is associated to lattice vibrations and intraband transitions.In gas phase, transitions happen between rotational energy levels for small molecules and vibrational energy levels for large molecules. 

Space applications

The first application for the THz and sub-THz domains was in astronomy. The reason behind this is that THz waves can pass through dust clouds surrounding a star forming region. This enable the gathering of important information about the universe formation [START_REF] De Maagt | Terahertz technology for space and earth applications[END_REF]. In fact, more than fifty percent of the interstellar matter is mainly formed from hydrogen gas. This hydrogen gas in its molecular form is concentrated in extensive molecular and dust cloud complexes. These clouds absorb approximately half of the available stellar energy spreading throughout our galaxy and then re-radiate it within the millimeter, THz and sub-THz range, this is why it is important to have very good detectors in this frequency range. NASA's Cosmic Background Explorer (COBE) is a good example. COBE was a satellite that operated between 1989 and 1993 in the frequency range 1-100 GHz. It was assigned to observe both interstellar and extragalactic regions.

Its goal was also to investigate the cosmic microwave background radiation (CMB) of the universe and provide measurements that would help shape our understanding of the cosmos. Planetary and cometary observation is another major space application for THz detectors.

The main idea here is to study the atmospheric dynamics of planets and the composition ofsmallbodies(asteroids, moons and comets)in order to improve the understanding ofour own atmosphere and to collect more information about the origins and evolution of our solar system.Nowadays,landers or orbital remote sensing instruments are the best to collect data on the composition, temperature, pressure and gas velocity (winds) because the collected information will be unaffected by dust and sunlight conditions. MIRO (Microwave Instrument for the Rosetta orbiter) the first instrument of this kind is a good example. The abundance and temperature of volatile substances like water, ammonia and carbon dioxide could be detected by MIRO via their microwave emissions. The 30 cm radio antenna along with the rest of the 18.5 kg instrument was built by NASA's Jet Propulsion Laboratory with international contributions and operated in the frequency range 190-670 GHz [START_REF] De Maagt | Terahertz technology for space and earth applications[END_REF].

Security and defense

THz electromagnetic waves experience low propagation loss in many materials that are opaque in the visible region such as clothing, plastics, glass and paper. These materials have relatively low loss to frequencies as high as 1 THz and knowing that the THz waves are highly reflected by ceramic and metallic bodies, this gives the opportunity to detect weapons and explosives. It explains why there isnow a considerable interest for using THz imagery and sensing for security purposes. Figure 1.3 shows an illustration of THz imagery identifying a hidden weapon. THz techniques give also the possibility to distinguish between explosives and drugs because of the difference in the absorption spectrum of these two materials. In Figure 1.4is shown the imaging and spectral analysis of a mail bomb mockup. The scanned image is a false color image which helps in resolving the details (microprocessor, RFID-card, various electronic components, post stamp). The insets give spectral information about the constituents of the two bags inside the envelope (here lactose and salicylic acid). The picture was obtained at a detection speed of 40 pixels per second. It is important to mention that the spectral information of each pixel is recorded. However, some areas of the scanned body can be more interesting than others. Therefore, the quality of the spectrum can be enhanced by averaging the spectra of this specific area. Moreover, in this domain, some companies have commercialized products working in the millimeter and micro-wave range. For example, MC2 technologies produces a passive millimeter wave camera (MM-Imager 90) that is used for the detection of hidden objects under clothes. Knowing that the camera doesn't emit any radiation, it is interesting to note that it could scan bodies at less than 2 m for short distance use and it can also be used for objects farther than 10 m.

Wireless THzcommunications

In the recent years, the fast increase of wireless devices and the rising number of free space communication serviceshave resulted in a dramatic risein thedemand for spectral bandwidth along with the requirement for high data rate transmission.Within the next ten years and beyond, wirelessTbit/s communications systems and the supporting backhaul network infrastructure are expected to become the main technology trend. THz radiation is envisioned as one of the possible resources to be utilized for wireless communications in networks beyond 5G.Since it is the last explored region of the electromagnetic spectrum, it is possible touse a modulated THz carrier for the transmission of the data [START_REF] Ducournau | Ultrawide-Bandwidth Single-Channel 0.4-THz Wireless Link Combining Broadband Quasi-Optic Photomixer and Coherent Detection[END_REF]. The aim of using THz links is to have fast and high data rate transmission between two stations or between stations and users. For example, users that are living in regions which are difficult to access (mountains, islands) should be connected with high data rates upto 10 Gbit/sper user. This is considered as a costly project if done by fiber optic links. THz could serve as an extension for the stations. It could also be used for communication between relatively close users as a connection between tablets and mobile phones in indoor communication assuring beyond 5G telecommunication.Figure 1.5 from [START_REF] Ducournau | Ultrawide-Bandwidth Single-Channel 0.4-THz Wireless Link Combining Broadband Quasi-Optic Photomixer and Coherent Detection[END_REF] presents a promising architecture of a THz telecommunication system. The THz carrier at 400 GHz is generated by beating two optical lines at 194 THz and 193.6 THz. The amplitude of one of the optical lines is modulated by a conventional telecommunications modulator widely used today in fiber-optic networks, driven up to 46

Gbps. After optical amplification in an erbium-doped fiber amplifier (EDFA), the signal is injected in the photomixer which realizes the photonic-to-THz conversion. The coherent detection system is composed of a subharmonic mixer (SHM) feed by WR 2.2 canonical horn. The T-rays are controlledwith two polymer lenses. In green: electronicreception using a microwave source (MWS), a mixer (SHM), a wideband amplifier (WBA 32 dB). Atreceiver, thedata is captured by a 120 GS/s ADC inside a 45-GHz real-time serial data analyzer (SDA) [START_REF] Ducournau | Ultrawide-Bandwidth Single-Channel 0.4-THz Wireless Link Combining Broadband Quasi-Optic Photomixer and Coherent Detection[END_REF].

Biomedical applications

Since THz interactions happen only with the molecular state of matter and is considered non-ionizing,therefore they are recognized as a good candidate for medical imaging for both screening and diagnostic purposes. Knowing that it is highly absorbed by hydrogen bonds and N-H bonds present in water and protein respectively, it represents an interesting method to measure the changes of water content or blood flow due to the presence of a disease.However, it has also been proven that the origin behind the contrast between healthy and diseased tissues in THz region is not only due to changes in water content [START_REF] Sy | Terahertz spectroscopy of liver cirrhosis: investigating the origin of contrast[END_REF]. THz waves also could be used in biology for biomolecule sensing.As matter of fact, there are several methods to realize THz imaging. For example, in [START_REF] Ouchi | Terahertz Imaging System for Medical Applications and Related High Efficiency Terahertz Devices[END_REF]they used a THz Time Domain Spectroscopy imaging system (THz-TDS) to image a tumor of a colorectal cancer. Figure 1.6 shows the experimental setup of the THz-TDS imaging technique based on the conventional TDS technique [START_REF] Takayanagi | High-resolution time-of-flight terahertz tomography using a femtosecond fiber laser[END_REF]. The reflection characteristics of colorectal cancer were measured. It is important to note that the samples were non-stainedblocks of tissue prepared by formalin fixation and paraffin embedding. Figure 1.7 shows the reflectance spectra calculated from THz-TDS measurement data of tumor area and normal area. It is clear that the tumor area shows a higher reflectance spectrum from the normal area. This is attributed to the fact that the water content or the density of the cell nucleus are higher in a tumor than in a normal tissue. In conclusion, THz technology has shown great potential in various biomedical applications. Its ability to penetrate non-conducting materials such as tissues, coupled with its non-ionizing nature, make it a promising tool for non-invasive imaging and diagnosis of diseases. Overall, the continued development of THz technology has the potential to revolutionize the field of biomedicine and improve healthcare outcomes.

Nondestructive testing

THz waves possess the unique ability to effectively traverse numerous materials including paper, vinyl, plastics, textiles, ceramics, semiconductors, lipids, and certain types of powders. In contrast to X-rays, THz waves have a limited penetration depth, indicating that their optical characteristics are moderately absorbent and moderately transparent. This quality of THz waves to partially absorb while passing through packaging materials makes it a highly desirable option for noninvasive and nondestructive inspections in various industries. THz wave technology has been widely employed for nondestructive testing, making it the initial industrial application for THz waves.

Although the applications mentioned in earlier sections are still only potential applications in the industry, they have already been studied by various government agencies and research communities. For example, Teraview, a UK-based company, has developed the first commercially available THz sensor that measures film thickness in a nondestructive manner [START_REF] Kg | Non-destructive terahertz sensor for coatings[END_REF]. Figure 1.8 has been extracted from the video provided in reference [START_REF] Kg | Non-destructive terahertz sensor for coatings[END_REF]. The sensor is integrated to a robot arm that measures paint thickness of vehicles as seen in Figure 1.8. Typically, a vehicle has 4 layers of paint (electrocoat, primer, basecoat and clearcoat) The THz radiation passes the boundary between these layers and part of the signal is reflected back to the receiver. By measuring the time of flight of the signal, the thickness of the paint is calculated. The sensor could measure a minimum thickness of 5 µm with a 1.5 µm accuracy knowing that these values could change slightly depending on the paint. The spot size is between 1 and 2 mm and the measurement time takes 2 to 4 seconds per point (acquisition and analysis). The measurement should be done at 50 mm ± 0.75 mm from the surface. If the measurement is done handheld, the sensor provides real-time position feedback. If mounted on a robot arm, it requires angular positioning to within ±1° of normal incidence.Figure 1.9 shows a summary of all the potential applications presented above. In the following, promising THz sources for these applications will be discussed. shows a photo of a tumor and its THz scanning in a color map [START_REF] Takayanagi | High-resolution time-of-flight terahertz tomography using a femtosecond fiber laser[END_REF]. The upper figure in the industrial applications panel is an image of a ceramic plate and its THz scanning shown in a color map [START_REF] Beigang | Industrial Applications of Terahertz Technology: From Layer Thickness Measurements to Mail Screening[END_REF]. The upper figure in the space and astronomy applications panel is an image the COBE [11].

Continuous-Wave THz sources

Since the THz frequency range lies between the far infrared and microwave regions, it can be generated through electronic or photonic techniques such as frequency multiplication or nonlinear generation. Alternatively, THz radiation can be directly produced through vacuum sources, solid-state sources, or gas lasers. THz sources can be continuous wave (cw) or pulsed, depending on the generation technique used. Pulsed THz sources are typically generated using pulsed optical sources, while cw lasers produce narrowband THz radiation. Femtosecond laser pulses, on the other hand, generate broadband THz spectra.In spectroscopy, cw THz sources offer high resolution, while pulsed sources offer high bandwidth but with lower frequency resolution. A cw source requires more measurement time to achieve the same bandwidth as a pulsed source. In imaging, cw THz wave techniques are generally preferred for their lower cost, simplicity, and higher scanning speed. However, pulsed THz imaging systems provide more information such as electric field magnitude, depth of scattering centers, optical path length, absorption spectrum, phase, and pulse shape.To summarize, the selection of a THz source is dependent on the specific application, with cw sources providing simplicity and adaptability and pulsed sources offering wider bandwidth and more information. Since the focus of this thesis is on sources based on cw laser sources, table Table 1-1: Comparison between different cw THz sources based on their price, size, material scarcity, cooling necessity, tunability,output power above 1 THz and their fabrication complexity.

THz sources based on Electronics oscillators

These sources are generally based on diodes presenting a negative differential resistance ( 𝑑𝐼 𝑑𝑉 < 0) coupled to electromagnetic resonator. These sources emit in the sub-THz and the THz region with powers of some tens of µW at 1 THz and some hundreds of mW in the millimeter range. In the following sub-sections, we present the IMPATT diode, the RTD and the Gunn diode.

-An IMPATT diode is a high-power negative differential resistance device that operates based on the impact ionization avalanche breakdown effect. It consists of a p-n junction and an intrinsic high resistivity layer. When a reverse bias above a certain threshold value is applied, an avalanche breakdown occurs due to impact ionization, leading to the concentration of a large number of carriers in the avalanche region. An AC signal just below the breakdown threshold is then applied to generate electromagnetic radiation. The carrier concentration attains its maximum value when the AC signal goes back to its average value, resulting in a 90° phase shift. The diode length is chosen to introduce a further 90° phase lag and generate negative differential resistance, which is sustained by an external resonant circuit to generate electromagnetic waves. High-frequency and highpower IMPATT sources are limited by heat generation and dissipation in the device.

Wide-band-gap (WBG) semiconductors such as SiC and GaN are a promising option for realizing high-power, high-frequency IMPATT devices due to their intrinsic material properties. Nowadays, IMPATT devices are used in various applications such as microwave and mm-wave communication systems, high power RADARs, missile seekers, and defense systems. However, they are still not considered compatible with THz applications due to the lack of high output power at high frequencies and small tunability.

A commercial sub-THz source produced by TeraSense is an example of an IMPATT sources that can produce power ranging from 80 to 400 mW at 100 GHz and a power of 10 mW at 300 GHz with a linewidth of 1 MHz [START_REF]Opton Laser International -Laser sub-THz IMPATT[END_REF].

-In 1962, John Battiscombe Gunn discovered the Gunn effect, which led to the invention of the Gunn diode, the first low-cost source of microwave power that did not require vacuum tubes. Gunn diodes, made of III-V materials like GaAs and InP, are commonly used in radio communications, military and commercial radar sources for frequencies less than 0.3 THz. Gunn diodes are composed of a uniformly n-doped III-V material sandwiched between heavily doped regions at each terminal. -Resonant tunnel diodes (RTDs) have been studied since the 1950s, and a theoretical analysis of practically realizable semiconductor-heterostructure RTDs was presented in 1973 [START_REF] Tsu | Tunneling in a finite superlattice[END_REF], followed by an experimental demonstration in 1974 [START_REF] Chang | Resonant tunneling in semiconductor double barriers[END_REF]. Resonant tunnel diodes (RTD) consist of layers of undoped material leading to the creation of quantum wells between two thin barriers. Quasi-bound, or resonant, energy states are formed in the quantum wells. Resonant tunneling through the double-barrier structure happens when an energy level in the quantum well is close to the energy of the electrons in the conduction band. This tunneling effect gives rise to a peak in the current-voltage characteristic curve.

As the bias voltage increases and passes the resonance peak, the current starts to decrease exhibiting an NDR. RTDs need an external resonant circuit to generate electromagnetic

waves. An important parameter for high-performance NDR devices is the current peak to valley ratio (PVR), which should be high for maximizing device dynamics. However, increasing peak current densities through techniques such as increased doping or reduced barrier thickness may decrease PVR by increasing the valley current and power consumption due to leakage current. RTDs operate at room temperature and can reach up to 2 THz, with output power reported in the range of 0.4-10 µW. Although RTDs are promising candidates for THz generation, their resonators and antennas are still simplistic and not efficient, and further developments are needed to optimize their performance.

Electronic frequency multipliers

In the early 1960s, the notion of producing microwaves and millimeter waves through the utilization of frequency multipliers became increasingly prevalent.

Subsequently, frequency multipliers were extensively employed in numerous applications, including but not limited to military radios, radar, electronic countermeasures (ECM), and test instrumentation.The operation of an electronic frequency multiplier is based on capacitance or/and conductancenonlinearities existing in a Schottky diode.These nonlinearities can be used to produce harmonics of a RF input signal and thus generating power at multiple integers of the initial input power. However, instead of generating a comb of harmonics, it is possible to concentrate the spectral content in a chosen harmonic. To generate THz waves, a chain of multipliers needs to be coupled to an output oscillator (IMPATT, RTD, Gunn diode, etc) or a microwave synthesizer.Moreover, like all other sources, this source presents several limitations leading to low efficiency especially at high frequencies. The limitations can generally be divided into two distinct types. The first is related to the intrinsic physical limitations of Schottky diodes (high transition time, high capacitance and impedance) leading to low conversion efficiencies (0.5-30%) [START_REF] Raisanen | Frequency multipliers for millimeter and submillimeter wavelengths[END_REF]. The second set of limitations can be categorized as practical limitations related to the way a particular frequency multiplier circuit will be physically implemented and used. In fact, the input and output coupling property of the device is an important criterion for any successful design. In reality at high frequencies it is difficult to provide a purely reactive match to the device for maximum coupling efficiency. A good example of a multiplication chain generating THz wave is shown in reference [START_REF] Schiller | Ultra-narrow-linewidth continuous-wave THz sources based on multiplier chains[END_REF]. Figure 1.11 shows a multiplication chain generating a narrow-bandwidth THz wave.

The input source is a commercial microwave synthesizer providing 8 dBm at 18.2 GHz.

The cascaded chain of multipliers consists of a frequency doubler, an amplifier, a tripler, a power amplifier at 109 GHz, two doublers, and a final tripler. This results in a total multiplication factor of 72 (72nd harmonic) leading to a 1.31 THz output frequency. The maximum output power is 2.5 µW with a narrow bandwidth of 40 GHz.

As a conclusion, at low frequencies (< 100 GHz) electronic sources are the perfect choice for high output power, however in the THz range efficient and > mW power generation is still a challenge. To eliminate important losses, there is a high necessity to reduce time constants and capacitance which only can be achieved by small area devices. The fabrication and cooling of such electronic devices is also one of the biggest challenges to upgrade these devices.

Moreover, Injection-locked frequency multipliers based on silicon offer a promising approach for efficient and compact terahertz (THz) generation. Such devices could reach the μW level in the J-band (220 GHz-325 GHz) [START_REF] Siligaris | A 270-to-300 GHz Sub-Harmonic Injection Locked Oscillator for Frequency Synthesis in Sub-mmW Systems[END_REF] and represent a good competitor for the multipliers previously mentioned. These devices leverage the integration potential and compatibility of silicon with existing technologies, resulting in significant advantages over traditional frequency multipliers. The compact integration capability allows for multiple components on a single chip, facilitating seamless integration with other functionalities. Compatibility with silicon-based electronics and photonics platforms ensures improved performance and functionality. Furthermore, silicon's wide availability and cost-effective fabrication processes make these sources economically viable. They exhibit high efficiency, enabling strong THz signals for imaging, sensing, and spectroscopy applications.

Vacuum THz sources

In the early 1950s, the first high power (mW range at 1 THz) Vacuum Electronic Device (VED) was manufactured in France offering a limited electronic tunability of 10% [START_REF] Warnecke | Some recent work in France on new types of valves for the highest radio frequencies[END_REF]. The late 1950s witnessed the development of high power gyrotrons which are a class of VEDs that generates highly coherent microwaves. In the late 1990s, both the U.S and Russia introduced these devices as a weapon. Due to their high-power generation (10-100 MW), VEDscan burn out an unprotected receiver's frontend. Today, VEDs are considered the first reference for high power generation at radio and microwave frequencies and they are mostly used in applications such as industrial radio frequency heating, particle accelerators, and broadcast transmitters. VEDs principle consists in converting a stored electrical energy into a kinetic energy by accelerating a beam of electrons. This kinetic energy is then converted into electromagnetic field energy by the aid ofelectromagnetic guides or cavities defined as interaction zone or circuit. An example of VEDs is the Backward Waves Oscillator (BWO). In BWO,electrons are generated accelerated then focalized by magnets on the anode. The interaction happens when the electron velocity is approximately equal to the phase velocity of the THz electromagnetic wave.In most of the cases, the highest attainable frequency depends on two important criterias. The first criteria is related to the technological fabrication process. In fact, to minimize power dissipation, conducting surfaces should have perfect surface quality with low impurity concentrations, low surface roughness and moderate grain size. The second criteria is related to the theoretical scaling relation P ∝1/(frequency) 2 [START_REF] Booske | Plasma physics and related challenges of millimeter-wave-to-terahertz and high power microwave generation[END_REF] whichis related to the damage threshold of the device caused by the generated high power densities. As a result, the output power is decreased in order to prevent device deterioration. In the THz range,VED sources range from 0.2 THz to 1 THz having an output power between 10 mW and 1 MW [START_REF] Dhillon | The 2017 terahertz science and technology roadmap[END_REF]. Even though, VEDs are the THz source with the highest output power, they are still not compatible with THz application since they are considered expensive and could be replaced by semiconductor sources with lower footprint and better tunabilty.

THz quantum cascade lasers

Quantum cascade lasers were first introduced in 1970 by Esaki and Tsu [START_REF] Esaki | Superlattice and Negative Differential Conductivity in Semiconductors[END_REF].

They fabricated the first one-dimensional periodic potential multilayer by periodically varying the composition during epitaxial growth (superlattice). Later the first QCL was demonstrated at Bell laboratories by Faist et al [START_REF] Faist | Quantum Cascade Laser[END_REF] in 1994. QCLs were first used in the mid-infrared range, but since 2002, they have also been utilized in the THz range. [START_REF] Köhler | Terahertz semiconductor-heterostructure laser[END_REF].

QCLsare compact semiconductor sources based on superlattice materials created by using multilayered heterostructures of III-V compounds semiconductors. Stimulated emission is generated from the transitions between electronic subbands formed in a series of quantum wells. By 'cascading' several such active regions together, the injected electron undergoes numerous lasing transitions as they pass through the device. So, the characteristics of the laser can be chosen through the engineering of the band structure and the semiconductor superlattice. Ref. Frequency(THz) Output power(mW) Temperature(K) Year [START_REF] Khanal | High-temperature operation of broadband bidirectional terahertz quantum-cascade lasers[END_REF] 3.7 5 121 2016 [START_REF] Lu | Room temperature continuous wave, monolithic tunable THz sources based on highly efficient mid-infrared quantum cascade lasers[END_REF] 3.41 0.014 293 2016

2.06 0.0006 293 2016 [START_REF] Jiang | Spectroscopic Study of Terahertz Generation in Mid-Infrared Quantum Cascade Lasers[END_REF] 3.57 0.08 293 2016 [START_REF] Irimajiri | Precise Evaluation of a Phase-Locked THz Quantum Cascade Laser[END_REF] 3.09 0.1 15 2016 [START_REF] Richter | Performance of a compact, continuous-wave terahertz source based on a quantum-cascade laser[END_REF] 3.1 1 -2010 [START_REF] Valavanis | Terahertz quantum cascade lasers with >1 W output powers[END_REF] 3.4 1010 10 2014 [START_REF] Albo | Temperature-Driven Enhancement of the Stimulated Emission Rate in Terahertz Quantum Cascade Lasers[END_REF] 3.87 -120 2017 [START_REF] Xu | Efficient power extraction in surface-emitting semiconductor lasers using graded photonic heterostructures[END_REF] 3.4 103 20 2012 QCLs have brought a revolutionary change in the development of MIR sources, demonstrating remarkable performance with multi-Watt output power at room temperature.CW QCLs have achieved significant wall-plug efficiencies of up to 21% at room temperature, covering a wide spectral range of 2.7-25 μm [START_REF] Bai | Room temperature quantum cascade lasers with 27% wall plug efficiency[END_REF]. Pulsed QCLs have also exhibited remarkable performances over the range of 1-5 THz, resulting in peak output power higher than 1 W [START_REF] Li | Terahertz quantum cascade lasers with >1 W output powers[END_REF]. However, in the THz region, QCLs operate at low temperatures [START_REF] Williams | Terahertz quantum-cascade lasers[END_REF], requiring cryogenic cooling. This phenomenon can be attributed to the fact that at room temperature, the energy of thermal agitation allows the filling of higher energy levels, thus preventing population inversion. Table 1-2presents the performance of some QCLs in the THz region. The highest operation temperature was achieved using a design with a three-quantum-well resonant depopulation THz QCL, utilizing GaAs/Al0.15Ga0.85As grown on GaAs substrates. It has been shown that the performance of these devices is limited by two significant factors: optical phonon scattering of thermal electrons, which dominates at shorter wavelengths, and parasitic current, which dominates at longer wavelengths [START_REF] Chassagneux | Limiting Factors to the Temperature Performance of THz Quantum Cascade Lasers Based on the Resonant-Phonon Depopulation Scheme[END_REF]. Despite the limitations in operating temperature, QCLs currently generate the highest THz output power among all solid-state sources and remain one of the best candidates for THz applications.

THz sources based on difference frequency generation (DFG)

DFG THz sources are one of many types of non-linear optic THz sources. In such devices the optical phenomena resulting from the interaction between electromagnetic fields and electrons in a medium lead to electron acceleration and radiation. In the linear optical regime, electron oscillations are proportional to the optical field, while in the nonlinear regime, strong optical fields cause non-linear electron oscillations at different frequencies.However, in the non-linear regime, the external optical field is exceedingly strong, and the electron oscillation is no longer linear. As indicated in equation (1.3.1), the relationship between the external electric field and the polarization of the field is nonlinear.

𝑃 ⃗ = ε 0 χ (1) 𝐸 ⃗ + ε 0 χ (2) 𝐸 ⃗ 𝐸 ⃗ + ε 0 χ (3) 𝐸 ⃗ 𝐸 ⃗ 𝐸 ⃗ + . ..

(1.3.1)
In this scenario, the non-centrosymmetric medium used (such as GaAs, ZnTe, or LiNbO3) only considers the second-order nonlinearity (χ (2) ). Depending on the orientation of the medium, the second-order nonlinearity can produce either sum frequency generation (SFG) or difference frequency generation (DFG). In a DFG experiment, a noncentrosymmetric crystal is excited by two laser beams that are spatially overlapped and have slightly shifted radial frequencies 𝜔 1 and 𝜔 2 . This results in the generation of a THz wave with a radial frequency 𝜔 𝑇𝐻𝑧 =| 𝜔 1 -𝜔 2 |. Figure 1.13 (a) illustrates the input frequencies and the non-centrosymmetric crystal generating the difference frequency. Achieving efficient THz generation requires phase matching between the THz generated wave and the optical sources, but perfect phase matching is not possible due to the normal dispersion of materials that are lossless in the range of 𝜔 1 ,𝜔 2 and 𝜔 𝑇𝐻𝑧 (where the effective index increases with frequency). Therefore, the technique of quasi-phase matching [START_REF] Boyd | Nonlinear optics[END_REF]is typically employed, which involves fabricating a periodically poled material where the orientation of one of the crystalline axes, usually the c axis of a ferroelectric material, is inverted periodically within the material. This periodic inversion compensates for the wavevector mismatch, allowing the field amplitude to grow monotonically with propagation distance, although not as rapidly as in perfectly phasematched interactions. Regarding performance, reference [START_REF] Paul | Narrow linewidth single-frequency terahertz source based on difference frequency generation of vertical-external-cavity source-emitting lasers in an external resonance cavity[END_REF]is a good example where they report a cw single-frequency THz laser emitting at 1.9 THz with a linewidth of less than 100 KHz and an output power exceeding 100 µW. The THz source is generated through a parametric difference DFG in a nonlinear crystal located in an optical enhancement cavity. Two single-frequency vertical-external-cavity lasers with emission wavelengths of 1029.2 nm and 1036 nm (∆λ = 6.8 nm) and 1 W output power each are used as pumping sources. The lasers are phase-locked to an external cavity to reduce phase losses in the output THz source. This THz source could be utilized as a local oscillator to drive a receiver in astronomy applications. In recent years, the development of THz DFG-QCLs has emerged as a promising nonlinear THz source. These devices exploit the powerful and room temperature operation characteristics of mid-IR QCLs to generate THz via DFG. By generating two mid-IR lines at 𝜔 1 and𝜔 2 , these lines act as a pump to emit a THz frequency through DFG. THz DFG-QCLs are currently the only electrically pumped monolithic semiconductor sources operating at room temperature in the range 1-6 THz. Recent improvements in giant second order susceptibility medium and phase matching have led to significant advances in performance, including narrow-linewidth single-mode terahertz emission that is tunable from 1 to 6 THz with peak output powers reaching the mW level in pulsed mode. Figure 1.14 illustrates the rapid improvement in output power over the last decade. However, these devices still have limitations such as low wall plug efficiency and narrow tunability, which make it challenging to meet the requirements for many THz applications.

Nonetheless, ongoing research continues to show promising advancements for THz DFG-QCLs.

1.3.6.

Far infrared gas lasers

In 1963, A. Crocker et al. [START_REF] Crocker | Stimulated Emission in the Far Infra-Red[END_REF] demonstrated the first stimulated far-infrared emission with watts of power from a pulsed electrical discharge in water vapor, which was a milestone in the history of terahertz (THz) stimulated emission in a molecular gas.

Subsequently, the first optically pumped CO2 far-infrared (far-IR) laser was demonstrated in 1970. In the following two decades, a spectrum of far-IR lines was discovered, which are currently used in various applications, such as terahertz spectroscopy, terahertz imaging, and fusion plasma physics diagnostics. The basic design of these lasers follows that of a typical laser, comprising a cavity and a gain medium consisting of molecular gases such as CH3F, CH3OH, NH3, and CH2F2 [START_REF] Lee | Principles of terahertz science and technology[END_REF]. The laser emission occurs when the molecular gas is pumped either electrically or optically at room temperature and low pressure, leading to population inversion between the rotational levels of an excited vibrational state of the molecule that is nearly empty at room temperature. Typically, this type of laser is pumped by an infrared CO2 laser, and lasing occurs from different transition frequencies covering the THz range by changing the CO2 laser wavelength.

These lasers typically operate at low pressures (< 0.1 Torr) with cavities of around 1 meter long, producing up to 100 mW output power, depending on the rotational transitions involved. However, compared to other THz sources, this source offers limited tunability since the output THz frequency is determined solely by precise transitions in the CO2 molecules.

Summary for cw THz sources

A. Pagies et al. [START_REF] Pagies | Low-threshold terahertz molecular laser optically pumped by a quantum cascade laser[END_REF]were the first to use a QCL instead of aCO2 laser to pump a NH3 (ammonia) gas laser.The authors demonstrate the continuous-wave generation of ten laser lines around 1 THz. A power of 34 μW is measured at 1.07 THz, with a very low threshold of 2 mW and a high differential efficiency of 0.82 mW/W. The generated laser lines exhibit a linewidth lower than 1 MHz, as determined from spectrum measurements.The use of QCLs as a pumpis way better than CO2 laserssince they give the possibility to excite more transition lines due to theireasy and larger tunability. In reference [START_REF] Lampin | Quantum cascade laser-pumped terahertz molecular lasers: frequency noise and phase-locking using a 1560 nm frequency comb[END_REF],by using an optimized structure, they demonstrateda ML (molecular laser) emissionof 1 mW at 1.1THz in continuous wave. For future research, the results in ref. [START_REF] Pagies | Low-threshold terahertz molecular laser optically pumped by a quantum cascade laser[END_REF] and [START_REF] Lampin | Quantum cascade laser-pumped terahertz molecular lasers: frequency noise and phase-locking using a 1560 nm frequency comb[END_REF] could reintroduce the use of optically pumped far-infrared gas lasers as a compact and powerful continuous THz sources. Frequency (THz)

Figure 1.15 shows a state of the art of the output power for the cw THz sourcespresented above. All the results in this figure are obtained at room temperature except for the THz QCLs (at 10 K). It is clear that the sources having the highest output power are CO2 gas lasers and BWOs. However, these two sources are considered less practical than the other sources since they present several important limitations. For example, a BWO needs a permanent water-cooling system and a magnetic field higher than 1 T. Additionally, they are considered quite costly compared to the other sources. Furthermore, the CO2 gas lasers are considered too bulky and could not emit on some frequency points. For this reason, a lot of research is being done to improve the other sources or to reduce the limitations of these two high power sources. It is important to mention that photomixing is the only cw source existing in Figure 1.15that was not described in this section. It is discussed in detail below since it is the main concern ofthis work.

THz sources based on optical mixing of laser tones: Photomixing

In the early 1960s, the mixing of two laser frequencies by using a detector presenting a quadratic response in amplitude of the incident EM wave, has been investigated to measure the spectral purity of lasers [START_REF] Javan | Frequency Characteristics of a Continuous-Wave He-Ne Optical Maser[END_REF]. Brown et al. [START_REF] Brown | Coherent millimeter-wave generation by heterodyne conversion in low-temperature-grown GaAs photoconductors[END_REF] were the first to report the production of cw waves in the THz frequency range using a technique they named "Photomixing". Their method involved mixing two cw Ti:Sa lasers in an ultrafast photodetector that was coupled to a wideband antenna. Since then, the term Photomixing has referred to the generation of cw THz waves by illuminating an ultrafast photodetector (called Photomixer) with an optical beating note produced by the superposition of two laser tones. The beating signal at 𝜔 𝐵 is the difference between the slightly shifted angular frequencies 𝜔 1 and 𝜔 2 of the two lasers. The internal photoelectric effect, described later induces the oscillation of the photocarrier density at the beat frequency, which in turn generates an oscillating electrical photocurrent at the same frequency when driven by a static electric field. When connected to a suitable load such as a planar antenna, the device emits a THz wave with the beat angular frequency 𝜔 𝐵 . Photomixer devices can be divided into two categories: lumped-element devices and traveling wave devices. In this section, we will only discuss lumped-element devices, which have been extensively studied in the past. Traveling wave devices will be introduced and compared to lumped-element devices in the following chapter.

Two types of lumped-element photomixers exist: 1) photoconductive devices which are based on Metal-Semiconductor-Metal (MSM) structures using interdigitated electrodes as shown in Figure 1. [START_REF] Raisanen | Frequency multipliers for millimeter and submillimeter wavelengths[END_REF] 

Photomixing principle

As mentioned in the previous section, photomixing is based on the photodetection of the optical beatnote produced by the superposition of two cw lasers of same polarization and slightly shifted angular frequency. From a mathematical point of view, we will assume that the propagation direction of the beating source is along the zaxis so the electric field of one laser can be written as From the energy flux density, it can be inferred that there exist four distinct components:

𝐸
namely, the laser frequencies 𝜔 1 and 𝜔 2 , the combined sum frequency 𝜔 1 + 𝜔 2 , and the difference frequency referred to as the beat frequency 𝜔 𝐵 = 𝜔 1 -𝜔 2 . In order to facilitate detection by the photomixer, the beat frequency is chosen such that its magnitude is sufficiently small. Conversely, the sum frequency and the laser frequencies possess magnitudes exceeding the photomixer's cutoff frequency, and therefore only their temporal average can be detected. Consequently, the detected energy flux density is:

|𝑆 (𝑧, 𝑡)| = 𝑌 0 2 (𝐸 1 2 + 𝐸 2 2 ) + 𝑌 0 𝐸 1 𝐸 2 𝑐𝑜𝑠((𝜔 1 -𝜔 2 )𝑡 -(𝑘 1 -𝑘 2 )𝑧 + 𝜙 1 -𝜙 2 ) (1.4.1.2)
This equation can be separated into two distinct components. The first component is the linear "dc" part, which is comprised of the sum of the intensities of the two lasers. The second component is the modulated part, which is proportional to the product of 𝑌 0 𝐸 1 𝐸 2 .

The dc part generates a dc current in the circuit, which can contribute to heating and potential damage of the device. The modulated part represents the beating effect, where the beating frequency 𝜔 𝐵 is determined by the difference between the angular frequencies of the two lasers (𝜔 𝐵 = 𝜔 1 -𝜔 2 ). For the sake of simplicity, we will consider 𝐸 1 = 𝐸 2 = 𝐸 0 and 𝜙 1 -𝜙 2 = 0. As a result, the energy flux density can be simplified and written as the following:

|𝑆 (𝑧, 𝑡)| = 𝑌 0 𝐸 0 2 {1 + 𝑐𝑜𝑠((𝜔 1 -𝜔 2 )𝑡 -(𝑘 1 -𝑘 2 )𝑧 + 𝜙 1 -𝜙 2 )} (1.4.1.3)

1.4.2.

Photoconductive devices

In this part, a detailed study will be done from a theoretical point of view on the photoconduction physical phenomena. Let us assume a given type of photoconductive material (here only electrons are considered in the equations) having a thickness d, a width w, and a length l and let us consider an optical beam perpendicularly incident on the upper surface of the medium which biased though contact electrodes as shown in Figure 1.17.

As a result of high carrier density and the presence of an electric field, a photocurrent flows between the two electrodes. The ratio The previous equation describes the current in a photoconductor without a load, however in reality the generated THz power is dissipated in a load such as an antenna. It can also be coupled to a power meter or a spectrum analyzer through contact probes. In most of the cases the impedance of such instruments is real and is around 50 ohms. The whole setup of coupling a photogenerated current to a load can be modeled in the circuit shown in Figure 1.18. The photoconductor is represented by a photoconductance 𝐺(𝑡) in parallel to a capacitance 𝐶 which is biased by a source at 𝑉 𝑏 . At the output, the current 𝐼(𝑡) is dissipated in the load having a conductance 𝐺 𝐿 . In order to filter the higher orders of 𝜔 𝐵 , an 𝐿𝐶 resonator was placed in the circuit. Where 𝛿 is the phase delay and will be defined later The relation between the voltage and the current across the photoconductor will be of the following form: For a maximum power dissipation, a perfect impedance matching is needed, i.e 𝐺 0 = 𝐺 𝐿 and 𝐵 𝐿 = -𝜔 𝐵 𝐶 . However, in practical cases 𝐵 𝐿 is considered 0 and 𝐺 0 ≪ 𝐺 𝐿 which leads to the well-known expression of 𝑃 𝑇𝐻𝑧 popularized by E. Brown and coworkers [START_REF] Brown | Photomixing up to 3.8 THz in low-temperature-grown GaAs[END_REF]:

𝐼(𝑡) = 𝐺(𝑡)𝑉(𝑡) (1.
𝑃 𝑇𝐻𝑧 = 𝐼 𝑑𝑐 2 2 𝑅 𝐿 [1 + (𝜔 𝐵 𝑅 𝐿 𝐶) 2 ](1 + 𝜔 𝐵 2 𝜏 2 ) (1.4.1.22)
𝑅 𝐿 is the load resistance and is defined by 1 𝐺 𝐿 ⁄ and is equal to 50 ohms in most of the electronic instruments such as power meters and spectrum analyzers. Equation (1.4.1.22) shows clearly the two cut-off frequencies related to the device capacitance (𝑓 𝑅𝐶 ) and carrier lifetime (𝑓 𝜏 ).

In this context, a hypothetical scenario is considered where the capacitance is assumed to be negligible (𝐶 = 0), and the device performance is solely dependent on the carrier lifetime. The frequency response of such a system is illustrated in Figure 1.19 (b) for various lifetimes within the frequency range of 0-500 GHz. Active regions of photoconductors often employ semiconductors such as LT-GaAs, which exhibit low carrier lifetimes (sub-picosecond) and high dark resistivity resulting in lifetime cut-off frequencies above 300 GHz. However, in reality, the capacitance of a photoconductor cannot be ignored and can be quantified by the following equation:

𝐶 = 𝑠𝜀 𝑙
where 𝑙 represents the interelectrode spacing, 𝑠 denotes the electrode surface area, and 𝜀 is the dielectric constant of the semiconductor. The heavily p-doped InGaAs absorption layer results in a frequency response that is no longer limited by the transit time of low-saturation velocity holes in InGaAs, but by the motion of electrons in the InGaAs absorption and InP collection layer. A blocking layer ensures that electrons only diffuse/drift towards the InP collection layer, where they drift across at their overshoot drift velocity. Additionally, the photocurrent saturation level is improved due to the reduction of the space charge effect in the collection layer induced mainly by the slow holes in the pin photodiodes.

Coherent THz detectors

Coherent detectors are devices used to measure the amplitude and phase of electromagnetic waves. In most of the cases except in electro-optic sampling, these detectors operate using mixing between two radiations. [START_REF] Siegel | Terahertz technology[END_REF]. These electronic devices have been developed primarily for applications in astronomy, earth, and planetary science [START_REF] Siegel | THz Instruments for Space[END_REF], and have demonstrated promising results. In addition to the aforementioned electronic devices, there have been several studies carried out in recent years on photoconductive devices as THz sources and detectors. These investigations have been facilitated by the continuous improvement of near-infrared laser sources operating at wavelengths ranging from 780 to 1550 nm.

Currently, laser-driven sources and detectors play a pivotal role as key components in commercial THz spectrometers [START_REF] Liebermeister | Ultrafast, High-Bandwidth Coherent cw THz Spectrometer for Non-destructive Testing[END_REF][54], and they are driving the progress towards high data rates in THz wireless communications by serving as a bridge between optical fibers and wireless communication technologies [START_REF] Nagatsuma | Advances in terahertz communications accelerated by photonics[END_REF]. In the following we will emphasize on optoelectronic mixing using photoconductive devices for THz detection.

-Optoelectronic mixing: heterodyne detection, downconversion

In the realm of photonic-based detection of continuous THz waves, frequency mixing is also employed. In this approach, the input THz wave is down-converted to an intermediate frequency 𝑓 𝐼𝐹 using a photoconductor that is illuminated by an optical signal that has been modulated at a frequency 𝑓 𝐿𝑂 , satisfying the previously presented condition 𝑓 𝐼𝐹 = |𝑓 𝑇𝐻𝑧 -𝑓 𝐿𝑂 | . This detection process is generally called heterodyne detection.

Specifically, in this scenario, the detection scheme could be referred to as homodyne detection [START_REF] Verghese | Generation and detection of coherent terahertz waves using two photomixers[END_REF], if the same optical beat note of two slightly detuned laser lines is utilized for the generation and detection of THz radiation, with 𝑓 𝑇𝐻𝑧 being equal to 𝑓 𝐿𝑂 . As a result, the only detected signal at the output is the dc current.

Frequency sampling:

Mixing can also be achieved using a pulsed laser system as LO instead of a modulated cw source. In this case the mixing happens between the THz frequency 𝑓 𝑇𝐻𝑧 and the repetition frequency of the pulsed laser𝑓 𝑟𝑒𝑝 . Knowing that there will be a comb of 𝑛 integer number of 𝑓 𝑟𝑒𝑝 , optoelectronic mixing happens between the THz wave and each

𝑓 𝑟𝑒𝑝 component resulting in 𝑓 𝐼𝐹 = |𝑓 𝑇𝐻𝑧 -𝑛𝑓 𝑟𝑒𝑝 |.
In other words, the optical pulses act as an ON switch for the photoconductive device allowing the transmission of samples of the THz wave. This is generally referred to frequency sampling. Sampling is one essential function in analog to digital conversion. In order to realize frequency sampling, basic rules should be followed. The Shannon principle states that in order not to lose information when sampling a signal, the sampling frequency must be at least twice the highest frequency component in the signal to be sampled ( 𝑓 𝑠 ≥ 2𝑓 𝑚𝑎𝑥 ) where 𝑓 𝑚𝑎𝑥 is the maximum frequency in the RF or THz frequency band to be sampled and 𝑓 𝑠 is the sampling frequency which is a well-chosen multiple of 𝑓 𝑟𝑒𝑝 in order to validate the Shanon principle.

Frequency sub-sampling:

As telecommunication systems incorporate higher frequency bands, the need for increased sampling frequencies arises. However, beyond 10 GHz, obtaining a stable sampling signal for high quality sampling poses a significant challenge [START_REF] Khilo | Photonic ADC: overcoming the bottleneck of electronic jitter[END_REF]. Nonetheless, it is feasible to sample signals on a high carrier frequency with a lower sampling frequency, given specific conditions. This approach is applicable when the objective is to reconstruct the signal modulated onto the high-frequency carrier, rather than the real-time domain signal. In such cases, the modulation has a frequency bandwidth that is a fraction of the carrier frequency. After sampling, replicas of the RF frequency are generated in the frequency ranges known as Nyquist zones [START_REF] Gamage | Design and Analysis of Digitized RF-Over-Fiber Links[END_REF] shown in In the course of this thesis, part of the work concerned THz detection by heterodyne-mixing in photoconductive devices. The main subject was the fabrication and characterization of plasmonic micro-cavity photodetectors based on iron doped InGaAs.

The results of this work are not presented in this manuscript however some details about the research realized on these devices will be presented in the PhD defense presentation.

Conclusion

This chapter has discussed several promising technologies that have potential applications in the THz and sub-THz frequency range. The impact of these technologies on our society could be significant. However, the current generation and detection capabilities of THz sources are still considered insufficient due to the need for unbulky, low-cost, and efficient THz sources/detectors. Optoelectronic THz technology has played an increasingly important role in recent years in improving the miniaturization and optimization of THz sources and detectors. Therefore, this chapter has provided a comprehensive review of THz sources and detectors, with a particular emphasis on optoelectronic devices, especially the photoconductive structure. It is noteworthy to precise that in this chapter we did not show the state of the art of photomixers since it will be presented inchapter 2 that discusses in details the photomixers which represent the main subject of this thesis

Introduction:

The primary focus of this chapter pertains to the generation of THz radiation through the process of photomixing, utilizing a Traveling-Wave (TW) photodetector. Firstly, the concept of TW-photomixers will be introduced, highlighting the constraints of such devices and their superiority over lumped-element photomixers. After that, a comprehensive overview of continuous-wave THz sources based on photomixing will be presented allowing the performance evaluation of existing lumped element and TWphotomixers. Subsequently, a novel design of a TW-photomixer will be introduced, which proposes a modified structure to optimize photomixing in such devices. This concept consistsin integrating a dielectric waveguide platform on a photoconductive membrane having coplanar waveguide. Subsequenctly a theoretical framework describing photoconductive TW-photomixers will be presented, along with an electrical circuit model for theoretical modeling purposes. The model will then be utilized for experimental measurements.

Traveling-Wave photomixers

In 1990, the concept of a Traveling wave (TW) photomixer was first proposed [START_REF] Taylor | Traveling wave photodetectors[END_REF]to go beyond the bandwidth-efficiency limits of conventional photomixers. In the following years multiple theoretical and experimental studies started to be published.To define a traveling wave device, one should consider two or more distinct waves, optical, electrical, acoustical or other which propagates and interacts through the interface of their respective waveguides. A TW-photomixer consists mainly of a waveguide for the optical beatnote and metallic waveguides (CPW, CPS) for the THz wave. These metallic waveguides act also as biasing electrodes for the photomixer.Similarly to the lumpedelement devices,there arealsotwo configurationsforTW-photomixers: the photodiode TWphotomixer and the photoconductive MSM-TW-photomixer. The basic design of a TWphotomixer is shown in Figure2.1 (a). It shows asemiconductor ridge waveguide for the optical beat note. The carriers are collected through the electrodes that possess a coplanar waveguide design. It can be seen in Figure 2.1 (b) that the beatnote is absorbed gradually along the ridge and at the same time the THz power will increase gradually along the device. This is a conceptual representation and in reality, there are different challenges to achieve efficient generation. They will be discussed in detail in the following section.It should be noted that TW-photomixerscan be configured through various forms such as periodic TW-photomixerss or velocity matched distributed photomixers (VMDP) [START_REF] Pasalic | [END_REF].In these cases, the active region is periodically structured above the optical waveguide. In the following we will detail the theory of TW-photomixers and will present a review on this device over the past couple of years and finally a state of the artof the TWphotodetectors and the lumped element devices for THz generation by photomixing. 

Theory of TW-photomixers

In the realm of distributed photomixers, it is crucial to consider two important factors. Firstly, the THz output power reaches its highest value when the group velocity of the optical beating source is equivalent to the phase velocity of the generated THz source.Secondly, the THz output power is around 6 dB lower compared to lumpedelement photomixers with the same photocurrent.

In order to gain a general comprehension of the significance of phase matching in distributed photomixers, we can draw an analogy to the phase matching observed in second-order non-linear generation processes (𝜒 (2) )to satisfy the momentum conservation law:

𝑘 1 -𝑘 2 = 𝑘 𝑇𝐻𝑧 (2.1.1)
where 𝑘 1 and 𝑘 2 are the optical propagation constants of the laser sources and 𝑘 𝑇𝐻𝑧 is the propagation constant of the generated THz wave. If we divide by the THz frequency (𝜔 𝑇𝐻𝑧 = 𝜔 𝐵 = 𝜔 1 -𝜔 2 ) and considering that the dispersion is linear over the frequency range between the two optical sources we get:

𝑘 1 -𝑘 2 𝜔 1 -𝜔 2 = ∆𝑘 ∆𝜔 = 1 𝑑𝜔 𝑑𝑘 ⁄ = 𝑘 𝑇𝐻𝑧 𝜔 𝑇𝐻𝑧 (2.1.2)
which can be reduced to:

𝑣 𝑔 = 𝑣 𝑇𝐻𝑧 (2.1.3)
where 𝑣 𝑔 is optical group velocity and 𝑣 𝑇𝐻𝑧 is the THz wave phase velocity.

To comprehend the reason behind the 6-dB decrease in THz output power, it is helpful to conceptualize the device as a current source with an active area that feeds currents to a load. When the electrical wavelength is considerably larger than the active area's length, all the generated currentsare in phase and add up in the load. Nevertheless, when the electrical wavelength is comparable in length to the active area, we should consider that each point along the device is a current source coupled to a THz waveguide leading to modulated currents propagating forward and backward. Since phase matching with a propagating optical beatnote is only possible in one direction,only half of the current (-3 dB) can be dissipated in the load at best, resulting in a quarter of the power (-6 dB) being dissipated as THz.

• Simplified model for a TW-photomixer

In this sub-section we will present a simplistic model of a TW-photomixer in order to show the effect of velocity mismatch and the 6 dB TW signature. We will neglect the THz propagation losses and the frequency roll-off that originates from the carrier lifetime. We will consider a TW-photomixer based on a coplanar waveguideof length 𝐿 and characteristic impedance 𝑍 𝑐 . We assume that the absorption coefficient𝛼 𝑜 in the optical waveguide is a function of 𝑧 such that the photocurrent amplitudegenerated along the path of the optical beam is constant along the photodetector:

- 𝑑|𝑃 𝑎𝑐 (𝑧)| 𝑑𝑧 = 𝑃 0 𝐿 (2.1.4)
This is practically possible and will be presented in the following chapter. As it will be demonstrated in part 2.4, the THz current generated in 𝑧 can be expressed as follows [START_REF] Rosencher | Optoelectronics[END_REF][63]:

𝑑𝐼 𝑎𝑐 (𝑧) = 𝐽𝑒 -𝑗𝑘 𝑜 𝑧 𝑑𝑧 (2.1.5)
Where𝑘 𝑜 = 𝑛 𝑔 𝜔 𝑏 𝑐 and 𝐽 depends on the input power and the photomixer's properties.

Here we will consider two device configurations: 1) A device which is closed at its both ends with a perfect matched resistor (𝑅 = 𝑍 𝑐 ) ( 

𝑑𝐼 𝑎𝑐_𝐿 (𝑧) = 1 2 𝑑𝐼 𝑎𝑐 (𝑧)𝑒 -𝑗𝑘 𝑡 (𝐿-𝑧) (2.1.6)
the total current at the output 𝐼 𝑡𝑜𝑡𝑎𝑙 is: 

𝐼 𝑡𝑜𝑡𝑎𝑙 = ∫ 𝑑𝐼 𝑎𝑐_𝐿 (𝑧) 𝐿 0 = 1 2 𝐽𝑒 -𝑗𝑘 𝑡 𝐿 ∫ 𝑒 𝑗Δ𝑘 𝑧 𝑑𝑧 𝐿 0 = 1 2 𝐿𝐽𝑒 -𝑗𝑘 𝑡 𝐿 𝑒 -𝑗𝐿∆𝑘/
𝐿 𝛥𝜑 = 𝑃 𝑇𝐻𝑧 𝑃 𝑚𝑓 = | 𝑠𝑖𝑛 𝐿∆𝑘/2 𝐿∆𝑘/2 | 2 (2.1.8) 
-Match resistor at the output If we assume an open circuit at the device input (𝑍 𝑖𝑛𝑝𝑢𝑡 ≈ +∞), we have to add the backward photocurrent waves after they have been reflected at the input, hence the contribution of the photocurrent generated between z and z+dz to the total output becomes:

𝑑𝐼 𝑎𝑐_𝐿 (𝑧) = 1 2 𝑑𝐼 𝑎𝑐 (𝑧)𝑒 -𝑗𝑘 𝑡 (𝐿-𝑧) + 1 2 𝑑𝐼 𝑎𝑐 (𝑧)𝑒 -𝑗𝑘 𝑡 (𝐿+𝑧) (2.1.9)
And the total current at the output 𝐼 𝑡𝑜𝑡𝑎𝑙 is given by: Finally, the THz power can be calculated from equation (2.1.10). Note that this equation represents the realistic design of the proposed TW-photomixer that will be presented later.

𝐼 𝑡𝑜𝑡𝑎𝑙 = 1 2 𝐿𝐽𝑒 -𝑗𝑘 𝑡 𝐿 (𝑒 𝑗𝐿∆𝑘/2 sin 𝐿∆𝑘/2 𝐿∆𝑘/2 + 𝑒 -𝑗𝐿Σ𝑘/2 sin 𝐿Σ𝑘/2 𝐿Σ𝑘/2 ) ( 2 
We will now study in detail the 6-dB roll-off of such devices. realistic model that will be detailed later in this chapter. In this model we consider an infinite device length (physical length >> absorption length) resulting in no ripples in the response since there is no interference with a reflected THz wave from the input. Note that the index mismatch is defined as

𝛥𝑛 𝑛 𝑇𝐻𝑧 = (1 - 𝑛 𝑔 𝑛 𝑇𝐻𝑧
). It is clear that a TW-photomixer can overcome the the RC limitation of a traditional lumped element photomixer only if there is a perfect velocity matching between the THz wave and the optical beatnote. In 1990, an alternative device based on traveling wave (TW) was proposed by
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Taylor et al [START_REF] Taylor | Traveling wave photodetectors[END_REF]. As explained before, the central idea of a TW photomixer is to bypass the parasitic RC constant of the corresponding lumped-element capacity by distribution of the beat signal generation along a transmission line. These structures which exists also in a periodic configuration (VMPD) [START_REF] Lin | Velocity-matched distributed photodetectors with high-saturation power and large bandwidth[END_REF][85] [START_REF] Hietala | Traveling-wave photodetectors for high-power, large-bandwidth applications[END_REF][87] combine controlled impedance lines with long absorption regions allowing high saturation optical powers. They exist in both MSM andUTC-PD configuration, however MSM configurations are preferable due to their superior microwave guiding structure and the low carrier lifetime of LT-GaAs [88][89]. As for their output power, till now there are no significant results. At the university of Cologne in Germany, Michael et al. [START_REF] Michael | Terahertz continuous-wave large-area traveling-wave photomixers on high-energy low-dose ionimplanted GaAs[END_REF] reported µW level output powers (10 µW at 200 GHz and 1.4 µW at 1000 GHz) from VMDPs using ion-implanted GaAs.

In pulsed mode, at the UCSB (University of California, Santa Barbara), Shi et al. [START_REF] Shi | Edgecoupled membrane terahertz photonic transmitters based on metal-semiconductor-metal traveling-wave photodetectors[END_REF] reported 0.135 µW of average THz output power at 1.6 THz. This corresponds to 1.63 mW THz peak output power. Generally, these devices were based on standard III-V semiconductor optical waveguides coupled to pin or MSM photodetector structures whose metallic contact electrodes define also a microwave coplanar waveguide (CPW). This design leads to a large mismatch between the group index of the optical mode (ng~3.3 in III-V semiconductors) and the refractive index of the CPW fundamental propagation mode (ng~2.7). Furthermore, doped layers (pin) and reduced inter electrode spacing required for the embedded photoconductor lead to propagation losses often [START_REF] Chiu | High-speed low-temperature-grown GaAs p-i-n traveling-wave photodetector[END_REF] larger than 10 dB/mm beyond 100 GHz. In addition, it is well known that CPW on bulk substrate suffer from radiation losses increasing as the frequency cubed avoiding any practical use of this waveguide for length >100 µm at frequency above 1 THz [START_REF] Rutledge | Integrated circuits antennas[END_REF]. This explained mostly why the active length of these photodetectors, with the exception of that one studied in [START_REF] Hietala | Traveling-wave photodetectors for high-power, large-bandwidth applications[END_REF], equal to the optical absorption length is often lower than 50 µm. In the frequency range considered (< 500 GHz), these photoconductors are not really distributed and their limited size avoid any significant increase of their power dissipation and saturation photocurrent capabilities. In [START_REF] Hietala | Traveling-wave photodetectors for high-power, large-bandwidth applications[END_REF], the authors take advantage of the n-doped contact layer of the pin junction to design a slow wave waveguide (n~3), mixed between a CPW and a microstrip waveguide. However, the thickness of the intrinsic semiconductor layer (1.2 µm) used in the pin structure leads to a cut-off frequency related to the electron transit time not compatible with THz operation. A cut-off frequency below 5 GHz has been measured on a 1.25-mm-long device. Again, there is no convincing evidence of travelling wave operation here since the frequency response of this device has been characterized only up to 10 GHz. As a matter of fact, the only TW photodetectors showing very promising results as THz photomixers were based on vertical illumination and not on integrated optical waveguide. The phase-matching was then achieved by tuning the incidences angles of the two free space laser beams [START_REF] Michael | Travelling-wave photonic mixers for increased continuous-wave power beyond 1 THz[END_REF]. Elliptical spots were thus needed limiting the active length at a value of approximately 200 µm.

-Conclusion:In summary, we should expect that the performance of a TWphotomixersurpasses that of a lumped-element photomixer due to the guiding structure of its electrodes, which enables it to avoid the (ω 𝐵 𝑅 𝐿 𝐶) -2 frequency roll-off limitation.

Furthermore, TW-photomixers can handle higher optical power levels than lumpedelement photomixers because of their larger active area. Despite these advantages, the output power of TW-photomixers is still limited because of the challenge of achieving optimal matching between the optical group velocity and the THz phase velocity.

Additionally, the frequency cutoff in pin structures is linked to the carrier transit time, which necessitates closely spaced electrodes that cause substantial propagation losses at high frequencies. In the following section, a new approach for TW-photomixers will be presented, which enhances the velocity matching conditions.

TW-photomixer based on an optical dielectric waveguide: concept and design

The primary objective of this section is to introduce a new concept of TWphotomixers, which enablessimple tuning of the index matching between the two waves.The proposed design features separate waveguides for each wave, with a silicon nitride/silicon oxide (Si3N4/SiO2) waveguide platform for the optical wave and a coplanar waveguide (CPW) for the THz wave. A well-known material for THz generation is the LT-GaAs (Low Temperature grown Gallium Arsenide). The growth of LT-GaAs is typically carried out using molecular beam epitaxy (MBE). During the growth process, the LT-GaAs layer is deposited at a low temperature (typically around 200-300°C) to produce a material with a high density of defects such as dislocations and point defects. These defects are necessary to achieve the desired material properties, such as dark resistivity and fast response time.

After the growth process, the LT-GaAs layer is annealed at a higher temperature (typically around 600-700°C) to reduce the number of defects in the material. Annealing helps to heal the defects and improve the material's crystalline quality, resulting in improved electrical and optical properties. LT-GaAs played a key role in the advancement of MSM-photomixers for THz generation. Conclusively, it will be used as the photoconductive layer of the TW-photomixer. For more information about LT-GaAs, AppendixA presents an overview on the material. The LT-GaAs will be transferred to a high-resistivity silicon substrate, which offers superior thermal and mechanical properties compared to a GaAs substrate. Additionally, by etching the silicon under the coplanar waveguides, a membrane can be realized allowing a partial propagation of the THz wave in air resulting in an overall reduction of the THz refractive index which allows it to approach the low group index in the dielectric waveguide. Membrane-supported CPW have significantly lower propagation losses in the THz range compared to CPW on a bulk substrate due to their low radiation losses and lower effective index [START_REF] Cheng | Terahertz-bandwidth pulse propagation on a coplanar stripline fabricated on a thin membrane[END_REF]- [START_REF] Grischkowsky | Optoelectronic characterization of transmission lines and waveguides by terahertz time-domain spectroscopy[END_REF].Overall, the creation of a membrane would enable the fabrication of devices with a length reaching 1 mm, capable of absorbing high optical powers up to the watt level. Subsequently, the viability of these membranes will be demonstrated and analyzed. The devices will be designed to work with both 780 nm and 1550 nm wavelength illumination, with LT-GaAs being used in both cases. Regarding the optical coupling to the active region, there are three main methods in photonics. The first approach (Figure 2.7 (a)), which is the most prevalent, is based on edge coupling and involves integrating a tapered structure at the beginning of a planar waveguide. The taper's dimensions are sufficiently large, comparable to the fiber core's size, resulting in a significant overlap between the modes of the two structures, thereby enabling efficient coupling. These couplers are intrinsically broadband and exhibit a coupling loss lower than 1 dB per facet [START_REF] Maegami | Simple and fully CMOS-compatible low-loss fiber coupling structure for a silicon photonics platform[END_REF]. However, achieving high-efficiency coupling often requires precise end facet cleaving and fiber alignment. The second method (Figure 2.7 (b)), grating couplers, is a surface-based coupling technique that utilizes diffraction gratings patterned directly on the Si3N4 core. This approach is narrowband since it relies on light diffraction. A significant advantage of this method is that it allows higher optical power to be coupled to the waveguide through large-area grating couplers without leading to thermal destruction. The third method ((Figure 2.7 (c)), which is less well-known, relies on evanescent-field coupling from a single-sided conical tapered fiber and a tapered planar waveguide. The conical shape of the fiber ensures that the electromagnetic field intensity increases as the fiber is tapered, leading to a stronger evanescent field at the tapered end.

The tapered waveguide, on the other hand, is designed to match the mode profile of the fiber, ensuring maximum overlap between the fiber and waveguide modes. Even though this technique results in low coupling losses, the coupling efficiency is highly dependent on the gap distance between the fiber and the waveguide, making alignment critical. Owing the fact that we aim to pump the device up to the watt-level and since we are working on a proof of concept and we need a fast and simple fabrication process that is easy to characterize, we chose to use a grating as the optical coupler for the device. is the thickness of the lower SiO2 cladding. For a well-defined thickness the reflected light will interfere constructively with the incoming light resulting in higher coupling efficiency. The optical beating then travels through an adiabatic taper, towards the active region. We will provide more details on the simulation model and experimental results

later, but for now we will focus only on the device design. Concerning the heat management of the membrane, GaAs membranes have been commonly used in the final stages of Schottky-based terahertz (THz) multipliers and mixers [START_REF] Chattopadhyay | Technology, Capabilities, and Performance of Low Power Terahertz Sources[END_REF], where the dissipated power is typically low and thermal management is not a significant concern. However, in this particular case, it is expected that the heating power density (resulting from both joule heating and optical absorption) will be around 2 W/mm, which is significantly higher than usual. To ensure that the maximum working temperature does not exceed 100°C and assuming that the silicon bulk remains at room temperature, it is necessary to have a thermal resistance per unit length (𝑅 𝑙 𝑡ℎ ) not greater than 100 K/(W.m), as shown inFigure 2.10. Based on a simplified one-dimensional thermal model and neglecting thermal boundaries, the thermal conductivities of LT-GaAs and gold layers (𝜎 𝐿𝑇-𝐺𝑎𝐴𝑠 𝑡ℎ = 25 W/(m•K) and 𝜎 𝐴𝑢 𝑡ℎ =317 W/(m•K)) [START_REF] Jackson | Reduced thermal conductivity in low-temperature-grown GaAs[END_REF] were used to estimate 𝑅 𝑙 𝑡ℎ . By considering dimensions of the order of tens of micrometers, it is possible to show that 𝑅 𝑙 𝑡ℎ <100 K/(W.m) as long as the difference between the membrane width (𝑤 𝑚 ) and the total width of the coplanar waveguide (𝑤 𝐶𝑃𝑊 ), denoted by𝛿𝑤, is less than 2.5 µm. This is due to the significantly better thermal conductance of the gold layer compared to that of the LT-GaAs layer. Therefore, it is essential to have membranes with limited widths to handle power levels of the order of watts in devices of millimeter-scale dimensions. Later we will describe the technological process used to obtain membranes with transverse dimensions (𝑤 𝑚 ) less than 100 µm, which are suitable for their application. Thus far, we have established the concept of the new TW-photomixer. In the following section, we will present a realistic optoelectronic model of a TW-photomixer that will be applied later to experimental results. 

Optoelectronic model

In order to quantify the physical parameters of a fabricated device, we will -Optical source model: Since the optical wave propagates and gets absorbed in the active region, we will consider that the fundamental mode has a propagation constant 𝛽(𝜔) and absorption coefficient 𝛼 0 representing the absorption in the active region. If we consider two cw lasers slightly shifted in frequency with 𝜔 1 and 𝜔 2 the angular frequencies of the two lasers and 𝜔 𝑏 = 𝜔 1 -𝜔 2 the beatnote frequency. The two lasers are considered identical and their polarization and output power (𝑃 0 2 ⁄ ) are the same. The optical power detected by a photodetector can be expressed by [START_REF] Hietala | Traveling-wave photodetectors for high-power, large-bandwidth applications[END_REF]:

𝑃(𝑧, 𝑡) = 𝑃 0 [1 + 𝑐𝑜𝑠(𝜔 𝑏 𝑡 -(𝛽(𝜔 1 ) -𝛽(𝜔 2 ))𝑧)]𝑒 -𝛼 0 𝑧 (2.4.1)
As it is clear, the energy component related to 𝜔 1 + 𝜔 2 is not present since it is much larger than the photoconductor cut-off frequency and is cancelled due to time averaging.

By using a Taylor expansion of the optical mode dispersion curve, we obtain:

𝛽(𝜔 1 ) -𝛽(𝜔 2 ) = 𝑑𝛽 𝑑𝜔 (𝜔 1 -𝜔 2 ) = 1 𝑣 𝑔 (𝜔 1 -𝜔 2 ) = 𝑛 𝑔 𝑐 (2.4.2)
where vg (ng) the group velocity(index) of the optical mode and c is the speed of light in vacuum.

It is possible to set 𝑘 0 = 𝑛 𝑔 𝜔 𝑏 𝑐 .

Consequently, the optical power in the waveguide can be expressed as follows:

𝑃(𝑧, 𝑡) = 𝑃 0 [1 + 𝑐𝑜𝑠 (𝜔 𝑏 𝑡 -𝑘 𝑜 𝑧)]𝑒 -𝛼 𝑜 𝑧 (2.4.3)
This equation can be expressed as follows: 𝑃(𝑧, 𝑡) = 𝑃 𝑑𝑐 (𝑧) + 𝑃 1 (𝑧, 𝑡) where the first term 𝑃 𝑑𝑐 (𝑧) = 𝑃 0 𝑒 -𝛼 𝑜 𝑧 is the power that generates the dc part in the current and the second term 𝑃 1 (𝑧, 𝑡) = 𝑃 0 𝑐𝑜𝑠 (𝜔 𝑏 𝑡 -𝑘 𝑜 𝑧)𝑒 -𝛼 𝑜 𝑧 is the oscillating term at 𝜔 𝑏 that will generate the THz wave. 𝑃 1 (𝑧, 𝑡) can also be written in the phase vector notation:

𝑃 1 (𝑧, 𝑡) = 𝑅𝑒(𝑃 𝑎𝑐 (𝜔 𝑏 , 𝑧)𝑒 𝑗𝜔 𝑏 𝑡 ) (2.4.4) 
with 𝑃 𝑎𝑐 (𝜔 𝑏 , 𝑧) = 𝑃 0 𝑒 -𝛼 𝑜 𝑧 𝑒 -𝑗𝑘 𝑜 𝑧 .

-Electrode design:

In the TW-photomixer, the electrodes are designed on top of an LT-GaAs layer, similar to a traditional interdigitated structure, with the exception of possessing a guiding structure. Figure 2.11depicts a cross-sectional view of two electrodes deposited on a semiconductor layer. When carriers are excited and a biasing source is present, they follow semi-elliptical trajectories that reflect the electric field lines within the material. It can be proven that most of the carriers generated in the semiconductor exist on its surface.

FromFigure 2.11, it can be inferred that the trajectories of these surface carriers can be approximated by straight lines. Therefore, we will only consider the surface carriers transiting between the electrodes of spacing 𝑙, as shown in Figure 1.17 -Photocurrent source model:By recalling the photoconduction defined in the first chapter (Figure 1.17) we can presume that we have a photoconductor consisting of two biasing electrodes on a photoconductive material of thickness t and having low lifetime carriers , a mobility µ and bias electric field much smaller than the saturation velocity electric field (Edc<<Es). The inter-electrode spacing is defined as the distance l. By considering that we are in a traveling-wave regime and based on the photoconduction theory for carrier lifetime limited ultrafast devices we can easily express the oscillating current 𝑑𝐼 𝑎𝑐 (𝜔 𝑏 , 𝑧) generated between z and z + dz [62][63]:

𝑑𝐼 𝑎𝑐 = - 𝑞 ℏ𝜔 (|𝑃 𝑎𝑐 (𝑧 + 𝑑𝑧)| -|𝑃 𝑎𝑐 (𝑧)|) 𝑤 × √1 + (𝜔 𝑏 𝜏) 2 × 𝜏 𝜏 𝑡𝑟 𝑒 -𝑗𝑘 0 𝑧 𝑒 -𝑗𝜑 (2.4.5)
where 𝜏 𝑡𝑟 = 𝑙 𝜇𝐸 𝑑𝑐 ⁄ is the transit time of the carriers between the electrodes (assuming a 1D photoconductor), 𝜑 = 𝑎𝑡𝑎𝑛(𝜔 𝑏 𝜏) and 𝜔 =

𝜔 1 +𝜔 2 2
For 𝑑𝑧 → 0 and by applying the first order Taylor expansion we get: Meanwhile, from the small signal electrical model of a photomixing source presented in the first chapter [START_REF] Peytavit | Nitrogen-ion-implanted GaAs Fabry-P&#x00E9;rot cavity photoconductor for THz photonics[END_REF] we know that this photocurrent source has an internal admittance 𝐺 0 𝑑𝑧 expressed as follows:

𝑃 𝑎𝑐 (𝑧 + 𝑑𝑧) →
𝐺 0 𝑑𝑧 - 𝑞 ℏ𝜔 µ𝜏 𝑙 2 (𝑃 𝑑𝑐 (𝑧 + 𝑑𝑧) -𝑃 𝑑𝑐 (𝑧) ) (2.4.7)
Hence the internal admittance per unit length is:

𝐺 0  - 𝑞 ℏ𝜔 µ𝜏 𝑙 2 𝑑𝑃 𝑑𝑐 𝑑𝑧 ≈ 𝛼 𝑜 𝑃 0 𝑞 ℏ𝜔 µ𝜏 𝑙 2 𝑒 -𝛼 𝑜 𝑧 (2.4.8) 
-Equivalent circuit model: Following [START_REF] Hietala | Traveling-wave photodetectors for high-power, large-bandwidth applications[END_REF], we can model the travelling wave photomixer by a standard transmission line having a distributed photocurrent source 𝑑𝐼 𝑎𝑐 𝑑𝑧 and an internal admittance per unit length G0. However, in this case since the photomixer is distributed over a well-defined length the circuit is analyzed by defining a differential element model. Figure 2.12 shows the equivalent differential circuit model for a distributed photomixer system. 

i(z)

Ldz Rdz i(z+dz)

V(z+dz) V(z)

From reference [START_REF] Hietala | Traveling-wave photodetectors for high-power, large-bandwidth applications[END_REF] we assume that the voltage solution is of the form 𝑉 𝑠 (𝑧, 𝑡) = 𝑅𝑒(𝑉(𝑧)𝑒 𝑗𝜔 𝑏 𝑡 ) and by using the distributed model of the THz waveguide including the photocurrent source, we can obtain by the Kirchhoff's voltage law:

𝑉(𝑧) = 𝑉(𝑧 + 𝑑𝑧) + 𝐼(𝑧 + 𝑑𝑧) × 𝑍𝑑𝑧 (2.4.9)
By applying the Taylor expansion, we get:

𝑑𝑉 𝑑𝑧 = -𝐼(𝑧) × 𝑍 -𝑑𝐼 × 𝑍 (2.4.10)
then we can neglect the second order terms:

𝑑𝑉 𝑑𝑧 = -𝐼(𝑧) × 𝑍 (2.4.11)
where 𝑍 = 𝑅 + 𝑗𝐿𝜔 𝑏 .

Then by applying Kirchhoff's current law on the circuit:

𝐼(𝑧 + 𝑑𝑧) = 𝐼(𝑧) -𝑉(𝑧) × (𝑌𝑑𝑧 + 𝐺 0 𝑑𝑧) + 𝑑𝐼 𝑎𝑐 𝑑𝑧 𝑑𝑧 ⟹ - 𝑑𝐼 𝑑𝑧 = 𝑉(𝑧) × (𝑌 + 𝐺 0 ) + 𝑑𝐼 𝑎𝑐 𝑑𝑧
(2.4.12)

Here 𝑌 = 𝐺 + 𝑗𝐶𝜔 𝑏 .

𝑍 and 𝑌 are related to a THz waveguide without a source and their calculation will be shown below. Now if we replace equation (2.4.11)in (2.4.12) we get:

𝑑 2 𝑉 𝑑𝑧 2 = 𝑉(𝑧) × 𝑍(𝑌 + 𝐺 0 ) + 𝑍 𝑑𝐼 𝑎𝑐 𝑑𝑧 (2.4.13)
If we consider that the propagation is lossless, we get 𝐺~0 and we assume that 𝐺 0 ≪ 𝑌.

Finally, we obtain the standard telegrapher's equation with a current source term:

𝑑 2 𝑉 𝑑𝑧 2 -𝛾 𝑡 2 𝑉(𝑧) = +𝑍𝐴𝑒 -𝛾 𝑜 𝑧 (2.4.14)
where 𝛾 𝑡 = √𝑍𝑌 = 𝑗𝑘 𝑡 + 𝛼 𝑡 /2 , 𝑘 𝑡 is the THz wave propagation constant and 𝛼 𝑡 is absorption coefficient of the THz wave. In the following we will consider the solutions of a transmission line without a source. This allows us to express 𝑘 𝑡 as function of physical parameters of the circuit. Note that the theory of a CPW and a transmission line is briefly emphasized in Appendix B. Consequently, here are the general solutions of voltage and current waves which are propagating on a transmission line: We obtain a very simple form of 𝑉 1 and 𝑉 2 :

𝑉(𝑧) = 𝑉 1 𝑒
𝑉 1 (𝑙) = 𝐴𝑍 𝑐 (𝛼 0 𝑒 -𝛾 0 𝑙 -𝛾 𝑜 𝑒 𝛾 𝑡 𝑙 ) (𝛾 𝑜 2 -𝛾 𝑡 2 )𝑒 𝛾 𝑡 𝑙 𝑉 2 (𝑙) = 𝐴𝑍 𝑐 𝛼 0 𝑒 -𝛾 𝑜 𝑙 (𝛾 𝑜 2 -𝛾 𝑡 2 )𝑒 𝛾 𝑡 𝑙
By replacing them in (2.4.17)we get:

𝑉(𝑙) = 𝐴𝑍 𝑐 𝛾 0 2 -𝛾 𝑡 2 [( 𝛼 0 2 (1 + 𝑒 -2𝛾 𝑡 𝑙 )+𝛾 𝑡 )𝑒 -𝛾 𝑜 𝑙 -𝛾 𝑜 𝑒 -𝛾 𝑡 𝑙 ] (2.4.21) 
Finally, the THz output power at the load impedance 𝑍 𝑙 is calculated and expressed as:

𝑃 𝑇𝐻𝑧 = 1 2 𝑅𝑒( 1 𝑍 𝑙 )|𝑉(𝑙)| 2 (2.4.22)
In the first part of this chapter, we showed a simplified model of a TW-photomixer to present the basic limitations of the device. Here we represent a realistic situation where we consider the THz propagation losses, the cutoff due to lifetime and the transit time between the two electrodes. In Table 2-2 we show the realistic physical parameters that we implemented in the equation. These parameters correspond to an LT-GaAs photoconductor having an electrode design similar to the design shown in Figure 2.11with an interelectrode spacing of 2 µm. The propagation losses around 1 THz were extracted from a 2D electromagnetic simulation by FEM method of the fundamental mode of a 50-Ω-CPW on a 1-µm-thick membrane of GaAs that were realized by my supervisor Emilien Peytavit. Here we consider that we pump the device by 2 W optical power. Figure 2.13 plots the expected THz output power as a function of the frequency calculated by using this model. Three different index mismatch values have been considered here with 𝛼 𝑜 =10 dB/mm: 𝛥𝑛 = 0 %, 6.7 % and 10 %. For comparison, we have also plotted the first two 𝛥𝑛 values when 𝛼 𝑜 increases along the device so that the optical power is absorbed linearly, i.e. 

Symbols Physical meaning Value

Conclusion

In this chapter wepresented the theory of traveling-wave-photomixers, highlighting the fundamental limitations of such devices. While TW-photomixers offer significant theoretical advantages over traditional lumped-element photomixers, practical implementation has been hindered by weak and unsatisfactory results. This can be attributed to several factors, such as the challenge of achieving velocity matching between the THz phase velocity and the optical group velocity. Previous studies have utilized semiconductors as the optical waveguide, which results in a high group index compared to the THz refractive index, making it difficult to achieve velocity matching. To overcome this limitation, a new concept is proposed where a Si3N4/SiO2 waveguide platform is patterned between the electrodes of a CPW on an LT-GaAs membrane. The optical beatnote is absorbed by evanescent couplingin the LT-GaAs membrane and the THz is guided and dissipated in the load or emitted through antennas. This new design introduces an original technique to achieve optimal matching between velocities. The main idea lies on tuning the respective velocities by modifying the respective dimensions of the waveguides and the thickness of the LT-GaAs membrane. Finally, we presented a theoretical study based on the photoconductive theory and acircuit model of a transmission line with a current source that expect microwatt level output power at 1 THz for velocity matched devices.In conclusion, our proposed solution presents a viable alternative for improving the performance of TW-photomixers. The following chapters will present the modeling and experimental results for two different generation of these TW-photomixers.

Chapter 3: Traveling wave photomixer compatible for 780-nm wavelength illumination

Introduction:

This chapter presents the practical implementation of the previously introduced concept of a TW-photomixer, which is illuminated with an optical beatnote having a wavelength around 780 nm. The novelty of this concept is the integration of a Si3N4/SiO2 waveguide 

3.1.1.

Optical simulation for different waveguide geometries compatible for 780 nm wavelength

Single-mode-waveguide design

To optimize the waveguide for single-mode operation, the dimensions of the Si3N4 core should be chosen such that only the fundamental transverse electric (TE) mode can propagate since the grating coupler diffracts only the TE modes. This can be achieved by making the thickness and width of the core with the same order of magnitude to the wavelength of the light being used, which in this case is 780 nm. The refractive indices of Si3N4 and SiO2that we used in the simulation model were measured using ellipsometry on test samples at a wavelength of 780 nm and found to be 1.9 and 1.45, respectively. To determine the optimal core width for single-TE-mode operation, we first set the core thickness to 200 nm, which allows for the presence of TEm,0 modes. Next, the core width was varied from 200 nm to 2000 nm. The effective index of the possible modes is studied in this core width range. Figure 3.2, indicates that a single-TE-mode operationis achieved for a width lower than 784 nm. Forlower widths, the mode tends to be squeezed out of the core and instead propagates more in the cladding, resulting in lower effective index values. . FDE simulations also provide the effective area of the mode, which is calculated as the ratio of the mode's total energy density per unit area to its peak energy density. As the core width is reduced, the mode is pushed out of the core and the effective area increases. This suggests that the core width is the important parameter to consider when adjusting the distributed absorption in the LT-GaAs material. To ensure a smooth transition of the fundamental mode to the active region,the gold layer thickness should be minimized. However, if the latter is too thin, this would result in high optical losses due to transmission through the gold layer and absorption in the LT-GaAs before reaching the active region.The suitable thickness was defined basedon the Beer-Lambert law where reflection, transmission and absorption coefficients wereused at 780 nm. By setting a target of 0.002% transmission through the gold layer, we determined that a thickness of 70 nm would be appropriate. Since the core thickness is about three times the thickness of the gold layer, we can expect that the mode in the core will not be significantly affected by scattering due to a discontinuity in the waveguide. This prediction was confirmed through finite-difference time-domain (FDTD) simulations using realistic dimensions based on a test sample fabricated in the clean room.Figure 3.4 shows an SEM image of the core transition to the active region. 

Group index

After defining the single-mode operation, we can now use the same simulation model to calculate the group index for different core widths. However, a realistic simulation design is considered where we included theLT-GaAs membrane. Figure 3.5

shows the group index variation as function of the core width. For a core ranging from 150 nm to 500 nm we can see that the group index increases from ~1.55 to ~1.9. These results will be important later in the section 3.2.1 where the optimum designs of the CPW and membrane are studied in order to achieve index matching. 

Grating coupler design

To determine the optimal design of the grating coupler, we will first calculate initial values for the critical parameters such as the grating period and lower cladding thickness. These values will be based on the requirement for constructive interference between the back reflected light and the input light. The grating period can be calculated using equation (C.2) from Appendix C:

𝑝 = 𝑚𝜆 𝑛 𝑒𝑓𝑓 -𝑛 𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 sin 𝜃
The grating period, denoted as "𝑝", depends on the wavelength 𝜆, the coupling angle 𝜃, the cladding index 𝑛 𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 , and the effective index of the grating mode 𝑛 𝑒𝑓𝑓 . Here, we will consider the first order (𝑚 = 1) and fix 𝜃 at 10° to reduce interference between the fiber facet and the device. The cladding index, which corresponds to the index of SiO2 as measured by ellipsometry, falls in the range of 1.45 to 1.5 at 780 nm depending on the sample. The effective index of the grating mode is not yet defined. As a first approximation, we will consider an effective index between 1.55 and 1.6, which is close to the effective index of the fundamental TE mode in a continuous waveguide as shown in Figure 3.2. Using these values, we calculate the grating period to be between 570 nm and 605 nm, depending on the cladding index and the effective index of the mode. To achieve maximum back coupling, it is necessary to have a constructive interference on the grating. Therefore, the lower cladding thickness 𝑡 should be a multiple of

𝑡 𝑚+1 -𝑡 𝑚 = (𝑚+1)𝜆 𝑆𝑖𝑂 2 2 - 𝑚𝜆 𝑆𝑖𝑂 2 2 = 𝜆 𝑆𝑖𝑂 2 2 = 𝜆 2𝑛 𝑆𝑖𝑂 2
≈ 265 ± 5 nm, where 𝑡 𝑚+1 and 𝑡 𝑚 are the consecutive thicknesses corresponding to constructive interference. If the core is too close to the gold layer, large propagation losses will be induced before reaching the active region. Therefore, we choose to work with the thickness corresponding to the third order constructive interference, which is approximately 795 ± 15 nm. This ensures that the core is sufficiently far from the gold layer while still being able to evanescently couple to the LT-GaAs material.

Having established initial estimations for the grating period and lower cladding thickness, we conducted a parameter sweep using these values in a two-dimensional finitedifference time-domain (FDTD) simulation model. To accurately reproduce the experimental configuration, a model based on a tutorial in the simulation tool underwent several modifications. In, the experimental setup, the fiber was cleaved at a 0° angle, resulting in an air gap between the fiber facet and the sample. This would result in to reduced optical coupling due to reflections from the sample, as well as additional losses due to light scattering entailed from the roughness of the substrate, the gold layer, SiO2 lower cladding, Si3N4 layer, and SiO2 top cladding. This problem can be partially solved by introducing an index matching gel between the fiber and the sample. To reproduce these conditions in the simulation, the model was modified to include the 0° cleavage angle and the presence of the index matching gel between the fiber and the grating. Test samples were then fabricated with varied lower cladding thicknesses to identify the optimal thickness for maximum coupling. represented by blue scatter points. The SiO2 index was around 1.5 when the test samples were fabricated, leading to an optimal thickness of 758 nm (3.7 dB) for the realistic design and 774 nm (3.19 dB) for the theoretical design. The lowest measured coupling losses at the operating wavelength of 780 nm was 3.5 dB (44.6% coupling efficiency) at a lower cladding thickness of 750 nm. These results demonstrate that at λ=780 nm, even small changes in deposition rate or material quality (roughness, index, etc.) can significantly impact the coupling losses. It is worth noting that before each SiO2 or Si3N4 layer was deposited, a test was performed to verify the deposition rate and refractive index. Given that in the worst-case scenario there is a maximum error of 5% on well-defined thicknesses, sometimes it can be challenging to achieve the exact calculated optimal thicknesses.

Multimode interferometer (MMI) design

In order for the optical waveguides to fit between the electrodes of a coplanar waveguide, the inter-waveguide spacing at the output of the MMI coupler needs to be determined by the strip width of the coplanar waveguide. The strip is the central metallic line in a coplanar waveguide, and according to electromagnetic simulations performed byEmilien Peytavit, the width of this strip should be around 6 µm to ensure that the refractive index of the THz wave stays within an interval where quasi-phase matching is possible. The interelectrode spacing has been set to 2 µm in order to avoid high THz propagation losses in the waveguide.As a result, a minimum inter-waveguide spacing of 8 µm. Based on a 3D BPM simulation optimization performed by Vincent Magnin, the MMI width was initially set to 5 µm and the length to 285 µm. However, this length isconsidered too large and would result in important optical propagation losses before reaching the active region. To reduce the MMI length to an acceptable level, the interwaveguide spacing was reduced to 2.5 µm, resulting in an MMI length of 29 µm. The 8 µm inter-waveguide spacing is then achieved through a 150 μm-longtaper, as shown in 

Characterization of the Si3N4/SiO2 waveguide platform

In the previous section, we presented measurements of the coupling losses. Here, we describe the cut-back method that we used to estimate these coupling losses as well as the propagation losses in the waveguides. consists of waveguides with a constant core width (5 μm) that are terminated at both ends with grating couplers. The entire waveguide structure is patterned on top of a backreflecting gold layer. The second design is composed of two parts: (1) a coupling structure that includes a grating coupler and an adiabatic taper designed to follow a third-order polynomial function, gradually decreasing the core width from 5 μm to a few hundred nanometers at the active region and (2) when the core reaches its constant width, it steps from the back-reflecting mirror onto the LT-GaAs active region. The length of the segment above the LT-GaAs is then varied to extract the propagation losses in the semiconductor. In both designs, coupling between the fibers and the planar waveguides occurs through the input and output grating couplers. The only variable dimension is the waveguide length. In the first design, while the slope of the fit corresponds to the propagation losses, the intercept corresponds to the insertion losses which in this case are the coupling losses of the two grating.For the second design (waveguide on LT-GaAs), the insertion losses correspond to the coupling losses of the two grating couplers and the losses in the two tapers. For the first design, the propagation losses for a 5 μm wide core were around 2.9 dB/mm. In this situation, it is considered that the mode is well confined in the core and the losses originatespurely from the Si3N4 composition. It is important to note that a material study is realized to optimize the SiO2roughness and the Si3N4 composition for low propagation losses at λ = 780 nm. The results of this study will be shown later in the section describing the fabrication.

Losses in the taper and absorption in the active region

In the course of this work, two types of devices were fabricated: 1) LT-GaAs membraned supported devices, where the active region is transferred to a high resistivity silicon wafer and 2) Devices on GaAs bulk layers which is the substrate at which the LT-GaAs is grown after a thin AlGaAs layer. In this section, all the optical measurements were realized on devices having a GaAs bulk. Layer. Since we already measured the coupling lossesof the grating couplers (3.5 dB/grating)from the first design we can extract the losses in the taper segment. Note that, based on test devices where the taper length was varied it was found that there was no significant difference between the losses of a 300 µm long and 150 µm long taper and they were measured to be around 0.8 dB/taper.

As a result, a taper length of 150 µm was defined for the full device.Figure 3.10(a) shows the taper losses for different core widths. We can see that these losses are not the same for all core widths and start to becomesignificant when the core width is under 200 nm. At low core widths,the overlap of the fundamental mode profile with the substrate increases resulting in higher losses due to absorption.Later these taper losses will be considered when measuring the dc photoresponse for devices with different core widths. In the case of waveguides above the LT-GaAs, in order to verify if the metallic waveguide result in optical losses, we will consider two designs shown inFigure 3.10.

Design A correspond to the same structure shown in Figure 3.9 where there were no electrodes deposited and Design B correspond to realistic design where the metallic waveguide is deposited. In Figure 3.10(b), we present the measurement and simulation results of the core width as a function of the propagation losses/absorption in LT-GaAs.

In the 2D FDE MODE solver design, the fundamental mode losses were calculated for different core widths. Note that these losses represent the losses of the mode in full structure while in the FDTD solver a 3D model of the device was designed, where the fundamental mode propagated for 100 μm and the losses were extracted from the absorbed power only in the LT-GaAs layer.It should be noted that in the two simulation designs, all materials were considered lossless except for the LT-GaAs ( 𝑛 𝐺𝑎𝐴𝑠 @ 780 𝑛𝑚 = 3.7 + 0.09𝑗) and the gold (𝑛 𝐺𝑜𝑙𝑑 @ 780 𝑛𝑚 = 0.174 + 4.86𝑗).It is observed that the results of the two simulations are similar suggesting that all the optical power is absorbed in the LT-GaAs and there are no losses due to the metallic waveguides. On the other hand, the measurements show higher losses for design B compared to design A. It is noteworthy to mention that in design B, it was not possible to measure the propagation losses for all core widths. This was mainly due to the lower process yield of devices having the design B because of their additional fabrication steps. Since the results of the two simulation models are similar, we concluded that the metallic lines do not result in significant optical losses, we can assume that this increase in propagation losses in design B originates from the sidewall roughness of the etched top cladding. Overall, the results of the four curves display a similar exponential-like decay, however, the measurements are slightly higher than what was expected by the two types of simulations. This discrepancy may be attributed the presence of roughness and scattering that was not introduced in the simulation model.

Waveguide design allowing linear absorption in the active region

In order to design waveguides allowing linear absorption along the device, first we consider that the optical absorption in the waveguides follows the Beer-Lambert law, the optical power as function of the length z can be written as follows:

𝑃(𝑧) = 𝑃 0 𝑒 -𝛼 𝑜 𝑧
Where 𝛼 𝑜 is constant and is the absorption coefficient of LT-GaAs for a given core width and 𝑃 0 is the power at 𝑧 = 0. Note that 𝛼 𝑜 increases for lower core widths since the fundamental mode is squeezed out of the core resulting in higher interaction with the LT-GaAs. In order to increase the emitted THz power, the absorbed power should be distributed linearly along the device length (𝑃(𝑧) = 𝑃 0 -𝑎𝑧). This is shown in Figure . Where 𝐿 is the waveguide length. Finally, the linearly absorbed power is expressed in the following form:

𝑃(𝑧) = 𝑃 0 (1 - 𝑧 𝐿 ) = 𝑃 0 𝑒 -𝛼 𝑜 𝑧 (3.1.2.1)
The latter is only possible if 𝛼 𝑜 is dependent of 𝑧. Knowing that 𝛼 𝑜 is dependent of the core width 𝑤, we can assume that by changing the core width along the waveguide 𝛼 𝑜 can be varied along 𝑧. Now we can calculate 𝛼 𝑜 (𝑧) from (3.1.2.1):

𝛼 𝑜 (𝑧)[𝑁𝑝 𝑚𝑚 ⁄ ] = ln [(1 -𝑧 𝐿 ⁄ ) -1 𝑧 ] (3.1.2.2) 𝛼 𝑜 (𝑧)[𝑑𝐵 𝑚𝑚 ⁄ ] = -10 × log (𝑒) × ln [(1 -𝑧 𝐿 ⁄ ) -1 𝑧 ] (3.1.2.3)
Now that we defined a position dependent absorption coefficient in order to create a constant absorption density in the device, we need to define the core design allowing that.

To achieve this, we have defined the relation 𝑤(𝛼 𝑜 (𝑧)). Since the absorption coefficient was then measured for each core width utilizing the cut-back method, an exponential fit was performed on the measured data, and the best exponential decay equation that fitted the results is presented as follows:

𝑤(𝛼 𝑜 ) = 𝐴 0 + 𝐴 × 𝑒 -𝛼 𝑜 𝑡 1 (3.1.2.4)
The measurements and the exponential fit are shown in Figure 3.11. 𝐴 0 , 𝐴 and 𝑡 1 are constant values and are defined by the best fit and are shown in the inset table of Figure 3.11. 𝐴 0 represents the core width at the end of the waveguide. shows the core width as a function of position (black) and the corresponding absorbed power along the waveguide (red). The core width function is plotted using equation (3.1.2.5). The red plot indicates that the power is absorbed linearly along the device, resulting in a more even distribution of power along the waveguide. Figure 3.12(b), we assume a constant core width of 200 nm throughout the device corresponding to propagation losses of 22.11 dB/mm. In this case, the absorbed power density is nonlinear along the device, with about 90% of the light absorbed before the first half of the waveguide. This leads to a less even distribution of light in the device, which reduces the device's performance in the traveling-wave regime. 

MMI characterization

The MMI was also characterized by fabricating test samples where there is one grating coupler for the injecting fiber and two at the output fiber. The MMI length was varied (28, 29 and 30 μm) as it relates to the 50/50 splitting of the mode.Figure 3.13 shows the measurement of the losses and the efficiency of the MMI for the three defined lengths.

The efficiency of the MMI is defined by the ratio between the two outputs emitted each by a grating coupler. In this study we chose to use the 29 μm long MMI since it possesses the lowest losses (1.73 dB) and a plausible efficiency (~0.88). Note that these losses correspond to the MMI and the 150 μm-long taper. As for the efficiency, it can be observed that the three lengths have similar efficiencies and the slight difference may be due to measurement errors. As a result, in a CPW design, the lowest possible injection losses that could be achieved before reaching the active region ranges between ~5.48 dB and ~8.48 dB depending on the core width. These losses are still considered high and could be reduced by using CPS design where the optical beatnote is coupled to the active region directly after the adiabatic taper allowing to gain 1.73 dB (MMI and taper losses). However, for the CPS design, on bench measurements are only possible up to 67 GHz. Higher frequencies could be characterized by implementing resonant antennas.

Electromagnetic modeling and characterizations

To determine the optimal configuration for phase matching and to estimate the propagation losses of CPW on the membrane, we used 2D electromagnetic simulations based on the finite element method (FEM) on CPW designs. After that, the simulated parameters were used to fabricate a test sample of an LT-GaAs membrane supported CPW. Measurements of THz effective index and propagation losses were realized up to 0.8 THz. -CPW optimization In Figure 3.5, we demonstrated that the optical group index can vary between 1.5 and 1.9 based on the core width of the waveguide. Similarly, the THz refractive index can be determined by the dimensions of the coplanar waveguide. The THz refractive index formula includes both a capacitance and inductance term as shown in Appendix B, and by altering the width of the central strip, the inductance/capacitance will change and therefore the THz refractive index can be modified.Figure 3.14 shows the representation of the LT-GaAs membrane design with the CPW and dielectric waveguides. We fixed the slot width 𝑤 𝑠𝑙𝑜𝑡 , the ground width 𝑤 𝑔𝑟𝑜𝑢𝑛𝑑 , the membrane width 𝑤 𝑚 , the gold thickness 𝑡 𝐴𝑢 , and the LT-GaAs thickness at 2 μm, 6 μm, 40 μm, 600 nm, and 700 nm respectively. A 2D FEM simulation was conducted for three different strip widths (6 μm, 12 μm, and 18 μm) in the 0.1-1 THz frequency range. Figure 3.15illustrates the THz refractive index (a) and propagation losses (b) for these strip widths as a function of the frequency. We can see that for wider strip widths, the refractive index decreases. Importantly, the values in Figure 3.15 (a) clearly allow for phase matching between the THz and the optical beatnote. The optimal scenario is when the strip width is 18 μm, as the refractive index falls between 1.8 and 1.85 in the frequency band since it is easily achievable in the group index.

Modeling of an LT-GaAs membrane-supported CPW

Additionally, the 18 μm wide strip corresponds to the lowest propagation losses between the two other values with losses ranging from 2 dB/mm at 0.1 THz to 5 dB/mm at 1 THz.

Even for a 1 mm-long device these losses are considered acceptable. 𝑓 𝑏 and 𝐿 are the beating frequency and the device length respectively. We will define Δ𝑛 = 𝑛 𝑔 -𝑛 𝑇𝐻𝑧 . In Figure 3.16 we present the maximum value of |Δ𝑛| as a function of device length for various 3 dB cut-off frequencies. It can be observed that achieving almost perfect index matching is necessary for high cut-off frequencies and longer devices. However, for a shorter device (500 µm) and a 3dB cut-off frequency of 500 GHz, the index mismatch is slightly higher than 0.5, which can be easily managed. Figure 3.16 serves as a useful guide for determining the parameters that enable quasi-index-matching, as all parameters in Δ𝜑 can be controlled through the device design and the desired generated frequency. Based on these conclusions, the CPW and the membrane design will be examined in the following paragraphs. mm long device the THz effective index should be defined in the range of 1.8 ± ~0. [START_REF] Chang | Resonant tunneling in semiconductor double barriers[END_REF].We can see that the THz effective index decreases for thinner LT-GaAs membranes. This is due to the fact that thinner membranesresult in higher overlap of the THz mode with air.

On the other hand, thicker LT-GaAs layers have higher thermal conduction, which is necessary for high optical powers. In conclusion, a 700 nm LT-GaAs thickness and a strip width between 10 µm and 18 µm results in a fine balance between the need for high thermal conduction and a plausible index matching leading to a 3-dB cutoff at 1 THz or higher. We will now examine how changing the slot width affects the refractive index and the propagation losses as function of the strip width at 1THz. ℎ 𝐺𝑎𝐴𝑠 is set to 900 nm and the other dimensions will remain the same. By increasing the slot width by 1 µm, we can decrease the effective index of the mode by 0.1 and decrease propagation losses at 1THz by 1.5 dB. This is presented in Figure 3.18 (a) and (b). However, this also means that a higher bias voltage is required to achieve the same photoresponse. As previously explained, the closer the electrodes are, the higher the photoconductive gain will be, but at the expense of higher THz propagation losses. In conclusion, while decreasing propagation losses and bringing the THz refractive index closer to the optical group index may seem beneficial, it is not worth the decrease in the photoconductive gain. On the other hand, 1 µm of interelectrode spacing would result in high propagation losses. As a result, a slot of 2 µm is maintained. 

Electrical characterization of the LT-GaAs membrane-supported CPW

On-wafer measurements have been performed up to 750 GHz by means of vector network analyzers (VNA) by using suitable frequency extenders and coplanar probes. We present in Figure 3.19 (a) the experimental attenuation coefficients of a 1-µm-thick LT-GaAs membrane-supported CPW. It can be noticed a rather good agreement with the theoretical results obtained by FEM modelling (assuming an infinitely wide membrane). However, the surface impedance approximation used in the FEM model gives only a rough estimation of ohmic losses which dominate the propagation losses of the membrane supported CPW since the radiation losses are almost canceled. We have also plotted in Figure 3.19, theoretical ohmic losses obtained by using a quasi-TEM model of coplanar waveguides developed by Heinrich [START_REF] Heinrich | Quasi-TEM description of MMIC coplanar lines including conductor-loss effects[END_REF]. This model assumes an infinitely thick substrate and we mimicked a membrane-supported CPW by setting the dielectric constant of the substrate 𝜖 𝑟 so that the quasi-TEM effective dielectric constant of the CPW TEM mode 𝑛 𝑇𝐻𝑧 is close to that obtain by the FEM model (𝑛 𝑇𝐻𝑧 ≈ 2). In the quasi-static limit, the effective index 𝑛 𝑇𝐻𝑧 of a CPW patterned on a substrate of dielectric constant 𝜖 𝑟 is given by 𝑛 𝑇𝐻𝑧 2 =(𝜖 𝑟 +1)/2, thereby if 𝑛 𝑇𝐻𝑧 =2, 𝜖 𝑟 =7. It can be noticed a very good agreement of the propagation loss given by this model with the experimental ones at least from 1 to 500 GHz. The 40 µm-width membrane show similar attenuation coefficient as the 60µm-width, around 5.5 dB/mm at 750 GHz, values still acceptable for a 1-mm-length TW photomixer.

Regarding the effective index 𝑛 𝑇𝐻𝑧 plotted Figure 3.19 (b), which is extracted from phase measurements, extremely sensitive to exact probes distances and calibration, experimental values are clearly less reliable at frequency greater than 300 GHz. At higher frequency, we can estimate by comparison with experimental results obtained at lower frequency and also with simulations that the error in phase measurement results in a relative error in the determination of the effective index Δ𝑛 𝑇𝐻𝑧 𝑛 𝑇𝐻𝑧 ⁄ ≈ ±3%. Though, we can still conclude that effective index well below 𝑛 𝑇𝐻𝑧 =1.9 are achievable with this technology but also that narrower membranes exhibit higher effective index which can be explained by a slight overlap of the CPW mode and the silicon substrate.

Traveling-wave-photomixer: Fabrication process

In this section we describe the fabrication process of a traveling-wave photomixer for the 780 nm and 1550 nm wavelength. The fabrication is summarized ina process flow diagram shown in in Figure 3.20. Initially, an epitaxial layer consisting of a GaAs substrate, a GaInP stop etch layer, and an LT-GaAs layer was transferred to a high-resistivity silicon (HR-Si) wafer by means of adhesive bonding. The GaAs substrate was then subjected to wet-etching techniques to obtain access to the LT-GaAs layer, and the back reflecting was patterned onto it. Subsequently, a lower SiO2 cladding layer and a Si3N4 layer were deposited, and both layers were patterned to establish the core and to expose the LT-GaAs layer, allowing the deposition of the coplanar waveguide (CPW).

Once the CPW had been deposited, a top SiO2 layer was applied, encasing the entire device. The upper SiO2 cladding was selectively etched to access the contact pads used to bias the device, and the membrane was fabricated by etching the HR-Si beneath the CPW.

Notably, the fabrication process for both wavelengths was almost identical, with only minor disparities concerning the optical waveguide construction. Further details pertaining to the device fabrication and the optimization of the optical waveguide for both wavelengths are provided in subsequent sections of the study. 

Fabrication of thedielectric waveguide platform

The first step in fabricating the device is the creation of a back-reflecting mirror under the grating coupler. In this process, a bilayer consisting of two different electrosensitive positive resists (COPO EL13% and PMMA 3% 495 K) is spin coated on the sample and patterned using E-beam lithography (Appendix E-IV) to create a rectangular design for the back-reflecting mirror. COPO EL13 % stands for copolymer Ethyl lactate diluted for 13 % and PMMA 3% 495 K stands for polymethyl methacrylate. The bilayer is then developed in a solution of MIBK developer and IPA. The COPO EL13% resist is more electrosensitive than the PMMA 3% 495 K, resulting in an undercut profile shown in Figure 3.22. Gold is then deposited onto the whole sample using evaporation under vacuum. The principle of gold deposition using evaporation under vacuum involves the heating and vaporization of a high-purity gold target resulting in the condensation of the gold atoms onto a substrate in a low-pressure environment. Finally, the sample is placed in a resist stripper solution allowing to dissolve the resist bilayer and liftoff the gold, leaving only the gold pattern on the sample. 

• SiO2/Si3N4 deposition for the lower cladding and the core

To fabricate the waveguide structure, a multilayered stack is formed on the sample using Plasma-enhanced chemical vapor deposition (PECVD) technique. Firstly, an SiO2 layer is deposited as the lower cladding layer, followed by deposition of a Si3N4 layer as the waveguide core material. The PECVD machine used for deposition was from Oxford instruments of type Plasmalab80Plus system. For more information, the principle of Plasma-enhanced chemical vapor deposition is detailed in Appendix E-V. In such tools, in order to realize a deposition recipe, important parameters should be defined such as gas flows, chamber pressure, RF power, lower plate temperature and deposition time. The optimization aimed to achieve the highest material quality by minimizing the roughness and intrinsic optical losses. The propagation losses were measured on test waveguides, where the core was patterned and etched via RIE (Reactive Ion Etching) and followed by a deposition of a top SiO2 cladding. Further details on the core patterning will be shown in the following section. The succeeding subsections describe the material analysis carried out in the study.

SiO2/Si3N4compatible for 780 nm and 1550 nm wavelengths

• SiO2 with reduced roughness:

Surface roughness is a crucial factor that can cause scattering and adversely affect the propagation losses of a material. To address this, a study was conducted by Funaki Bavedila and Christophe Boyaval on SiO2 to reduce its surface roughness. The roughness is represented by 𝑅 𝑞 which is the root mean square average of the roughness profile ordinates and was measured using an Atomic Force Microscope (AFM). Roughness can be reduced either by optimizing the deposition parameters or by using CMP (Chemical Mechanical Planarization) which is a technique based on the combination of mechanical and chemical polishing. Generally, it is used to level the surfaces of silicon oxide, polysilicon, and metal layers in preparation for lithography steps. In order to analyze the roughness, an SiO2 thickness of 1040 nm was defined (optimal coupling). All test samples were realized on a Silicon wafer on which 200 nm of gold were deposited by evaporation.

First the power and the gas flows of a standard recipe (𝑃 𝑅𝐹 = 10 W, SiH4/N2O = 700 sccm/150 sccm, 𝑇=300⁰C and 𝑃=1 T) were varied and no significant reduction on the roughness was measured (~ 5 nm). After that the pressure was reduced from 1 T to 0.5 T resulting in a reduction of the roughness from 5.45 nm to 2.3 nm. When treated with CMP the samples corresponding to the two pressures resulted in a roughness around 0.5 nm. 

• Propagation losses for different SiO2 thicknesses

At this stage, the Si3N4 recipe is not yet optimized because the goal is to investigate the impact of the proximity of the fundamental mode to the gold layer. To this end, the propagation losses were measured for two different lower cladding thicknesses, namely 2100 nm and 1040 nm. Figure 3.24 displays the cut-back measurements of the optical losses for these two lower cladding thicknesses. Even though there is a significant difference between the lower cladding thicknesses, the propagation losses of 5 µm wide cores are similar which suggests that the losses due to the gold substrate are negligible and are mainly due to scattering and absorption in the dielectric due to impurities. In both cases, the propagation losses were still high, making these waveguides unsuitable for integration into a TW-photomixer. As a result, further material study on the Si3N4 composition will be realized in the following section. • SiO2/Si3N4 compatible for the telecom wavelength

An analogous investigation was conducted on Si3N4 with the aim of refining the propagation losses in waveguides compatible for λ = 1550 nm. The experimental conditions were maintained at a temperature of 300⁰C, an RF power of 10 W, and a chamber pressure of 1 T. The variables that were investigated were the gas flows. The first formulation involves SiH4 and NH4 with respective gas flows of 360 sccm and 20 sccm, while the second formulation involves SiH4, NH3 and N2 with gas flows of 500 sccm, 50 sccm and 240 sccm respectively. Despite the distinctive formulation of the two recipes, the propagation losses are comparable and lower than those at a wavelength of 780 nm. This dissimilarity in losses between the two wavelengths is primarily caused by the higher absorption in the Silicon at λ = 780 nm. Additionally, due to Rayleigh scattering, which is inversely proportional to the fourth power of wavelength (1/𝜆 4 ) [START_REF] Obeidat | Mathematical Modeling for Losses in Optical Waveguides With Porous Silica Cladding[END_REF],

waveguides compatible for 780 nm illumination result in higher scattering. This can be seen by comparing the coupling to the waveguides. For λ = 780 nm, it was crucial to use an index matching gel or else the coupling losses would be way higher. Hence, the minimal variation in the composition of the material has a more significant impact on the propagation losses at 780 nm compared to 1550 nm wavelength.

Table 3-2shows a summary of the optimized recipies of SiO2 and Si3N4 for the two wavelengths. • Waveguide core patterning anisotropic, as the Si3N4 profile is perpendicular to the SiO2 cladding and there was no significant shrinkage in the design dimensions. 

Gas flows (sccm)

• Bottom cladding patterning and etching for contact opening

The bottom SiO2 layers in both TW-photomixers designs (780 nm or 1550 nm) possessed a thickness that ranged from 500 nm to 800 nm, which required a high etch selectivity ( 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑒𝑡𝑐ℎ 𝑟𝑎𝑡𝑒 𝑟𝑒𝑠𝑖𝑠𝑡 𝑒𝑡𝑐ℎ 𝑟𝑎𝑡𝑒 ). The ICP-RIE (inductive coupled plasma -reactive ion etching) technique was chosen over the RIE technique due to its higher selectivity (AppendixE-VII). This etching step is necessary to expose the LT-GaAs active region,allowing for electrode deposition.Figure 3.28 (a) and (b) show the device after etching the bottom cladding at the beginning and end of the active region, respectively. In some cases, as shown inFigure 3.28(b), the sidewalls of the etched SiO2 may contain byproducts due to chemical reactions between the etchants and the resist [START_REF] Huff | Recent Advances in Reactive Ion Etching and Applications of High-Aspect-Ratio Microfabrication[END_REF]. The latter can be cleaned by in an ultrasonic bath, but this may risk damaging some of the devices on the sample. The subsequent lift-off step of electrode metallization can also help clean any remaining debris from this step. 

Electrodes and THz waveguides (CPW and CPS)

In this step, the same lithography and lift-off process that was used for the backreflecting mirror is repeated. There will be two THz waveguide designs: CPW and strip lines or CPS. The CPS design is introduced since it allows a direct integration of the grating coupler and the tapered waveguide to the active region which results in reduced insertion losses. Before electrode deposition, the LT-GaAs is treated in a HCl 30% (Hydrochloric acid) solution to etch any possible oxides (GaAsO) on the surface.Figure 3.29shows the device after the lift-off step. 

HR-Si etching for membrane realization

LT-GaAs membranes are patterned by etching the silicon wafer (thickness~200µm) by means of Bosch process deep reactive ion etching (see [START_REF] Laermer | Challenges, developments and applications of silicon deep reactive ion etching[END_REF] for example). This step was realized by Fuanki Bavedila, a process engineer working in the Photonic THz group. In Figure 3.31 is shown a SEM view of a cross section of 45-µmwide LT-GaAs membrane-supported photomixer including the optical waveguide patterned within the CPW slots. 

Optoelectronic characterization

Typically, on the same process wafer, test samples are fabricated to measure physical parameters such as propagation losses, coupling losses, taper losses, and MMI efficiency. These parameters are first measured after the process (as described in sections 3.1 and 3.2) and then dc photoresponse measurements are conducted on the devices to evaluate the optical absorption as it relates to different dimensions such as device length, core width, lower cladding thickness, and measurements with or without a top cladding.

Finally, frequency response measurements are conducted on the devices that performed best in the dc measurements. In this section, we will present the photoresponse and frequency response measurements for devices on bulk and on membrane. The measurement setup for the devices on membrane is presented inFigure 3.34(a) that shows a photo of the sample with the contact probes and the optical fiber. The electrical characterization of a 1 mm-long-TW photomixer has been performed up to 100 GHz by using a 780-nm Toptica TeraScan system and a Toptica 780-nm SOA amplifier. The device is illuminated by the optical beatnote through a cleaved-fiber as shown in Figure 3.34(b).The output power is collected by using a coaxial-coplanar probe and sent to a thermal power sensor (R&S®NRP-Z58).A Labview interface developed by Vanessa Avramovic sweeps the laser beating frequency up to 110 GHz and records the output power from the thermal power sensor as function of the frequency. The interface also saves the photocurrent during the frequency sweep to assess its stability. The index matching gel can be seen on the edge of the fiber.

This section discusses the results of dc photoresponse measurements, which were conducted on a variety of cells fabricated on a single ½ 2 inch bulk wafer, and replicated multiple times. As previously mentioned in the fabrication process, two runs of TWphotomixers on bulk were fabricated. Figure 3.36 presents a cross section depiction of the TW-photomixer in the two runs. In Run 1 the top cladding was only etched above the contact pads at the end of the device to allow device biasing. Note that, in this first run, several complications in the fabrication were encountered such as a huge shift in the lower cladding thickness due to a variation in the PECVD parameters resulting in huge insertion losses. Additionally, misalignments in some lithographic steps were also observed, however we managed to extract valuable information from some devices that were less affected by the misalignment. In this run, the main idea was to verify if thicker metallic waveguidesresult in higher overlap with the optical mode leading to higher optical losses.

This was verified by realizing dc photoresponse measurements for devices having different electrode thicknesses. The measurements were performed on CPS designs, as these designs can be easily biased using only two contact electrodes as shown inFigure 3.35which represents the measurement setup. As a result, in the second run the thickness of the metallic lines was set to400 nm in order to reduce ohmic losses and the top cladding was etched above the metallic lines in order to allow better mode confinement only above the LT-GaAs.First, the photocurrent was measured as a function of the bias voltage.Figure 3.38 shows the dark current and the photocurrent of a 0.7 mm long TW-photomixer versus the bias voltage. It can be observed that the I-V behavior of the device is symmetrical with a large contrast between the dark current and the photocurrent which reached a maximum value around 50 µA at a bias voltage of 20 V and an optical power of 8 mW. It can also be seen from the I-V characteristic curve that at high bias voltage, the photocurrent presents a superlinear behavior hinting to a prolonged electron lifetime of the electrons. The results shown inFigure 3.39, present the mean photoresponse as a function of device length for different core widths, calculated by dividing the photocurrent with the optical power after passing through the grating coupler and the taper. As can be seen, in some cases the error is relatively high, mainly due to the small number of measured samples. It should be noted that even though there were four replicas of each device, for most cases, at least one device was damaged. In some cases where there are no error bars and there is a yellow "x", only one device was measured, since all the other replicas presented fabrication defects. Meanwhile, valuable information can still be obtained despite uncertainty. Devices with 100 nm and 150 nm core widths present full absorption of the optical mode between 0.3 mm and 0.5 mm. Meanwhile devices with 200 nm and 250 nm core width reaches full absorption between 0.7 mm and 1000 mm. For the core widths 300 nm and 350 nm, it can be seen that there is no full absorption of the optical mode before 1 mm length. For the 400 nm core width, no clear information can be obtained, but based on the two previous core widths, it is expected to behave in the same manner. It can also be observed that the uncertainty (yellow x) decreases as the light is absorbed faster since there is less chance of defects in shorter devices. As expected from the optical measurements of the propagation losses/absorption in section (3.1.2), the highest photoresponse/absorption (~28 mA/W) corresponds to the devices having the lowest core width (100 nm). For higher core widths (except for 150 nm), the photoresponses are around 15 mA/W. These values are comparable to photoresponses calculated from vertically illuminated lumped-element photomixers and represent the best we can get if we manage to design devices having insertion losses that tends to 0. Surprisingly, these results are much lower than the measurements in the first run. For the same device dimensions (𝐿 = 0.2 mm and 𝑤 = 200 nm), a photomixer from the first run possess a photoresponse around 2 times higher than the second run. In fact, the etching of the top cladding above the metallic lines turned out to be detrimental for the mode propagation and resulted in high losses due to the roughness of the side walls of the etched SiO2.

Since in this second run, no technological problems were encountered, it is convenient to characterize the full behavior of the device, by calculating the photoresponse based on the power at the optical fiber output (8 mW). As a result, the photoresponse would range between 4 and 6 mA/W which is considered very low due to the huge insertion losses of the device. It is noteworthy to mention that photoresponse measurements were conducted also prior to the top cladding deposition since the electrodes were accessible. The coupling losses are unchanged with or without the cladding since the gel has the same index as the top SiO2 cladding. However, when the fundamental mode enters the active region it will be in an assymetric structure (air/Si3N4/SiO2) as shown in Figure 3.40. This results in the fundamental mode not being centered in the core and shifting slightly towards the active region, leading to a higher photoresponse reaching a maximum of 18 mA/W (the photoresponse was calculated based on the 8 mW optical power). Regrettably, the photoresponse is not steady and tends to decrease, reaching the same values with the top cladding deposited. This can be explained by the gel moving towards the active region through surface tension, eventually covering the entire waveguide.

To conclude, previously the aim was to design long devices reaching 1 mm however due to the high dependency of the mode propagation on the technological process, it would be more convenient to define lengths under 0.7 mm and core widths between 200 nm and 300 nm allowing fast absorption and lower insertion losses.

Moreover, in order to avoid additional optical losses due to the sidewall roughness of a reduced top cladding, it is preferable to etch the top cladding only above the contact pads.

The top cladding thickness can also be reduced. This would result in a fundamental mode that possess higher overlap with the active region.

Frequency response measurements:

The frequency response of these devices is characterized in the sub-THz range 0-67 GHz.

Due to low photoresponse and to avoid low signal-to-noise ratio (SNR), only the CPS designs were measured to prevent extra optical losses from the MMI and the taper in a CPW design. As a result, the losses in the CPS waveguides were measured by Vanessa Avramovic and were found to be around 1 dB/mm at 67 GHz which is still considered acceptable in this frequency range.The photomixing measurement setup is similar to what ispresented inFigure 3.34, but the output power is measured by a spectrum analyzer.

Figure 3.41 displays the generated and calculated output power from the theoretical circuit model for two devices with different dimensions: (a) one having a length of 0.3mm and a 150 nm wide core and (b). another having a length of 0.7 mm and a 250 nm wide core The dimensions were selected based on the photoresponse measurements which showed that both configurations resulted in a total absorption of the optical power at their respective lengths. In order to maximize the generated power, the two devices were biased at 20 V even though an electron velocity saturation was reached.Then they were illuminated at 300 mW resulting in a photocurrent around 1.15 mAfor 𝐿 = 0.3 mm and 1.3 mAfor 𝐿 = 0.7 mm. The theoretical model aligns well with the measured results with a deviation of 3 to 4 dB. The optical absorption in the simulation model was defined using the values obtained from the optical transmission between the input and output grating coupler. This discrepancy between the simulation and the experiment may be due to the fact that a part of the optical power was not only absorbed in the LT-GaAs but also scattered by the roughness of the cladding sidewalls. As expected from the simplified model shown in section (2.1), the longer device (0.7mm) exhibits an earlier 6 dB roll-offaround 57 GHz compared to the shorter device (0.3mm) which is expected to reach the 6 dB around 111

GHz. It is important to note that the index of the sub-THz wave in these frequency ranges was measured to be around 2.7 on bulk. As a conclusion, these results are still weak mainly due to high insertion losses and the optical losses due to the sidewall roughness of the top cladding. However, we managed to prove the necessity of the membrane in the case of TW-photomixer reaching a 1 mm length. bulk. It can be seen that the output power is very low despite a large optical pump (maximum 𝑃 0 =400 mW, limited by our set-up), due to a low photoresponse and dc photocurrent (𝐼 𝑑𝑐 =0.5 mA and bias = 10 V) on this sample. However, the experimental frequency response clearly shows a transition between a lumped-element and a traveling behavior around 50 GHz, as predicted by the simplified model. As for the theoretical frequency response for front-side illumination, it is also plotted (in dashed) to highlight the negative effect of phase mismatch between optical and THz waves for large size photomixers. Conclusively, despite the low output powers due to high insertion losses we managed to prove a TW-behavior in these photomixers in the frequency range 0-100 GHz.

On membrane

Frequency response

The following chapter will discuss the adaptation of such devices for 1550 nm wavelength. Normally, the optical waveguide platform is more compatible to the telecom wavelength. 

Conclusion

In this chapter, first we presented the optimization of the dielectric and THz waveguides parameters for integration in the TW-photomixer. After that, we presented a detailed study on the complex fabrication process of the device comprised of at least 5 lithographic steps. The optoelectronic characterization showed thatthe major issue of these devices remains in the compatibility of the waveguide platform with the 780 nm wavelength.The optical properties (coupling losses/propagation losses) of the waveguides were not stable between several runs. This was due to the fact that we were using an open service PECVD machine that was not always in stable conditions along the time span of this PhD and there were several delays in the maintenance due to COVID-19 lockdowns.

Moreover, the necessity of the index matching gel was one of the most constraining points.

However, we have proved that it is possible to reach propagation losses as low as 1 dB/mm through the use of CMP (Chemical Mechanical Planarization) technique.Lower propagation and insertion losses are only possible for PECVD depositions at higher temperature (> 300⁰C) which is not compatible with III-V materials. Meanwhile, future devices can be fabricated using the CMP technique only on the SiO2 layer above LT-GaAs. This would result in plausible insertion losses. It is also worth noting that a new PECVD machine with industrial properties will arrive at the IEMN next year. This machine will allow the possibility for Si3N4 depositions which islikely to reduce the absorption at the 780 nm wavelength. To conclude, even though the generated power was very low due to the reason cited above, the 6-dB roll-off signature of a TW-photomixer have been demonstrated for the first time. We have also shown that if the insertion losses were negligible these devices reach higher photoresponse values (40 mA/W) than those of LT-GaAs based vertically illuminated photomixers. By utilizing a thinner top cladding, it is possible to induce a shift in the position of the fundamental mode towards the active region, leading to an increase in the photoresponse via enhanced absorption. In upcoming devices, the implementation of surface treatment through CMP technique or the utilization of the PECVD apparatus can effectively decrease the insertion losses to attain realistic levels, ranging between 2.5-3.5 dB. With such insertion losses and knowing that these devices exhibit high capability to handle optical power of up to 400 mW and they possess optimal waveguide dimensions allowing index matching, they are able to reach the microwatt level at 1 THz.

Introduction:

This chapter presents the same TW-photomixer designs as previously shown, but adapted for 1550-nm wavelength illumination. The modifications will involve adjusting the size of the optical waveguides and the semiconductor choice. The LT-GaAs is one of best candidates since it is well known for its sub-picosecond lifetime and its compatibility for high frequency applications however, in the previous chapter we used LT-GaAs annealed at 580⁰C which is optimized for 780-nm illumination and is not suitable for a 1550-nm laser source as its absorption at this wavelength is much lower. The focus of this chapter is on the subject of enhancing the LT-GaAs absorption at 1550 nm by briefly studying the defect dependent sub-band gap absorption in LT-GaAs. This has been tested in microcavity photomixers to evaluate its ability to generate high frequency signals, before finally being integrated into TW-photomixers. It is important to mention that at these wavelengths, the availability of a wideband cw laser source (1510 nm-1630 nm) made it easier to study and characterize optical components such as the grating coupler, ring resonators for group index measurements and to investigate the absorption as function of the wavelength for various waveguide configurations. Finally, DC and AC electrical characterization will be analyzed.

Traveling wave photomixer compatible for 1550-nm wavelength illumination: modeling and characterization

Sub-band gap absorption in LT-GaAs (𝑬 𝒑𝒉𝒐𝒕𝒐𝒏 < 𝑬 𝒈 )

In the previous chapter, the LT-GaAs was defined as the active region for the TW-photomixer due to its compatibility to the 780 nm wavelength and especially, due to its high dark resistivity and sub-picosecond lifetime allowing the generation of frequencies up to the THz region. At the telecom wavelength, the absorption in the LT-GaAs is much lower and is only possible through mid-gap energy levels, however this should not change the sub-picosecond carrier nature in the material. As a result, we decided to use the LT-GaAs as the active region for the 1550 nm wavelength TWphotomixer. In this section we will discuss the LT-GaAs absorption at λ = 1550 nm and we will present the main factors allowing to increase this absorption.

In order to follow up the study on LT-GaAs shown in Appendix A, we will refer back to the energy band diagram shown inFigureA.2. In reference [START_REF] Look | Deep traps in molecular-beam-epitaxial GaAs grown at low temperatures[END_REF], an experiment using deep-level transient spectroscopy observed a trap at 0.65 eV below the conduction bandedge and identified it with the 𝐴𝑠 𝐺𝑎 antisite defect. In fact, it turned out that these 𝐴𝑠 𝐺𝑎 antisites exist as neutral deep donors (𝐴𝑠 𝐺𝑎 ) 0 that cannot capture electrons and they exist also as electron acceptors (𝐴𝑠 𝐺𝑎 ) + . Depending on the growth and annealing temperatures, the concentration of active (𝐴𝑠 𝐺𝑎 ) + recombination centers can be (0.3 -3) × 10 18 cm -1 [START_REF] Pastor | Effect of annealing on the nonequilibrium carrier lifetime in GaAs grown at low temperatures[END_REF]. In ref. [START_REF] Dankowski | Above band gap absorption spectra of the arsenic antisite defect in low temperature grown GaAs and AlGaAs[END_REF], they show a clear relation between the annealing temperature and the sub-band gap absorption. (iii) Two photon absorption which is a process of absorption of two photons simultaneously. Carriers then are excited to the upper conduction band level. Note that this process happens also at 870 nm illumination but is less probable in the two cases.

(iv)

The excitation of trapped electrons in 𝐴𝑠 precipitates to the surrounding LT-GaAs. These electrons have an activation energy of 0.7 eV, this implies that for higher sub-band gap absorption at 1550 nm wavelength it is important to increase the 𝐴𝑠 defects present in the material.

As a conclusion, sub-band gap absorption is generally observed in the GaAs grown at low temperatures with an excess of 𝐴𝑠 . This absorption is induced by a significant number of deep defects created by an excess of 𝐴𝑠 atoms. Annealing at lower temperatures, allows the presence of the 𝐴𝑠-based defects as precipitates and not as larger clusters which results in the higher sub-band gap absorption due to the excitation of trapped electrons in the 𝐴𝑠 precipitates. In this work, the absorption of the LT-GaAs at λ = 1550 nm will be studied by varying the annealing temperatures of the LT-GaAs. The annealed layers will be tested in micro-cavity photomixers in order to evaluate their absorption as well as their carrier lifetime behavior.

LT-GaAs micro-cavity photomixers compatible for 1550 nm-wavelength illumination

Based on the information presented earlier, we have chosen to investigate defect dependent sub-band gap absorption by varying the post-annealing temperature of the LT-GaAs. This was verified by fabricating and characterizing Fabry-Perot micro-cavity photodetectors specifically optimized for 1550 nm operation, already studied by Maximilien Billet during his PhD. This section will briefly outline the design principles and fabrication process of the device. For more in-depth information, refer to Maximilien's PhD manuscript [START_REF] Billet | Photodétecteurs rapides à la longueur d'onde de 1550 nm pour la génération et la détection d'ondes sub-THz et THz[END_REF]. Additionally, we performed pump-probe measurements on these epitaxial layers to form a notion on the carrier lifetime dynamic with the help of Jean-Francois Lampin. 

Optical design

The LT-GaAs photoconductors designed for 1550 nm operation, as illustrated in Figure 4.2, are comprised of an optical cavity made up of a 450 nm thick LT-GaAs thin layer sandwiched between two gold layers, which serve as both contact electrodes and cavity mirrors. The top mirror is a 300 nm thick nanostructured optical gold grating with a subwavelength periodicity of 900 nm and a slit width of 500 nm. This design was created through rigorous coupled-wave analysis (RCWA) to produce a Fabry-Pérot (FP) resonance for a thickness of 450 nm under 1550 nm illumination, with polarization parallel to the grating direction, as shown in Figure 4.2 [START_REF] Billet | Resonant cavities for efficient LT-GaAs photoconductors operating at λ = 1550 nm[END_REF]. 

Epitaxial growth and fabrication

The fabrication procedure for the samples involved the following steps: starting with a 450-μm-thick semi-insulating GaAs substrate, a 0.1-μm-thick GaInP etch-stop layer was grown using gas-source molecular beam epitaxy (GS-MBE), followed by the addition of a 500-nm-thick layer of low temperature (250°C) grown GaAs. The GaAs wafer was then divided into four pieces and annealed at temperatures of 450°C, 500°C, 540°C and 580°C, respectively. Four different samples (S1, S2, S3, S4) were processed. The buried gold layer illustrated in Figure 4.2 was created by transferring the LT-GaAs epitaxial layers onto a 2-in.-diameter silicon wafer, using an Au-Au thermocompression layer bonding technique [START_REF] Billet | Photodétecteurs rapides à la longueur d'onde de 1550 nm pour la génération et la détection d'ondes sub-THz et THz[END_REF]. A gold grating was then patterned on the LT-GaAs layer through the use of electron beam lithography, electron beam evaporation, and lift-off techniques. As depicted in the SEM image in Figure 4.2 (b), the test structures for photocurrent measurement consisted of a 60 × 55 μm 2 optically opaque gold contact pad and a 60 × 75 μm 2 array of 300-nm-thick gold electrodes (p = 900 nm and a = 500 nm). As for devices compatible for photomixing, the diameter of the top sub-wavelength grating was varied in order to locate the best tradeoff between the RC frequency limitation and the optical saturation due to smaller sizes of the device. 

Time delay (ps)

T A = 450°C T A = 500°C T A = 540°C T A = 580°C

Electron dynamic characterization

In Figure 4.3, time-resolved photoreflectance measurements using 200 fs optical pulses with a wavelength of 820 nm from a Ti:Sapphire laser are displayed. These measurements demonstrate clearly the presence of electronic carrier trapping on a sub-picosecond time scale, making them suitable for THz applications. However, it is important to note that extracting accurate carrier lifetime data from the measurements is difficult due to interference from the metallic back mirror. Additionally, it is noteworthy to mention that this measurement technique allows only the measurement the electron lifetime and do not give any information of the hole lifetime. The GaAs annealed at 580°C, which is generally used in 800 nm wavelength applications, is considered as a reference for low carrier lifetime and high frequency generation/detection. Consequently, the black plot (580°C) is considered as a reference for low carrier lifetime, the GaAs annealed at 450°C can be a promising candidate for a sub-picosecond lifetime behavior as it is the closest to the reference sample.

Dark resistivity and photoresponse measurements

The effect of post-growth annealing temperature on dark resistivity was analyzed in Figure 4.4. This was done by measuring the dark currents on four samples and plotting it against the bias voltage (inset of Figure 4.4). The slope of the current-voltage relationship was also calculated at zero bias voltage, using the equation 𝑑𝐼 𝑑𝑉 ⁄ = 𝐺 0 . The dark resistivity 𝜌 𝑑 was then determined by using the values for a 1D resistor with a thickness of 450 nm and an area of 60×130 µm 2 .The dark resistivity 𝜌 𝑑 is calculated as the following: The photoresponse experiment was performed using a fiber-coupled external cavity laser that emitted light at a wavelength of 1550 nm. The laser light was focused through either a cleaved fiber (for samples S2 and S4) or a lensed fiber (for samples S1 and S3) into a gaussian spot with a mode field diameter of either 10.5 µm or 2.5 µm, respectively. It is worth noting that the spot width variation is unlikely to affect the results of this study since it has been previously shown that under cw illumination, in linear absorption regime, the spot diameter has no influence on the photoresponse of the optical cavity photoconductors as far it is smaller than the active area [START_REF] Billet | Resonant cavities for efficient LT-GaAs photoconductors operating at λ = 1550 nm[END_REF]. The polarization of the laser light was adjusted using a fiber polarization controller to align the electric field perpendicular to the grating electrodes. It can be observed that at the maximum bias voltage, both samples S1 (annealed at 450°C) and sample S2 (annealed at 500°C) exhibit a photoresponse that is roughly 10 times greater than that of sample S4 (annealed at 580°C). Furthermore, the slope of the photoresponse-voltage curve for S1 at zero bias voltage was found to be 10 times higher than that of S4 (17 mS/W compared to 1.7 mS/W). This latter figure is critical in THz optoelectronics applications, as it shows the capability of a photoconductor to attain a photoconductance value that is high enough to achieve appropriate impedance matching with free-space antennas or the standard 50-ohms input impedance of RF waveguide instruments. The increase in photoresponse is attributed to a higher defect density in the LT-GaAs layer, which results in increased optical absorption. By comparing the photoresponse obtained in previous studies at 1550 nm and 780 nm [START_REF] Billet | Resonant cavities for efficient LT-GaAs photoconductors operating at λ = 1550 nm[END_REF], [START_REF] Peytavit | A metal-metal Fabry-Pérot cavity photoconductor for efficient GaAs terahertz photomixers[END_REF], it is estimated that around 25% of the incoming light is absorbed in the active layer of S1, and that the absorption depth in the LT-GaAs layer annealed at 450°C is approximately 30 µm. Conclusively, with such results we can consider that the LT-GaAs annealed at 450⁰C would be a perfect candidate for a distributed absorption in a TW-photomixer. Meanwhile, the carrier lifetime behavior should be verified in a photomixing experiment. Before analysing the result, it is important to note that the RC cutoff frequency of these devices falls outside of the measured frequency range [START_REF] Billet | Photodétecteurs rapides à la longueur d'onde de 1550 nm pour la génération et la détection d'ondes sub-THz et THz[END_REF]. Upon comparing the frequency response of the four samples, it can be observed that sample S4 has a flat response throughout the entire frequency range. By evaluating the expected power from the dc photocurrent 𝑃 𝑒𝑥𝑝 = 10log ( 1 2 𝑅𝐼 2 ) where𝑅 = 50 ohms and 𝐼 is the photocurrent shown inFigure 4.6, we obtain a resulting power of -42.9 dBm, which is slightly higher than the measured power (𝑃 𝑎𝑐 ~43.9 dBm). This can be attributed to the sub-picosecond behavior of almost all the excited carriers in the semiconductor, leading to nearly full conversion of the absorbed optical power into ac current. All the other samples (S1, S2 and S3) present a fast roll-off of ~5 dB in the first 5 GHz and then a flat response up to 63

𝜌 𝑑 = 𝐴 𝑡 × 𝐺 0
GHz. If we calculate 𝑃 𝑒𝑥𝑝 for samples S1, S2, and S3, we obtain -23.15 dBm, -27.07 dBm, and -30.44 dBm, respectively. This represents significant shifts between 𝑃 𝑒𝑥𝑝 and 𝑃 𝑎𝑐 at 40 GHz of ~13 dB for S1 and S2, and ~9 dB for S3. This indicates that reducing the annealing temperature greatly increases absorption, but also changes the carrier dynamics.

The photocurrent is mainly dependent on the electron lifetime as well as the hole lifetime.

It is believed that at low annealing temperatures, more carriers are excited through midgap states and those that decay back to a mid-gap energy level remain blocked in defect traps for longer time (nanoseconds) before the electron-hole recombination. This nanosecond behavior could be attributed to the holes which possess a larger lifetime from electrons resulting in the slower recombination. This also shows that the majority of the photocurrent originates from the holes.

In conclusion, although there is a proof of high lifetime behavior, there are still enough sub-picosecond excited carriers resulting in a flat frequency response that is ~10 dB higher than the reference sample annealed at 580⁰C. To the best of our knowledge, theseare the first photomixing measurements achieved with LT-GaAs illuminated at 1550 nm wavelength. As a result, LT-GaAs annealed at 450⁰C will be implemented in the 1550 nm-TW-photomixer.

Optical modeling and characterization

In this chapter, simulations were conducted to fine-tune the dimensions of optical components for use with the 1550 nm wavelength. The advantage of this wavelength was the possibility to analyze optical components due to the existence of a readily accessible wideband continuous wave laser. This made it possible to design ring resonators and measure the optical group index of the mode. Additionally, at 1550 nm, the light scattering caused by surface roughness is minimal, which eliminated the need for using an index matching gel for optical coupling.

Single-mode-waveguide operation

To accommodate the change in wavelength from the previous chapter to 1550 nm (almost twice as much), the core width and thickness of the waveguide were doubled.

This was confirmed through a 2D FDE Mode Solver simulation, which showed that the waveguide was operating in single-mode with a core width reaching 1000 nm and a thickness of 400 nm. 

Grating coupler characterization

In this section, the optimization of the optical waveguide platform at the 1550 nm wavelength was pursued by fabricating test samples on Si wafers. The test devices consisted of a waveguide on top of a thin gold layer deposited on a Si wafer. The grating period for the 1550 nm wavelength was estimated to be around 1170 nm by adapting the grating period that was designed for the 780 nm wavelength. A preliminary simulation model showed that a maximum coupling should be observed for an injection angle of 13⁰ and a period of 1160 nm. Note that, the measured refractive indices of SiO2 and Si3N4 were 1.45 and 2.01, respectively. As discussed in Chapter 3, the lower cladding thickness is a critical factor in maximizing optical coupling. Therefore, the first two constructive interference peaks at the grating coupler corresponds to an SiO 2 thickness around 500 nm and 1000 nm. Hence, four test samples with a lower cladding thickness varying around 500 nm were fabricated (t = 462, 500, 547, and 615 nm). It is worth noting that a realistic design of the grating was used in the simulation model as shown in Figure 4.9. The corresponding lower cladding thickness was 547 nm. As already mentioned earlier, the measurements were realized without the need of the index matching gel as a result, the optimum top cladding thickness was set to 662 nm based on simulations. 

Propagation losses and absorption in the active region

Regarding the propagation losses, they were first only measured on gold as all the test waveguides were made on this material. The main cause of the propagation losses in these devices is the proximity between the core and the substrate, leading to a significant interaction between the mode and the substrate. This was confirmed by realizing a test sample where the bottom cladding thickness was about 500 nm thicker than the optimal thickness defined before. Figure 4.11 presents a comparison between the propagation losses for these two bottom cladding thicknesses. The propagation losses were measured for three core widths (0.5, 1 and 10 µm). As expected, the propagation losses sharply increase when the core is closer to the gold layer (t=547 nm) and reached a maximum of 9 dB/mm for a core width of 0.5 µm. As a conclusion, a greater proximity between the substrate and the fundamental mode results in increased propagation losses. Moreover, in cases where the waveguide is positioned above the active region, losses in the optical signal are primarily attributed to absorption in the LT-GaAs material. As a result, the SiO2 thickness of 547 nm will be used for the TW-photomixer. However, the taper length is optimized to minimize the propagation losses above the gold layer. Here the designed adiabatic taper reduces the core width following a third order polynomial from 10 µm(right after the grating) to a few hundred nanometers (at the active region). On the test sample, several taper lengths were designed and the loss was measured for each length, as shown in Figure 4.12 (b). Note that for all the test tapers, the core width was set to 0.5 µm. These losses mainly originate from two sources: interaction with the gold layer, which was previously explained, and non-adiabatic conditions. In fact, adiabatic tapers are designed to minimize the mode mismatch between the input and output waveguides, which is essential for high transmission efficiency. However, the adiabatic condition becomes increasingly difficult to maintain as the taper length is reduced. This also can be explained by the fact that the taper length determines the size of the tapered region and the rate of change of the waveguide width. A very short taper may not provide sufficient space for the optical mode to smoothly transition between the input and output waveguides, leading to mode mismatch and low transmission. This can be seen in Figure 4.12 (a), which displays the result of a 3D FDTD simulation for different taper lengths in a lossless medium allowing to quantify the taper adiabaticity. The inset of Figure 4.12 (a) shows a screen capture of the FDTD model. As seen, non-adiabatic regime begins when the length is below 200 μm. Above this length, there is no losses due to non-adiabaticity. In Figure 4.12 (b), it can be seen that for taper lengths less than 100 μm, losses due to non-adiabatic conditions are dominant compared to those in the gold. Meanwhile, for lengths over 100 μm, the taper is considered adiabatic, but the metal losses are not negligible. A length of 100 μm, where the taper is adiabatic and the metal losses are minimal, was found to be an optimal balance. As a result, this taper dimension is validated for the complete TW design. Meanwhile, optical losses above the LT-GaAs were only measured for two designed core widths (0.5 µm and 1 µm) due to the lack of space on the sample. Note that these losses were measured on the sample where the LT-GaAs was bonded to the high-resistivity silicon wafer. Unexpectedly, the 1 µmwide core resulted in higher propagation losses (21.72 dB/mm) than the 0.5 µm(18 dB/mm). This was verified in a 3D FDTD simulation model of a 100 μm long device. The propagation losses for the 1 µmand 0.5 µmwide core were 16.57 dB/mm and 13.69 dB/mm respectively. This slight shift between the measurements and the simulation can be attributed to additional losses from other sources that cannot be introduced in the simulation such as the surface and etched sidewalls roughness. This unexpected result lead us to further investigate the losses in the LT-GaAs.

The latter were then measured as function of the wavelength for the two core widths and is presented inFigure 4.13. A top view of the measured waveguide is shown below the measurement plot. The inset depicts a cross section of the structure where the BCB and the HR-Si are visible. As we can see, the absorption peak in the LT-GaAs can be tuned to upper wavelengths when the core width is reduced which explains the higher absorption at 1 µm core width. This behavior hints to a core width dependent directional coupling between the core and the LT-GaAs. Since the core width modulates the fundamental mode properties, it could affect a possible phase matching/overlap with other modes in the LT-GaAs at a defined wavelength resulting in directional coupling between the fundamental mode and these modes. Further studies should be realized to validate this theory. It is worth noting in this chapter, the propagation losses on LT-GaAs may not reflect the optical absorption only under the core as shown in the inset of Figure 4.13. This will be seen later in the dc photoresponse measurements as function of the core width. 

MMI characterization

In the same manner, simulations using the BPM method were carried out by Vincent Magnin and the ideal length and width of the MMI were determined to be 16 μm and 5 μm, respectively. The width and length of the MMI were varied on the experimental samples based on these calculated values. The optimal performance of the MMI was achieved with a width of 5 μm. Figure 4.14 displays the efficiency of the MMI (in black)

and its losses (in red) as a function of its length. It's worth noting that the losses in the taper connecting the MMI output to the active region are also included. As expected by the the BPM simulations, an efficiency of 1 is achieved at a length of 16 μm and the losses at this length are relatively low, ~0.6 dB. These low losses can be attributed to the optimization of the length of taper, as determined by a 3D FDTD simulation, which showed that a 40 μm long curved segment resulted in losses of ~0.17 dB. Note that in the simulation model, all the materials were assumed to be lossless in order to quantify only the adiabatic condition of the taper. Consequently, the total optimal distance between the grating coupler and the active region was reduced to approximately 170 μm, resulting in total insertion losses of ~3.4 dB (grating coupler losses, taper losses, MMI and taper losses). As a conclusion, the insertion losses at λ = 1550 nm were much lower than the insertion losses at λ = 780 nm. This was mainly due to the higher compatibility of the waveguide platform to the telecom wavelength. 

Group index measurement

Since there are less spectral constraints at this wavelength, it was possible to measure the group index. This was realized through the fabrication of micro-ring resonators shown in In [START_REF] Bogaerts | Silicon microring resonators[END_REF], based on a first order approximation of the dispersion in a micro-ring resonator, they express the free-spectral-range (𝐹𝑆𝑅) as the following:

𝐹𝑆𝑅 = 𝜆 2 𝑛 𝑔 𝐿 (4.2.1)
The free spectral range (𝐹𝑆𝑅) is the spacing between two resonance peaks observed after passing through the resonator (as shown in Figure 4.15 (b)). The distance of a roundtrip through the resonator is represented by 𝐿, while 𝑛 𝑔 represents the group index. The 𝐹𝑆𝑅 was measured for several ring resonator radii, and the group index was calculated by fitting the measured 𝐹𝑆𝑅 as a function of the roundtrip length based on equation (4.2.1) (as shown in Figure 4.15 (c)). This was done for waveguides on top of gold and on top of LT-GaAs, for four different core widths between 350 nm and 750 nm as shown in Figure 4. 15 (d) and (e) respectively. The measured 𝐹𝑆𝑅 results fit relatively well with the 2D FDE Mode Solver simulations when on top of gold, but there is an overall shift of ~ 5.5 % observed for LT-GaAs, except for the lowest cores where the error is higher. The error bars correspond to the fitting error, which can also reflect lower precision in the measurements. For lower core widths, especially for the waveguides on LT-GaAs, the error bars are larger due to higher uncertainty in measuring the 𝐹𝑆𝑅. It is important to note that the overall shift between the simulation and measurement results could be due to not well-defined optical properties of the LT-GaAs. In the simulation model, a constant refractive index of 3.37 was used based on the previous work of Maximilien Billet[121].

However, the modification of the LT-GaAs growth and annealing may result in slight modifications of its optical properties leading to a change in the refractive index defined in Maximilien Billet's manuscript. Moreover, in the simulation window we considered an infinite LT-GaAs thickness, however in reality, there was the BCB and the Si wafer below the LT-GaAs.

In summary, depending on the core width, it is possible to define a group index between ~2 and 2.3. Based on what was presented in the previous chapter, these values indicate that the membrane is not required at this wavelength, as they are closer to the THz refractive index of the CPW on bulk (2.7). However, the optimal core width should also be selected based on its respective absorption. 

4.3.

Optoelectronic characterization

DC photoresponse measurements

While the absorption in the LT-GaAs is increased at the wavelength of 1550 nm, it is still lower than that of the 780 nm wavelength illumination. Therefore, we fabricated devices reaching 2 mm length in case the optical power is not completely absorbed before.

First, the photocurrent was measured as a function of the bias voltage. shows core widths and the lengths of the measured CPS-TW-photomixers.

Core width (nm) 270 370 420 520 620

Device length (mm) 0.1 0.2 0.5 1 2 The devices were biased up to 20 V and illuminated with a cw Yenista laser source with a power of 6.4 mW at the fiber output of and at wavelength λ=1550 nm. shows an I-V characteristic curve of a 2 mm long TW-photomixer having a core width of 620 nm. It can be observed that the low annealing temperature of the LT-GaAs resulted in relatively high dark currents. Moreover, similarly to what was presented in the previous chapter, at high voltages the photocurrent presents a superlinear behavior that can be attributed to an increase in the electron's lifetime after a saturation in their velocity. The photoresponse was calculated by dividing the measured photocurrent by the fiber output power since there was no information of the taper losses corresponding to each core width.

In Figure 4.16 (b), we show that a photoresponse reaching ~50 mA/W was measured for a core width of ~620 nm and a device length of 2 mm. Note that the photoresponse shown in the figure is calculated by dividing by 6.4 mW.These photoresponse values are ~7.5 times higher than the those measured at λ=780 nm. This can be attributed to the compatibility between the waveguide platform and the wavelength which is expressed by lower coupling losses and propagation losses. Additionally, on this sample the photoresponse was measured on the only two identical CPS cells and the results came out almost identical which proves the high process yield of the devices. Moreover, based on the previous study on the annealing of LT-GaAs, it is expected that the primary source of high photoresponse is due to the presence of holes with a high lifetime in the material. As mentioned previously, due to the lack of space on the sample, only two core widths (500 nm and 1000 nm) were designed on test devices with an input and output grating coupler allowing the extraction of the taper losses. For the two core widths, the losses in the taper were around 1 dB. However, on a full design where we have the electrodes, several core widths were designed reaching a maximum value of 620 nm. Note that in a full design, it is not possible to extract the taper losses, as a result, we will consider that the taper losses are similar for all core width widths and are around 1 dB, which are the taper losses measured for w = 500 nm and 1000 nm. Now if we consider the widest core width (620 nm), the photoresponse calculated by considering the effective optical power at the active region would reach 100 mA/W for a device length of 2 mm. Additionally, the absorption of optical power in relation to the core width exhibits a contrary pattern compared to devices illuminated at a wavelength of 780 nm. It is observed that the photoresponse reaches its peak value for the longest device and the wider core. Previous calculations show an absorption depth of about 30 µm for LT-GaAs annealed at 450⁰C [START_REF] Tannoury | Low-temperature-grown gallium arsenide photoconductors with subpicosecond carrier lifetime and photoresponse reaching 25 mA/W under 1550 nm CW excitation[END_REF], leading to the assumption that the optical mode is not just absorbed between the electrodes, but also below the electrodes farther than the electric field lines and in the Silicon substrate via radiation, as illustrated in Figure 4.17. By considering that most of the photocurrent is generated by photons absorbed between the electrodes we can deduce that thinner cores produce a compressed mode leading to higher losses from absorption in the metallic electrodes, absorption far from the electric field generated by the bias, and radiation in the Silicon substrate. In contrast, wider cores exhibit higher mode confinement in the core and slight overlap with the LT-GaAs, resulting in an extended absorption distance and higher absorption between the electrodes, which explains the greater photoresponse. As a conclusion, a 0.5 mm long device and a core width of approximately 600 nm is a suitable candidate for photomixing. At this length, the photoresponse has already reached its maximum value and the group index (~2.3) results in an index mismatch between ~0.2 and ~0.5, which is equivalent to a 3 dB-cutoff between 0.5 THz and 1 THz.

Frequency response measurements

In this section, we will examine the frequency response of CPS devices measured previously in dc. The measurement setup used is similar to the one used in the previous chapter shown inFigure 3.34,where photomixing-generated power in the range of 0-67 GHz was measured using an R&S spectrum analyzer. The devices were illuminated up to 355 mW and even though the superlinear behavior of the the photocurrent at high electric fields, the device was biased at 20 V in order to maximize the generated power allowing the highest signal to noise ratio in the frequency range 0-67 GHz. Based on the highest photoresponse, which was measured for the core width 𝑤=620 nm, photomixing was performed at this core width for three different lengths (L= 0.2, 0.5, and 1 mm), as illustrated inFigure 4.18. For all three devices, the generated power experienced a rapid roll-off of ~20 dB within the first 5 GHz before plateauing. If we compute the expected power based on the dc photocurrent ( 1 2 ⁄ 𝑅𝐼 𝑒𝑥𝑝 2 ), the resulting powers for 𝐿= 0.2, 0.5, and 1 mm are -4.77 dBm, -4.07 dBm, and -2.7 dBm, respectively, which results in a total shift of ~33 dB from the measurements at 40 GHz. To a lesser extent, a similar behavior was previously observed in micro-cavity photomixers. This rapid roll-off may be due to the fact that the interelectrode spacing in the TW-photomixer is 2 μm, whereas in microcavity-photomixers, it is 450 nm, which allows for the collection of a majority of low lifetime carriers since the active region is sandwiched between the electrodes. Meanwhile, in the TW-photomixer design, although the bias is at 20 V, the electrodes are not optimized for carrier collection and are considered to be sufficiently far apart to collect all possible low-lifetime carrier. After analyzing the frequency response of the TW-photomixer, we examined the relationship between the optical power and its impact on the device's performance. The photomixer theory predicts that the dc-photocurrent should have a linear relationship with optical power, provided there are no saturation effects. Additionally, the power generated by the photomixer should increase quadratically with the optical power. These predictions were confirmed by 

Conclusion

As a conclusion, we managed to fabricate a high efficiency low temperature SiO 2 /Si 3 N 4 waveguide platform compatible to III-V semiconductor devices with sufficiently low insertion losses reaching a total of 3 dB (grating coupler and taper) in a CPS-TW design and ~4 dB (grating coupler, taper and MMI) for a CPW-TW design.

Moreover, an optical power reaching 0.355 W was coupled and absorbed along a 2 mm long waveguide segment above an LT-GaAs layer. The device limits in terms of maximum optical power were not reached since we were constrained by the risk of damaging the fiber connectors at high optical powers. The LT-GaAs carrier behavior turned out to be worse than the expectations since the design was not optimized for a high photoconductive gain and the carrier lifetime behavior was not optimal for high frequency generation. Conclusively, this high-quality waveguide platform could be introduced to other semiconductors compatible for ultra-fast frequency applicationsatλ=1550 nm such as InGaAa:Fe or LT-InGaAs. On the other hand, as already presented in Figure 4.6, even though the 1550 nm wavelength absorption in the LT-GaAs annealed at 580⁰C is low, it possesses only sub-picosecond lifetime behavior. A plausible solution is to use an LT-GaAs annealed at 580⁰C and modify the TW-design to increase the absorption in the active region allowing a higher photoconductive gain. For future work, it would be interesting to investigate the behavior of a novel TW-photomixer modified design shown in Figure 4.20. This design consists of fabricating the optical waveguide on top of an LT-GaAs ridge and depositing part of the metallic guiding structure on the sidewalls of the ridge.

The ridge allows a better confinement of the light in the LT-GaAs and since the electrodes are in contact with the sidewalls, higher number of carriers could be collected resulting in better photoconductive gain compared with the first TW version. In case of a design on bulk, an AlGaAs layer could be used as lower cladding for the LT-GaAs ridge waveguide.

However, it is important to anticipate possible optical losses in the metallic electrodes contacting the sidewalls. In case of a design on bulk, an AlGaAs layer could be used as lower cladding for the LT-GaAs ridge waveguide. Overall, the efficiency of such design should be well studied before its realization. long TW-photomixer illuminated by a 400 mW optical power showed a TW-behavior up to 100 GHz. The results were validated using a developed optoelectronic circuit model of the TW-photoconductor.For future projects on TW-photomixers operating at this wavelength, the dielectric waveguide platform could be fabricated using a new PECVD machine which have an industrial production level.As a result of the quality of the dielectric materials deposited by such machine, the insertion losses could be drastically reduced allowing these devices to overcome the lumped-element photomixers in terms of output power and bandwidth and reach an output power around 100 µW at 1 THz.

In the last part of this work, the dielectric waveguide platform was adapted for the telecom wavelength (1550 nm) and test samples were fabricated to evaluate the insertion losses.

The grating couplers displayed coupling losses as low as 2 dB, comparable to state-ofthe-art grating couplers based on LPCVD processes, resulting in low insertion losses that reached 3.4 dB for the CPW TW-photomixer design. Overall, we managed to fabricate a waveguide platform allowing the access to a III-V active region with insertion losses as low as 2 dB/mm. Such platform, using low temperature depositions (<300°C) represents the best we can get with PECVD tools and is compatible with any other devices based on III-V materials. Additionally, micro-ring resonators were designed to measure the group index of the fundamental mode propagating above gold or LT-GaAs. The results were verified by simulations, indicating group index values ranging between 2 and 2.3, resulting in quasi-perfect index matching with the effective index of the RF/THz wave.

Initially, LT-GaAs possess a sub-picosecond lifetime and high dark resistivity, allowing it to be the best candidate photomixers. However, the absorption in LT-GaAs at 1550 nm is low and occurs mainly through mid-gap energy levels directly related to the defect concentration in the material. Mid-gap assisted absorption was optimized by reducing the post annealing temperature of LT-GaAs from 580⁰C to 450⁰C. The photoresponse measurements on micro-cavity photoconductors showed a seven-fold improvement (25 mA/W) compared to the sample annealed at 580⁰C. Even though a 5-dB roll-off before 5

GHz is observed in these devices, the frequency response after 5 GHz was flat up to 67 GHz and still 10 dB higher (-35 dBm) than the sample annealed at 580⁰C proving a picosecond-lifetime behavior. These results represent the first photomixing measurements on LT-GaAs-based photomixers illuminated at 1550 nm. However, the electrode design of the TW-photomixer was not optimal for low-lifetime carrier collection, leading to a larger roll-off (~20 dB) compared to the micro-cavity devices. Therefore, the LT-GaAs annealed at 450⁰C was not compatible with TW-photomixers. For future work, it would be interesting to use semiconductors compatible for 1550 nm illumination such as InGaAs or iron doped InGaAs. Even though the dark resistivity in such materials is lower than the LT-GaAs, they possess a higher absorption at λ= 1550 nm and all excited carriers exhibit low lifetime allowing high frequency generation.

vacancies in the Ga positions (𝑉 𝐺𝑎 ), As antisites (𝐴𝑠 𝐺𝑎 ) which are Arsenic atoms replacing Gallium atoms and As interstitial (𝐴𝑠 𝑖 ) which are Arsenic atoms present between two atoms in the normal structure of the lattice. Annealing was observed to convert these point defects (mainly the As interstitial) into Arsenic clusters [START_REF] Loukakos | Ultrafast electron trapping times in low-temperature-grown gallium arsenide: The effect of the arsenic precipitate spacing and size[END_REF]. As a result, the crystallin structure tends to be more stochiometric as in the case of high temperature grown GaAs with clusters of As. Carrier lifetimes were shown to be proportional to the clusters spacing and inversely proportional to the clusters size. It is also important to note that when annealed, the number of As-clusters increases resulting in an increase in the material dark resistivity (>10 3 KΩ.cm) [START_REF] Mcintosh | Investigation of ultrashort photocarrier relaxation times in low-temperature-grown GaAs[END_REF]. To sum up, the carrier lifetime is reduced for higher growth temperatures and higher annealing temperatures. Meanwhile, in fast photoconductive devices, high dark resistivities are required for higher photoresponses. In 2003, Gregory et al. [START_REF] Gregory | High resistivity annealed low-temperature GaAs with 100 fs lifetimes[END_REF] observed that these do not occur at the same rate, that is, the lifetime remains fairly constant up to anneal temperatures of 500ᵒC allowing a good combination of fairly low carrier lifetime and high dark resistivity. In a femtosecond pump-probe reflectivity measurements, the shortest measured lifetime (90 fs) corresponds to a sample grown at 195ᵒC and annealed at 580ᵒC for 10 min [START_REF] Mcintosh | Investigation of ultrashort photocarrier relaxation times in low-temperature-grown GaAs[END_REF]. 

B. Coplanar waveguides (CPW):

In an ideal CPW, the metal is deposited on a semi-insolating substrate of infinite thickness and the ground planes are semi-infinite. This results in the presence of two fundamental modes having no cutoff frequency [START_REF] Koster | Investigations on Air Bridges Used for MMICs in CPW Technique[END_REF][139]:

-Uneven quasi-TEM mode, also called coplanar mode.

-Even quasi-TE mode, also called slit mode.

The parities are defined based on the considerations of the longitudinal components of the electromagnetic field relative to the Oy axis. We then qualify the mode for which 𝐸 𝑧 (-𝑥, 𝑦) = 𝐸 𝑧 (𝑥, 𝑦) as an even mode and the mode for which 𝐸 𝑧 (-𝑥, 𝑦) = -𝐸 𝑧 (𝑥, 𝑦)

as an odd mode. The uneven mode (coplanar mode) is generally the desired propagating mode in the transmission line [START_REF] Riaziat | Propagation modes and dispersion characteristics of coplanar waveguides[END_REF]. Meanwhile, the even mode is highly dispersive mode and is excited due to the discontinuity in the ground plane. The latter can be filtered out by connecting the two ground planes by an air bridge [START_REF] Koster | Investigations on Air Bridges Used for MMICs in CPW Technique[END_REF][139][140] [START_REF] Jackson | Mode conversion at discontinuities in finite-width conductor-backed coplanar waveguide[END_REF].

In reality, the substrate thickness and the width ground line are finite. As a result, other modes appear in the structure that we will call parasitic modes. In this case we consider the approximation of a quasi-TEM mode. By definition, a TEM mode can only exist in the presence of at least two disjoint metallic conductors immersed in a homogeneous medium. It is a non-dispersive and cutoff-free propagation mode. The coplanar line being an open propagation structure, the electromagnetic fields propagate both in the substrate and in the air. As a result, there are non-zero longitudinal components of 𝐸 𝑧 and 𝐻 𝑧 . However, their amplitudes remain relatively low and we speak of a quasi-TEM mode. The dispersive nature of the line comes from one part of this inhomogeneity of structure (possible propagation of parasitic modes) and on the other hand, the skin effect which causes a frequency-dependent variation of the effective permittivity. These parasitic modes (slit modes, micro-strip modes, higher order coplanar modes) can be minimized by applying the following criteriums on the design: 

ℎ 𝑠 < 0.12𝜆 𝑑 (B.

C. Grating couplers:

State of the art: Table C.1 from reference [START_REF] Ong | SiN x bilayer grating coupler for photonic systems[END_REF] is a state of the art if SiNx grating couplers for 1550 nm illumination. It shows that couplers with a basic design achieve coupling losses between 2 dB and 3 dB, whereas 1 dB can be reached only at the expense of very complex design and fabrication. But in general, we could consider that a simple grating design could reach around 3 dB coupling losses. Another interesting parameter is the 1-dB bandwidth of the grating. In our case, this parameter is not much important since the two wavelengths 𝜆 1 and 𝜆 2 generating the beating source will be a couple of nanometers around the peak wavelength 1550 nm where the grating is still sufficiently broadband. For example, if 𝑓 𝑇𝐻𝑧 = 1 THz and 𝜆 1 = 1550 nm then 𝜆 2 =1558 nm and from the table below we can see that for the majority of cases the grating coupler possess a 1-dB bandwidth of tens of nanometers.

Grating theory:

Next, we will provide a basic model of the grating theory. In FigureC.1, we will consider an optical mode propagating in a planar waveguide having a propagation constant 𝑘 𝑚𝑧 where 𝑚 is the order of the mode. By periodically notching the waveguide core we can make a diffraction grating such that light that is diffracted off the rulings will constructively interfere toward the direction of the optical fiber core. The diffraction period is chosen such that the scattering from individual rulings constructively interferes at a desired angle. Generally, when a grating is designed, equation (C.2) is a simple way to find the diffraction angle or the period since all the other parameters are already defined.

D. Simulation methods:

1) MODE -FDE (Finite Difference Eigenmode) solver This technique basically calculates the spatial profile and the frequency dependence of the mode in the structure by solving Maxwell's equations on a cross sectional mesh of the waveguide. This solver calculates the electric field mode profiles, the effective index, the group index, the dispersion etc. In general, a 3D design is constructed and the calculation is realized in a 2D chosen cross section of the design. the various modes present in the system and their characteristics, such as the effective index, group index, propagation losses, polarization, and effective mode area. The MODE-FDE solver is based on the work of Zhu and Brown [START_REF] Zhu | Full-vectorial finite-difference analysis of microstructured optical fibers[END_REF], with additional modifications and enhancements, and more details about its meshing and computation techniques can be found in the following reference [START_REF]MODE -Finite Difference Eigenmode (FDE) solver[END_REF].

2) Finite Difference Time Domain (FDTD) solver [START_REF] Sullivan | Electromagnetic simulation using the FDTD method[END_REF][158] [START_REF] Gedney | Introduction to the Finite-DifferenceTime-Domain (FDTD) Method for Electromagnetics[END_REF] The FDTD (Finite-Difference Time-Domain) technique is a method for analyzing the behavior of electromagnetic fields in 3D or 2D geometries over time. It involves solving Maxwell's curl equations, which describe the relationships between electric and magnetic fields in non-magnetic materials, using a finite-difference approach. This technique allows for the calculation of various physical parameters, including the complex pointing vector and the transmission, reflection, and absorption of electromagnetic waves in a specific section or volume. The FDTD algorithm implemented in the Lumerical tool is described in more detail in the referenced publication [START_REF]Finite Difference Time Domain (FDTD) solver[END_REF].

The FDE solver shown in Figure D.1 is limited to calculating the electric field profile of the fiber mode and its optical properties within a 2D cross section of the fiber structure.

In contrast, the FDTD method allows a 3D simulation region in which the mode can propagate for a specified distance. By placing monitors at specific positions within the simulated structure, it is possible to extract information about the mode's properties, such as transmission, polarization, and losses, as it propagates through the fiber.

3) 3D BPM (3D finite difference beam propagation method)[161]

The 3D finite difference beam propagation method is a computational method used to solve the scalar wave equation, which describes the behavior of electromagnetic waves in a given material. The method involves dividing the waveguide into a grid of small cells, and solving the wave equation at each cell to determine the electric field amplitude and phase of the light at that point. The finite difference approximation is used to discretize the wave equation, which allows for its numerical solution using standard computational techniques. The method can be used to study the propagation of light through complex optical waveguides, and to understand how the wave characteristics are affected by factors such as the material properties, geometry, and boundary conditions of the waveguide.

E. Device fabrication:

I.

Adhesive Bonding

Both the HR-Si wafer and the quarter wafer of the epilayer are cleaned in an ultrasonic acetone bath. The active layer is treated with diluted hydrochloric acid (HCl)

to remove any oxides. The HR-Si wafer undergoes surface treatment using hydrofluoric acid (HF), followed by a mixture of sulfuric acid (H2SO4) and hydrogen peroxide (H2O2).Finally, a layer of diluted benzocyclobutene (BCB) is spin-coated onto both the LT-GaAs and HR-Si surfaces. BCB is a hydrocarbon that is commonly used in adhesive bonding due to its low moisture absorption (0.12% by weight) and low absorption losses in the THz region [START_REF] Cao | COMPARISON AND OPTIMIZATION OF DISPERSION, AND LOSSES OF PLANAR WAVEGUIDES ON BENZOCYCLOBUTENE (BCB) AT THZ FREQUENCIES: COPLANAR WAVEGUIDE (CPW), MICROSTRIP, STRIPLINE AND SLOTLINE[END_REF]. -Adhesive Bonding:

The bonding process is carried out using a commercial Süss SB6e machine. The process is largely automated and follows a predetermined recipe that is programmed into the machine's software. The recipe includes parameters such as chamber pressure, bonding pressure, chamber temperature, temperature ramps, and time. The quarter wafer is placed on top of the HR-Si wafer and the stack is placed on a bottom plate that can be detached from the machine. A 500 µm thick graphite sheet and a 3-inch diameter borosilicate disc are then placed on top of the stack. The 4 mm thick borosilicate helps to apply a uniform pressure to the entire structure, while the graphite sheet protects the edges of the quarter wafer from excessive pressure to prevent cracking. The bottom plate with the stack is then loaded into a holder and placed in the chamber to begin the bonding process. During the process, a top structure consisting of the top plate and a membrane will move towards the contact point with the stack. When the top structure reaches the contact point, a pressure 𝑃 𝑚𝑒𝑚 is applied to inflate the membrane and press down on the top plate and the sample. minutes. Finally, the pressure is released and the temperature is gradually lowered to room temperature (this step is not shown inFigure E.2). The wafer is then removed from the machine. 

II. Reactive Ion Etching (RIE):

In a reactive ion etching (RIE) process, a vacuum is created by removing air from the chamber to allow plasma to ignite. Plasma is generated through the application of a strong radio frequency (RF) electromagnetic field to the wafer platter, which ionizes the gas molecules in the chamber by removing their electrons. The oscillating electric field accelerates the electrons up and down in the chamber, occasionally causing collisions with the chamber's upper wall or wafer platter. In contrast, the ions, being heavier, respond less to the RF field. Electrons that are absorbed into the chamber walls are discharged to ground and do not alter the electronic state of the system, while those deposited on the wafer platter can cause a charge buildup due to its DC isolation, leading to a negative voltage of several hundred volts. The plasma has a slight positive charge, resulting from the higher concentration of positive ions relative to free electrons. Positive ions tend to drift towards the wafer platter and react chemically with the surface materials of the samples. They can also remove material by sputtering through transferring their kinetic III.

GaAs substrate Etch:

The details of the etching process of the GaAs substrate and the GaInP stop etch layer are described as follows:

1. The first step involves using a mixture of H2O2:H2SO4:H2O in a ratio of 8:1:1 to etch the majority of the 400 µm of GaAs. H2O2 oxidizes the GaAs, enabling it to be dissolved by the H2SO4. The addition of H2O slows down the etching rate, allowing us to periodically check the thickness of the GaAs and ensure the etching is homogeneous. To further improve the homogeneity, the sample is placed on a rotating holder and immersed in the acid solution, with a magnetic stirrer mixing the solution. 2. In the second step of the etching process, a slow etching step was used to etch the remaining GaAs. This involved using a mixture of H2O:H2O2:NH4OH in a 1:1:2 ratio to etch the remaining ~30 µm of GaAs over a period of 28 minutes. This mixture resulted in a relatively low etch rate of ~1.09 µm/min, allowing for better visual control of the final micrometers of the GaAs substrate.

3. In the third and final step of the etching process, the 100 nm GaInP etch stop layer is etched in a single step. The sample is placed in a solution of 30% HCl for 30 seconds, until a color change is observed on the quarter wafer. This indicates that the LT-GaAs layer is reached. The sample is then rinsed in isopropyl alcohol (IPA) and is ready for device fabrication.

IV.

E-beam lithography:

In the engineering community, the term "E-beam lithography" is commonly used to refer to the technique of using a focused beam of electrons to create micrometric and nanometric patterns on a sensitive, resistive polymer. This process is typically carried out using an electron beam lithography system, which employs an electromagnetic deflection system to scan the beam across the substrate. In the present study, we used a Raith nanofabrication machine (type ebpg5000Plus) for this purpose, as shown in Figure E.5.

This particular machine utilizes a vector scan system that only deflects the beam to areas where part of the pattern is being exposed, rather than scanning the entire surface. This allows for high resolution, placement accuracy, and flexibility in patterning designs with length scales that may not be achievable with other lithography techniques. It also enables the overlap of different levels of lithography with high alignment accuracy, reaching less than 20 nm. One advantage of using a software mask to define the pattern is that it is easy to change designs without having to create a new physical mask. However, other techniques such as photolithography are generally faster than E-beam lithography, as they utilize a physical mask that is exposed to UV light in a single step, rather than the serial process used in E-beam lithography, where the pattern is exposed one pixel at a time. The minimum pixel size for the Raith machine can reach 1.25 nm. After exposing the resist material to the desired pattern using the electron beam lithography system, the next step is to perform a development process. This involves placing the sample in a specific chemical solution that allows the pattern to be created in the resist material. There are two main types of resists: positive and negative. When developed, a positive resist results in the dissolution of the patterned areas, creating a mold that can be filled with metal to create electrodes or other metallic structures. A negative resist, on the other hand, hardens the patterned areas and dissolves the unpatterned regions when developed, leaving behind only the hardened resist with the desired shape. Negative resists are often used in etching processes to protect areas that should not be etched. The development time is determined by the electron dose 𝐷 (µC/cm²), which is defined in the software of the electron beam lithography machine. Another important parameter to consider is the writing frequency 𝐹, which is the rate at which the beam moves from one pixel to the next. In the machine used in this process, the writing frequency can range from V.

Plasma Enhanced Vapor Deposition (PECVD):

The principle of plasma-enhanced chemical vapor deposition (PECVD) involves the use of a low-pressure plasma to enhance the chemical reaction between precursor gases and a substrate. During the PECVD process, precursor gases are introduced into a vacuum chamber containing a substrate to be coated. A low-pressure plasma is then created using an electric field, which generates a high-energy environment that promotes the dissociation of the precursor molecules into reactive species such as radicals and ions.

These reactive species react with the surface of the substrate and each other, leading to the formation of a thin film. The thickness and composition of the film can be controlled by adjusting the process parameters, such as the flow rate and composition of the precursor gases, the power and frequency of the electric field, and the pressure and temperature of the chamber. Overall, the principle of PECVD deposition involves the use of a lowpressure plasma to enhance the chemical reactions between precursor gases and a substrate, resulting in the formation of a thin film with controlled thickness and composition.

The PECVD tool used in this work is similar to the one used for RIE, but it is configured for deposition. In the latter, the RF modulation is applied to the top electrode instead of the lower electrode which in this case is heated up to 340°C.The process of depositing the layers using the PECVD machine involves several steps:

1. A sufficient vacuum is achieved and the lower electrode is heated up to the desired temperature in a pumping step.

2. The chamber is conditioned with 400 sccm of N2 for 5 minutes in a purge step. In order to get a solid-state material from the gases, the following chemical reactions happen in the chamber:

-In the case of SiO2, the reaction involves the combination of SiH4 gas with N2O gas to produce SiO2 solid, as well as N2 and H2 gases as byproducts. N2O is often used in the PECVD process for SiO2 due to its ability to produce higher quality films compared to O2.

-For the formation of Si3N4, the reaction involves the combination of SiH4 gas with NH3 gas to produce Si3N4 solid, along with H2 gas as a byproduct.

It is worth noting that these reactions typically take place in a plasma environment, where the gases are ionized and can more easily react with each other to form solid materials.

VI.

Core patterning:

The sample is first coated with a high-resolution positive resist, CSAR 62, and then patterned using E-beam lithography. The exposed areas are then developed using the AR600 546 developer, wherein the remaining resist protects the Si3N4 and represents the pattern of the core. 

RF power (W) 180

Chamber pressure (mT) 50

CHF3 (sccm) 40

CF4 (sccm) 40

Table E.1 Si3N4 etching parameters.

VII.

Bottom cladding patterning:

ICP-RIE is a technique that involves the use of a coil surrounding the chamber that generates an alternating RF magnetic field. This magnetic field ionizes the gas molecules and atoms present in the chamber, resulting in a low-pressure plasma that can effectively etch the material. The absence of an electric field near the walls of the reactor ensures that there is no erosion or bombardment of the walls, leading to a higher level of anisotropy in the etching process. The induction phenomenon allows more particles to participate in the material etch, leading to a more efficient and precise fabrication process.

The SiO2 etching parameters are shown in Table E.2.

RF power (W) 50

ICP power (W) 100

Chamber pressure (mT) 2

CHF3 (sccm) 40

Table E.2 SiO 2 etching parameters.
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 11 Figure 1.1: The electromagnetic spectrum showing the corresponding molecular excitations [2]. The dark yellow area (0.1 THz to 5 THz) is frequently used for THz imaging and spectroscopy
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 12 Figure 1.2: THz observation of the cosmic microwave background. (COBE resolution)[START_REF] De Maagt | Terahertz technology for space and earth applications[END_REF] 
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 13 Figure 1.3: Illustration of a detected weapon by THz imagery [4].
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 14 Figure 1.4: False color transmission image of a mail bomb mockup. Insets show the spectral analysis of the bags detected in the envelope [5].
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 15 Figure 1.5: THz transmission setup. In red: photonic path with lasers diodes (LD), modulation (MZM) andoptical amplifier (EDFA). In blue:The T-rays are controlledwith two polymer lenses. In green: electronicreception using a microwave source (MWS), a mixer (SHM), a wideband amplifier (WBA 32 dB). Atreceiver, thedata is captured by a 120 GS/s ADC inside a 45-GHz real-time serial data analyzer (SDA)[START_REF] Ducournau | Ultrawide-Bandwidth Single-Channel 0.4-THz Wireless Link Combining Broadband Quasi-Optic Photomixer and Coherent Detection[END_REF].
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 16 Figure 1.6: Experimental setup of the THz imaging system [7].
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 17 Figure 1.7: Reflectance of paraffin embedded colorectal tissues calculated from THz-TDS measured data.
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 18 Figure 1.8: Teraview THz sensor integrated to a robot arm measuring the paint thickness on a vehicle [10].
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 19 Figure 1.9: THz potential applications. The lower figure in the medical and biotech applications panel shows a photo of a tumor and its THz scanning in a color map [9]. The upper figure in the industrial applications panel is an image of a ceramic plate and its THz scanning shown in a color map [5]. The upper figure in the space and astronomy applications panel is an image the COBE [11].
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 1 10 (a) shows the energy band diagram variation due change in the orientation of GaAs. When electrons pass from the Г-valley to the L-valley due to an increase in bias voltage, they experience a high effective mass and low mobility, leading to negative differential resistance and current reduction as shown Figure1.10 (b). This effect results in ac current oscillations at the contacts and emission of electromagnetic radiation. THz frequency capabilities of Gunn diodes are limited by the rate of electron intervalley transfer and the breakdown electric field. However, the use of GaN with increased electrical strength and reduced electron-transfer time constants offers the possibility to increase frequency and powercapability. Recent research shows promising results for GaN Gunn diodes in the THz region[START_REF] Hajo | Reliability Improvement of High-Power THz GaN Gunn Sources for Active Imaging Systems[END_REF], offering an output greater than 10 mW at selected target frequencies and a range of fundamental frequencies between 0.1 THz and 0.7 THz.
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 110 Figure 1.10: (a) Energy diagram variation due change in the orientation of GaAs. It shows the Г-valley and the L-valley. (b) current-voltage characteristic curve showing the NDR region.
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 111 Figure 1.11: Multiplier chain generating a narrow-bandwidth THz wave [17].
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 1 12 is a conceptual representation of the conduction band of a heterostructure QCL laser. It shows numerous lasing transition due to the presence of polarized quantum wells
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 112 Figure 1.12:Shcematic representation of the conduction band of a heterostructure QCL laser.
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 1 Figure 1.13 (b) displays energy band diagram transitions that correspond to DFG phenomena.
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 113 Figure 1.13: (a) Simplified depiction of a DFG phenomenon in a non-centrosymmetric crystal and(b) Energy-level diagram for DFG showing the THz generated wave.
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 114 Figure 1.14: Timeline for the output powerimprovement of THz DFG-QCL[40]. The data of pulsed sources correspond to the peak output powers.
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 115 Figure 1.15: State of the art of the output power for cw THz sources.

  (a) and (b) and 2) photodiodes such as pin and UTC-PD (Uni-Traveling-Carrier photodetectors).

Figure 1 .

 1 photodiode. MSM photoconductors are top illuminated devices consisting of a photoconductive material presenting a sub-picosecond carrier lifetime (induced mainly by deep energy level defects incorporated in the semiconductor material) electrically biased through metallic electrodes forming Schottky contacts.Pin devices consist of a thin intrinsic (I) layer sandwiched between heavily doped p-type (P) and n-type (N) layers, forming apindiode. When the device is illuminated with optical beating, electron-hole pairs are generated within the intrinsic layer, and carriers undergo drift motion towards their respective electrodes under the influence of the built-in electric field. The application of a bias voltage induces an electric current that flows through the device and results in a periodic density modulation of the carriers within the intrinsic layer which generates THz radiation through photomixing.

Figure 1 .

 1 Figure 1.16:(a) Top and cross-sectional view of an interdigitated photomixer structure. (b) cross-section view of the pin structure. In the two configurations the V+ and V-denote the bias voltage.
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 117 Figure 1.17: Geometry of a simplified photoconductor showing its dimensions.

  Photons are absorbed in a semiconductor following the Beer-Lambert Law: 𝐼(𝑡, 𝑧) = (1 -𝑅)𝐼 0 (𝑡)𝑒 -α𝑧 .where R is the reflectance and α is the absorption coefficient of the material.𝐼 0 (𝑡) is the intensity of light at 𝑧 = 0which is equal to |𝑆 (𝑧 = 0, 𝑡)|. If the optical power𝑃 𝑜𝑝𝑡 is distributed equally on the semiconductors surface 𝐼 0 (𝑡) can be written as𝐼 0 (𝑡) = 𝑃 𝑜𝑝𝑡 (𝑡) 𝐴where 𝐴 = 𝑤𝑙 is the surface of the semiconductor.
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 118 Figure 1.18: Circuit model of a photoconductor considering the LC resonator which filters all the harmonics except 𝛚 𝑩

Figure 1 .

 1 19 (a) presents a more realistic scenario where the lifetime is fixed at 100 fs, and the RC roll-off is shown for different capacitance values. Thus, it can be concluded that for optimal performance in photomixers utilized for THz generation, sub-picosecond lifetimes and electrode configurations resulting in capacitance values lower than 10 fF are ideal.
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 119 Figure 1.19:Generated power by a hypothetical photomixer in the frequency range 0-0.5 THz. (a) Frequency response dependence on the capacitance for a lifetime of 0.1 ps. (b) Frequency response dependence of the lifetime for an ideal case where C=0.
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 120 Figure 1.20: Schematic band diagram of a UTC-PD[START_REF] Deninger | State-of-the-art in terahertz continuous-wave photomixer systems[END_REF] 
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 12 [START_REF] Dhillon | The 2017 terahertz science and technology roadmap[END_REF]. These zones represent portions of the spectrum with frequency limits ranging from 𝑛 As a result, a comb of IF frequencies are measured at the output. This method of sampling is referred to as sub-sampling or bandpass sampling. When selecting the optimal sampling frequency 𝑓 𝑟𝑒𝑝 , certain rules must be considered[START_REF] Vaughan | The theory of bandpass sampling[END_REF]. The bandwidth of the frequency to be sampled 𝐵𝑊 should be at most equal to the half of the repetition frequency, (𝐵𝑊 ≤ 𝑓 𝑟𝑒𝑝 2 ).
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 121 Figure 1.21: Representation of the Nyquist zones in the frequency domain.
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 21 Figure 2.1: (a) Schematic representation of a traditional TW-photomixer. (b) Top view of a TW-photomixer showing the absorption of the optical input along the device resulting in the RF/THz generation.
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 2 2 (a)) and 2) A device which is perfectly matched only at the output (Figure 2.2 (b)).

Figure 2 . 2 : 2 𝑑𝐼

 222 Figure 2.2:(a)Representaion of a CPW matched at both ends and (b) a CPW only matched at the output.

  + 𝑛 𝑇𝐻𝑧 ). From the equation above we can consider that half of the current propagated towards the output and the other half propagates towards the input.

Figure 2 .

 2 photomixer normalized to the power provided by a hypothetical lumped device (size <<THz) at equal photocurrent level. We show the two first frequencies 𝑓 𝑡1 , 𝑓 𝑡2 at which the 6 dB-power penalty occurs, which can be calculated analytically and are inversely proportional to 𝐿(𝑛 𝑔 + 𝑛 𝑇𝐻𝑧 ) as detailed inequation (2.1.10). If the lifetime related frequency roll-off is neglected, a photoconductor working in a TW regime should thus exhibit a frequency response presenting the 6-dB roll-off at frequencies close to 𝑓 𝑡1 , 𝑓 𝑡2 followed by a plateau-like response.
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 2324 Figure 2.3: Theoretical power provided by lossless 1-mm-long TW photomixer (𝜶 𝒕 = 𝟎) normalized to the power provided by a perfect (no RC cut off frequency) lumped device 𝑷 𝑻𝑯𝒛 /𝑷 𝒍𝒅 . Here is assumed a linear absorption of the optical power. In the inset are shown the analytic expression of 𝒇 𝒕𝟏 , 𝒇 𝒕𝟐 as demonstrated

Figure 2 .

 2 Figure 2.4 shows the frequency response at the output of a TW-photomixer matched only at the output and having a perfect velocity matching (dashed red), a 5% velocity mismatch (black) and the frequency response of a lumped element photomixer (blue) having the same dc photocurrent of the TW-photomixers. A capacitance of 10 fF is defined based on the capacitance of a typical photomixer having interdigitated electrodes. Note that the frequency response of the TW-photomixer in Figure 2.4 was calculated based on a

Figure 2 . 5 :

 25 Figure 2.5: State of the art of the photomixing sources. For LT-GaAs MSM structures, MIT results are from the following reference [64], IEMN results are from reference[65], [66] (pulsed) and [67]. For UTC structures, NICT results are from reference [68] (large bandwidth from 10 MHz to 110GHz), NTT results are from reference [69], [70],[71] and [72]. IEMN results are from ref. [73]. NCU results are from ref. [74]. For WG-UTC, NTT results are from ref. [75]. UCL results are from ref. [76]. For TW-UTC, UCL results are from ref. [77] and [78]. For LT-GaAs TW-PD, UCSB results are from ref [79] and [80] (pulsed). For VM-PD, Uni-Koeln results are from ref [81].
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 2 Figure 2.5 shows the state of the art in output power of different configurations of photomixers which are divided into two main designs: the lumped-element photomixers (MSM and pin structures) and the traveling-wave photomixers. In most of the cases, the lumped-element photomixers are vertically illuminated but in some cases, they are horizontally illuminated through an integrated waveguide. The MSM was the first to be proposed for photomixing in low temperature grown GaAs (LT-GaAs) in MIT by Brown et al[START_REF] Brown | Coherent millimeter-wave generation by heterodyne conversion in low-temperature-grown GaAs photoconductors[END_REF]. This design was initially introduced featuring interdigitated electrodes on the LT-GaAs layer as shown in Figure1.16 (a). The performance of these traditional structures is dependent on the design of the interdigitated electrodes (electrode spacing, electrode width and overall size of the active area). The photoresponse of these MSM interdigitated photomixers is relatively low (0.005 A/W[START_REF] Brown | A photoconductive model for superior GaAs THz photomixers[END_REF]) due to low photoconductive gain. Peytavit and coworkers[START_REF] Peytavit | Milliwatt output power generated in the J-Band by a GaAs photomixer[END_REF] upgraded these devices to photoresponses up to 0.14

Figure 2 .

 2 photoconductive bulk layer or membrane between the electrodes of the CPW. The evanescent coupling between the dielectric waveguide and the active region allows for distributed optical absorption, resulting in the generation of THz waves that propagates in the CPW and is either dissipated in a load (spectrum analyzer/powermeter) or emitted through THz antennas at the end of the device.The index matching can be easily adjusted by modifying the dimensions of either waveguides. In the dielectric waveguide,the optical mode confinement can be modified by altering the Si3N4 core width which affects the mode overlap with the cladding and the active region. As a result, multiple optical properties of the optical mode are varied, including the effective index, group index, effective area, and the absorption in the active region and the surrounding. Similarly, based on the transmission line theory, the refractive index of the propagating mode in coplanar waveguides can be adjusted by varying the width of the central strip (Appendix B).
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 26 Figure 2.6: Conceptual representation of the proposed TW-photodetector showing the dielectric and the coplanar waveguides. The optical beating is coupled through a grating coupler into a SiO2/Si3N4 waveguide platform. The optical mode is split into two modes by the aid of MMI (multimode interferometer). The two modes enter between the slit of the CPW and are absorbed gradually in the LT-GaAs resulting in the generation of THz waves that can be emitted by an Antenna at the output
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 27 Figure 2.7: Representation of the three fiber coupling techniques: (a) edge coupling, (b) coupling though a diffraction grating and evanescent coupling between a tapered optical fiber and a tapered planar waveguide.

Figure 2 .

 2 8 illustrates the grating design integrated into the TW-photomixer. The grating and core of the planar waveguide are made of silicon nitride and are surrounded by a silicon oxide cladding. In a basic grating model, where the design of the grating consists on periodically notching a rectangular core surrounded with a cladding material(Figure 2.7 (b)), coupling losses are around 3 dB as shown in the state of the art presented in AppendixC. In order to enhance the coupling efficiency,and reach coupling losses under 3 dB,a thin layer of gold is deposited under the grating coupler acting as a back reflector. The key dimension here
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 28 Figure 2.8: Schematic representation of the grating coupler design
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 29 Figure 2.9: Schematic representation of the coupling structure showing the grating coupler and the MMI.
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 210 Figure 2.10: Thermal model of the traveling-wave photomixer.

  present an optoelectronic model of the TW-photomixer. The first part represents a model of the beatnote, then the photocurrent source and finally a circuit model of a full device considering THz propagation losses, lifetime frequency roll-off and the velocity mismatch.

  photoconductive gain, and it describes the number of electrons collected by the electrodes per absorbed photon. The photoconductive gain is proportional to the photoresponse and can be increased by reducing the electrode spacing. However, in the presence of a guiding structure, close electrodes would result in high THz propagation losses. Thus, it is crucial to evaluate the tradeoff between propagation losses and photoconductive gain in TWphotomixers.

Figure 2 .

 2 Figure 2.11: Cross-section representation of a electrodes deposited on a semiconductor material showing the semi-elliptical trajectories of the carriers following the electric field lines generated by the dc bias.
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 212 Figure 2.12: Equivalent differential circuit model for a distributed photomixer system.

  other parameters used in the theoretical model are given in Table2-2 and the device input termination is an open circuit. It can be seen that for perfect phase matching, output powers reaching 200 µW at 1 THz and 3 µW at 4 THz are expected with this device. As previously seen and as shown in the inset of Figure2.13, the travelling wave signature of a photodetector is a 6-dB loss in the frequency response at "low" frequency as compared with a lumped device photomixer at equal photocurrent.
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 213 Figure 2.13: Theoretical THz power as a function of the beating frequency provided to a 50 Ohm load by a 1-mm-long TW photomixer pumped by an optical beatnote of power 𝑷 𝟎 =2 W.

  platform and the realization of an LT-GaAs membrane. To optimize the waveguide platform, various simulation methods were used such as Ansys Lumerical tools: MODE-FDE solver and FDTD solver which are based on Finite Difference Eigenmode and Finite Difference Time Domain algorithms respectively. The core dimensions were determined using MODE-FDE to ensure a single TE-mode propagation. Parameters, such as the mode confinement, effective index, and group index, were studied as a function of the core width. The grating design was optimized using a 2D FDTD model, where the lower cladding thickness, grating period, duty cycle, and optimal angle of incidence of the fiber were defined. BPM (Beam Propagation Method) was also used to design the MMI. This technique is based on solving the scalar wave equation, describing the behavior of electromagnetic waves in a given material.Test samples were fabricated to validate the calculated parameters, including coupling losses, propagation losses in waveguides above gold or GaAs and the MMI efficiency. Electromagnetic simulation using HFSS was also performed to evaluate the capability of a CPW design on a LT-GaAs membrane to tune the THz refractive index. Dimensions such as the central strip width, the interelectrode spacing and the membrane thickness were varied allowing the calculation of the index mismatch and the THz propagation losses. That latter was fabricated on an LT-GaAs membrane test sample where electrical measurements were realized. The THz propagation losses and the effective index were measured up to 0.8 THz. After that, the device fabrication process is described. It is worth noting that this section primarily focuses on the fabrication of devices suitable for 780 nm and 1550 nm illumination due to the similarities in the fabrication steps except for the dielectric waveguide dimensions and compositions. Material studies were conducted to optimize the Si3N4/SiO2 waveguide platform for both wavelengths. The optoelectronic characterization of the device is discussed in the last section, which is divided into two sections: dc photoresponse measurements and frequency response measurements.

  Figure 3.1 (a) and (b). Additionally, the MMI length 𝐿 𝑀𝑀𝐼 and width 𝑤 𝑀𝑀𝐼 , shown inFigure 3.1 (c),will be defined in order to split the fundamental mode in two modes having each the same power. For more information, Appendix D provide a brief presentation on the three simulation methods.

Figure 3 . 1 :

 31 Figure 3.1: Waveguide platform representation showing (a) a top view of the grating and the tapered waveguide, (b) an yz cross section of the same structure and finally (c) a top view of the MMI.
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 32 Figure 3.2:Effective index of the TE/TM modes at λ=780 nm in a 200 nm thick Si3N4 core as function of the core width.

Figure 3 .

 3 Figure 3.3 illustrates the transverse electric (TE) profile for two different core widths: 200 nm (a) and 400 nm (b). FDE simulations also provide the effective area of the
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 33 Figure 3.3: FDE solver interface showing the fundamental TE mode profile for (a) a 200 nm wide core and (b) a 400 nm wide core.
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 34 Figure 3.4: SEM image of the core transition from the back reflecting mirror to the active region.
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 35 Figure 3.5:.Group index of the fundamental TE mode at =780 nm as a function of the core width obtained by 2D FDE MODE solver.

Figure 3 . 6 :

 36 Figure 3.6: (a) simulation interface of the coupling structure. Zoom in on the theoretical (b) and realistic (c) grating coupler design. (d) Coupling losses as function of the lower cladding thickness for the realistic and theoretical design and for measurements on test samples.

Figure 3 .

 3 Figure 3.6 (a) shows the simulation interface with a 0°cleaved fiber above the grating coupler and an index matching gel between the two.Figure 3.6 (b) and 3.6 (c) show a

Figure 3 .

 3 6 (b) and 3.6 (c) show a zoomed-in view of the theoretical and realistic grating designs, respectively. The realistic design is based on a focused ion beam (FIB) cut similar to the one shown later in Figure 3.30. These triangular shaped void gaps are due to non-conformal deposition of the top SiO2 layer.
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 3 6 (d) shows the lower cladding thickness as a function of the coupling losses for both the theoretical and realistic designs, as well as experimental results

Figure 3 . 7 .

 37 Figure 3.7. A similar kind of work where they optimized an MMI with a correspondingtaper was realized in ref[START_REF] Mu | A Low-Loss and Broadband MMI-Based Multi/Demultiplexer in Si 3 N 4 /SiO 2 Technology[END_REF] 

Figure 3 . 7 :

 37 Figure 3.7: Top view of the TE fundamental mode coupled to the 29 µm long and 5 µm large MMI. The vertical dimension is out of scale (enlarged).

Figure 3 .

 3 8 shows the experimental setup of the waveguide characterization. To extract the propagation losses, we fit a linear model to the measured optical losses(10𝑙𝑜𝑔 ( 𝑃 𝑜𝑢𝑡𝑝𝑢𝑡 𝑃 𝑖𝑛𝑝𝑢𝑡 ) in dB) of several waveguides as a function of their respective length (in mm). The slope of the resulting line corresponds to the waveguide's propagation losses (in dB/mm) and the intercept of the fit with the y-axis represents the insertion losses. An example of the linear fit is shown later in Figure 3.24.

Figure 3 . 8 :

 38 Figure 3.8: Experimental setup for the characterization of the waveguide platform. For a clear photoshowing the waveguides and the optical fibers, the index matching gel is not used.

Figure 3 .

 3 Figure 3.9 shows an example of the mask used to fabricate the waveguides for the cutback measurements. There are two typical designs used for this purpose. The first design

Figure 3 . 9 :

 39 Figure 3.9: Example of the lithographic mask of a test structure presenting straight waveguides on gold and on LT-GaAs used to measure the propagation and coupling losses. Cross section representations in the grating show the main difference between the two designs.

Figure 3 . 10 :

 310 Figure 3.10: (a) Measurements of the losses in the taper before reaching the active region. (b) Measured propagation losses above the LT-GaAs layer in design A (black). Measured propagation losses above the LT-GaAs layer in design B (red). Simulated propagation losses above LT-GaAs using 3D FDTD solver (blue) and 2D FDE Mode solver (orange).

2. 13

 13 in the blue dashed plot where the absorption density 𝑝 𝑎𝑏𝑠 = -𝑑𝑃(𝑧) 𝑑𝑧 = 𝑐𝑡𝑒 = 𝑎. At 𝑧 = 𝐿, 𝑃(𝐿) = 0 which leads to 𝑎 = 𝑝 𝑎𝑏𝑠 = 𝑃 0 𝐿

Figure 3 .

 3 Figure 3.11:Core width as function of the propagation losses above the LT-GaAs layer. In red is shown the exponential fit based on equation (3.1.2.4).

Figure 3 .

 3 12 (a) 

Figure 3 . 12 :

 312 Figure 3.12: (a) Variable core width along the device (black line) allowing a linear absorbed power (in red) in the device. (b) Constant core width (200 nm) along the device (in black) resulting in a fast absorption in a 1 mm long device.

Figure 3 . 13 :

 313 Figure 3.13: MMI efficiency (black) and losses (red) as function of the MMI length.

Figure 3 . 14 :

 314 Figure 3.14: 2D representation of the complete structure showing the LT-GaAs membrane, the coplanar waveguide, and the optical waveguides.

Figure 3 . 15 : 2 wherethe

 3152 Figure 3.15: THz effective index (a) and THz propagation losses (b) for three strip widths 𝑤 𝑠𝑡𝑟𝑖𝑝 (6 μm, 12 μm and 18 μm) as function of the frequency.

Figure 3 . 16 :

 316 Figure 3.16: Maximum index mismatch as function of the photomixer's length for 3 different 3dB cut-off frequencies: 0.5 THz, 1 THz and 3 THz.

Figure 3 . 17 :

 317 Figure 3.17: THz refractive index at 1 THz as function of the strip width.

Figure 3 . 18 :

 318 Figure 3.18: THz effective index (a) and THz propagation losses (b) for three strip widths 𝑤 𝑠𝑡𝑟𝑖𝑝 (6 μm, 12 μm and 18 μm) as function of the frequency.

Figure 3 . 19 :

 319 Figure 3.19: THz attenuation 𝛼 𝑡 and effective index 𝑛 𝑇𝐻𝑧 , as function of frequency on a LT-GaAs membrane-supported CPW without optical waveguide. Geometrical parameters: wm.=40 and 60 µm, wstrip=6 µm, wground=10 µm, and wslot=2 µm. Theoretical values have been obtained by FEM modelling (see inset of

Fig. 3

 3 Fig.3for further details) and by using a quasi_TEM model[START_REF] Heinrich | Quasi-TEM description of MMIC coplanar lines including conductor-loss effects[END_REF] . Experimental values have been obtained by using scattering parameters measurements on CPW of two different lengths L 1 =1 mm and L 2 =4 mm[START_REF] Engen | Thru-Reflect-Line: An Improved Technique for Calibrating the Dual Six-Port Automatic Network Analyzer[END_REF].

Figure 3 . 20 :Figure 3 . 21 :

 320321 Figure 3.20: Schematic diagram illustrating the fabrication process flow of a traveling-wave photomixer. The process involves transferring the epitaxial layer onto a high resistivity Silicon wafer, etching the bulk substrate to access the LT-GaAs layer, patterning the back-reflecting gold layer, realizing the optical waveguide platform by pattering the Si3N4 core and the SiO2 bottom cladding, depositing electrodes, encapsulating the device with a top SiO2 cladding, etching the SiO2 above the contacts, and finally etching the Si-HR membrane

Figure 3 . 22 :

 322 Figure 3.22: Schematic representation of a COPO EL13%/PMMA 3% 495K lithography and lift-off process after metallization.

Figure 3 . 23 :

 323 Figure 3.23: Propagation losses in a waveguide as function of the bottom SiO 2 cladding roughness. The SiO2 was deposited for a pressure of 1 T and 0.5 T. The corresponding layers are also planarized using CMP.

Figure 3 .

 3 Figure3.23shows the propagation losses of waveguide fabricated on the previously studied SiO2 layers. The propagation losses were measured using the cut-back method for the two chamber pressures, with and without CMP treatment. It can be seen that by reducing the chamber pressure from 1 T to 0.5 T, the propagation losses are reduced from 8 dB/mm to almost 3 dB/mm and after planarization, the results are corresponding to the two pressures are similar and close to 3 dB/mm. As a conclusion, no significant change in the propagation losses is observed for SiO2 roughnesses under 2 nm. On the other hand, the latter are still relatively high which suggests that the losses may originate either from the proximity to the gold substrate or from absorption in the Si3N4 core. Note that the parameters of the deposited Si3N4 layer are defined as follows: 𝑃 𝑅𝐹 = 10 W, SiH4/NH3/N2 = 360 sccm/20 sccm/240 sccm, 𝑇=300⁰C and 𝑃 = 1 T.

Figure 3 . 24 :

 324 Figure 3.24: Cut-back measurements showing the optical losses as function of the waveguide length for two SiO2 lower cladding thicknesses (2100 nm and 1040 nm)

Figure 3 . 25 :

 325 Figure 3.25: Propagation losses as function of the NH3 gas flow while the SiH4 flow was fixed to 360 sccm.

Figure 3 . 27 :

 327 Figure 3.27: (a) and (b) show SEM images of the resist pattern above the Si3N4 layer. (c) show an SEM image after etching the Si3N4. (d), (e) and (f) show the grating coupler, the MMI and the core transition to active region after the resist stripping.

Figure 3 .

 3 Figure 3.28:(a) SEM images showing the waveguide after etching the bottom SiO2 at the beginning of the active region and (b) a zoom in at the end of the waveguide.

Figure 3 .

 3 29 (a) and (e) show an SEM image of the beginning of the active region. There are two different designs for the electrodes, one with the core directly entering between the metallic lines and the other with a tapered design where the core enters smoothly between the metallic lines. The aim of this design is to avoid optical losses due to a direct change in the mode profile when entering the active region. Meanwhile this design was not better than the first since part of the optical source will be absorbed in the LT-GaAs before arriving to the 2 µm interelectrode spacing where carriers are accelerated by the electric field.

Figure 3 .

 3 29 (b) shows the middle part of a device with a CPW design and Figure3.29 (c) and (d) show contact pads at the end of the device compatible for the two different THz waveguides. Eventually, coplanar or CPS probes will be used to apply the bias voltage and collect the generated RF or THz waves. Note that all of the SEM images shown in this section or in previous sections correspond to either the 1550 nm design or the 780 nm design.

Figure 3 . 29 :

 329 Figure 3.29: SEM images showing the waveguide after the lift-off step. (a), (b) and (d) shows the CPW design and (d) and (e) shows the CPS design.

Figure 3 .

 3 30 (d) shows a zoom in on the FIB cut where the notched Si3N4 is visible. As presented previously, these void gaps were considered in the simulation of the grating.After the SiO2 deposition, an ICP-RIE etching step was realized to expose the contact pads at the end of the device.

Figure 3 . 30 :

 330 Figure 3.30:(a) SEM images showing a top view of the grating coupler and (b), (c) a side view of a FIB cut of the grating coupler.

Figure 3 . 31 :

 331 Figure 3.31: SEM view of a FIB-cut cross section of the membrane-supported TW photomixer.

Figure 3 . 32 :

 332 Figure 3.32: Schematic representation of the two top cladding designs. (a) The top cladding was either etched above the contact pads as it encapsulated the metallic line or (b) etched above the contact pads and the metallic lines. (c) and (d) show SEM images of the pulverized gold on the side walls of the etched top cladding.

Figure 3 . 33 :Figure 3 .

 3333 Figure 3.33: Schematic representation showing a summary of the fabrication steps of the device. The possibility of fabricating an antenna is also shown

Figure 3 . 34 :

 334 Figure 3.34: (a) Photograph of the sample showing the contact probes and the optical fiber. (b) Photo of a biased CPW-TW photomixer showing the optical fiber, the index matching gel allowing higher optical coupling and the contact probes biasing the device. (c) Representation of the frequency response measurement setup up to 110 GHz. A Labview interface allows a frequency sweep of the lasers and saves the output power from the thermal power sensor for each frequency. The SOA allows an optical amplification up to 400 mW.

Figure 3 .

 3 34 (c) shows a representation of the full measurement setup.It is worth noting that in the measurement setup of the devices on bulk, a spectrum analayzer was used instead of the Thermal sensor.

Figure 3 . 35 :

 335 Figure 3.35: DC measurement setup showing a closeup on the biasing probes the fiber and a CPS device.

Figure 3 . 36 :

 336 Figure 3.36: Representation of a cross section of two fabricated runs of fabricated TW-photomixers on bulk.

Figure 3 . 37 :

 337 Figure 3.37: Photoresponse of as function of the core width in a photomixer having an electrode thickness of 200 nm (black) and 400 nm (red).

Figure 3 . 38 :

 338 Figure 3.38: I-V characteristics of a 0.7 mm long CPS TW-photomixer having a core width of 200 nm. The device is illuminated by an optical power of 8 mW.

Figure 3 . 39 :

 339 Figure 3.39: The graph shows the average photoresponse of devices with the same core width based on the device length. The photocurrent was divided by the optical power at the active region after it passed through the grating coupler and taper.

Figure 3 . 40 :

 340 Figure 3.40: TW-photomixer design without a top cladding for the dielectric waveguide.

Figure 3 . 41 :

 341 Figure 3.41: Theoretical (line) and experimental (symbols) frequency response of a (a) 0.3 mm long and a (b) 0.7 mm long TW-photomixer. In the two cases the bias was at 20 V and the optical power at 300 mW resulting in a dc photocurrent of Idc=1.15 mA and 1.3 mA for 𝐿=0.3 mm and 0.7 mm respectively.

Figure 3 . 42 :

 342 Figure 3.42: Photocurrent and generated power as function of the optical power.

Figure 3 .

 3 Figure 3.43illustrates the frequency response of a 1 mm long CPW-TW-photomixer up to 100 GHz. It is worth noting that the top cladding design is similar to run 1 for devices on

Figure 3 . 43 :

 343 Figure 3.43: Theoretical (line) and experimental (symbols) frequency response of a 1-mm-long TW photomixer at 10 V bias and an optical power P0=0.4 W resulting in a dc photocurrent Idc=0.5 mA. In dash line is also plotted the theoretical output power assuming a front side illumination (obtained by using our model with 𝑛 𝑇𝐻𝑧 = 0).

Figure 4 .

 4 [START_REF] Lashkaryov | Brief history of THz and IR technologies[END_REF] show the absorption spectra of an LT-GaAs layer annealed at different temperatures. It is observed thatthe sub-band gap absorption increases for lower annealing temperatures. In the following, this subject will be part of an optimization of the absorption of LT-GaAs at 1550 nm illumination.

Figure 4 . 1 :

 41 Figure 4.1: Absorption spectra of LT-GaAs annealed at different temperatures compared to a reference sample and an As grown sample [119].

Figure 4 . 2 :

 42 Figure 4.2: (a) Schematic representation of the micro-cavity photodetector designed for DC photoresponse measurements. (b) Top SEM image of the represented device in (a). In (c) is a schematic representation of a micro-cavity photomixer shown in an SEM image in (d) designed for frequency generation.

Figure 4 .

 4 2 (a) and (c) display schematic illustrations of test samples specifically for dc and ac measurements respectively.

Figure 4 .

 4 2 (b) and (d) shows their respective SEM images. The behavior of these devices is discussed in more detail in the subsequent chapter since the focus of that chapter is on this type of devices.

Figure 4 . 3 :

 43 Figure 4.3:.Time-resolved photoreflectance measurements obtained on the LT-GaAs layers grown at 250 °C and annealed at TA= 450,500,540 and 580°C.

Figure 4 . 4 :

 44 Figure 4.4:Dark resistivity dependence on post-growth annealing temperature TA. Inset: Dark current versus Bias voltage obtained on the 60130 µm 2 area test structures.

Figure 4 .Figure 4 . 5 :

 445 Figure 4.5:Photoresponse-Bias voltage characteristics measured on optical cavity photoconductors fabricated using LT-GaAs layers grown at 250 °C and annealed at TA= 450,500,540 and 580 °C.

5 .
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Figure 4 . 6 :

 46 Figure 4.6:Generated RF power for the four samples annealed at TA= 450,500,540 and 580 °C. The devices were biased at 5V.

Figure 4 .

 4 7 (a) shows the effective area evolution of the fundamental TE mode as function of the core width. As presented in the previous chapter, for lower core widths the mode is squeezed out of the core explaining the increase in the effective area. This can also be explained in Figure 4.7 (b) by the decrease in its effective index. Note that the simulated design is presented in the inset of Figure 4.7 (a). Finally, with the waveguide now in single-mode regime and having a core width allowing reasonable absorption in the active region, the next step is to fabricate test samples to optimize the other optical components, such as the grating coupler, MMI and the taper and to design ring resonators for group index measurements.

Figure 4 . 7 :

 47 Figure 4.7:(a) Effective area of the fundamental TE mode as function of the core width. (b) Effective index of the fundamental TE mode as function of the core width at λ = 1550 nm.

Figure

  

4 .

 4 8shows a photo of one test sample where the waveguide platform was fabricated on a gold layer deposited on a Silicon wafer. On the right side of the figure is shown a schematic representation of a top view and a cross section of the waveguide.

Figure 4 . 8 :

 48 Figure 4.8: Photo of a test sample under optical characterization where the used substrate was Silicon. On the right side, a schematic representation showing a top view and cross section of the waveguide.

Figure 4 . 9 :

 49 Figure 4.9: Screen capture of the 2D FDTD design showing the optical fiber above the grating coupler and an enlarged image presenting the realistic design.

Figure 4 .

 4 10 (b) shows the coupling losses as a function of the wavelength for the best two grating couplers, with the lowest coupling losses of 1.8 dB achieved at λ=1550 nm for a grating period of 1140 nm and an injection angle of 11⁰.

Figure 4 . 10 :

 410 Figure 4.10:(a) Comparison between the measured coupling losses (red) and coupling losses calculated in a 3D FDTD model as function of the lower cladding thickness. The grating period was 1160 nm and the fiber tilted at 13⁰. (b) Measured coupling losses for two grating couplers having different periods (1160 nm in black and 1140 nm in red). The optimum angle for a minimum coupling loss at 1550 nm is 13⁰ and 11⁰ for p = 1160 nm and 1140 nm respectively.

Figure 4 .

 4 Figure 4.11: Propagation losses as function of three core widths (0.5, 1 and 10 µm) for two thicknesses of the bottom cladding (547 nm and 1037 nm).

Figure 4 . 12 :

 412 Figure 4.12: (a) Taper losses as function of the taper length. In the simulation model, all the material used were set to be lossless. Here losses are only from the non-adiabaticity of the taper. (b) Measured losses of in tapers as function of their respective length.

Figure 4 . 13 :

 413 Figure 4.13: propagation losses in a 350 μm long waveguide segment above the LT-GaAs. The black and red curves correspond respectively for a core width of 1000 nm and 500 nm.

Figure 4 . 14 :

 414 Figure 4.14: MMI efficiency (black) and losses (red) as function of the MMI length.

Figure 4 .

 4 Figure 4.15 (a). An optical ring resonator is a type of optical cavity that consists of a closed loop of optical waveguide material. The waveguide is designed so that the round-trip phase shift of the light waves that travel through the resonator is equal to an integer multiple of 2π. This results in constructive interference of the light waves, causing the cavity to resonate at specific frequencies. Optical ring resonators are commonly used in various optical applications, such as laser technology, sensing, and communication systems. In[START_REF] Bogaerts | Silicon microring resonators[END_REF], based on a first order approximation of the dispersion in a micro-ring

Figure 4 .

 4 Figure 4.15:(a) SEM image of a micro-ring resonator showing the input and output of the ring. (b) Measured transmission spectrum of the ring resonator showing the FSR. (c) Measured FSR of a micro-ring resonator of core width 735 nm as a function of the roundtrip length (black) fitted to equation (4.2.1) (red). Measured (black) and simulation results (red) ofgroup index as function of the core width of waveguides on gold (d) and on LT-GaAs (e).

Figure 4 .

 4 16 (a) 

Figure 4 . 16 :

 416 Figure 4.16: (a) I-V characteristic of a CPS-TW photomixer showing the photocurrent and the dark.Photoresponse as function of the device length for different core widths. The wavelength and the bias were set to 1550 nm and 20 V respectively. The photoresponse was calculated based on the optical power at the fiber output (6.4 mW).

Figure 4 . 17 :

 417 Figure 4.17: Schematic representation of a cross section of the TW-photomixer showing a depiction of the fundamental mode profile and the fraction of light that is lost in the LT-GaAs under the electrodes or radiated in the Silicon. The electric field lines are also shown.

Figure 4 . 18 :

 418 Figure 4.18: experimental frequency response of a 200 μm (black), 500 μm (red) and 1000 μm (blue) long TW photomixer. The bias was at 20 V and the optical power at 0.355 W resulting in a DC photocurrent of 3.65 mA, 3.957 mA and 4.63 mA respectively.

Figure 4 .

 4 [START_REF] Warnecke | Some recent work in France on new types of valves for the highest radio frequencies[END_REF], which displays the photocurrent and generated power as a function of optical power. Furthermore, Figure4.19 demonstrates that there was no thermal failure detected up to a maximum optical power of 355 mW.

Figure 4 . 19 :

 419 Figure 4.19:Photocurrent and generated power as function of the optical power.

Figure 4 . 20 :

 420 Figure 4.20: Modified design of a TW-photomixer based on 580⁰C annealed LT-GaAs illuminated by a 1550 nm wavelength.

Figure A. 1

 1 Figure A.1 representation of the LT-GaAs crystal before and after annealing

FigureA. 2 :

 2 FigureA.2: Energy band diagram of LT-GaAs

  Figure A.4 (a) and (b) shows the time-resolved photoreflectance (Δ𝑅 𝑅 ⁄ ) measurements in linear and logarithmic scale respectively as function of the delay time (Δ𝑡). This measurement was performed using a 200 fs optical pulses at 𝜆 = 820 nm provided by a Ti: Sapphire laser. The studied LT-GaAs sample was grown at 250 ± 5°C and annealed at 580°C during 60s. When the pump and probe are synchronized, a maximum differential reflectance is measured as shown in figure A.4.

Figure A. 3 :

 3 Figure A.3: Pump-probe setup for carrier lifetime measurements

Figure A. 4 :

 4 Figure A.4:(a) Differential photoreflectance as function of the pump delay time in linear and (b) logarithmic scale
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 8 [START_REF] Appleby | Passive millimetre-wave imaging and how it differs from terahertz imaging[END_REF] are also important to reduce the microstrip modes. Now that we presented the main conditions to design a coplanar waveguide allowing the propagation of a quasi-TEM coplanar mode, we can consider the transmission line theory to model the propagation of such mode in the structure. Figure B.1 shows the equivalent circuit model of a transmission line which can be used to model the propagation along the line. From the circuit below, we can conclude the following: • The characteristic impedence 𝑍 𝑐 : The propagation constant 𝛾: 𝛾 = √(𝑅 + 𝑗𝐿𝜔)(𝐺 + 𝑗𝐶𝜔) = 𝛼 + 𝑗𝛽 (B.6) 𝛼: absorption coefficient (Np/mm or dB/mm) 𝛽: propagation constant of the guided mode (𝛽 = 2𝜋 𝜆 ) The phase velocity 𝑣 𝜑 and the refractive index of the mode 𝑛 𝑒𝑓𝑓 :Now we will assume that we have negligible losses which leads us to calculate 𝛽 as function of 𝐿, 𝐶 and 𝜔. As a result, the refractive index can be written as the following:𝑛 𝑒𝑓𝑓 = 𝑐 0 √𝐿𝐶Since the capacitance and inductance of a CPW are determined by the dimensions of the central strip line we can now define the effective index of the mode of propagation based on the dimensions of the CPW and the membrane. However, it is important to note that these results come with a trade-off with the propagation losses.

Figure B. 1 :

 1 Figure B.1: Equivalent circuit model of a TEM transmission line.

Figure C. 1 :

 1 Figure C.1: Schematic representation of the grating coupler showing the diffracted rays

Figure D. 1 :

 1 Figure D.1: FDE solver interface showing an example of a cross section of a fiber with the calculated mode profile in this cross section.

Figure D. 1

 1 Figure D.1 illustrates a fiber design in which the core mode profile is determined using a solver called MODE-FDE. This solver employs a finite-difference algorithm to create a mesh of the waveguide geometry, which allows it to handle a wide range of waveguide structures. Once the structure is meshed, the solver uses sparse matrix techniques to solve a matrix eigenvalue problem based on Maxwell's equations, yielding information about

Figure E. 1 :

 1 Figure E.1: Schematic representation of the bonding process inside the chamber.

Figure E. 1

 1 Figure E.1 shows a simplified depiction of the bonding process, and Figure E.2shows the trend of the chamber temperature and the membrane pressure in the first 300 min of the recipe. The bonding process starts by applying a constant pressure to the membrane, increasing it to 615 mbar, and raising the temperature of the top and bottom plates to 250°C. This step takes 1 hour and 12 minutes. The temperature of the plates and the

Figure E. 2 :

 2 Figure E.2: Chamber temperature and membrane pressure of the adhesive bonding as function of time.

  vertical delivery of reactive ions in RIE can produce highly anisotropic etch profiles, unlike the typically isotropic profiles generated by wet chemical etching. The etching conditions in an RIE system depend on a number of process parameters, such as chamber pressure, gas flows, and RF power. shows a simplified representation of an RIE process. Figure E.3 shows a schematic representation of an RIE chamber.

Figure E. 3 :

 3 Figure E.3: Schematic representation of the chamber of an RIE tool.

Figure E. 4

 4 Figure E.4 shows a time track of the GaAs thickness during the etching in severalregions of the wafer. The etch rate during this step is approximately 18 µm/min, and after 20 minutes, the GaAs thickness is around 30 µm with an acceptable homogeneity of ± ~5 µm. It is worth noting that the etch rate in the middle of the wafer is slightly higher than at the edges. Once this fast etch step is complete, we change the etching solution in order to continue etching until we reach the etch stop layer.

Figure E. 4 :

 4 Figure E.4: Track of the GaAs substrate thickness as function of time in different region of the sample.

Figure E. 5 :

 5 Figure E.5: ebpg 5000Plus E-beam lithography machine from RAITH nanofabrication company.
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 5 KHz to 50 MHz. It is calculated based on the measured beam current 𝐶 (nA), the known pixel size 𝑟, and the dose required to properly expose the resist. The appropriate dose is typically determined through testing, in which the development time is fixed and patterns are repeated at different doses. The writing frequency can then be expressed as:

3 .

 3 The deposition step involves defining a chamber pressure, an RF power, and different gas flows depending on the deposited material. The step time is determined based on the desired thickness, and the maximum error in the deposited thickness is typically less than ± 5% of the desired value.

Figure E. 6

 6 Figure E.6 shows a schematic representation of the PECVD deposition process.

Figure E. 6 :

 6 Figure E.6: Schematic representation of the PECVD deposition process.

Figure 3 .

 3 27(a) shows the resist pattern of the grating coupler design with its dimensions matching those defined in the e-beam software. However, there may still be some undeveloped resist around the grating, which can result in loss of design dimensions and non-straight resist profile if left for too long in the developer solution. To overcome this, a 10-second RIE based on oxygen plasma is used, which ensures a clean surface without significant changes in dimensions (Figure3.27 (b)). A part of the grating is shown in Figure3.27(c), which is etched using plasma RIE. The etching parameters are shown in TableE.1. The calculated etch rate is approximately 0.92 nm/s. The remaining resist is dissolved by soaking in a resist stripper bath at 70°C for 2 hours.

Figure 3 .

 3 27(d), (e), and (f) show the complete grating coupler, a top image of an MMI, and the transition of the waveguide from the back-reflecting mirror to the LT-GaAs active region, respectively.

  

  

  1-1 shows a brief comparison between a variety of different cw THz sources that are presented in details below.

	Sources	Price	Size	Material	Cooling	Tunability	Output	Fabrication
				Scarcity	Necessity		Power	complexity
							above 1	
							THz	
	Electronic	Low	Compact	Low	No	Limited	Low	Low
	frequency							
	multipliers							
	RTD	Low-	Compact	Low	No	Limited	Low	Low
	oscillators	Moderate						
	Si IMPATT	Low	Compact	Low	Yes	Limited	Low	Moderate
	oscillators							
	InP Gunn	Moderate-	Compact Moderate	Yes	Limited	Moderate Moderate
	oscillators	High						
	Nonlinear	Low	Compact-	Moderate	No	Wide	Low	Moderate
	optical		Moderate					
	down-							
	conversion							
	THz QCLs	Low-	Compact-	Moderate	Yes	Moderate	High	High
		Moderate	Moderate					
	Gas lasers	High	Large	Moderate	Yes	Limited	High	High
	BWO tubes	High	Large	Moderate	Yes	Wide	High	High
	Photomixers	Low	Compact	Low	No	Wide	Moderate	Low
	Table							

Table 1 -

 1 

2: Review on THz QCLs [33].

  For better circuit analysis, let us calculate the photoconductance 𝐺(𝑡) which is the ratio between the calculated current 𝐼 𝑝 and the voltage 𝑉:

							𝐼(𝑡) = 𝐼 𝑑𝑐 + 𝐼 𝑎𝑐 𝑐𝑜𝑠 (𝜔 𝐵 𝑡 + 𝛿)	(1.4.1.13)
					𝐺(𝑡) =	𝐼 𝑝 𝑉	=	𝑒 ℎ𝑉𝜈	𝛾𝜂 𝑜𝑝𝑡 𝑃 𝑜𝑝𝑡 [1 +	𝑐𝑜𝑠 (𝜔 𝐵 𝑡 + 𝜃) √1 + (𝜔 𝐵 𝜏) 2	]	(1.4.1.10)
	For a sufficient low voltage and in constant mobility regime 𝜈 = 𝜇𝐸 = 𝜇𝑉 𝑙 ⁄ , 𝜏 𝑡𝑟 =	𝑙 𝑣	=
	𝑙 2 𝜇𝑉	and	𝜕𝐺 𝜕𝑉	= 0. In this case 𝐺(𝑡) is of the following form:
							𝐺(𝑡) = 𝐺 0 + 𝐺 1 𝑐𝑜𝑠 (𝜔 𝐵 𝑡 + 𝜃)	(1.4.1.11)
	where 𝐺 0 is defined as	𝑒𝜇𝜏 ℎ𝜈𝑙 2 𝜂 𝑜𝑝𝑡 𝑃 𝑜𝑝𝑡 and represents the dc photoconductance and 𝐺 1 =
	𝐺 0 √1+𝜔 𝐵	2 𝜏 2 is the amplitude of modulation of the photoconductance. In the follow, in order
	to simplify the calculations, we will set 𝜃 to 0. If we consider that all the harmonics of 𝜔 𝐵
	are filtered we can write the voltage and the current across the photoconductor as follows:
							𝑉(𝑡) = 𝑉 𝑑𝑐 + 𝑉 𝑎𝑐 𝑐𝑜𝑠 (𝜔 𝐵 𝑡 + 𝛿)	(1.4.1.12)

  𝑛 𝑔 ). The THz output power 𝑃 𝑇𝐻𝑧 delivered to the load 𝑍 𝑐 is then given by 𝑃 𝑇𝐻𝑧 = 1 2 ⁄ 𝑍 𝑐 |𝐼 𝑡𝑜𝑡𝑎𝑙 | 2 whose maximum 𝑃 𝑚𝑓 = 1 8 ⁄ 𝑍 𝑐 |𝐿𝐽| 2 is obtained when Δ𝑘=0. As already explained earlier, only a quarter (-6 dB) of the power obtained as compared with a lumped device exhibiting the same dc-photocurrent 𝑃 𝑙𝑑 =

	2 sin 𝐿∆𝑘/2	(2.1.7)
	𝐿∆𝑘/2	
	with Δ𝑘 ≡ 𝑘 𝑡 -𝑘 𝑜 = (𝑛 𝑇𝐻𝑧 -1 2 𝜔 𝑏 𝑐 ⁄ 𝑍	

𝑐 |𝐿𝐽|

2 

. Furthermore, the loss induced by the phase mismatch 𝐿 Δ𝜑 is thus identical to the one experienced in THz emission based on non-linear process:

Table 2 -

 2 1 summarizes the advantages and disadvantages of each technique.

		Grating	Edge-coupling	Evanescent field
	Fiber direction	Out of plane	In plane	In plane
	Bandwidth	Limited	Wide	Wide
	Polarization dependence	Poor	Good	Good
	SMF mode matching	Good	Poor	Good
	Number of alignments	1	1	2
	Handling	Good	Poor	Poor

Table 2 -

 2 

1:Summary on the advantages and disadvantages of three coupling techniques: Grating coupler, Edge coupling and Evanescent coupling.

  𝑗𝜔 𝑏 𝑡-𝛾 𝑡 𝑧 + 𝑉 2 𝑒 𝑗𝜔 𝑏 𝑡+𝛾 𝑡 𝑧(2.4.15) To calculate 𝑉 1 and 𝑉 2 we use the boundary conditions: 𝑧 = 0 and 𝑧 = 𝑙 where 𝑙 is the device length. It is important to note that here we model a device that is not adapted at the input since the fabricated device will be designed in this manner. This gives us 𝐼(0) = 0 𝑍 𝑙 𝛾 𝑜 -𝑍 𝑐 𝛾 𝑡 )𝑒 -𝛾 𝑜 𝑙 -𝛾 𝑜 (𝑍 𝑙 + 𝑍 𝑐 )𝑒 𝛾 𝑡 𝑙 ) 𝑍 𝑙 𝛾 𝑜 -𝑍 𝑐 𝛾 𝑡 )𝑒 -𝛾 0 𝑙 -𝛾 𝑜 (𝑍 𝑙 -𝑍 𝑐 )𝑒 -𝛾 𝑡 𝑙 )If 𝑍 𝑙 ≈ 𝑍 𝑐 and 𝑘 𝑡 ≈ 𝑘 𝑜 and the optical losses are way larger than the THz losses

						𝑉 2 (𝑙) =	𝐴(((𝛾 𝑜 2 -𝛾 𝑡 2 ) [(1 -𝑍 𝑙 𝑍 𝑐 ) 𝑒 -𝛾 𝑡 𝑙 + (1 + 𝑍 𝑙 𝑍 𝑐 ) 𝑒 𝛾 𝑡 𝑙 ]	(2.4.20)
	(	𝛼 𝑜 2	≫ 𝛼 𝑡 )			
							𝐼(𝑧) =	𝑉 1 𝑍 𝑐	𝑒 𝑗𝜔 𝑏 𝑡-𝛾 𝑡 𝑧 -	𝑉 2 𝑍 𝑐	𝑒 𝑗𝜔 𝑏 𝑡+𝛾 𝑡 𝑧	(2.4.16)
	where 𝑍 𝑐 =	𝑍 𝛾 𝑡	= √	
						𝑉(𝑧) = 𝑉 1 𝑒 -𝛾 𝑡 𝑧 + 𝑉 2 𝑒 𝛾 𝑡 𝑧 +	𝑍𝐴 2 -𝛾 𝑡 𝛾 𝑜 2 𝑒 -𝛾 𝑜 𝑧	(2.4.17)
						𝐼(𝑧) =	𝑉 1 𝑍 𝑐	𝑒 -𝛾 𝑡 𝑧 -	𝑉 2 𝑍 𝑐	𝑒 𝛾 𝑡 𝑧 +	𝛾 𝑜 𝑍𝐴 𝛾 𝑜 2 -𝛾 𝑡 2 𝑒 -𝛾 𝑜 𝑧	(2.4.18)
	and	𝑉(𝑙) 𝐼(𝑙)	= 𝑍 𝑙 . which allows us to calculate 𝑉 1 (𝑙) and 𝑉 2 (𝑙):
						𝑉 1 (𝑙) =	𝐴(((𝛾 𝑜 2 -𝛾 𝑡 2 ) [(1 -𝑍 𝑙 𝑍 𝑐 ) 𝑒 -𝛾 𝑡 𝑙 + (1 + 𝑍 𝑙 𝑍 𝑐 ) 𝑒 𝛾 𝑡 𝑙 ]	(2.4.19)

𝑍 𝑌

The general solutionsof in voltage and current of thetelegrapher's equation with a current source, are of the following form:

Table 2 - 2 :

 22 Numerical values used in the theoretical model.

		Device length	1 mm
	𝒘	Inter-electrode spacing	2 µm
	𝝉	Carrier lifetime	500 fs
	𝝉 𝒕𝒓	Carrier transit time	200 ps
	𝒗 𝒔	Saturation velocity	8 × 10 6 cm/s [108]
	𝑬 𝒔	Saturation field	~50 KV/cm
	𝝁	Carrier mobility	~200 cm 2 /(V.s) [109]
	ℏ𝝎	Photon energy	1.58 eV (𝝀=780 nm)
	𝜶 𝒐	Optical absorption coefficient	2.3 mm -1 (~10 dB/mm)
	𝜶 𝒕	THz absorption coefficient	0.5 mm -1 (3 dB/mm @ 1 THz)
	𝒁 𝒄	Characteristic impedance	50 Ohms
	𝒏 𝑻𝑯𝒛	THz refractive index	1.8

Table 3 -

 3 1presents the propagation losses associated with the two distinct Si3N4 formulations. It is worth noting that these two recipes were already optimized for 1550 nm wavelength and the aim of this study is to compare between them.

	Propagation
	losses (dB/mm)

Table 3 - 1 :

 31 Propagation losses for two Si3N4 recipes having different gas flows. The chamber pressure, the RF power and plate temperature are 1 T, 10 W and 300⁰C respectively

Table 3 -

 3 

2: Optimized SiO2 and Si3N4recipes for low losses at 780 nm and 1550 nm wavelengths.

Table 3 - 3 :

 33 Core width and device length of the characterized devices.

Table 4 - 1 :

 41 Core width and device length of the characterized devices.

  𝑑, 𝜆 𝑑 and 𝑊 𝑔 are respectively the substrate thickness, the distance between the ground lines, the wavelength in the dielectric and the ground line width. By applying When designing the transmission line, it is important to ensure that established above standards are met in order to reduce the presence of parasitic modes and to support only the odd mode. For example, in millimeter wave range, it is hard to meet condition (B.1) when using substrates such as GaAs or InP, which usually have a thickness of 400 µm. Adhering to this rule would result in very small distance between ground lines, 𝑑, and this would lead to significant increase in ohmic losses in the transmission line. In situations where the substrate thickness is much greater than 𝑑 , surface waves are

				1)
	𝑑 ≤	10 𝜆 𝑑		(B.2)
	𝑑 ≪ ℎ 𝑠		(B.3)
	𝑑 ≪ 𝑊 𝑔		(B.4)
	ℎ 𝑠 , a higher constraint on equation (B.2) such that 𝑑 <	𝜆 𝑑 20	, this can effectively eliminate
	radiation losses.		

unavoidable, but they do not have any significant impact, as long as condition (B.2) is met. Note that conditions (B.3) and (B.

Table C . 1

 C1 State of the art of Si3N4 grating couplers for telecom wavelength.

	[153]	Liquid					~35	Si3N4 GC with 10 Si3N4/SiO2
		source	1550	325	0	-4.5 dB		DBR layers
		CVD Si3N4				(35.5%)		
		n = 1.80						
	[154]	PECVD				-2.73 dB	47.9	Through-etched displaced SiNx
		SiNx	1550	220	9	(53.3%)		bilayer
		n = 1.9894						
						Measured		
			Designed	SiN layer	SMF-28	Maximum	1 dB	
	Paper	SiN type	Wave-	thickness	angle from	Fiber-to-	Bandwidth	Remarks
			length	(nm)	normal (°)	Chip	(nm)	
			(nm)			Coupling		
						Efficiency		
	[142],[143] LPCVD						For non-linear applications in
		Si3N4	1550	700	8	-3.7 dB	54	700 nm Si3N4
		n = 2.022				(42.7%)		
	[144]	PECVD				-6.35 dB		Unidirectional, single-
		SiN	1550 / 1310	700	8	(23.2%) /	~39 / ~31	polarization dual-band GC
						-9.2 dB		
						(12.0%)		
	[145],[146]							No top oxide to increase grating
		Si3N4 n =	1550	600	16.5	-1.5 dB	35	strength; SMF-28 112µm above
		2.0				(70.8%)		chip surface to diffract over 25
								periods
	[147] PVD SiNx n				-4.9 dB		SiNx GC between DBR-pair
		= 1.980	1550	550	0	(32%)	~1 nm	cavity
						(simulated)		
	[148]	Si3N4				-2.66 dB		SMF Gaussian MFD is 20.8µm
		n = 1.9827	1550	550	-2.9	(54.2%)	80	
						(simulated)		
	[149]	LPCVD				-4.2 dB		Through-etch Si3N4 GC with
		Si3N4	1550	400	8	(38.0%)	67	2.25µm BOX
		n = 2.0						
	[150],[151] LPCVD	1550	400	10	-5.4 dB	~18	SiN GC array for multicore
		Si3N4				(28.8%)		optical fiber
	[152]	Si3N4	1550	400	7	-6.58 dB	~29	Gold mirror; grating not etched
						(22%)		

LT-GaAs transfer to high resistive Silicon wafer

In order to realize the LT-GaAs membrane, it is necessary to transfer the LT-GaAs layer to a high resistivity silicon wafer, which can be achieved through wafer bonding. However, to ensure the success of this process, several steps must be taken beforehand. Initially, a layer of GaInP is grown on a 2-inch GaAs substrate, followed by the growth of an LT-GaAs layer. The epilayer is then cleaved to obtain a quarter of the wafer.Following an acid-based cleaning and surface treatment for the high resistivity silicon wafer and the epilayer, a resist (BCB) is spin coated on the two samples. After that the epilayer is transferred to the high resistivity silicon wafer through adhesive bonding.

This technique is based on high mechanical pressure and high temperature allowing a bonding between the two BCB layers. A detailed section on this technique is presented in Appendix E-I -BCB etching: After bonding, it is important to remove any remaining BCB from the HR-Si wafer to prevent contamination during subsequent fabrication steps. This is done using plasma reactive ion etching (RIE) in an OXFORD instruments Plasmalab80Plus system (Appendix E-II).The etching process was realized using a gas mixture of O2 and CF3.

-Substrate wet etch:We performed chemical wet etching on the substrate in order to access the LT-GaAs active region. The etching process consists of three steps: 1) A fast etching step based on a mixture H2O2, H2SO4 and H2O. The aim of this step is to reach the proximity of the GaInP etch stop layer. 2) A slow etch step based on H2O, H2O2 and NH4OH. This step allows to etch the remaining several micrometers of GaAs allowing a visual verification of the GaInP. 3) A final step allows the access to the LT-GaAs through a fast etch of the GaInP in a hydrochloric acid solution (HCL). The details of these etching steps are shown in Appendix E-III.Figure 3.21shows a recap on the LT-GaAs transfer to the HR-Si wafer, summarizing the bonding and etching steps of the substrate. Note that the thickness of the layers inFigure 3.21 are not scale.

In this section, the waveguide core and other optical components such as the grating coupler, the MMI and the tapered cores are patterned by E-beam lithography. The pattern is realized on a high-resolution positive resist (CSAR 62). This resist acts as mask having the pattern of the desired designs. When developed, the Si3N4 is etched until the SiO2 lower cladding. This scientific manuscript provides an overview of my research spanning three and a half years focused on the development of optoelectronic devices for THz wave generation. The main idea is to design of a novel TW-photomixer capable of absorbing high levels of optical power and due to its traveling-wave structure it is capable to compete with the existing state-of-the-art photomixers. The novelty of the proposed TWphotomixer lies in the integration of a low temperature SiO2/Si3N4 waveguide platform that is compatible with III-V semiconductors. This waveguide platform is patterned between the slots of a coplanar waveguide (CPW) designed on LT-GaAs membrane supported by a high resistivity silicon substrate. The combination of the dielectric waveguide platform and the CPW supported LT-GaAs membrane allowed for a plausible index matching between the optical and electrical wave for devices reaching a length of 1 mm. The optical beatnote is coupled to the active region through a combination of an original grating coupler design, a taper, an MMI and the absorption in the LT-GaAs was tuned by varying the core width. This waveguide platform was adapted for both 780 nm and 1550 nm wavelengths. The membrane design exhibited high thermal resistivity, enabling optical illumination up to 400 mW, which was limited only by the characterization setup. Moreover, based on our developed theoretical model we show that when an index matching is achieved and for a high optical power these devices would reach the microwatt level at 1 THz.

For devices compatible with 780 nm wavelength illumination, the main issue was the compatibility of the dielectric waveguide with the operating wavelength. Even though, a study was conducted to reduce optical losses by examining the surface roughness of the SiO2 cladding and the Si3N4 material composition, the devices still exhibited high insertion losses ranging from 5.5 dB to 8.5 dB due to scattering, which was detrimental to coupling especially when no index matching gel was used. This was mainly due to the instability of the PECVD machine.These high insertion losses could be easily reduced by using chemical-mechanical planarization technique which showed that 1 dB/mm propagation losses are possible. Meanwhile these devices could reach a maximum photoresponse of 40 mA/W which is higher than those of vertically illuminated MSM LT-GaAs photomixers. Despite the high insertion losses, the frequency response of a 1 mm 

Publications in international journals

Communications in international conferences

Appendix

A. Low-temperature-grown Gallium Arsenide:

Low carrier lifetime operating semiconductors were realized by non-crystalline material growth or by inducing damage to another crystalline material. In 1980 Auston et al. [START_REF] Auston | An amorphous silicon photodetector for picosecond pulses[END_REF], demonstrated one of the first experimental results of a picosecond lifetime regime by amorphous grown silicon in a photoconductor. In this demonstration the carrier lifetime was reduced to 40 ps, whichis explained by the fast relaxation time of the photoexcited carriers to localized states. Later in the 1980s, lower lifetimes were achieved reaching 600 fs by oxygen implantation into silicon on sapphire [START_REF] Doany | Carrier lifetime versus ion-implantation dose in silicon on sapphire[END_REF]. Low temperature grown Gallium Arsenide was also studied as it was used as buffer layer in transistor and other field-effect devices since it showed very high resistiviy [START_REF] Smith | New MBE buffer used to eliminate backgating in GaAs MESFETs[END_REF]. This led to several investigations on the properties of these LT-GaAs buffer layers. One of the early theoretical results, predicted that arsenic antisites produced deep level donors [START_REF] Bachelet | As Ga antisite defect in GaAs[END_REF] as well as metastable states [START_REF] Dabrowski | Isolated arsenic-antisite defect in GaAs and the properties of EL 2[END_REF]. In 1990, Melloch et al. were the first to prove experimentally the presence of the arsenic precipitate whose size ranged from 2 to 10 nm [START_REF] Melloch | Formation of arsenic precipitates in GaAs buffer layers grown by molecular beam epitaxy at low substrate temperatures[END_REF]. Following the earlier experiments using defects in silicon, the same method was applied to LT-GaAs. This resulted in photoexcited carriers having a lifetime less than 400 fs [START_REF] Gupta | Subpicosecond carrier lifetime in GaAs grown by molecular beam epitaxy at low temperatures[END_REF]. Additionally, the LT-GaAs exhibited sub-bandgap photoresponse at 1300 nm [START_REF] Warren | 1.3mu m P-i-N photodetector using GaAs with As precipitates (GaAs:As)[END_REF]. The sub-bandgap absorption will be detailed in the sections below. In the mid to late 1990s was the rise of ultrafast LT-GaAs photodetectors. 1-THz imaging systems were realized thanks to fast LT-GaAs photoconductive switches PCSs [START_REF] Siebert | Continuous-wave all-optoelectronic terahertz imaging[END_REF] and LT-GaAs is still the best candidate for ultra-fast photoconductive devices. In the following we will present the main parameters that define the carrier lifetime, the resistivity and the carrier mobility in the LT-GaAs.

In the GaAs case the normal growth temperature ranges between 580ᵒC and 600ᵒC [START_REF] Look | Deep traps in molecular-beam-epitaxial GaAs grown at low temperatures[END_REF]. It has been shown that when GaAs is grown by molecular beam epitaxy (MBE) at low temperatures (250ᵒC), its crystallin structure is non-stochiometric with around 1% of Arsenic excess. This excess induces point defects (El2) in the material and the density of these point defects vary with the annealing or growth temperature [START_REF] Melloch | Formation of arsenic precipitates in GaAs buffer layers grown by molecular beam epitaxy at low substrate temperatures[END_REF].

From Figure A.1, it is shown that at low growth temperatures and before annealing, the point defects are distributed in all the crystallin structure in several forms such as