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THz radiation is extremely attractive for fundamental investigations of matter and emerging applications including, for example, security screening, medical imaging, and spectroscopy. However, the THz spectral range remains one of the least exploited spectral regions, mainly due to the lack of compact powerful THz sources/amplifiers and passive devices. This thesis concerns the development of advanced THz devices based on graphene material.

The first project focuses on the carrier lifetime in neutral graphene-hBN van der Waals heterostructures under mid-infrared illumination. The carrier lifetime in such device for First, I want to sincerely

photoexcited carriers at low density and energy is reported to be 30ps using mid-infrared photoconductivity measurements. By igniting the hyperbolic phonon polaritons in hBN via an electrical or optical pump, we demonstrate that the carrier lifetime is switched from 30ps down to few picoseconds. This project opens interesting perspectives for the development of THz lasers by exploiting graphene/hBN heterostructures, for the realization of highly sensitive THz photodetectors as well as for phonon polariton optics.

The second project reports on original devices based on hybrid semiconductor-metal waveguides coupled to the graphene layer. These devices, which are easy to fabricate, can act as THz amplitude modulators and THz amplifiers. First, we numerically investigate the dispersion relation of the two fundamental propagation modes of these hybrid waveguides. Then, we experimentally characterize these graphene-coupled waveguides using THz time-domain spectroscopy. We demonstrate that these devices act as Mach-Zehnder modulators at 2 THz and 5.6 THz, the cut-off frequencies of TE0 and TE1 modes respectively. This project opens interesting perspectives on the modulation of THz waves and represents an important building block for the realization of THz lasers. 

General context

The far-infrared part of the electromagnetic spectrum, presently known as the terahertz (THz) domain, is of outstanding interest in physics offering unique applications in various domains and also very appealing fundamental investigations. THz radiation usually ranges between 10 11 Hz to 10 13 Hz, corresponding to wavelength ranging from 0.03 mm to 3 mm and photon energy ranging from 0.41 meV to 41 meV; the THz spectral range lies between the microwave and mid-infrared ranges (see Figure 1.1). Historically, the first THz emission was obtained by the extension to the low frequencies of conventional infrared thermal radiation. In 1911, Rubens and Baeyer have shown that the mercury arc lamp sealed in a quartz envelope is an excellent source of far-infrared radiation with emission up to wavelengths of 430 µm [START_REF] Rubens | LXXX. On extremely long waves, emitted by the quartz mercury lamp[END_REF]. This source, which is equivalent to the radiation of a black body whose temperature would be 4 000 K, remains the preferred source of spectrometers and modern network THz interferometers. Since this first demonstration of THz emission, intensive research has been dedicated to this specific spectral region.

The motivation of the research works is that THz photons have very interesting and unique properties. For instance, the absorption spectrum linked to vibration modes of molecules have resonances that fall in the THz frequency range. Due to the collective nature of these modes, they are very sensitive to the structure, the conformation of the molecule and to its environment [2]. So an important characteristic of spectroscopy in the THz domain is its ability to observe inter-molecular vibrations, while conventional infrared spectroscopy is sensitive only to intra-molecular vibrations. In astrophysics, we can cite the observations of thermal radiation at THz frequencies, which are important for characterizing cold dust (10-20 K) in the interstellar medium of our galaxy [3]. Moreover, many elementary processes in condensed matter, such as the interaction of electrons, 1 Fig. 1.1 Table of electromagnetic waves from http: // t. ly/ dNGAw spins and phonons, possess resonance frequencies in the THz spectral range [START_REF] Dhillon | The 2017 terahertz science and technology roadmap[END_REF]. While visible light usually provides excessive photon energy for collective excitations in matter systems, THz light allows for direct coupling to these low-energy (meV scale) excitations.

The corresponding (sub)-picosecond period corresponds to the time-scale of elementary chemical reactions, weak collective excitations in solids, the relaxation time of phonons, free carriers collision time. In addition, THz photons can penetrate a wide variety of non-conducting materials. They can pass through clothing, paper, cardboard, wood, masonry, plastic and ceramics, but they cannot penetrate metal and are strongly attenuated in water. At last, owing to their low energy, they are non-ionizing compared to x-rays.

All of these features of THz photons are very appealing for a wide variety of applications. For instance, THz technology is attractive for homeland security since metallic objects (such as weapons) reflect THz waves and thus can be easily identified by THz imaging. THz technology is also very attractive for non-destructive testing and non-destructive thickness measurements [START_REF] Zhu | A review of optical NDT technologies[END_REF]. For instance, for quality control in the pharmaceutical industry, the contact-free thickness gauging of tablet coatings using THz systems is very useful since tablet coatings regulate the release of the drug inside the body. Moreover, the combination of THz imaging and thickness measurement can help to restore ancient paintings without being invasive [START_REF] Abraham | Non-invasive investigation of art paintings by terahertz imaging[END_REF]. For biomedical application, THz systems can help doctors noninvasively detecting cancerous tissue in early time [START_REF] Yu | The potential of terahertz imaging for cancer diagnosis: A review of investigations to date[END_REF], and THz biosensors are able to 1.1 General context ultrasensitively trace the risk in a human body at virus scale [START_REF] Yu | The potential of terahertz imaging for cancer diagnosis: A review of investigations to date[END_REF]. Besides, THz radiation is expected to support future wireless telecommunication systems to overcome the limited spectral resources above 60 GHz. Indeed, a significant capacity enhancement to multigigabit or even terabit wireless transmission requires larger bandwidths, which are only available in the THz region. Exploiting the transmission window between 200 GHz and 300 GHz, S. Koenig et al. have successfully demonstrated wireless link with a maximum data rate of 100 Gbit/s bridging a distance of 20 m near 237.5 GHz [START_REF] Koenig | Wireless sub-THz communication system with high data rate[END_REF]. Despite these useful attributes, the THz spectral range remains one of the least technologically developed spectral regions owing to the lack of compact powerful sources. For instance, a compact powerful THz laser operating at room temperature, analogous to the semiconductor laser diode in the visible and near-infrared wavelength ranges is not available today [START_REF] Lewis | A review of terahertz sources[END_REF]. Actually, this frequency domain moderately benefits from techniques from the two neighboring infrared and microwave domains [START_REF] Chattopadhyay | Technology, capabilities, and performance of low power terahertz sources[END_REF]. Indeed, radiation sources, whether optical or electronic, see their effectiveness fall sharply when the frequencies approach and reach the THz domain. The fundamental physical limitations of conventional optical sources at large wavelengths are due to the absence of an appropriate material with a sufficiently small bandgap. The longest wavelength laser diodes are based on lead salt materials and do not extend beyond 20 µm [START_REF] Tacke | Lead-salt lasers[END_REF] (i.e. below 15 THz) due to the interactions between carriers (Auger effect, ...) which favor non-radiative recombinations.

On side of conventional electronic sources, the fundamental limitations come mainly from the transit time of the carriers and the RC time constants. So to operate at a very high Chapter 1.

frequency, a reduction in the dimensions of electronic sources is necessary, limiting the delivered power available. Consequently, current THz sources are either bulky or deliver moderate power. A major technological breakthrough for modern THz technology would therefore to develop a compact and powerful THz laser alternatively a compact and powerful THz amplifier.

Moreover, the various application fields of THz radiation define stringent requirements for high-performance THz passive components such as waveplates, lenses [12,[START_REF] Saeedkia | Handbook of Terahertz Technology for Imaging[END_REF],

waveguides [START_REF] Federici | Review of terahertz and subterahertz wireless communications[END_REF], and modulators [START_REF] Rahm | THz wave modulators: A brief review on different modulation techniques[END_REF], which are readily available for the optical, infrared, and microwave regions of the electromagnetic spectrum but not necessarily for the THz frequency regime. For instance, the lack of efficient components to modulate the propagation properties of the THz wave is a major barrier for the further development of THz technology. In addition, THz modulators can be very useful for imaging and active mode-locking. Nowadays, important efforts are dedicated to the developments of efficient and compact passive THz components such as THz modulators, but their development is in its infancy.

In addition, passive waveguide components with low-loss and low-dispersion allowing to guide THz waveguides with greater confinement than free-space are highly desired for several applications. Indeed, the foremost advantage is that the bulk optics used for manipulating THz radiation in free space can be replaced by waveguides. This will open up new opportunities in the further development of compact THz systems and consequently lab-on-chip systems. The diffraction-limited spot size can be reduced further, resulting in a resolution improvement over free-space THz imaging systems. Also, tight mode confinement can be achieved by exploiting waveguides with subwavelength features. This is beneficial for THz sensing applications, specifically for noninvasive and label-free molecular detection, and gas and liquid spectroscopy. Other THz devices such as the near-field scanning optical microscope, THz sources based on QCL, imaging, and communication technologies, which revolve around THz waveguides, will have improved functionalities with the development of advanced THz waveguides.

Thesis objectives

The main objective of this thesis is to investigate the potential of graphene as an active material for future developments of THz sources, amplifiers and modulators. To this aim, we investigate the carrier recombination time in graphene under illumination that has to reach tens of picoseconds for graphene to be effective for THz amplifiers and lasers. We also focus on graphene-based modulators based on original hybrid THz waveguides. To place my work in the general frame of THz technology, in the following sections, I will give an overview of the state of the art of sources, amplifiers, modulators and waveguides operating at THz frequencies. As my work aims to exploit the graphene for the development of such devices, I will introduce the properties of graphene that are interesting for THz technology.

State-of-the-art 1.2.1 THz sources

Since many decades, tremendous progress has been made in the development of powerful THz sources. The current THz sources rely on various different schemes. A large part of THz sources are vacuum electronic sources including gyrotrons [START_REF] Glyavin | Terahertz gyrotrons: State of the art and prospects[END_REF],

klystrons [START_REF] Jang | High order mode oscillation in a terahertz photonicband-gap multibeam reflex klystron[END_REF], synchrontrons [START_REF] Byrd | Observation of Broadband Self-Amplified Spontaneous Coherent Terahertz Synchrotron Radiation in a Storage Ring[END_REF]. The pulsed gyrotron can reach power of 5 kW [START_REF] Glyavin | Powerful terahertz gyrotrons based on pulsed magnets[END_REF] and 200 kW [20] at frequencies of 1 THz and 0.7 THz respectively with a pulse duration of tens of µs. In continuous wave, gyrotrons can deliver an output power of 100 W at 0.2 THz [START_REF] Fokin | High-power sub-terahertz source with a record frequency stability at up to 1 Hz[END_REF]. Such output power from gyrotron sources is promising but they need of highly Chapter 1.

driven magnetic field that limits their compactness. Klystron sources are able to reach high output power up to 500 W while the operating frequency is limited to a moderate value of 200 GHz and the bandwidth is relatively low [22]. The synchrotron THz source is very hard to be implemented even it can deliver intense output power [START_REF] Shudo | Frontier in Optical Methods: Nano-Characterization and Coherent Control[END_REF].

The other category of electronic THz sources are solid-state electronic sources including transistors [START_REF] Lusakowski | Voltage tuneable terahertz emission from a ballistic nanometer InGaAsInAlAs transistor[END_REF] and superconductors [START_REF] Ozyuzer | Emission of coherent THz radiation from superconductors[END_REF]. Indium phosphide transistors have been able to reach maximum oscillation frequency values of over 1 THz for around a decade already. Moreover, transistors have the advantage to provide gain so that THz amplification can be achieved. However, increase the frequency of transistors above 1 THz is hardly achievable. The superconductor-based sources are limited by the complex realization of superconducting condition.

The free-electron laser can generate very high average THz powers, reportedly up to 0.5 kW, but is very bulky and expensive and is therefore only practical for selected scientific applications [START_REF] Shevchenko | The Novosibirsk Free-Electron Laser Facility[END_REF].

THz gas lasers, which have been demonstrated around since the late 1960s [START_REF] Dodel | On the history of far-infrared (FIR) gas lasers: Thirty-five years of research and application[END_REF][START_REF] Lewis | A review of terahertz sources[END_REF][START_REF] Pagies | Low-threshold terahertz molecular laser optically pumped by a quantum cascade laser[END_REF][START_REF] Chevalier | Widely tunable compact terahertz gas lasers[END_REF], can provide watts of power in continuous-wave, but they are usually pumped by CO2lasers making them complex and expensive. Very recently, the group of J.F. Lampin has demonstrated for the first time a table-top continuous-wave THz molecular (NH 3 ) laser optically pumped by a mid-infrared quantum cascade laser delivering a power of 34 µW at 1.07 THz [START_REF] Mičica | High-resolution THz gain measurements in optically pumped ammonia[END_REF][START_REF] Chevalier | Widely tunable compact terahertz gas lasers[END_REF]. [START_REF] Chevalier | Widely tunable compact terahertz gas lasers[END_REF]. B: Plots showing the tuning range and power of a QCL-pumped molecular laser [START_REF] Chevalier | Widely tunable compact terahertz gas lasers[END_REF].

Alternatively, semiconductor THz lasers such as the quantum cascade lasers (QCL) [31,[START_REF] Vitiello | Quantum cascade lasers: 20 years of challenges[END_REF] and the p-Germanium lasers, which involve intersubband transitions are, in principle, compact, powerful and cost-effective. They offer tunability over large bandwidth with milliwatt output power [33,[START_REF] Vitiello | Quantum cascade lasers: 20 years of challenges[END_REF]. However, despite extensive research effort, THz QCLs delivering a few mW of average power have a limited maximum operating temperature (∼200 K) and thus requires cryogenic cooling, which adds complexity and cost. As for the p-Germanium laser [34,[START_REF] Odnoblyudov | Theory of a strained p-Ge resonant-state terahertz laser[END_REF], although it provides an enormous peak output power of up to 10 W, the operation is limited to liquid Helium temperature, which is inappropriate for most high-volume applications.

A wide variety of alternative techniques have also been developed for THz generation based on down-conversion from the visible and mid-infrared regime or by multiplication up from the millimeter-wave regime. These systems are fairly compact systems. Downconversion techniques used laser systems and are mostly achieved using nonlinear effects in crystals or photoconductive effects. For instance, illuminating a nonlinear medium by short intense optical pulses results in the emission of coherent THz radiation by optical rectification effect (relying on the generation of quasi-DC polarization in the nonlinear medium). This effect can be achieved in both bulk materials and surface materials [START_REF] Rice | Terahertz optical rectification from <110> zinc-blende crystals[END_REF][START_REF] Chuang | Optical rectification at semiconductor surfaces[END_REF]. A down-conversion technique to generate coherent THz radiation that is also widely widespread is based on photoconductive antennas illuminated by optical radiation.

By beating two continuous optical lasers in a photoconductive antenna made of an ultrafast semiconductor (used as photomixer), continuous THz radiation is generated with a very narrow spectral bandwidth. In return, illuminating by femtosecond optical pulses a photoconductive antenna leads to coherent ultra-broadband THz emission [START_REF] Mcintosh | Terahertz photomixing with diode lasers in lowtemperature-grown GaAs[END_REF]. More recently, it has been demonstrated that by illuminating with femtosecond optical pulses ferromagnetic/non-ferromagnetic layers, a THz emission is produced based on inverse spin Hall effect [START_REF] Kampfrath | Terahertz spin current pulses controlled by magnetic heterostructures[END_REF]. Beaurepaire et al. demonstrated that the THz emission is induced by an ultrafast demagnetization of ferromagnetic films [START_REF] Beaurepaire | Coherent terahertz emission from ferromagnetic films excited by femtosecond laser pulses[END_REF]. Coherent THz emission from monolayer graphene excited by femtosecond optical pulses have also been reported by our team [START_REF] Maysonnave | Terahertz generation by dynamical photon drag effect in graphene excited by femtosecond optical pulses[END_REF]. The emission process relies on a nonlinear effect, the photon drag effect, which is induced by the transfer of light momentum to carriers through ponderomotive electric and magnetic forces. D. Sun et al. [START_REF] Sun | Coherent control of ballistic photocurrents in multilayer epitaxial graphene using quantum interference[END_REF] All of these techniques based on nonlinear conversion at room temperature are relatively compact. However, the THz powers delivered by these techniques remain moderate.

THz amplifiers

An alternative strategy to develop compact and powerful THz sources is to amplify the output power delivered by THz sources using a compact and effective THz amplifier.

Table 1.2 presents some of the main THz amplifiers:

Amplifiers Reference

Semiconductor integrated cirtcuits High electron mobility transistors(HEMT) and metamorphic HEMT [START_REF] Ajayan | InP high electron mobility transistors for submillimetre wave and terahertz frequency applications: A review[END_REF] Vacuum electronic devices [START_REF] Basten | A 0.85 THz vacuum-based power amplifier[END_REF] Quantum cascade structures [START_REF] Mauro | Amplification of terahertz radiation in quantum cascade structures[END_REF][START_REF] Ren | Single mode terahertz quantum cascade amplifier[END_REF][START_REF] Zhu | Terahertz master-oscillator power-amplifier quantum cascade laser with a grating coupler of extremely low reflectivity[END_REF]. THz amplifiers based on high frequency monolithic millimeter-wave integrated circuits have been widely investigated [48]. For power, GaN high electron mobility transistors (HEMTs) have achieved the highest power at lower frequencies (more than 0.5 W at 100

GHz) [START_REF] Schwantuschke | Enhanced GaN HEMT technology for E-band power amplifier MMICs with 1W output power[END_REF], while at higher frequencies, InP HEMTs [START_REF] Ajayan | InP high electron mobility transistors for submillimetre wave and terahertz frequency applications: A review[END_REF] and heterojunction bipolar transistors have the highest reported power, in the 20-100 mW range around 200 GHz and in the 1-10mW range for amplifiers around 300 GHz [START_REF] Urteaga | InP HBT Technologies for THz Integrated Circuits[END_REF].

Based on a micromachined vacuum tube, power amplifiers at 0. that the losses of the laser mirrors are enhanced to fully suppress the lasing action. They succeeded to achieve an optical gain of 30 dB with single-mode radiation at 2.9 THz [START_REF] Ren | Single mode terahertz quantum cascade amplifier[END_REF].

THz amplitude modulators

Besides the need for compact and powerful THz emitters, progress on passive THz components is also crucial to support the proliferation of THz technology outside of research laboratories. Among them, THz modulators are crucial components since they allow controlling the amplitude, phase, or polarization of THz waves. Thus, many applications in the THz field including but not limited to gas and solid-state spectroscopy, biosensing, astronomy are in great demand for THz modulators with high modulation speed and depth. To meet these needs, a variety of THz modulators that achieve various functions in different architectures have been designed and some of them have been practically developed. There are mainly three types of THz modulators: all-optical types, all-electronic types and microelectromechanical systems (MEMS) [START_REF] Degl'innocenti | Allintegrated terahertz modulators[END_REF]. This section is not intended to cover every single state-of-art approaches, but rather to highlight some outstanding works from all-optical and all-electronic devices, especially for amplitude modulators.

All-optical type

The main idea of THz optical modulators is to tune the characteristics of THz waves via optical-induced modification of the device properties such as optical conductivity or charge mobility. The sources used for the illumination of THz modulators are often selected from cw or pulsed lasers with a wavelength in the visible or nearinfrared spectrum. The modulation speed is often limited by the recombination time of photogenerated carriers. At the first stage, different bulk materials such as silicon, GaAs [START_REF] Xie | Spatial terahertz modulator[END_REF][START_REF] Weis | Spectrally wide-band terahertz wave modulator based on optically tuned graphene[END_REF][START_REF] Okada | Photo-designed terahertz devices[END_REF][START_REF] Zhang | Conjugated polymer-based broadband terahertz wave modulator[END_REF], or Germium have been used to realize THz modulation without extra components. The modulation depth can reach almost 100% with pump intensity > 540 µJ/cm 2 [52] at 10 5 Hz modulation rate, or time-averaged pump power > 40 mW [START_REF] Weis | Spectrally wide-band terahertz wave modulator based on optically tuned graphene[END_REF].

Then, new methods that lowered the optical pump required to reach the same modulation efficiency were implemented by introducing a polymer/inorganic interface [START_REF] Zhang | Conjugated polymer-based broadband terahertz wave modulator[END_REF] or by the deposition of 2D materials on the semiconductors [START_REF] Weis | Spectrally wide-band terahertz wave modulator based on optically tuned graphene[END_REF][START_REF] Cao | Optically tuned terahertz modulator based on annealed multilayer MoS2[END_REF][START_REF] Wen | Graphene based all-optical spatial terahertz modulator[END_REF]. Towards the improvement of performances, approaches were developed to improve the light-matter interaction using metamaterials or plasmonic resonant structures [START_REF] Padilla | Dynamical electric and magnetic metamaterial response at terahertz frequencies[END_REF][START_REF] Chen | Experimental demonstration of frequency-agile terahertz metamaterials[END_REF].

All-electronic type While all-optical THz modulators rely on a relatively bulky laser system, for some applications, a more compact design is needed. This issue is overcome by all-electronic THz modulators. An early success of the all-electronic THz modulator was demonstrated in 2004 [START_REF] Kleine-Ostmann | Roomtemperature operation of an electrically driven terahertz modulator[END_REF]. Klein-Ostmann et al. has fabricated a HEMT-like structure with undoped GaAs, undoped AlGaAs, and silicon-doped GaAs. Their approach is to manipulate the electron density in a gated two-dimensional electron gas system at room temperature, realizing the amplitude modulation of the THz waves. Although the reported achievable modulation depth of their work is only 3% with 10 kHz modulation speed, they provide a feasible way to implement all-electronic THz modulation. With this concept, some new ideas to enhance the modulation efficiency have emerged with the use of metamaterials or 2D materials. For instance, metamaterial resonant devices have been integrated into the THz modulator forming as a Schottky barrier to allow dynamical damping of the resonance [START_REF] Chen | Active terahertz metamaterial devices[END_REF]. With this strategy, the achievable modulation efficiency reaches 50% around 1 THz.

THz waveguides

The development of THz waveguides has been subject to many research works intending to realize a wide variety of functions such as transmission, amplification, modulation, and so on. There are two main issues in designing THz waveguides, the first one is that most materials highly absorb THz waves so that the long-distance propagation is hard. The other one is that the group velocity dispersion of several standard waveguides is high, which results in THz pulse broadening over centimeter distance scale [START_REF] Markov | Hybrid metal wire-dielectric terahertz waveguides: challenges and opportunities [Invited[END_REF]. To design a low-loss and low-dispersion THz waveguides, there are a variety of approaches benefiting from different aspects such as the use of low-loss materials[63], the achievement of strong confinement obtained from geometries, the use of metamaterials and 2D materials like graphene [START_REF] Mittendorff | Graphene-Based Waveguide-Integrated Terahertz Modulator[END_REF][START_REF] Li | Flexible single-mode hollow-core terahertz fiber with metamaterial cladding[END_REF]. THz waveguides currently provide absorption loss lower than 0.1 cm -1

at THz frequencies with almost zero dispersion. Selecting materials that are suitable for the fabrication of waveguides is one of the major barriers to advancing this field. Dry air, as its low loss and barely non-cost, is considered as an ideal guiding material. The main task to develop waveguides based on dry air is to confine the THz waves. One solution is the metallic waveguides. Structured metals have a high ohmic loss in THz range but they can provide strong confinement, so the basic idea is to confine THz waves with a metallic structure and guide the THz waves in dry air. Then, designing the geometry of the metallic waveguides is crucial for their optimization. To name a few, commonly-used structures are : circular cross-section waveguides [START_REF] Mcgowan | Propagation of ultrawideband short pulses of terahertz radiation through submillimeter-diameter circular waveguides[END_REF], parallel-plate waveguides [START_REF] Mendis | Undistorted guided-wave propagation of subpicosecond terahertz pulses[END_REF]68,[START_REF] Mendis | An investigation of the lowest-order transverseelectric (TE_1) mode of the parallel-plate waveguide for THz pulse propagation[END_REF], bare metal wires [START_REF] Wang | Metal wires for terahertz wave guiding[END_REF][START_REF] King | Surface-Wave Propagation on Coated or Uncoated Metal Wires at Millimeter Wavelengths[END_REF], metallic slot waveguides [START_REF] Wächter | Metallic slit waveguide for dispersion-free low-loss terahertz signal transmission[END_REF]. Another solution is the dielectric waveguide.

There are some dielectric materials such as high-resistivity silicon, high-resistivity GaAs, polytetrafluoroethylene(Teflon), TOPAS, Zeonex, etc. that possess relatively low-loss at THz frequencies. In terms of geometry, the dielectric waveguides can be divided into hollow-core waveguides/fibres [START_REF] Benabid | Light and gas confinement in hollow-core photonic crystal fibre based photonic microcells[END_REF][START_REF] Rowland | Guiding Light in Low-Index Media via Multilayer Waveguides by[END_REF][START_REF] Argyros | Hollow-core polymer fibres with a kagome lattice: potential for transmission in the infrared[END_REF][START_REF] Couny | Square-lattice largepitch hollow-core photonic crystal fiber[END_REF][START_REF] Argyros | Antiresonant reflection and inhibited coupling in hollow-core square lattice optical fibres[END_REF], solid-core waveguides/fibres [START_REF] Nagel | Low-index discontinuity terahertz waveguides[END_REF]63], and porous-core waveguides [START_REF] Hassani | Low loss porous terahertz fibers containing multiple subwavelength holes[END_REF][START_REF] Hassani | Porous polymer fibers for low-loss Terahertz guiding[END_REF][START_REF] Atakaramians | Porous fibers: a novel approach to low loss THz waveguides[END_REF]. The difference between hollow-core structure and solid-core is whether the THz wave is guided in the air or in the dielectric materials.

Chapter 1.

In summary of this state-of-the-art, current THz technologies suffer from the lack of compact room temperature THz sources/amplifiers and efficient THz passive components, limiting the proliferation of consumer applications. As a consequence, an important activity in this field is dedicated to improving the performances of current sources/amplifiers and passive components. In parallel, an important effort is dedicated to the study of new physical properties within novel materials. Among them, graphene is gaining increasing attention for new developments in the THz domain owing to its unique electrical and optical properties.

Graphene for THz technology

Graphene, the first discovered two-dimensional material, has been placed with great exceptions on a wide variety of fields thanks to its unique properties. The first theoretical model of its band structure was described by P. Wallace [START_REF] Wallace | The band theory of graphite[END_REF] in 1947. This monoatomic layer of carbon was named graphene in 1986 [START_REF] Boehm | Nomenclature and terminology of graphite intercalation compounds[END_REF]. Two decades later, in 2004, the first graphene sample composed of three layers of graphene was fabricated in a laboratory,

showing remarkable two-dimensional electron behavior. 

Electronic band structure of graphene

There are numbers of nice introductions and reviews about the electronic properties of graphene, so I give here only a brief introduction with important results related to the band structure of graphene. The graphene is composed of carbon atoms in a regular hexagonal structure with a constant C-C distance a = 1.42 Å, as it shown in Figure 1.7 (left). Generally, the graphene is described as the superposition of two spatially symmetric sublattice A and B and the unique electronic characterization is based on this structure.

These two sublattices are described by the vectors:

a 1 = a 2 (3, √ 3) a 2 = a 2 (3, - √ 3)
so in the reciprocal space, they are written as:

b 1 = 2π 3a (1, √ 3) b 1 = 2π 3a (1, - √ 3)
which define the Brillouin zone of graphene depicted in Figure 1.7 (right). By using tight binding approach with the next nearest-neighbor approximation, one can calculate the electronic band structure and obtain the energy dispersion relation for electrons in the π bands in the reciprocal space:

E ± ( k) = ±t 3 + f ( k) -t ′ f ( k)
t and t' represent the hopping energies for nearest neighbor and next nearest neighbor atoms, the plus and minus sign refers to the conduction and valence band respectively.

There are two important coordinates in the Brillouin zone which are K and K', they are called Dirac points. Near the Dirac points, the energy dispersion E( k) has a conical shape(see Figure 1.6) called Dirac cone, and it follows a linear relation with wave vector k: [START_REF] Massabeau | Evidence of Fermi level pinning at the Dirac point in epitaxial multilayer graphene[END_REF]. Moreover, population inversion in graphene under optical excitation close to the Dirac point has been reported suggesting that THz lasing and amplification may be possible [START_REF] Gierz | Population inversion in monolayer and bilayer graphene[END_REF]. Combining multilayer optically pumped graphene multilayers with a traveling-wave waveguide [START_REF] Azar | Graphene-Based Terahertz Waveguide Amplifier[END_REF], THz amplification has been predicted at room temperature. In 2018, Guo et al. [START_REF] Guo | Tunable terahertz amplification based on photoexcited active graphene hyperbolic metamaterials[END_REF] have proposed an original design to achieve ef- to 12 THz. However, due to very efficient non-radiative processes, in particular, Augerrecombination processes [START_REF] George | Ultrafast Optical-Pump Terahertz-Probe Spectroscopy of the Carrier Relaxation and Recombination Dynamics in Epitaxial Graphene[END_REF], the lifetime of hot carriers in graphene and thus of the optical gain in graphene is limited to a few hundreds of femtoseconds. This short-lived optical gain in graphene is detrimental to the development of THz lasers. This main issue has to be overcome for opening the possibility to develop powerful THz lasers and amplifiers based on interband transitions in graphene at THz frequencies.

E( k) = ± v F | k| v F being the Fermi velocity v F ≈ 10 6 m/s.
ficiently
Another interesting property is the high optical phonon energy in graphene, ∼ 200 meV, which is very promising for operation at room temperature. Moreover, the mobility of carriers in graphene is very high, which is very suitable for the realization of sensitive THz photodetectors and THz transistors. As well, the optical properties of graphene can be very easily tuned with a simple electrostatic gate; these properties can be exploited for the development of THz modulators. At last, plasmons in graphene have resonances at THz frequencies opening the field of THz plasmonic. For instance, optical gain at THz frequencies based on graphene plasmon or graphene plasmon polariton has been proposed. The main idea is to realize the THz amplification via a stimulated generation of plasmon or plasmon polariton in graphene with different approaches. The realization of plasmons can benefit from different strategies such as periodical or resonant structures [START_REF] Popov | Plasmonic terahertz lasing in an array of graphene nanocavities[END_REF][START_REF] Takatsuka | Gain enhancement in graphene terahertz amplifiers with resonant structures[END_REF][START_REF] Polischuk | Plasmonic amplification of terahertz radiation in a periodic graphene structure with the carrier injection[END_REF][START_REF] Polischuk | Electrical Tunability of Terahertz Amplification in a Periodic Plasmon Graphene Structure with Charge-Carrier Injection[END_REF], hyperbolic metamaterial [START_REF] Nefedov | Plasmonic terahertz amplification in graphenebased asymmetric hyperbolic metamaterial[END_REF], plasmonic crystals [START_REF] Chen | Tunable Terahertz Amplifier Based on Slow Light Edge Mode in Graphene Plasmonic Crystal[END_REF] and so on. The feasibility of the graphene plasmon polariton to produce THz amplification was experimentally demonstrated by [START_REF] Watanabe | The gain enhancement effect of surface plasmon polaritons on terahertz stimulated emission in optically pumped monolayer graphene[END_REF]. They observed gain enhancement effect of surface plasmon polaritons on THz stimulated emission in optically pumped monolayer graphene [START_REF] Watanabe | The gain enhancement effect of surface plasmon polaritons on terahertz stimulated emission in optically pumped monolayer graphene[END_REF].

Thesis outline

Thesis outline

In this thesis work, we investigate the potential of graphene as an active material for future developments of THz sources and amplifiers that involves radiative interband transitions. We also study the potential of graphene for the development of THz modulators.

The content is organized as below:

• The introduction gives the general context of this thesis and the related THz technology's state-of-art.

• The second chapter investigates the dark current characteristics of graphene/hBNgraphene phototransistor at low temperature. We show that the dark current at charge neutrality point is governed by Zener-Klein tunneling current that corresponds to an electrical pump of non-equilibrium carriers.

• The third chapter studies the recombination process in the graphene/hBN phototransitors of non-equilibrium carriers generated by mid-infrared illumination. First, we investigate the linear photoconductive regime and extract the carrier lifetime.

Then we investigate the non-linear regimes that involve the emission of hyperbolic phonon polariton in the hBN layers. We also study the dependence of the carrier lifetime with the bias and optical power and study the interplay between optical and electrical pumping.

• The fourth chapter proposes an original design of hybrid metal-dielectric waveguides coupled to graphene. Using a 2D Finite Element Method calculation, we numerically study the dispersion relation of the two fundamental modes propagating along these hybrid waveguides and when they are coupled to a graphene layer. We focus on the enhancement of the THz light-graphene interaction and on the modulation efficiency of THz modes propagating along these graphene-coupled hybrid waveguides. We also evaluate the possibility to enhance THz gain in graphene owing to its coupling with these hybrid waveguides.

• In the fifth chapter, we investigate experimentally the hybrid metal-dielectric waveguides. After preliminary characterization using Raman spectroscopy and electrical measurements, we use THz time-domain spectroscopy system to characterize the quasi-TE modes propagating along these hybrid waveguides at THz frequencies.

We also study the modulation of THz waves by modulating the chemical potential of the graphene layer. From the confrontation between measurements and calculation based on interference effects, we demonstrate the Mach-Zehnder behavior of these graphene-coupled metal-dielectric waveguides.

Chapter 2

Graphene/hBN phototransistors: transport properties

This chapter includes parts of our full article: Ultra-long carrier lifetime in neutral graphene-hBN van der Waals heterostructures under mid-infrared illumination, P. Huang et al., Nature Communications 11, 863 (2020) [START_REF] Huang | Ultra-long carrier lifetime in neutral graphene-hBN van der Waals heterostructures under mid-infrared illumination[END_REF].

Introduction

As discussed in the introduction, the unique optoelectronic properties of graphene make it a new platform for the development of advanced THz passive and active devices. Especially, graphene is potentially an excellent candidate for the development of a THz semiconductor-laser model owing to its zero bandgap. Indeed, graphene could provide the gain medium at THz frequencies for lasers/amplifiers [START_REF] Castilla | Fast and Sensitive Terahertz Detection Using an Antenna-Integrated Graphene pn Junction[END_REF][START_REF] Gierz | Snapshots of non-equilibrium Dirac carrier distributions in graphene[END_REF]. As well, THz photodetectors based on graphene have shown very promising results so far owing to the high carrier mobility in graphene and its broad absorption spectrum [START_REF] Koppens | Photodetectors based on graphene, other two-dimensional materials and hybrid systems[END_REF][START_REF] Winzer | Microscopic mechanism for transient population inversion and optical gain in graphene[END_REF][START_REF] Viti | HBN-Encapsulated, Graphene-based, Room-temperature Terahertz Receivers, with High Speed and Low Noise[END_REF] The relaxation and recombination process in graphene. From left to right: after photoexcitation, the redistribution and relaxation of electrons and holes within their respective bands via intraband process; recombination of electrons and holes via interband Auger processes and via interband optical phonon emission.

Very recently, an additional recombination channel with picosecond decay time has been demonstrated in hBN encapsulated graphene relying on the coupling of hot carriers in graphene with hyperbolic phonon-polaritons (HPhP) in the hBN layers [START_REF] Tielrooij | Out-of-plane heat transfer in van der Waals stacks through electron-hyperbolic phonon coupling[END_REF]113]. Few studies have used an optical pump with energies lower than optical phonon energy and reported significant slowing of the carrier relaxation [START_REF] Winnerl | Carrier relaxation in epitaxial graphene photoexcited near the dirac point[END_REF]. However, due to the excitation of a large density of hot carriers, optical-phonon emission remained the predominant relaxation channel [START_REF] Winnerl | Carrier relaxation in epitaxial graphene photoexcited near the dirac point[END_REF][START_REF] Winzer | Experimentally accessible signatures of Auger scattering in graphene[END_REF]. In spite of intensive work, the investigation of recombination dynamic for carriers at low photon energy and fluence remains elusive in graphene, notably under dc bias control.

In this thesis, we investigate the recombination processes of non-equilibrium at low density and energy, using mid-infrared photoconductivity measurements. For this purpose, we fabricate hBN/graphene phototransistors and set graphene at charge neutrality point (CNP). We use continuous mid-infrared laser excitation ( ω = 117meV ) to provide weak incident photon density and corresponds to a photon energy between the Fermilevel fluctuations (typically ∼ 20 meV in graphene/hBN heterostructures) and the optical phonons of graphene and hBN ( Ω ≈170-200 meV) as illustrated in Figure 2.2. In this chapter, we will first introduce the fabrication of the graphene/hBN photo-Chapter 2.

transistors performed by Elisa Riccardi in my research group. Secondly, I will present the experimental set-up I built for the measurement of transport in these devices. Then I will discuss the different contributions of currents in graphene and show the dark current characteristics of the hBN/graphene phototransistors. The investigation related to the photocurrent characteristic of the hBN/graphene phototransistors under mid-infrared illumination will be described in the next chapter.

Fabrication of the graphene/hBN phototransistors

The fabrication of the graphene/hBN phototransistors, performed by Elisa Riccardi in my research group, starts with the mechanical exfoliation of monolayer graphene and two hexagonal BN flakes from bulk crystals. We identified monolayer graphene sample by optical contrast and Raman spectroscopy and clean hBN flakes were chosen after brightand dark-field optical microscopy. Afterwards, we encapsulated one monolayer graphene into two hBN flakes to be a van der Waals heterostructures by hot pick-up technique [START_REF] Pizzocchero | The hot pick-up technique for batch assembly of van der Waals heterostructures[END_REF].

The heterostructure is transfered onto an intrinsic silicon (Si) substrate with a 500-nmthick thermal oxide (SiO 2 ) layer on top.

The resistivity of the intrinsic Si substrate is > 8000 Ω • cm. We localized the encapsulated graphene using Raman spectroscopy. We perform a map scan based on scanning pixel to check precisely the homogeneity of the graphene layer over large dimensions, the Raman map is reported in Figure 2.3b. We also measured the hBN thickness and roughness using atomic force microscopy. After the sample characterization, we performed e-beam lithography on the heterostructure in order to define the design of the device on the cleanest region of the sandwich and to obtain an HSQ resist mask. This mask was used to etch (Reactive Ion Etching) the top hBN layer in order to connect the graphene with one-dimensional edge contacts [START_REF] Wang | One-dimensional electrical contact to a two-dimensional material[END_REF] . The last step of the device fabrication was the e-beam lithography to design the source, drain, and gate electrodes and metal evaporation (Cr-Au).

Hot pick-up technique

The assembly of graphene and hBN flakes has five steps [START_REF] Pizzocchero | The hot pick-up technique for batch assembly of van der Waals heterostructures[END_REF]:

• Step1: Use a piece of silicon dioxide slab to pick up an hBN flake held by a micromanipulator and PDMS/PPC contact.

• Step2: Settle the hBN flake on top of the graphene.

• Step3: Bake the hBN/graphene to solidify the liaison between them. • Step4: Pick up of the hBN/graphene stack from SiO 2 substrate and repeat the step 1.

• Step5: Drop down the hBN/graphene stack on the bottom of the hBN. We transfer the encapsulated graphene on top of a 12nm thick nickel electrode, we measured the thickness and roughness of the hBN layer by using AFM spectroscopy (see Figure 2.3 a) .

The schematic the graphene/hBN phototransistor devices is reported in Figure 2.4.

The hBN/graphene heterostructure, of dimensions L×W = 20 µm×10.4 µm, is deposited on a Ni bottom gate electrode and equipped with Cr/Au edge contacts. The bottom hBN layer, of thickness 67 nm, limits electrostatic doping to the range ±0.15 × 10 12 cm -2 . The thickness of the Ni layer is set to 12 nm to be semi transparent to mid-infrared light with a measured transmission of T = 10.9%.

Experimental set-up for transport measurements

In order to measure the dark current flowing through the phototransistors and further the photocurrent, we build up an experimental set-up for transport measurements at low temperature. For transport measurements, the gate, source, and drain contacts are con- from external electrical surge. The drain contact is connected to a trans-impedance amplifier that converts the current into voltage with a high gain. It is permanently grounded, the bundled dark current and the photocurrent are magnified and split into two channels which are sent to a DC voltmeter device and a lock-in amplifier respectively. These types of equipment then send the data to the computer by the NI-GPIB card, the data acquisition is under control of Labview software.

We use a compact helium flow cryostat (Figure 2.5 bottom left) to control the temperature of the phototransistor samples from 4 K-300 K. The windows on the front and rear sides of the cryostat are transparent to the mid-infrared light. The BNC jacks at the neck are the extension from the internal cable which is for applying voltage.

The current properties in biased graphene

In the last decade, electronic transport in graphene has attracted much attention [START_REF] Mikhail | Graphene : carbon in Carbon is one of the most intriguing elements in the Periodic Table[END_REF].

As an example, many studies have been devoted to the investigation of the unconventional behavior of carriers tunneling through an electrostatically-induced potential barrier in graphene. This behavior, which is called Klein tunneling [START_REF] Sonin | Effect of Klein tunneling on conductance and shot noise in ballistic graphene[END_REF], is due to the dispersion's conic shape. Further, theoretical and experimental studies on transport properties in graphene-based devices have shown that the current in biased graphene devices results from the interplay between Zener-Klein transport and nontunneling current. The Zener-Fig. 2.5 Up) The switch box is used to protect the sample from electrical surge or external static electricity, it has three shifts: on/off/ground, only the onstate can connect the DC source to the graphene/hBN phototransistor; off-state blocks the connection and ground the phototransistor; ground-state grounds all the components. Bottom) A photo of JANIS ® cryostat between a set of aspheric lenses. BiLT system provides stable programmed DC outputs link to the gate, source and drain electrodes of the sample.

Klein transport is the tunneling between different energy bands whereas the nontunneling current via defect scattering is associated with carriers that always remain in the same band.

Zener-Klein tunneling in graphene

In graphene, due to its gapless band, an arbitrary small electric field is able to make electron carrier jumping from the valence band to the conductance band due to Zener tunneling. Moreover, due to the chiral nature of electron in graphene, there is a conservation of pseudo-spin in graphene. The importance of pseudo-spin is that it implies the absence of backscattering if an electron tries to backscatter in order to keep the pseudo-spin conservation as both k and σ needed to be reversed at the same time. The potential induced by impurity in graphene does not act in sub-lattice space and thus the pseudo-spin can not be reversed; this results in the backscattering to be impossible. The absence of backscatter makes it possible that the electron is transmitted and keeps the same direction while the momentum is reversed when it goes from a conductance band to a valence band. In other words, the carriers with the velocity parallel to the electric field experience Zener tunneling without being backscattered, a behavior that is markedly different from the one in conventional Chapter 2.

semiconductors [START_REF] Vandecasteele | Current-voltage characteristics of graphene devices: Interplay between Zener-Klein tunneling and defects[END_REF][START_REF] Yang | A graphene Zener-Klein transistor cooled by a hyperbolic substrate[END_REF][START_REF] Kané | High-field transport in graphene: The impact of Zener tunneling[END_REF]. The physics is the same as for relativistic electrons tunneling through a barrier, a phenomenon called Klein tunneling. The Zener-Klein tunneling (ZKT) is illustrated in Figure 2.6 and describes the coexistence of a Zener tunneling and the Klein tunneling when an electric field is applied to the graphene. 

Total current in graphene

The total current in graphene-based devices includes the two distinct contributions that are the nontunneling current and the ZKT current. The nontunneling current, associated with carriers that always remain in the same band, is the usual intraband current via defect scattering, as well-known in conventional semiconductors. In graphene-based field-effect devices, the density of the carriers n can be varied by changing the gate voltage. For zero doping, there is no contribution from the nontunneling current as there are no free carriers and the current is entirely due to ZKT tunneling. It has been shown that the I-V characteristic is superlinear and is described by a power law I ∝ V α with 1 < α ≤ 1.5. The exponent is higher when the mobility is lower. As soon as the graphene is doped, the ZKT current is no more dominant with respect to the nontunneling current, and for small bias, the I-V is essentially linear [START_REF] Vandecasteele | Current-voltage characteristics of graphene devices: Interplay between Zener-Klein tunneling and defects[END_REF].

Charge puddles in graphene For a perfect graphene sheet free from impurities and disorder, the Fermi energy lies at the so-called 'Dirac point', where the density of electronic states vanishes. But in the inevitable presence of disorder, it has been shown that equally probable regions of electron-rich and hole-rich puddles exist. These puddles are responsible for the graphene's anomalous non-zero minimal conductivity at zero average carrier density [START_REF] Martin | Observation of electron-hole puddles in graphene using a scanning single-electron transistor[END_REF]. These charge puddles in graphene have been observed microscopically and directly by combined AFM-STM [START_REF] Samaddar | Charge Puddles in Graphene near the Dirac Point[END_REF], and are well described by the self-consistent screening theory [START_REF] Adam | A self-consistent theory for graphene transport[END_REF][START_REF] Adam | Mechanism for puddle formation in graphene[END_REF]. These charge puddles induce a residual charge carrier density n 0 in graphene at the charge neutral point.

Dark current-bias characteristics of the graphene/hBN phototransistors

We start the investigation by measuring the transport properties of the graphene/hBN phototransistors with the aim to determine the mechanisms responsible for the dark current in these devices.

Low-bias resistance

The resistance of the graphene/hBN phototransistors as a function of V GAT E at low bias (V DS = 10 mV) and at low temperature

(T = 4 K) is reported Figure 2.7.
We observe that at large V GAT E , the resistance is low as the graphene layer is highly doped. It tends to the contact resistances that dominate over the resitance of the graphene channel. The contact resistance, observed at high positive V GAT E , is lower than the contact resistance observed at high negative V GAT E . Since it is known that 1D contact technique provides n-doped contacts, we deduce that positive V GAT E corresponds to the electron doping side and the negative V GAT E corresponds to the hole doping as indicated in Figure 2.7. As expected, close to zero, the resistance is maximum and this main peak corresponds to the charge neutrality point (CNP) of the graphene channel.

The resistance at CNP is limited to charge puddles as discussed previously. Considering the contribution of both electrons and holes to the conductance of the graphene sheet, the total resistance of a device is expressed as:

R = L W 1 σ + 2R c = L W 1 q(µ e n e + µ h n h ) + 2R c (2.1)
with R c the contact resistance of each electrodes and n the local carrier density: 

n = ( ǫ 0 ǫ BN |V GAT E -V DP | e BN q ) 2 + n 2 0 with ε BN = 3.

Drain-doping compensation.

To perform the dark-current bias characteristics, we take into account the drain doping effect. Indeed, as discussed above, it is essential in Fig. 2.8 Low-bias resistance as a function of the Fermi-level energy in the graphene layer, calculated using the relation

E F = v F √ πn with n = (C g |V GAT E |/q) 2 + n 2 0 .
- as a function of V GAT E for V DS ranging from -0.3 V to 0.3 V with a small interval of 20 mV. We found that the gate voltage at CNP evolves as V CN P = Const. + 0.56V DS where Const. is the gate voltage at CNP for V DS = 0 and 0.56 is the linear coefficient (dashed line in Figure 2.10) [START_REF] Yang | A graphene Zener-Klein transistor cooled by a hyperbolic substrate[END_REF]. This calibration needs to be done as the first experiment each time after cooling down the devices because the linear coefficient and intercept slight shift from the cooling-warming-cooling process day by day. This calibration is crucial to perform measurements of the current-bias and photocurrent-bias characteristics while keeping the phototransistors at CNP. V DS is the total drop voltage at the two contacts and along the graphene channel. We deduce that the bias applied to the graphene channel only is given by V * DS = V DS -2R c I dark . The dark current is in the few hundreds of µA range. We observe that I dark follows a superlinear bias dependence (black square symbols) in agreement with literature. The main contribution to the current in the graphene channel is ascribed to interband ZKT. Indeed, I dark is well fitted a power law, I ∝ V α with α = 1.3 (red dashed curve) [START_REF] Yang | A graphene Zener-Klein transistor cooled by a hyperbolic substrate[END_REF][START_REF] Kané | High-field transport in graphene: The impact of Zener tunneling[END_REF]. At low bias a slight deviation is observed that we attribute to the finite charge puddles contribution. Note that the ZKT current is equivalent to an electrical pumping of non-equilibrium electron-hole pairs within the energy window ǫ < ± 20meV , as measured by noise thermometry [START_REF] Yang | A graphene Zener-Klein transistor cooled by a hyperbolic substrate[END_REF]. In other words, the dc electric field acts as an electrical pumping of graphene/hBN heterostructures. We further investigate the evolution of the dark current with the temperature. The range of temperature is set from T = 5 K to T = 250 K. We observe in Figure 2.12 that from 5 K to 20 K, the dominant mechanism involved in the current is ZKT. Indeed, we observe two similar superlinear curves likely in Figure 2.11. As the temperature is increased, the contribution of the intraband current, which evolves linearly with bias, is enhanced due to the increase of thermally excited non-equilibrium carriers. In return,

V GATE (V) CNP V DS 0.3 V -0.3 V 0 V
ZKT contribution is decreasing due to Pauli blocking effect induced by the thermal distribution of carriers. As a result, the I dark -V * DS curves evolve more and more linearly and the total current increases. 

Conclusion

In this investigation of the transport properties of the graphene/hBN phototransistors, we have shown that at low temperature and at CNP, the current flowing in these devices is dominated by ZKT. Thus at finite bias, there are non-equilibrium electron-hole pairs within the energy window ǫ < ± 20meV in the graphene channel. The dc bias acts as an electrical pumping of the graphene/hBN heterostructures. Communications 11, 863 (2020) [START_REF] Huang | Ultra-long carrier lifetime in neutral graphene-hBN van der Waals heterostructures under mid-infrared illumination[END_REF].

Chapter 3

Photoresponse of graphene-hBN phototransistors under mid-infrared illumination

This chapter includes parts of our full article : Ultra-long carrier lifetime in neutral graphene-hBN van der Waals heterostructures under mid-infrared illumination, P. Huang et al., Nature

We have presented in the previous chapter, the investigation of the transport properties in graphene/hBN phototransistors. We found that the dark current, in the range of few tens of µA, is dominated by ZKT, which is equivalent to electrical pumping of non-equilibrium electron-hole pairs. In this chapter, we use photocurrent as an interesting probe to investigate the recombination process of non-equilibrium carriers created by optical pumping. The originality of our work is to investigate the recombination for photoexcited carriers at low density and energy in graphene/hBN heterostructures under dc bias control. Our optoelectronic experiment, which combines dc electric field and mid-infrared excitation, uniquely benchmarks the electrical and optical pumping of hBN/graphene heterostructures and provides a unique insight into their interplay.

The principle on which photocurrent generation relies is the conversion of absorbed photons into an electrical signal. Several different mechanisms by which this can be accomplished in graphene have been reported. These include photoconductive effect [START_REF] Jago | Microscopic understanding of the photoconduction effect in graphene[END_REF][START_REF] Koppens | Photodetectors based on graphene, other two-dimensional materials and hybrid systems[END_REF], photovoltaic effect [START_REF] Tielrooij | Photoexcitation cascade and multiple hot-carrier generation in graphene[END_REF], photo-thermoelectric effect [START_REF] Shiue | High-Responsivity Graphene-Boron Nitride Photodetector and Autocorrelator in a Silicon Photonic Integrated Circuit[END_REF], bolometric effect [START_REF] Koppens | Photodetectors based on graphene, other two-dimensional materials and hybrid systems[END_REF][START_REF] Freitag | Photoconductivity of biased graphene[END_REF] and photogating effect [START_REF] Fang | Photogating in Low Dimensional Photodetectors[END_REF]. In this work, we start our study by measuring the spatial profile of the photocurrent to identify the physical mechanism responsible for the photocurrent. Then we investigate successively three relevant photoconductive regimes: the linear Chapter 3. regime where both bias and optical power are low, the non-linear regimes where either power or bias exceed the linear photoconductive limit and the full photoconductive response including all the regimes.

In this chapter, we will first introduce the experimental set-up I have developed for phototransport measurements. Secondly, we will report on the spatial profile of the photocurrent and discuss on the mechanism involved in the photocurrent. Then, we will present the measurement of the photocurrent-bias characteristics in the three relevant photoconductive regimes.

Photo-transport in biased graphene/hBN phototransistor

Experimental set-up

To investigate the recombination for carriers at low photon energy and low fluence, we use a quasi-continuous mid-infrared laser excitation of wavelength λ = 10.6 µm (i.e. photon energy of 117 meV) and set graphene at charge neutrality point (CNP). This provides weak incident photon density and corresponds to photon energy between the Fermi-level fluctuations (∼ 20 meV) and the optical phonons of graphene and hBN Ω = 170 -200 meV. Thus, the absorption of the incident photons relies on interband process in the graphene layer. The optical setup is reported in Figure 3.1. It is made of three parts as below:

• Power and polarization control of the incident light: The quasi-continuous CO 2 laser delivers 10.6 µm wavelength light modulated at 5 kHz. The laser light firstly passes through a linear polarizer, this linear polarizer is able to knob the maximum power of incidence light, the second optical element is either a linear polarizer or a wave plate, it can rectify the polarization orientation to meet needs of the experiment. After that, the beam is split by a wedged ZnSe window into two arms. All the ZnSe windows in the optical setup except the cryostat are wedged to avoid the specular reflection back into the laser cavity, which can lead to instability.

• Beam collimation and expansion: Then, one arm is expanded to a diameter of 22mm for further focusing at the diffraction limit, the other arm is used to record the fluctuation of laser power in real-time.

• Focus and collection: In the transmission arm, a set of aspheric Germanium lenses are used to focus the beam onto the phototransistor-based device. The optical beam transmitted through the phototransistor device is collected by a mid-infrared photovoltaic multiple junction detector. 

Spatial profile of the photocurrent

Using this experimental set-up, we investigate the photoresponse of the graphene/hBN transistors at low temperature T = 4 K. We start by probing the spatial profile of the photocurrent to get insight on the physical mechanisms involved in the photoresponse.

Chapter 3.

The laser spot is focused on the device with a waist, w 0 = 10.6 µm, determined using usual knife-edge techniques. The sample of dimensions 10.4×20µm 2 is moved using a motorized translation stage along the direction of the graphene channel and the photocurrent is DS =0 V (blue curve) and V * DS = 0.15 V (black curve). Note that, as discussed in chapter 2, due to the contact resistances, the potential drop along the graphene channel, V * DS , is distinct from the applied source-drain voltage. We calculate V * DS using the contact resistance values and the measured dark current using the expression

V * DS = V DS -2R c I dark .
At zero source-drain voltage, we observe that the photocurrent is antisymmetric with respect to the sample length with extrema in the immediate vicinity of the leads and a node at the center. It can be assigned to photocarriers generated at the contact junctions that are accelerated by built-in electric fields at the contact. Indeed, due to the work function mismatch between graphene and the contact metal, a built-in electric field is induced in the regions close to the metallic leads (over typically 1 µm) owing to the band-bending. This photocurrent created by illuminating the contact regions can originate from both photovoltaic and thermoelectric effects [START_REF] Xia | Ultrafast graphene photodetector[END_REF]. By contrast, we observe a very distinct photoresponse at finite source-drain bias. Indeed, the photocurrent is symmetric with a maximum at the sample center. It has the same polarity as the dark current. Moreover, if we focus on the magnitude of this photocurrent, its maximum value is seven times larger than the maxima measured in the unbiased condition.

To go further, we evaluate the expected spatial profile of the photocurrent for a constant photoresponse along the graphene channel and considering the large size of the laser beam (diameter 21.2 µm). To this aim, we calculate the convolution (red curve in Fig- ure 3.3) of a constant photoresponse along the graphene channel, given by a rectangular function (L) with the gaussian profile of the laser beam given by:

P inc = P 0 e -x 2 +y 2 2σ 2
(with σ = 5.3 µm ). We observe in Figure 3.3 a good agreement without any adjustable parameters between the normalized spatial profile of the measured photocurrent (black curve) and the convolution product (red curve). Thus, we conclude that the photoresponse at finite V * DS is constant along the graphene channel.

Competing mechanisms for photocurrent

Let us now discuss on the competing mechanisms responsible for this photocurrent at finite source-drain bias in graphene [START_REF] Koppens | Photodetectors based on graphene, other two-dimensional materials and hybrid systems[END_REF]. When a source-drain bias is applied, the uniform doping can be rendered asymmetric with a gradually effective doping along the graphene channel leading to the existence of thermoelectric effects in graphene. However, since only a weak gradient of temperature is induced by the large laser spot, the photocurrent contribution due to thermoelectric effect is expected to be very weak. Moreover, it has opposite in sign to the dark current. Thus, the thermoelectric effect could not be responsible for the photocurrent we measured at finite source-drain voltage. As well, the transport change produced by heating associated with the incident electromagnetic radiation produces a bolometric current. However, bolometric current shows a vanishing contribution at low electrostatic doping, i.e. at CNP. Moreover, it is opposite in sign to the dark current due to the decrease of the mobility with increasing temperature. Also, the bolometric effect could not be responsible for the photocurrent we measured at finite source-drain voltage. As a result, we attribute the dominating mechanism involved in the photocurrent measured at the CNP and finite source-drain bias to the photoconductive effect. This photoconductive effect relies on the acceleration of photoexcited electrons and holes in opposite directions by an applied electric field. The photoexcited electrons and holes are created by the interband absorption of the incident mid-infrared photons. Indeed, interband absorption is allowed since the chemical potential in graphene is lower than half the photon energy. Figure 3.4 shows the gate voltage dependence of the photocurrent for an illumination at the channel center. We show a sharp peak at charge neutrality (half-width ∼ 33 meV), narrower than the resistance peak itself (Figure 2.7). This dominates the photoresponse in the full doping range, in particular the negative photothermal response at large doping (at |V GAT E | > 0.24 V) relying on bolometric effects. Thus, we observe that this photocurrent that relies on the photoconductive effect is strongly sensitive to electrostatic doping as expected due to Pauli blocking effect. It constitutes the signal of interest in this work.

Although observed in previous photo-transport experiments [START_REF] Freitag | Photoconductivity of biased graphene[END_REF][START_REF] Schuler | Controlled Generation of a p-n Junction in a Waveguide Integrated Graphene Photodetector[END_REF][START_REF] Ma | Giant intrinsic photoresponse in pristine graphene[END_REF], these were in a regime of high-photon energy ( > 0.7 eV). In the following, we investigate successively three relevant photoconductive regimes:

• The linear regime where both bias and optical power are low.

• The non-linear regimes where either power or bias exceed the linear photoconductive limit.

• The full photoconductive response including all the regimes.

Linear photoresponse in biased graphene/hBN phototransistor

Photocurrent-bias characteristics

Figure 3.5 shows the photocurrent-bias characteristics at low-bias and low-incident midinfrared power. The polarization of the incident light is linear, parallel to the graphene channel and the dc electric field. We observe a linear dependence of the photocurrent with bias over the optical power range from 0.1 to 1 mW. As the incident power is increased, the photocurrent is increased. These behaviours are fully expected for a photoconduction Chapter 3.

process [START_REF] Freitag | Photoconductivity of biased graphene[END_REF]. Note that the photocurrent reaches the µA range. 

Photoexcited carrier density

From these measurements and electrical characterization, we can extract the photoexcited carrier density using the drift-diffusion model and the charge conservation principle.

The photons absorbed by the graphene layer generate electron-hole pairs at a rate G 0 , and this process leads to an excess electron density n * e and hole density n * h . R is the recombination rate of the excess charges. The dynamic and transport of the charge carriers follow the equations :

∂n * e ∂t - 1 e ∇j pce = G 0 -R ∂n * h ∂t - 1 e ∇j pc h = G 0 -R (3.1)
where the electrons J pce and the hole J pc h current densities are:

J pce = qµ e n * e E DS + qD e ∇n * e J pc h = qµ h pn * h E DS + qD h ∇n * h (3.2)
µ and D are denoted as the mobilities and diffusion coefficients of each carrier types, and E DS is the applied electric field to the graphene channel. Since the illumination is uniform, the contribution of diffusion is negligible. Thus, the total photocurrent that circulates within the structure is given by

I pc = J pc W = q(µ e n * e + µ h n * h )E DS W
Thus, we can extract the photoexcited carrier density n * = n * e + n * h in this stationary regime at the CNP using µ e = µ h = 3.2 m 2 /(V • s) and E DS = V * DS /L. The photoexcited carrier density as a function of the incident optical power is reported in Figure 3. [START_REF] Abraham | Non-invasive investigation of art paintings by terahertz imaging[END_REF].

We observe that it evolves from < 0.1 × 10 9 to ∼ 0.7 × 10 9 cm -2 . Note that the photoinduced electron and hole densities are significantly higher than the thermal electron and hole densities (1.4 × 10 7 cm -2 ) in ideal intrinsic graphene at T = 4 K. However, it remains relatively weak compared to the residual carrier density. To attain insight into the efficiency of the carriers recombination process, we estimate the carrier lifetime from the photocarrier densities and the light excitation conditions [START_REF] Freitag | Photoconductivity of biased graphene[END_REF]. Incident Power (mW) Photocarrier density (10 9 cm -2 ) Fig. 3.6 Photo-carrier density as the function of incident power in this low-bias regime extracted from photocurrent measurements and electrical characterization, we assume the carrier multiplication effect (M = 1). The carrier lifetime Figure 3.8 is independant to the increasing tendency of photo-carrier density.

Carrier lifetime

Considering that along the graphene channel, the electric field is constant, then the Equation(3.1) reduce to:

dn * e dt = - n * e τ + G 0 dn * h dt = - n * h τ + G 0 with G 0 = α 0 Po ωS laser M
, where the M represents the factor of multiplication carrier. As the illumination involves continuous wave excitation, the system is under steady-state regime and the photocarriers density is given by:

n * e = n * h = G 0 τ = α 0 P o M τ ωS laser
where α 0 is the light absorption, S laser the area of the laser spot, ω is the photon energy, τ is a phenomenological carrier lifetime. M is a carrier multiplication factor resulting from impact ionization effect that can lead to the creation of additional carriers contributing to the photocurrent [START_REF] Malic | Review on carrier multiplication in graphene[END_REF]. P o is the laser power incident on the sample. P o is lower than the incident optical power P inc by a factor 0.63 due to the larger size of the optical Gaussian beam with respect to the sample dimension. In our experimental conditions, M is predicted to be close to unity. Indeed Jago et al. have calculated that M is typically < 1.2 when photocarriers, with initial energy of 0.65 eV, evolve in a dc electric field [START_REF] Jago | Microscopic understanding of the photoconduction effect in graphene[END_REF]. Moreover, Tomadin et al. have predicted that M tends to unity when pump photon energy is lowered below 0.5 eV in undoped graphene sample [START_REF] Tomadin | The ultrafast dynamics and conductivity of photoexcited graphene at different Fermi energies[END_REF]. The light absorption by the graphene layer α 0 is calculated considering the layered geometry of our device. We take into account the thickness and dielectric constants of each layer to find the electric field in the graphene plane. For this purpose, we use transfer-matrix method developed by Simon Messelot, PhD in my research group, to calculate the electric field distribution within the layered structure. The light wavelength is 10.6 µm, the thicknesses of the top and bottom hBN dielectric films are ∼ 67 nm and 15 nm respectively and the dielectric constant of hBN is 3.2. We have independently characterized the transmission of thin Ni films deposited on SiO 2 /Si substrates to extract the dielectric constant of the 12 nm-thick Ni film and found ε N I = 9.06 + 37.87i, which is consistent with M. A. Ordal et al. [START_REF] Ordal | Optical properties of fourteen metals in the infrared and far infrared: Al, Co, Cu[END_REF]. Figure 3.7 shows the calculated spatial profile of the electric field E normalized by the incident electric field E 0 along the layered structure. The electric field at the graphene plane is E Graphene = 0.217E 0 . Then the graphene absorption is given by

α 0 = A(E t /E 0 ) 2 = 0.
11% where A = 2.3% is the interband absorption in free space of a monolayer graphene. We verify that the transmitted light through the device and the semi-transparent Ni electrode is proportional to the incident optical power, indicating no absorption saturation effect.

Figure 3.8 shows the carrier recombination time (denoted carrier lifetime) extracted from this analysis, assuming negligible carrier multiplication effect (M = 1). We report on an unprecedented carrier lifetime of > 30 ps (∼35 ps in Figure 3.8), at low incident optical power and low bias, which is the main result of our work. This value is consistent with the slowing down of relaxation processes observed for low-energy carriers in graphene using pump-probe experiments, attributed to inefficient scattering via optical phonon emission [START_REF] Winnerl | Time-resolved spectroscopy on epitaxial graphene in the infrared spectral range: Relaxation dynamics and saturation behavior[END_REF][START_REF] Strait | Very slow cooling dynamics of photoexcited carriers in graphene observed by optical-pump terahertz-probe spectroscopy[END_REF]. In contrast to pump-probe experiments, which directly measure the dynamics of photoexcited carriers but with no direct distinction between relaxation and recombination processes, our experiment provides an estimation but singles out the recombination times of the photoexcited carriers. Indeed, only interband processes where electron and hole recombine are involved in the carrier lifetime τ since the intraband processes that relax the photocarriers within their respective band do not suppress the photocurrent.

Note that the carrier recombination times reported in Figure 3.8 are underestimated if inhomogeneities of the Fermi level within the sample area due to charge puddles are considered since Pauli blocking reduces the effective absorbing area. Further, even if some carriers in the puddle region are taken into account in the calculation, the carrier lifetime still remains underestimated, as the mobility in the puddle region is lower than that in the linear region [START_REF] Nagashio | Estimation of residual carrier density near the Dirac point in graphene through quantum capacitance measurement[END_REF]. With ω = 117 meV, one cannot rule out scattering by the lower 95-100 meV HPhP branch, a mechanism which is expected to be weak [START_REF] Baudin | Hyperbolic Phonon Polariton Electroluminescence as an Electronic Cooling Pathway[END_REF]. Acoustic phonon scattering cannot cause recombination because energy and momentum would not be conserved for interband transitions [START_REF] Xia | Ultrafast graphene photodetector[END_REF]. Indeed, the acoustic phonon mode, having an energy ω q = c s q with c s smaller than the graphene band velocity v F , does not provide a possible channel for interband transitions, which requires an energy greater than vFq. Emission of acoustic phonons is therefore only possible through intraband transitions [START_REF] Tse | Energy relaxation of hot Dirac fermions in graphene[END_REF]. The momentum mismatch issue can be circumvented by impurity-assisted phonon supercollisions [START_REF] Graham | Photocurrent measurements of supercollision cooling in graphene[END_REF][START_REF] Betz | Supercollision cooling in undoped graphene[END_REF]; however, this mechanism is suppressed in high-mobility graphene. Radiative emission is very slow in graphene, typically at nanosecond timescale [START_REF] Alymov | Auger recombination in Dirac materials: A tangle of many-body effects[END_REF]. Consequently, at low-bias and low-photoexcited carrier density, interband Coulomb scattering (Auger recombina-tion) is expected to be the remaining scattering mechanism involved in the recombination of non-equilibrium carriers (i.e. photoinduced carriers in excess to the dark ones) in hBN/graphene/hBN transistors.

The interband Coulomb scattering (Auger recombination) in graphene are depicted 
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Responsivity

The responsivity and internal quantum efficiency of the graphene/hBN heterostructure transistor are shown in Figure 3.11. Despite the high carrier mobility and the long carrier lifetime in the encapsulated graphene layer, the responsivity and internal quantum efficiency (IQE) are relatively low compared to other reported mid-infrared graphene detectors [START_REF] Guo | Efficient electrical detection of mid-infrared graphene plasmons at room temperature[END_REF]. The main reason is the weak photoconductive gain due to the long carrier transit time, in the nanosecond range, compared to the carrier lifetime, which results from the large drain-source distance of 20 µm. This length was set here to match the large diffraction-limited spot size for mid-infrared light. However, advanced design such as antenna-assisted graphene detector, where optical antennas are used as both lightharvesting components and electrodes, can be implemented to greatly enhance simultaneously light-absorption and carrier-collection efficiency [START_REF] Yao | High-responsivity mid-infrared graphene detectors with antenna-enhanced photocarrier generation and collection[END_REF]. 

Influence of light polarization

For further insight into many-body Coulomb scattering, we take advantage of both the asymmetry of the photocurrent induced by the dc electric field and the asymmetry of the initial distribution of photoexcited carriers in k-space induced by the polarization of the incident light. Indeed, illuminating graphene with linearly polarized radiation provides an initial anisotropic distribution of photoexcited carriers in k-space with two lobes in the direction perpendicular to the light polarization.

Figure 3.12 shows the ratio between the photocurrent measured when light polarization is perpendicular to the dc electric field over the photocurrent when light polarization is parallel to the dc electric field, indicating that the anisotropy of the photoexcited carrier distribution is not fully relaxed in this steady-state regime. This anisotropy is consistent with expectations even when considering that Coulomb scattering is predominantly collinear in graphene. As a matter of fact, non-collinear Coulomb scattering has been reported with a characteristic time of 2 ps [START_REF] König-Otto | Slow Noncollinear Coulomb Scattering in the Vicinity of the Dirac Point in Graphene[END_REF]. Being much smaller than our recombination time, the polarization effect at the few percent scale agrees with our observation. The photocurrent and therefore the carrier lifetime is larger for perpendicular polarization, i.e. when the lobes of the photoexcited carriers are parallel to the shift induced by the dc electric field with respect to the Dirac point. In this configuration, Auger recombination processes are expected to be less efficient due to Pauli blocking by dark carriers, whose density is maximized in the direction of the dc electric field.

Fig. 3.12 Ratio between the photocurrent measured when light polarization is perpendicular to the dc electric field over the photocurrent when light polarization is parallel to the dc electric field as a function of P inc .

In the following, we mainly use light polarization parallel to the dc electric field to minimize the interaction of photoexcited carriers with the out-of-equilibrium electron-hole pairs created by Zener-Klein tunneling. 

Nonlinear photoresponses in biased graphene

DS

We now turn to non-linear regimes to further explore the hBN/graphene heterostructurebased devices. Figure 3.13 shows the photocurrent as a function of V * DS at low-incident optical power. We observe strong deviations from the I P C ∝ V * DS for V * DS ≥0.1 V leading even to a negative differential photoconductance for V * DS ≥0.17 V, independently of the optical power in the range P inc = 0.1-1 mW. The contrasted behavior between low bias and high bias cannot be described by the usual photoconductive effects [START_REF] Freitag | Photoconductivity of biased graphene[END_REF] and evidences the rise of an additional recombination channel for photoexcited carriers. The photocurrent drop, by more than a factor two, suggests that this additional recombination channel is highly efficient with a characteristic time significantly shorter than the low-bias recombination time of ∼ 30 ps. To get a more accurate determination of the voltage threshold for the ignition of this additional channel, we plot in Figure 3 

Emission of Hyperbolic Phonon Polaritons

The value of V 0 , observed in two distinct samples, points to an activation energy close to energy of the upper HPhP band ( Ω II = 170-200 meV) with eV 0 ∼ ( Ω II -ω) ≈54-84

meV. We therefore attribute the additional recombination channel to the emission of HPhPs in hBN layer [START_REF] Principi | Super-Planckian Electron Cooling in a van der Waals Stack[END_REF], consistently with previous works on similar hBN-encapsulated graphene where picosecond HPhP cooling times were reported [START_REF] Tielrooij | Out-of-plane heat transfer in van der Waals stacks through electron-hyperbolic phonon coupling[END_REF][START_REF] Woessner | Electrical detection of hyperbolic phonon-polaritons in heterostructures of graphene and boron nitride[END_REF]. In particular, a similar threshold was observed in noise thermometric experiments using samples of similar mobility [START_REF] Yang | A graphene Zener-Klein transistor cooled by a hyperbolic substrate[END_REF]. h-BN layer supports large number of propagating HPhP modes (electromagnetic modes originating in the coupling of photons to optical phonons) that can be very efficiently coupled to the carriers in graphene via near-field coupling (i.e.

super-Planckian coupling). In We therefore attribute the additional recombination channel observed in our sample at large V * DS to this cooling process, giving rise to an additional scattering rate Γ 2 = τ -1 2 , relying on the coupling of hot carriers in graphene with hyperbolic phonon polaritons (HPhPs) in the hBN layers.

Figure 3. [START_REF] Glyavin | Terahertz gyrotrons: State of the art and prospects[END_REF] shows the bias dependence of V * DS /I P C , a quantity which is directly proportional to the total recombination rate Γ(V * DS ) itself the weighted sum of the Auger rate Γ 1 and HPhP rate Γ 2 . Γ(V * DS ) increases strongly above the threshold V 0 illustrating that Γ 2 > Γ 1 . The gradual increase of Γ(V * DS ) for V * DS > V 0 indicates that the electric field enables an increasing number of carriers within the relaxed carrier distribution to gain energy for HPhP emission. In this picture, eV 0 is the onset of energy for HPhP emission.

The photocurrent maximum in Figure 3.13 at V * DS ∼ 0.17 V is larger than V 0 as a result of the combined effects of Γ 2 > Γ 1 and the broadening of energy/momentum carrier distribution. The relevance of a bias voltage criterion in governing the local carrier energy, eV 0 ∼ ( Ω II -ω), can be questioned in a diffusive regime. It is, however, supported by previous experiments using noise thermometry [START_REF] Yang | A graphene Zener-Klein transistor cooled by a hyperbolic substrate[END_REF]. Our understanding relies on the carrier-carrier scattering rate (τ < 50 fs), dominating over impurity scattering rate (τ < 0.3 ps deduced from the mobility). In graphene, carrier-carrier scattering is prominently collinear (due to momentum/energy conservation), meaning that it preserves momentum direction with respect to electric field orientation. Considering that Fermi velocity is energy independent in single layer graphene, the effect of electric field in carrier acceleration 

Non-linear regime in P inc

Keeping low-bias conditions, we measure the photocurrent as a function of the optical power. Figure 3.17 shows the photocurrent as a function of the optical power, for V * DS =20, 50, 90 mV. We observe nonlinear behaviors as a function of the optical power above 1 mW. We have verified independently that the absorption is still constant and does not saturate over this optical power range. The photocurrent obeys a standard saturation law:

I P C = a P inc 1 + P inc

Psat

(plain lines in Figure 3.17 ), with a P sat ≈15 mW. This saturation law is independent of the graphene bias and corresponds to an absorbed optical power of 10 µW. To explain this non linearity, let us consider that under large illumination, intraband carrier-carrier Incident Power (mW) 

V Graphene =20 mV V Graphene =50 mV V Graphene =90 mV

Photoexcited carrier density

We investigate the steady density of photoexcited electron-hole pairs supplied to the HPhP emission in these two distinct nonlinear regimes. Applying Equation(3.2), we extract in Figure 3.19(left) the photoexcited carrier density ∆n photo couple to the HPhP in the hBN layer at large V * DS , which falls in the range of 0.5 × 10 9 cm -2 for P inc =1 mW. We also extract the corresponding power drained away by HPhP emission given by P HP P = ∆n photo ω HP P /τ which scales with the µW level. As well, at large P inc , we 3.3 Nonlinear photoresponses in biased graphene/hBN phototransistor 53 extract ∆n photo (see Figure 3.19 (right)) from the difference between the photocarrier density expected for photoconductive regime at large incident power (dashed blue line) and the photocarrier density estimated from Equation(3.2) and measurements (blue circle symbols). The photoexcited carrier density ∆n photo that couple to HPhP in the hBN layer (square black symbols) is in the range of 10 9 cm -2 and also follows a threshold behavior. 

Full photoconductive response including all regimes

Finally, we enlarge scope to the full photoconductive response including bi-non-linear effects. Figure 3.20a,b represent the carrier lifetimes as a function of V * DS (at P opt = 0.5 mW) and P opt (at V * DS = 0.1 V). They show that both V * DS and P opt act as distinct control knobs to switch on the pathway for hot carriers in graphene to recombine via HPhP emission in the hBN layer. Indeed, at low dc electric field and low optical power, the carrier lifetime is long, ∼ 35 ps, and mainly governed by Auger recombination process, whereas we note that the ignition of the competing ultrafast HPhP recombination pathway is observed at large dc electric field and incident optical power. These results highlight the interplay between Auger recombination process and electron-hyperbolic phonon recombination channel. We deduce in Figure 3.20a the characteristic time of the electron-hyperbolic phonon recombination process, corresponding to the carrier lifetime at very large bias, to picoseconds in full agreement with the picosecond hyperbolic cool-Chapter 3. ing times measured in previous reports for hBN-encapsulated graphene [START_REF] Tielrooij | Out-of-plane heat transfer in van der Waals stacks through electron-hyperbolic phonon coupling[END_REF][START_REF] Principi | Super-Planckian Electron Cooling in a van der Waals Stack[END_REF]. This agreement confirms the validity of our method of carrier lifetime extraction. This tworecombination rate analysis is supported and quantified by theoretical fits of τ = Γ -1 in Figure 3.20a,b (red lines) with Γ = Γ 1 +Γ 2 (V * DS -V 0 ) 2 and Γ = Γ 1 +Γ 2 (P inc -P 0 ), respectively. We deduce V 0 = 0.07 V, P 0 = 0.5 mW, 1/Γ ≈ 35 ps, and a unique -1/Γ 2 ≈ 0.7 ps for both fits. Remarkably, the two different determinations of the threshold, from the onset in Figure 3.14 on the one hand and by adjustment of large bias data in Figure 3 

Conclusion and Perspectives

In conclusion, using mid-infrared photoconductivity measurements we have investigated recombination processes of carriers photoexcited at low density and energy in graphene/hBN Zener-Klein transistors. We have shown remarkable long carrier lifetime ∼ 30 ps, in quasi-intrinsic graphene, ultimately limited by interband Auger processes. Long carrier lifetime in graphene/hBN heterostructures could have important implications for THz lasing and highly sensitive THz photodetection. We have also unveiled tion efficiency and high working bandwidth are reachable. Moreover, graphene can be mechanically placed onto arbitrary substrates and thus is easily integrated with other components based on silicon technologies or with THz quantum cascade lasers.

However, the inherent thinness of graphene severely limits its interaction with normal incident light. For instance, interband absorption of monolayer graphene is limited to 2.3% when light penetrates the graphene at normal incidence. Thus enhancing lightmatter interaction is crucial for the development of efficient graphene-based optoelectronic devices.

In recent years, several strategies have been proposed to enhance the interaction between a graphene layer and a THz optical field with the aim to develop THz modulators and amplifiers. These strategies can be divided into two main categories: the resonant and non-resonant approaches.

Resonant approaches

The insertion of graphene layer into an optical cavity provides enhanced interaction of THz light with the 2D material in a resonant way. S. Lee et al. SiC as an active layer placed between the highly reflecting metal mirrors. Under optical pumping of 6.4x10 4 W/cm 2 , they predicted lasing at 1 THz at room temperature [START_REF] Ryzhii | Feasibility of terahertz lasing in optically pumped epitaxial multiple graphene layer structures[END_REF].

These approaches, limited to resonant interaction of THz photons with the graphene, result in narrow bandwidth devices. Non-resonant approaches for enhancing the THz light-graphene interaction are preferred for the development of broadband THz devices.

Non-resonant approaches Non-resonant approaches mainly rely on integrating the graphene layer within THz waveguides to increase the interaction length of THz light with the graphene layer. M. Mittendorff et al. [START_REF] Mittendorff | Graphene-Based Waveguide-Integrated Terahertz Modulator[END_REF] have developed an original approach relying on a graphene layer buries within the middle of a silicon waveguide optimized for THz frequencies. They demonstrated experimentally 90% of modulation depth with 5 GHz modulation speed from 0.2 THz to 0.7 THz for a 10 mm-long waveguide. Theoretically, Locatelli et al. [START_REF] Locatelli | Graphene-based terahertz waveguide modulators[END_REF] have proposed advanced structures based on a coupler with a graphene sheet inserted between two THz silicon waveguides providing a modulation depth as high as 82%. Besides, to improve optical gain at THz frequencies in graphene, V. Ryzhii et al. have numerically investigated the enhancement of light-matter interaction by integrating multilayer graphene into slot-line dielectric waveguides and surface plasmonic metal waveguides [START_REF] Ryzhii | Terahertz lasers based on optically pumped multiple graphene structures with slot-line and dielectric waveguides[END_REF]. Several theoretical works have also proposed strategies of burying the graphene layer in between two different layers of different dielectric materials to enhance THz light-graphene interaction [START_REF] Hosseininejad | Waveguide-Fed Tunable Terahertz Antenna Based on Hybrid Graphene-Metal Structure[END_REF][START_REF] Khromova | Ultrasensitive terahertz/infrared waveguide modulators based on multilayer graphene metamaterials[END_REF][START_REF] Zhou | A graphene-based hybrid plasmonic waveguide with ultra-deep subwavelength confinement[END_REF]. The main limitation of these approaches is that they are based in conventional dielectric, ridge or strip waveguides [START_REF] Kozma | Integrated planar optical waveguide interferometer biosensors: A comparative review[END_REF] for which the components of the propagating electric field that can interact with the graphene layer (in-plane components) are confined in the core of the waveguide with their maximum at the center of the waveguides. As a result, the graphene layer is inevitably buried within the middle of the waveguides requiring difficult technical fabrication processes. This can explain why large quantities of works are limited to numerical investigations.

During my thesis work, I have investigated original hybrid metal-dielectric waveguides coupled to a graphene layer that provide significant enhancement of the THz lightgraphene interaction. An important advantage of our approach is that the graphene layer is deposited on top of the waveguides, without the need to be buried, making these devices easy to fabricate [START_REF] Huang | 2D Materials Coupled to Hybrid Metal-Dielectric Waveguides for THz Technology[END_REF]. Moreover, their design has great potential to be potentially integrated to other optoelectronic devices such as THz QCL to build up THz optoelectronic circuits.

This chapter is firstly dedicated to the description of these original graphene-coupled dielectric-metal waveguides. Then, we will present the numerical investigation we performed on the properties of the modes propagating along these original waveguides, their interaction with a graphene layer deposited on top and on the potential of these devices as THz modulators and THz amplifiers. This numerical analysis provides an important insight into the properties of the electromagnetic eigenmodes propagating within these waveguides and how they interact with graphene. This step is essential for optimizing the design of the graphene-coupled dielectric-metal waveguides, with the aim to realize THz modulators and THz amplifiers.

Description of the graphene-coupled dielectric-metal waveguides

.2a shows a schematic of the hybrid dielectric-metal waveguides coupled to a graphene layer. This graphene-coupled waveguide structure is composed of monolayer graphene, a dielectric strip made up of intrinsic silicon or GaAs (or alternative dielectric material) and a metallic layer. The monolayer graphene is deposited on top and two small electrodes are deposited on the graphene layer that is connected to the external electrodes. Such electrodes allowing apply source-drain voltage, V DS , and gate voltage,

V GAT E . To perform transport characterization, the drain electrode is connected to the ground, the source electrode is connected to the voltage supply and the bottom metallic The out-of-plane wave number k = 2π n ef f /λ is a complex number with n ef f is the complex effective index of the propagating modes. The propagation constant is equal to the real part of k and the imaginary part of k represents the damping along the propagation direction.

We select meshing of the cross-section of the waveguide into the form of polygons as triangles to avoid singularity issues. For the different elements involved in this hybrid waveguide structure, different meshing patterns are used to optimize computing efficiency.

The domains, which contain important information such as the vicinity of the top surface of the dielectric layer and the metallic layer, have a finer mesh; the size of the triangular mesh unit has a minimum of λ/500. The 'air box' surrounding the upper part of the waveguide is at least 10 times larger than the wavelength since we need to simulate an infinite boundary. As those domains out of the waveguide area do not contain critical information, we use a sparse meshing density with a meshing unit size of up to 2λ.

Moreover, to properly resolve the electromagnetic waves, we verify that the meshing uses about 10 linear elements per wavelength. The finite element method approximates the solution within each element, using some elementary shape function that can be constant, linear, or of a higher order.

Boundary conditions

We set boundary conditions to simulate the electromagnetic waves that penetrate into the waveguides from the front facet and propagate along the waveguide length. The governing equations for the electromagnetic fields is presented in subsection 4.3.1. According to the boundary condition, at y=-t metal where the lower edge of metallic layer locates, E x = 0 and E z = 0 (see Figure 4.4). Although both Re( n metal ) and Im( n metal ) have high values at THz frequencies, there is a nonnegligible penetration of the electromagnetic waves in the metal due to the skin effect in the metallic layer; typically ∼ 50nm at 2 THz for Au. As a result, the thickness of the metallic layer is set exceedingly to avoid skin effect down to the lower edge of the metallic layer. Thus, the zero electric field is satisfied at the lower edge. Moreover, we apply the wave equations on all domains and set the lower edge as Perfect Electric Conductor(PEC):

n × E = 0
The perfect electric conductor boundary condition is an ideal condition for the electric field that vanishes the tangential component of the electric field to zero. As a result, the continuity of the electric field from the bottom of the whole 2D model is satisfied. Other outer boundaries are applied with PEC conditions to approximate infinite distance. 

a) Defining graphene in COMSOL

An essential point for our analysis is to simulate accurately the atomically thin graphene layer. In this model, all the domains have their geometry scale from 100 nm to 1000 µm while the monolayer graphene has only a thickness of 3.35 Å that is three orders of magnitude less than the second smallest scale. These very different scales involved in the simulation could lead to less efficient processing and most probably could prevent from convergence or produce system crashes. To overcome this issue, the graphene layer can be fully described through its surface dynamic conductivity [START_REF] Kovacevic | Waveguide design parameters impact on absorption in graphene coated silicon photonic integrated circuits[END_REF], with fundamental boundary conditions. Therefore, instead of constructing a domain with a height of 3.35 Å and applying boundary on this domain, we set the graphene layer as an edge boundary condition surface current density. We employ the magnetic field boundary condition, which states that the difference of the tangential magnetic fields on the opposite sides of the boundary has to be proportional to the tangential electric field at the boundary, with the surface conductivity as the factor of proportionality :

n × ( H 1 -H 2 ) = J s = σ E
where n is the surface normal unit vector, H 1 and H 2 are the magnetic fields on the opposite sides of the boundary. The surface current density vector is given by:

J s = J sx + J sy + J sz
In graphene, the surface conductance J s is parallel to the surface, so the y component J sy = 0. The complex conductivity of the graphene layer σ(ω) contains both intraband σ intra (ω) and interband contributions σ inter (ω), which are expressed as:

σ intra (ω, T ) = Dτ /π(1 -iωτ ) D = 2e 2 2 k B T • ln[2cosh(µ/k B T )] (4.1)
and

σ inter (ω, T ) = πe 2 4h [tanh( ω + 2µ 4k B T ) + tanh( ω -2µ 4k B T )] (4.2)
where D is the energy-dependent density of states in graphene, τ is the electron momentum scattering time, µ is the chemical potential, T is the temperature and ω

is the photon energy. The total conductivity is σ(ω) = σ intra (ω)+ σ inter (ω). We observe interestingly that, at T = 300 K, the conductivity in the graphene layer in the THz spectral range combines intraband and interband processes. For a very high chemical potential, the absorption at 1 THz reaches 30%. However, at a very low chemical potential where intraband processes are negligible and interband processes dominate, the light absorption is limited to only a few percents. We clearly observe from these values calculated for free-space illumination at a normal incidence that enhancing the THz lightgraphene interaction is crucial for the development of powerful THz amplifiers and efficient THz modulators.

b) Refractive indices of GaAs and Au in the simulation

Another two important frequency-related parameters in the simulation are the complex refractive indices of GaAs and Au. For GaAs, we refer to the parameters from [START_REF] Johnson | Far Infrared Measurement of the Dielectric Properties of GaAs and CdTe at 300 K and 8 K[END_REF][START_REF] Grischkowsky | Far-infrared time-domain spectroscopy with terahertz beams of dielectrics and semiconductors[END_REF].

For the Au element, we refer to the parameters given by [START_REF] Ordal | Optical properties of Au, Ni, and Pb at submillimeter wavelengths[END_REF].

Dispersion relation of the fundamental modes

We start by investigating the fundamental modes propagating along these hybrid metaldielectric waveguides, without any 2D material on the top of the semiconductor strip. We ) , the quasi-TE mode is no longer a guided mode. In return, for large dimensions of the strip, the quasi-TE mode is well guided and Re( n ef f ) saturates. A cut-off of the quasi-TM mode is also observed but only as the height of the stripe is reduced. For h < λ 4 Re( n ef f ) , the mode is no longer a guided mode. The free-carrier absorption of the electromagnetic components that penetrate into the metal layer is mainly responsible for Im( n ef f ) for both quasi-TE and quasi-TM modes. This effect results in propagation losses described by a linear absorption coefficient given by:

α W G = -4π Im( n ef f ) λ (4.3)
An important result is that the propagation losses of the hybrid waveguides are relatively small, < 1.1 dB/mm and < 1.9 dB/mm for quasi-TE and quasi-TM modes respectively This analysis shows that the quasi-TE mode is reminiscent of the quasi-TE mode of a rectangular dielectric waveguide surrounded by air [START_REF] Yu | High-efficiency micromachined sub-THz channels for low-cost interconnect for planar integrated circuits[END_REF], except that it is perturbed by the metallic layer that pushes up to the dielectric/air interface the electric field components tangent to the metallic layer. On the other hand, the quasi-TM mode has all the characteristics of a Goubau mode; it is bound to a finite conductivity metal stripe coated with a thin dielectric layer, the longitudinal field component is maximal at the dielectric/air interface and the mode shows a cut-off for height h < λ 4 Re( n ef f ) [START_REF] Gacemi | Identification of several propagation regimes for terahertz surface waves guided by planar Goubau lines[END_REF].

An important outcome of this work is that owing to the metallic layer that pushes up the tangential electric components, the strength of the electric field at the top of the waveguide is reinforced at a location where a 2D material can be easily deposited.

This result shows the potential of our original hybrid waveguide to enhance THz lightgraphene interaction through their efficient coupling over a long distance (the length of the waveguide). Moreover, this waveguide enables the propagation of tangential electric field components for both fundamental modes.

Graphene coupled to the hybrid dielectric-metal waveguide

We now investigate how evolve the properties of the two fundamental modes propagating along the hybrid dielectric-metal waveguides when a graphene layer is deposited on the top of the ridge. We investigate two main regimes: The graphene conductivity is dominated by intraband process, i.e. |µ| > ω/2 and the graphene conductivity is dominated by interband process, i.e. |µ| < ω/2. Whereas the first regime is optimal for the development of THz modulators, the later one is adapted to the realization of THz amplifiers. To illustrate these two regimes, I report on 

a) Intraband absorption in graphene coupled in waveguide

For ω/2 < |µ|, the optical conductivity in graphene at THz frequencies is governed by intraband processes described by Equation(4.1). In our calculation, we assume that τ = 10 f s in agreement with litterature [START_REF] Giovanni | Measurement of sub-10 fs Auger processes in monolayer graphene[END_REF]. We first focus on the similar waveguide geometry than in subsection 4. Im( n ef f ) increases significantly for both fundamental modes. We interpret these results by the fact that Re(n ef f ) is dominated by the spatial distribution of the modes between the dielectric layer and the cladding layer (air); thus the monolayer graphene has a negligible impact on it. In return, as the waveguide geometry is optimized to enhance the THz light-graphene interaction, the graphene efficiently absorbs the THz light leading consequently to an increase of Im( n ef f ) for both fundamental modes. As expected, we observe on Figure 4.10 that the quasi-TE mode has more interaction with graphene than the quasi-TM mode. Re(σ graphene )Γ with Γ the overlap factor between the single graphene layer and the mode field [START_REF] Svintsov | Carrier-carrier scattering and negative dynamic conductivity in pumped graphene[END_REF] , these results demonstrate the enhancement of the light-matter interaction provided by the waveguide geometry. Note that as the quasi-TM mode possesses a longitudinal component (in contrast to usual dielectric waveguides) the graphene layer also absorbs the quasi-TM mode, making these waveguides very attractive for modulating the quasi-TM polarized light.

We further investigate the possibility for these devices, which rely on graphene coupled to hybrid waveguides to act as efficient modulators of THz light. To estimate the modulation efficiency of these devices, we calculate the attenuation of a THz beam in dB/mm and the modulation depth. The modulation depth which corresponds to the magnitude variation of the THz intensity, is expressed as :

m = T LowDoping -T HighDoping T LowDoping
where T is the transmission coefficient. In this calculation, the low doping and the high doping corresponds to µ = 0 meV (undoped) and µ = 200 meV respectively, so the modulation depth is given by:

m = T µ=0 meV -T µ=200 meV T µ=0 meV
We focus on 3 distinct frequencies, f = 1 THz, f = 2.5 THz and f = 4 THz. The frequencies f = 2.5 THz and f = 4 THz are typical frequencies delivered by usual QCL and for these frequencies, we choose GaAs material as the semiconductor stripe to ensure compatibility with QCL technology. We select the optimum dimensions at each considered frequency that are for f = 1 THz: h = 30 µm and w = 300 µm, for f = 2.5 THz: h = 11 µm and w = 120 µm and for f = 4 THz: h = 7.5 µm and w = 94 µm. The calculated modulation depth achievable with a single layer of graphene coupled to these hybrid waveguides is reported in Figure 4.11b. We observe a large modulation depth of more than 90% for both quasi-TE and -TM modes for a 1 mm-long waveguide.

For longer waveguide L > 1.5 mm, full modulation for both quasi-TE and -TM modes is reachable at f = 2.5 THz and f = 4 THz with optimized dimensions. At f = 1 THz, a full modulation is obtained after 1.5 mm of propagation for both quasi-TE and -TM modes. An important point is that the metal-dielectric waveguides we propose have the advantage to be fully compatible with well-mastered wafer bonding processes and it does not require unconventional fabrication steps to bury the 2D layer within the guiding structure. Besides, the possibility to modulate the quasi-TM opens the way to the integration of these devices with a QCL to build up an on-chip optoelectronic system, as illustrated in Figure 4.12.

Besides, as a perspective, this study that focuses on graphene layer could be extended to other 2D materials such as doped black phosphorus and doped transition metal disulfide (TMD) materials (i.e. MoS 2 and WSe 2 ) that also possess intraband conductivity in the THz range [START_REF] Kim | Observation of tunable band gap and anisotropic Dirac semimetal state in black phosphorus[END_REF][START_REF] Liu | Gate-Tunable Giant Stark Effect in Few-Layer Black Phosphorus[END_REF][START_REF] Chen | Ultrasensitive terahertz modulation by silicon-grown MoS2 nanosheets[END_REF][START_REF] Gopalan | Ultrafast THz modulators with WSe 2 thin films[END_REF][START_REF] Cao | Optically tuned terahertz modulator based on annealed multilayer MoS2[END_REF].

Fig. 4.12 Schematic of the integration of a metal-GaAs waveguide with optoelectronic devices such as THz-QCL to realize on-chip optoelectronic circuit.

b) Interband absorption in graphene coupled to waveguide

For |µ| < ω/2 and at low temperature, the optical conductivity in graphene at THz frequencies is mainly governed by interband processes. Such interband conductivity, described in Equation(4.2), has been recently demonstrated at THz frequencies in multilayer epitaxial graphene by my research group [START_REF] Massabeau | Evidence of Fermi level pinning at the Dirac point in epitaxial multilayer graphene[END_REF]. By achieving population inversion in graphene, an optical gain can thus be accessible at THz frequencies, which opens a very attractive perspective towards the realization of THz amplifiers. To improve the potential optical gain, which is limited to the universal value 2.3% when light passes through the monolayer graphene at normal incidence, enhancing the interband absorption is crucial.

In this study, we assume low temperature, T ∼ 10 K, so that Pauli blocking effect induced by thermally excited carriers is limited. Thus, we consider the interband conductivity to be equal to σ 0 = e 2 /4 = 6.08 × 10 -5 S. In this condition, we calculate the interband absorption of the graphene layer coupled to the hybrid metal-dielectric waveguides for incident light at f = 2.5 THz and f = 4 THz as the function of the length of the waveguide for both quasi-TE and quasi-TM modes. At f = 2.5 THz, we consider high-resistivity silicon as the ridge material since it is compatible with silicon technology and at f = 4

THz, we consider intrinsic GaAs as the ridge material since it is compatible with QCL technology. As shown in Figure 4.13a, the graphene coupled to the hybrid waveguide For a single graphene layer, the interband modal absorption reaches 18.5 cm -1 and 16.5 cm -1 for the quasi-TE and quasi-TM mode respectively at f = 2.5 THz. These values show the high potential of graphene coupled to metal-Si waveguides for THz amplification. Besides, such devices show also attractive properties for THz photodetectors based on photoconductive effect. The THz amplification in this graphene-coupled hybrid waveguide is expected to be more realistic at f = 4 THz since it has been predicted that this frequency is the minimum frequency at which optical gain can be achieved in populationinverted graphene at low temperature, due to the efficient carrier-carrier scattering assisting absorption [START_REF] Svintsov | Carrier-carrier scattering and negative dynamic conductivity in pumped graphene[END_REF]. Moreover, previous theoretical works [START_REF] Svintsov | Carrier-carrier scattering and negative dynamic conductivity in pumped graphene[END_REF] have demonstrated that, due to intraband absorption that effectively competes with interband amplification, the maximum achievable optical gain in population-inverted graphene is limited to typically 0.75α interband . To improve the potential achievable optical gain at THz frequencies, a stack of graphene layers can be deposited on the top of the strip. shows the total interband absorption at f = 4 THz as the function of the number of independent graphene layers deposited on the top of the hybrid metal-GaAs waveguide.

For achieving THz lasing, this value has to dominate the total losses. The dashed lines in Figure 4.13 (left) represent the total losses α total = α W G + α m for both modes for a 2 mm-long waveguide. The absorption of waveguide α W G equal to 15.3 cm -1 and 21.9

cm -1 for quasi-TE and quasi-TM mode respectively. The mirror loss α m due to the finite mirror reflectivity of the facts is defined by α m = -ln(R)/L where L is the waveguide length and R = |

n ef f -1 n ef f +1 | 2 .
The mirror loss α m equal to 17.6 cm -1 and 9 cm -1 for quasi-TE and quasi-TM mode respectively. We observe that the insertion of 3-4 layers of graphene within the waveguide structure can provide enough optical gain for THz lasing.

Note that at room temperature, the interband conductivity is lowered due to thermal carrier distribution as shown in Figure 4.14 and the number of graphene sheets required for achieving THz lasing is higher. 

Conclusion

In conclusion, this chapter reports an original hybrid metal-dielectric waveguide that provides high interaction between 2D materials deposited on top and THz photons. We investigate the fundamental quasi-TE and quasi-TM modes propagating along these hybrid metal-dielectric waveguides and show that owing to the high reflectivity and low loss of metals at THz frequencies, the strength of in-plane electric field components of the propagating modes is maximized at the top of the dielectric strip on which the 2D material is deposited. Our simulation predicts 100% modulation of the THz light by tuning the Fermi level of a graphene sheet coupled to 1mm-long hybrid metal-dielectric waveguides, which is very attractive for THz modulation applications. We also show the potential of graphene multilayers under interband regime coupled to these hybrid metal dielectric waveguides for achieving lasing at THz frequencies. Our approach relies for fabrication on well-mastered wafer bonding techniques, does not require incorporating the 2D materials into the core of a dielectric waveguide, and is compatible with CMOS technology or THz quantum cascade lasers.

Chapter 5

THz characterization of the graphene coupled hybrid waveguides

Based on the numerical study presented in section 4.3, we establish a correspondence between the parameters of the hybrid waveguides and the spatial distribution of the electromagnetic fundamental modes. We show that the E x component of the quasi-TE can be maximized at the top of the waveguide ridge so as the E z component of the quasi-TM mode. Consequently, the interaction of the electric components of these two eigenmodes with a graphene layer deposited on top is enhanced, opening promising perspectives for the realization of THz wave modulators and THz amplifiers.

In this chapter, we will experimentally investigate the properties of metal-GaAs waveguides with and without a graphene monolayer on top. We will first present the preliminary characterization we performed on these hybrid waveguides using Raman spectroscopy and electrical measurements. Then, we will characterize the THz waveforms propagating along these hybrid waveguides using a THz time-domain spectroscopy experiment. We will also focus on the impact of modulating the chemical potential of the graphene layer on the transmitted THz pulses. At last, we will analyze the experimental observations by calculating the contribution of the propagating THz electric fields.

Fabrication and process characterization

To go toward the experimental investigation of such devices based on graphene coupled to hybrid waveguides, we collaborate with the group of Miriam Vitiello from NEST, Istituto Nanoscienze -CNR and Scuola Normale Superiore (Italy) that has state of the art expertise on graphene-based devices for THz technology. Alessandra Digaspare and Miriam Vitiello have fabricated a series of several bare hybrid waveguides (without graphene on top) and hybrid waveguides with graphene on top. They used graphene CVD provided by Graphenea for the fabrication. Details of the fabrication are provided in Appendix B. After receiving them, we first characterize the fabrication process using Raman spectroscopy and DC electrical measurements. The main aim is to probe the continuity of the graphene layer deposited on the top of the waveguides and to test the electrical contacts devoted to the tuning of the graphene chemical potential.

Characterization of the graphene coverage

A critical issue of the fabrication process is to cover without any discontinuity at the top of the waveguide with the graphene layer. Thus, it is essential to investigate the quality of the graphene coverage after the fabrication process. The length of the waveguides is in the millimeter scale and any discontinuity along this long-distance prevents from the possibility to supply homogeneous gate voltage to the graphene layer; it can lead to several areas of the graphene layer that are not gated. Another critical issue is that no conducting material, such as graphene or gold, is extending from the top of the strip to the outside bottom metallic layer since it may give rise to an undesirable short cut.

For this characterization, we use mapping Raman spectroscopy carried by RENISHAW inVia™ confocal Raman microscope. We follow two strategies, shown in section B.1, to distinctively evaluate the graphene coverage and the leakage risk. Indeed, probing leakage risk requires more resolution and more integration time to obtain information on the sides of the waveguides (from dielectric strip surface to the metallic surface). By applying these two configurations, we are able to efficiently perform map scans on the hybrid waveguides with a high signal-to-noise ratio (SNR) and avoid burning the single-layer graphene. Figure 5.1 shows the Raman spectrum on one pixel (2 µm × 2 µm). We identify the single-layer graphene by G-peak and 2D-peak at 1585 cm -1 and 2700 cm -1 respectively with 1% of laser power and 1s of integral time. In Figure 5.2a, the rectangular map shows the coverage of graphene. The intensity is represented by the rainbow Lookup Table . We can note that the central area has a higher intensity than the head and the tail area, due to the misalignment of the beam focus along the waveguide length. Indeed, we set the optimal focus at the center of the waveguide, whereas there is a non-negligible small dip angle which misaligns the focus for ∼ 10 µm. The Raman spectra in Figure 5.2b show the misalignment-induced out of focus thus decrease the intensity. The black curve is at the optimal focus, which has the highest intensity, the red and blue curves have a misalignment of ±5 µm respectively; this well explains the intensity decrease observed at the two extremities of the waveguides that are out of focus. 

Electrical characterization

Subsequently, we perform electrical characterization of the processed waveguides. Here, we present a typical investigation of the sample WG-400-1-2500. The electrical characterization is performed twice, before bonding and after bonding respectively. We perform low-bias resistance measurements at room temperature. density, we calculate the chemical potential of the graphene layer given by E F = v F √ πn.

Note that the mobility before bonding is two times higher than that of after bonding and the residual conductance before bonding is 120 meV lower than that of after bonding.

Additionally, by comparing Figure 5.4a and Figure 5.4c, we observe that the doping effect on electron and hole sides has better symmetry before bonding than after bonding. This is maybe due to impurities induced by the metallic electrodes and by the free contact with ambient atmosphere since the graphene layer is either not protected in the vacuum or passivated.

After characterizing the process of all waveguides we received, we have selected for further THz characterization, 4 hybrid waveguides listed below for which the fabrication Table 5.1: Hybrid waveguides, bare and with graphene on top, selected for further THz characterization.

process has been successful. For all of these samples, two distinct hybrid waveguides are processed on the same chip with similar dimensions but only one of them has a graphene monolayer deposited on top. Thus, one waveguide is a "bare waveguide" and the other is a "graphene waveguide", as illustrated in Figure 5.5. In between these two waveguides, there is a gap of 1.1 mm.

THz characterization of the devices

After the characterization of the fabrication process performed by the group of Miriam Vitiello, we use a THz time-domain spectroscopy experiment to characterize the properties of these original hybrid waveguides coupled to a graphene layer. 

THz time-domain spectroscopy system

THz time-domain spectroscopy (TDS) is a contact-free powerful technique for probing the electrical and optical properties in the THz spectral range of a wide range of materials such as 2D materials, metals and semiconductors [START_REF] Neu | Tutorial: An introduction to terahertz time domain spectroscopy (THz-TDS)[END_REF]. Indeed, THz light allows for direct coupling to low-energy (meV scale) excitations such as the interaction of electrons, spins and phonons, as well as vibrational and rotational modes of molecules.

This makes THz-TDS systems very attractive for a wide range of disciplines including physics, chemistry, engineering, astronomy, biology, and medicine. In our work, we use THz-TDS system for characterizing the properties of the modes propagating along the hybrid metal-semiconductor waveguides. To probe how these modes can be modulated by a graphene layer deposited on the top of their ridges, we modulate the gate voltage of the graphene layer and we use a double modulation technique explained in subsubsection b).

a) Experimental set-up

For this study, we use a THz-TDS system, which was developed by Sylvain Massabeau, a PhD of my research group. The THz-TDS system measures the time-resolved electric fields of THz radiation propagating through a sample and compared to a reference beam.

Our system, illustrated in 

b) Double modulation technique

We expect only a small proportion of the THz signal to be effectively modulated by the graphene layer due to the weak coupling between the incoming THz signal and the hybrid waveguides. Indeed, the THz beam size extends over a few hundreds of micrometers that is large compared to the typical dimensions of the cross-section of the waveguides and we do not use any coupling element. To overcome this issue, we combine a double modulation technique with the regular THz-TDS technique. First, let us consider the signal measured using a regular THz-TDS system (without double modulation technique). The THz pulse emitted by the photoconductive antenna is modulated by a square bias applied to the photoconductive antenna with a period T 2 and with a duty cycle of 50%. Thus, the detected electro-optic signal is expressed as : For the double modulation detection, the main idea is to apply an additional modulation that is, in our case, a square gate voltage V GAT E to the graphene layer with a period T 1 and a duty cycle of 50%; it induces a modulation of the chemical potential of the graphene layer. Then, we use a FPGA-based homemade frequency mixer(type: Nexys 3 FPGA Board) to sum up the fundamental frequency f 2 = 1/T 2 of the incoming THz signal with the fundamental frequency of the gate voltage applied to the graphene layer

Signal T Hz = A 2 + 4A π sin(ω 2 t) + 1 3 sin(3ω 2 t) + 1 5 sin(5ω 2 t) + ...
f 1 = 1/T 1 .
In this case, at the sum frequency f 1 + f 2 , the Signal DM is written as:

Signal DM = A ′ 2 + 4A ′ π sin((ω 1 + ω 2 )t) + 1 3 sin(3(ω 1 + ω 2 )t) + 1 5 sin(5(ω 1 + ω 2 )t) + ...
So if the detection is locked to a reference signal at f 1 + f 2 (triggered by a TTL signal from the mixer), the output DC signal given by the lock-in amplifier is 4A ′ π . Under this condition, the detected electro-optic signal corresponds to the difference of the THz signals Signal T Hz at two different gate voltage values. Note that the low pass filter of the amplifier removes the signals and the noise at other frequencies. Since there is no signal when the gate voltage modulation does not affect the THz signal propagating along the waveguides, the sensitivity of the measurement is significantly improved. As the THz-TDS system is based on THz radiation propagating in free space, the THz spot size at the focus, even if being diffraction-limited, is significantly larger than the waveguide dimensions. Consequently, for this study, the first critical step is to align the hybrid waveguide under characterization with the incident THz beam. The objective here is to place the waveguide-based device at the focus of the THz beam and in its center. We first measure the THz pulse without a sample, which provides a reference signal.

THz characterization of the hybrid waveguides

Then by scanning the evolution of the main peak of the THz electric field as a function of the position of the waveguide as illustrated in Figure 5.9 (left), we determine the position at which the waveguide is located at the focus of the THz beam and well centered.

As an example, Figure 5.9 (right) reports the main peak of the electric field, i.e. the electro-optic signal at zero delay, as a function of the x-axis. We observe two deeps that we attribute to the alignment of the incident THz beam with the bare waveguide and the graphene waveguide. Indeed, the THz beam that is coupled to the waveguide encounters an additional delay compared to free space (since n ef f W G > n air = 1) and thus leads to a decrease of the electro-optic signal at zero delay. Thus, from the XYZ profile, we are able to position the waveguide samples well centered with regards to the THz beam for their optimized characterization in the time domain. 

b) THz characterization of the bare and the graphene waveguides

Then, we focus on the temporal waveforms of THz pulses transmitted through the bare and the graphene waveguides. We start by measuring two distinct reference signals.

Firstly, we measure the THz pulses fully propagating in the air and secondly the THz pulses after propagating along the gap in between the two waveguides. In this latter case, we estimate that typically half of the incident THz signal passes through the air and the other half passes through the GaAs substrate on which the waveguide is wafer-bonded.

The transient electric fields transmitted in the air, through the bare and graphene waveguides and also though the gap between the two waveguides of the sample WG-1A are reported in Figure 5.10. The measurement is performed within a time window limited to 21 ps after zero delay. We observe that the main peak of the THz signals transmitted through the gap and the two waveguides are half the value of the one propagating in the air. In addition, we observe a transmitted pulse for these three THz signals, 17 ps after the zero delay. We attribute this signal to the reflection of the THz pulse at the end facet of the GaAs substrate used for wafer bonding. Indeed, we can estimate the delay for one round-trip propagation of the THz pulse within the GaAs substrate to be expressed as 4.0x10 -6

t delay = (n GaAs -n air )L W G c = 17 
6.0x10 -6

8.0x10 -6 Amplitude(a.u.)

Frequency (THz) observe a decrease of the amplitude spectra of the THz pulses propagating through the waveguides above 2.1 THz. We also observe two deeps at frequencies of 2.1 THz and 5.6

THz.

Further, we probe other waveguide-based samples with different widths and the same height. We observe similar tendencies in all samples we tested. As an example, Figure 5.12 shows the transient THz pulses measured in WG-600-2-2500; the temporal oscillations are also clearly observed after the main peak. As well, the amplitude spectra, reported in Figure 5.13 show quite similar features: an absorption at frequencies higher than 2.1

THz for the graphene waveguide and two deeps at 2.1 THz and 5.6THz. We expect an uncertainty in positioning the waveguides during the experiment that could be responsible for the absence of the broad absorption at frequencies higher than 2.1 THz for the bare waveguide.

The two deeps observed at 2.1 THz and 5.6 THz can be related to the cut-off frequencies of the quasi-TE modes propagating along these hybrid waveguides. Indeed, Comsol simulation predicts that for a height of 11 µm, the low cut-off frequencies of the T E 0 mode is around 2.1 THz. As a result, the coupling of the incident THz pulses to the waveguides can occur only at frequencies > 2.1 THz. This is consistent with the observation of the decrease of the spectra amplitude above 2.1 THz since the waveguides introduce losses compared to free space propagation. The simulation also predicts the existence of T E 1 1.0x10 -5

1.5x10 -5 Amplitude (a.u.)

Frequency (THz) , corresponding to a low cut-off frequency around 6 THz.

The observation of two deeps at the same frequencies for all samples of different widths but the same height is consistent with the fact the cut-off frequencies of both T E 0 and T E 1 modes depend only on the height of the waveguides.

c) THz characterization of gate-modulated graphene waveguides

We now investigate the impact of the chemical potential of the graphene on the propagation of the THz electric fields. For this purpose, we use a double modulating detection technique. We apply a square gate voltage to the graphene layer with a fundamental frequency f 2 = 416 Hz and we detect the electro-optic signal at the sum frequency

f 3 = f 1 + f 2 with f 1 = 35 
kHz, the fundamental modulation frequency of the photoconductive antenna. Such a technique is very sensitive since no THz signal is recorded if not being modulated by the gate voltage. Using this technique, we can measure the modulation of the THz electric fields propagating along the waveguides, induced by the modulation of the graphene chemical potential. We measure the electro-optic signal at f 3 after passing through the graphene covered waveguide. Figure 5.14 displays the electrooptic signal recorded with a square gate voltage that tunes periodically the graphene chemical potential from close CNP to a high doping value (black curve). As a reference, the electro-optic signal recorded after passing through the bare waveguide is reported in the red curve. Note that we added a Polyethylene filter in the THz path to block the specular infrared light incident on the graphene covered waveguide. As a result, we overcome any optical excitation in the GaAs waveguide [START_REF] Galbraith | Excitonic signatures in the photoluminescence and terahertz absorption of a GaAs/Al xGa 1-xAs multiple quantum well[END_REF].

-2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 -3.0x10 -6 -2.0x10 -6 -1.0x10 -6 0.0 1.0x10 -6 2.0x10 -6 3.0x10 -6 Double modulation signal(a.u.) We observe large oscillations in the electro-optic signal when the graphene coupled waveguide is centered in the incident THz beam and no detectable signal when the bare waveguide is centered in the incident THz beam. Both waveguides are gated in the same condition synchronously. We set the time delay at the main peak of the oscillating signal and run an x-axis profile along the front facet of the waveguide. We observe in Figure 5.15 that the electro-optic signal follows a gaussian shape with its maximum at the position of graphene waveguide. The FWHM of the Gaussian shape is 500 µm, which is consistent with the convolution of the THz beam profile and the waveguide width of 400 µm. From these measurements, it is clear that there is no modulated signal from the bare waveguide. Thus, the modulated signal is fully provided by the graphene layer on the top of the waveguide. By analyzing the amplitude spectra of this electro-optic signal detected at f 3 , we observe two peaks at 2.1 THz and 5.6 THz(see Figure We further investigate how the electro-optic signal modulated at f 3 evolves as a function Chapter 5.
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1.5x10 -6 Double modulation signal (a.u.) X (mm) of the modulation amplitude of the gate voltage applied to the graphene layer. We apply different modulation amplitudes on the WG-400-1-2500 sample. The gate voltage is modulated from a constant low value defined by V CN P to a varying higher gate voltage value

V GAT E . We observe in Figure 5.17a that only the amplitude of the electro-optic signal at f 3 is increased as the amplitude of the gate voltage modulation is increased. The delay, as well as the periods of the oscillations, are constant for all applied gate voltage modulation.

In the frequency domain, it results in an increase of the peak locating at 2.1 THz with the increase of the gate modulation as observed in Figure 5.17b. The maximum signal corresponds to V GAT E = 9 V . The increase in peak at 5.6 THz is not very clear due to the noise. V GAT E -V CN P . We observe that the two curves have the same monotonicity on the two doping sides and their maximum both locate at the CNP. We attribute the asymmetry of the curves between the two doping sides to the asymmetry of the doping efficiency resulting from the large area of monolayer graphene.

From the gate-dependence resistance, we are able to extract the intraband conductivity of the graphene layer using the relation σ = L W (R-Rc) , where L = 250 µm is the distance between two electrodes on the graphene surface, W=700 µm is the width of an electrode and R c is the sum of contact resistance that we estimate to 400 Ω. The estimated intraband conductivity of the graphene layer is shown by the red curve in Figure 5.18b.

The blue curve in Figure 5.18b is the intraband conductivity calculated by Equation(4.1) at T = 300K and τ = 12.8 f s. We observe that the tendencies of all the curves are remarkably similar, providing evidence that the graphene layer modulates the two deep peaks observed in the THz spectra. 

Interpretation based on interference effect

We now turn to the investigation of the origins of these experimental observations and the absorption observed in amplitude spectra above 2.1 THz and the two deeps at 2.1 THz and 5.6 THz. As discussed previously, the simulation results predict that the low cut-off frequency of the T E 0 mode for waveguides of 11 µm height of 2.1 THz. As a result, we attribute the decrease of the transmission spectra above 2.1 THz to the THz field coupled to the bare and graphene waveguides that introduce some losses. As these broad losses are not modulated by the gate voltage modulation, we attribute them to the intrinsic losses of the hybrid waveguides, which result from the intrinsic losses of the GaAs material of the strip and to the metal layer. These losses by the imaginary part of the effecitve index of the bare waveguides are predicted to be in the range of 3dB/mm (see chapter 4).

To explain the additional oscillations observed in time domain measurements, which result in the two deeps at 2.1 THz and 5.6 THz, we investigate a possible interference effect. To explore such physical mechanism, we calculate the electric fields after propagating through the waveguides. For this calculation, it is important to consider that the coupling efficiency of the incident transverse electromagnetic fields with the waveguides is weak. Indeed, as mentioned previously, we do not use any coupling element, such as Si lens, whereas the THz beam size extends over a few hundreds of micrometers that is large compared to the dimensions of the cross-section of the waveguides. As a result, parts of the incident THz field are not coupled to the waveguides and propagate through the air above the waveguide on one hand and through the GaAs substrate below the waveguide on the other hand (see Figure 5. As the incident THz beam, E inc , extends over larger dimensions than the cross-section of these waveguides, its coupling efficiency to the hybrid waveguide has to be carefully considered in the calculation. The coupling efficiency strongly depends on the spatial ex- To include this spatial extension in the calculation, we introduce the parameter C(ω)

given by C = r 1/e r 1/e @ 2.1T Hz , which reflects the dependence of the spatial extension of the electric field with the frequency. C(ω) is the extension of the electric field normalized by its value at 2.1 THz when the extension of the mode is the highest. The values of C are directly obtained from the Comsol simulation. The proportion of the incident THz electric field that is coupled to the quasi-TE mode of the waveguides is expressed in the calculation by the product a • C(ω), with a an adjustable parameter independent of the frequency. Let us now calculate the THz electric field after propagating through the bare waveguide placed at the center of the incident THz beam. The complex electric field E Bare (ω) is given by:

E Bare (ω) = (1 -a • C(ω)) • E inc (ω) + a • C(ω) • E inc (ω) • e ω( n ef f -n air )•L c (5.1)
where n ef f is the effective index of the quasi-TE mode propagating within the bare waveguide. Note that a is the only adjustable parameter in the calculation. We perform numerical inverse Fourier transform to calculate the transient electric field of the complex expression we obtained in the frequency domain.

The confrontation between the calculated transient electric fields and the data are reported in Figure 5.21 for the samples WG-1A. The calculation is shown for two distinct values of a, a = 0.39 and a = 0.27. We observe that the calculation (red curves) well reproduce the oscillations observed (blue curve) after the main peaks at zero delay for both samples. This good agreement demonstrates that the interaction of the THz electric fields with the bare waveguide is well described by this interference signal between a part of the THz beam propagating above the waveguide and a part of THz pulse propagating through the waveguide. In the amplitude spectra reported in Figure 5.21b), the calculation (red line) also well reproduces the deep observed at 2.1 THz (blue curve), confirming that interference effect is dominating at this frequency. The decrease of the spectra above 2.1 THz is also well reproduced showing that the broad absorption is due to the intrinsic loss of the hybrid waveguide. This analysis demonstrates that the hybrid waveguide devices act similarly to a Mach-Zehnder interferometer with one arm being the THz signal above the waveguide and the other arm being the THz signal propagating through the waveguide. This constitutes an important result of this work since Mach-Zehnder interferometer based devices operating at THz frequencies could have a large impact on THz technology by opening new perspectives for on-chip THz interferometry and THz modulation.

We found similar tendencies from the confrontation between the calculated transient electric fields and the data obtained with the samples WG-600-2-2500 as reported in Fig- In return, the deep at 5.6 THz does not appear in the calculated spectra. We attribute this deep to the interference of the incident THz beam with a quasi-T E 1 mode. Indeed, the cut-off frequency of the T E 1 mode is close to 6 THz and at the cut-off frequency, the extension of the mode above the waveguide is expected to be quite significant, as observed on Our calculation will be used to interpret the data obtained for the graphene coupled waveguides. For the calculation, the coupling efficiency a ′ C ′ and the effective index of the mode n ef f must be modify due to the presence of the graphene layer on top of the waveguides.

E Graphene (ω) = (1 -a ′ • C ′ (ω)) • E inc (ω) + a ′ • C ′ (ω) • E inc (ω) • e ω( n ef f -n air )•L c
Since the gate voltage applied to the graphene layer modifies both Re( n ef f ) and Im( n ef f ), it is expected that modulating the gate voltage will modulated this interference effect. Indeed, interference effect is strongly sensitive to the effective index of the propagating mode. We simulate using Comsol software, the mode effective index for two In summary, our waveguides are as a Mach-Zehnder modulator with act similarly to a Mach-Zehnder interferometer with one arm being the THz signal above the waveguide and the other arm being the THz signal propagating through the waveguide.

Conclusion and perspectives

In this chapter, we experimentally analyze bare hybrid metal-GaAs waveguides and their coupling to a graphene monolayer using THz TDS spectroscopy. The fabrication of the devices were performed by Alessandra Digaspare and Miriam Vitiello from NEST, Istituto Nanoscienze -CNR and Scuola Normale Superiore (Italy. We perform Raman spectroscopy on the CVD graphene monolayer and electrical characterization of the graphene coupled hybrid waveguides as a preliminary characterization. Then, we analyze the propagation of the THz pulses propagating along these waveguides over a broad spectral range.

We show that the THz pulses passing through bare and graphene-coupled waveguides pos-sess long additional oscillations after the main peak compared to reference THz pulses.

In the frequency domain, we show a broad absorption above 2.1 THz and the two deeps at 2.1 THz and 5.6 THz. We demonstrate that modulating the chemical potential of the graphene directly modulates the amplitude of the two deeps at 2.1 THz and 5.6 THz.

Based on the calculation, we attribute these experimental observations to the interference of a part of the incident THz electric field propagating in the air (not coupled to the waveguide) and the THz electric field coupled to the waveguide. This interference effect can be modulated by the graphene layer via the modulation of its chemical potential.

The interference effect is more pronounced at the cut-off frequencies, 2.1 THz and 5.6

THz, because at these frequencies specifically, the mode extension above the waveguides is large, resulting in a better overlap with the part of the electric field not coupled to the waveguides. In conclusion, these hybrid waveguide base devices act similarly to a Mach-Zehnder interferometer with one arm being the THz signal above the waveguide and the other arm being the THz signal propagating through the waveguide. The demonstration of such functionality is novel and opens very promising perspectives for THz interferometry and THz modulation. Moreover, our approach relies on well-mastered technological techniques for fabrication, it does not require incorporating the graphene into the core of a dielectric waveguide and is compatible with CMOS and THz quantum cascade lasers technologies. As a perspective, we plan to use the Si lens to improve the coupling of the incident THz pulses with the hybrid waveguides. We will also extend the study to other 2D materials to be coupled to these hybrid waveguides.

Chapter 6

General conclusion and perspectives

THz radiation is extremely attractive for fundamental investigations of matter and emerging applications including, for example, security screening, medical imaging, and spectroscopy. However, the THz spectral range remains one of the least exploited spectral regions, mainly due to the lack of compact powerful THz sources/amplifiers and passive devices. In this thesis work, we have investigated the potential of graphene as an active material for future developments of THz sources and amplifiers that involves radiative interband transitions. We have also studied the potential of graphene for the development of THz modulators. This works contains two main projects.

In the first project, we focus on the carrier lifetime in neutral graphene/hBN van der Waals heterostructures under mid-infrared illumination. In chapter 2, we present a phototransistor made of an hBN/graphene heterostructure of dimension L × W = 20 µm × 10.4 µm, with residual density n 0 of ∼ 4 × 10 14 cm -2 (∼ 20 meV) and an electron and hole mobility of 3.2 m 2 /(V • s). We have shown that at low temperature and at CNP, the current flowing through these devices is dominated by ZKT. Thus at finite bias, there are non-equilibrium electron-hole pairs in the graphene channel of the phototransistor; the dc bias acts as an electrical pumping of the graphene/hBN heterostructures.

Then we use photocurrent as an interesting probe to investigate the recombination process of non-equilibrium carriers created by optical pumping. Using mid-infrared photoconductivity measurements, we have investigated recombination processes of carriers photoexcited at low density and energy in the graphene/hBN phototransistors. We have shown remarkable long carrier lifetime ∼ 30 ps, in quasi-intrinsic graphene, ultimately limited by interband Auger processes. By igniting the hyperbolic phonon polaritons in hBN via an electrical or optical pump, we demonstrate that the carrier lifetime is switched from ∼ 30ps down to few picoseconds. Furthermore, we have investigated the interplay 105 between optical and electrical pumping and demonstrated the opto-electrical pumping of HPhPs in the hBN layer at high Joule power and high optical power.

As a perspective of this first project, we will investigate recombination processes for non-equilibrium carriers at low density and energy in bilayer graphene. Our motivation is that the electronic dispersion relation in bilayer graphene is no more linear leading to different (larger) Auger recombination efficiency. This should affect the recombination time of the non-equilibrium carriers. We will also probe the spontaneous photon emission in the THz spectral range from these graphene/hBN heterostructures excited by mid-infrared laser light. Indeed with carrier lifetimes as long as 30 ps, we expect the spontaneous emission to be detectable by a Fourier transform spectrometer coupled to a bolometer. Furthermore, we will probe other heterostructures and materials such graphene-WSe 2 heterostructures, topological insulators and black phosphorus to provide unique basic physic knowledge on the carrier recombination processes in these materials. Besides, these works on the pumping of HPhPs in the hBN layer could promote graphene/hBN heterostructures as a platform for phonon polariton optics and nanoscale thermal management.

The second project reports an original device based on hybrid metal-dielectric waveguides coupled to a graphene monolayer. In chapter 5, we numerically investigate the fundamental quasi-TE and quasi-TM modes propagating along these hybrid metal-dielectric waveguides and show that owing to the metallic layer, the strength of in-plane electric field components of the propagating modes is maximized at the top of the dielectric strip on which the 2D material is deposited. Our study predicts 100% modulation of the THz light by tuning the chemical potential of the graphene layer coupled to a 1 mm-long hybrid metal-dielectric waveguides, which is very attractive for the development of THz modulators. We also show the potential of coupling undoped graphene multilayers to these hybrid metal-dielectric waveguides for achieving lasing at THz frequencies.

In chapter 5, we experimentally analyze bare hybrid metal-GaAs waveguides and their coupling to a graphene monolayer using THz TDS spectroscopy. We show that the THz pulses passing through bare and graphene-coupled waveguides possess long additional oscillations after the main peak compared to reference THz pulses. In the frequency domain, we show a broad absorption above 2.1 THz and the two deeps at 2.1 THz and 5.6

THz. We demonstrate that modulating the chemical potential of the graphene directly modulates the amplitude of the two deeps at 2.1 THz and 5.6 THz. Based on the calculation, we attribute these experimental observations to the interference of a part of the incident THz electric field propagating in the air (not coupled to the waveguide) and the In photocurrent measurement, the unstability of laser power needs to be less than 0.5% in 500 s, here is a 500 s stability test for two detectors at a fixed laser power.

• Graphene transfer and removal The transfer of the single layer graphene [START_REF] Ferrari | Science and technology roadmap for graphene, related two-dimensional crystals, and hybrid systems[END_REF] is via standard wet transfer method [START_REF] Li | Transfer of large-area graphene films for highperformance transparent conductive electrodes[END_REF]. First, the whole area of sample is covered with the graphene, the ridges with better coverage of the graphene are kept and masked.

The graphene above other ridges then are chemically removed via O 2 plasma etching to be the bare waveguides. 

B.1 The strategy uesd in mapping Raman spectroscopy

We use two different strategies for investigating the coverage of graphene sheet and the eastimation of leaked graphene shown in Table B.1.
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 1 Fig. 1.3 A: Diagram showing the rotational levels of the NH 3 molecule for the ground and excited vibrational states[29]. B: Plots showing the tuning range and power of a QCL-pumped molecular laser[29].

  Fig. 1.4 Coherent THz emission by dynamical photon drag effect in graphene excited by fs optical pulses at room temperature [41].

Fig. 1 . 5

 15 Fig. 1.5 Left: A schematic diagram of the master-oscillator power-amplifier structure from[45] (up); the maximum power as a function of the amplifier current density delivering by the the master-oscillator power-amplifier structure (bottom). Right: A schematic drawing of the amplifier based device from [46] (up). The corresponding gain and output power of the device as a function of the input intensity (bottom).

Fig. 1 . 6

 16 Fig. 1.6 Left: Artistic view of graphene from https: // www. shutterstock. com/ fr/ search/ graphene . Right: The band structure of graphene in Brillouin zone.

Fig. 1 . 7

 17 Fig. 1.7 Geometry of graphene in real and reciprocal space. Left: Hexagonal honeycomb lattice in real space, the vectors a1 and a2 and the atoms A and B define the Bravais network. Right: Corresponding Brillouin zone where Γ is the centre of the first Brillouin zone and K and K its Dirac points[84].

  scheme for THz laser based on resonant photon-assisted transitions in multiple graphene layer structure embedded in a surface plasmonic waveguide for emission ranging from 5

Fig. 2. 1

 1 Fig. 2.1The relaxation and recombination process in graphene. From left to right: after photoexcitation, the redistribution and relaxation of electrons and holes within their respective bands via intraband process; recombination of electrons and holes via interband Auger processes and via interband optical phonon emission.

  Fig. 2.2 A schematic view, which illustrates our experimental condition : the incident photon energy lies between the Fermi-level fluctuations in graphene/hBN heterostructures and the optical phonons of graphene and hBN .

Fig. 2 .

 2 Fig. 2.3 a) An optical microscopic image of the hBN-encapsulated graphene device with a semi-transparent Ni bottom gate electrode. b) Raman characterization of the hBN/graphene heterostructure during the fabrication process, the area with light color indicates the coverage of graphene.

  Fig. 2.4 A schematic side view of the graphene/hBN phototransistor device, this device is composed of a hBN/graphene/hBN heterostructure, a semi-transparent Ni bottom gate and SiO 2 /Si substrate.

Fig. 2 .

 2 Fig. 2.6 a): (Color lines) Bands of L and R contacts in a semiconductor and in graphene. The arrows represent the possible occurrence of Zener-Klein tunneling from [120]. b): Schematic of the Zener-Klein Tunneling process in a biased graphene channel from source to drain.

  Figure2.9), we extract a contact resistance of R c = 650 Ω, a residual density n 0 of ∼ 4 × 10 14 cm -2 and an electron and hole mobility of 3.2 m 2 /(V • s). The effect of

Fig. 2 .

 2 Fig. 2.7 a) The resistance of the graphene/hBN phototransistors as a function of V GAT E at low bias (V DS = 10 mV) and at low temperature (T = 4 K).

Fig. 2. 9

 9 Fig.2.9 Low-bias resistance measured at 4 K and V DS = 10 mV (black curve) and the fit using Equation(2.1) (red curve); a carrier mobility of 3.2 m 2 /(V • s), a residual carrier density of n 0 = 4 × 10 10 cm -2 ascribed to residual charge puddles, and a contact resistance R c = 650 Ω are extracted from the fit.

Fig. 2. 10

 10 Fig. 2.10 Evolution of the CNP in the graphene layer for V DS ranging from -0.3 to 0.3 V due to the drain doping effect. The dashed line represents the linear evolution of V CN P = Const. + 0.56 V DS

Fig. 2. 11

 11 Fig. 2.11 Dark current-bias characteristic (black square symbols) measured at 4 K and at the CNP (drain-doping effect is corrected). Calculated ZKT current with α = 1.3 in red line.

Fig. 2. 12

 12 Fig.2.12 The dark current as the function of V * DS measured at different temperature ranging from T = 5 K to T = 250 K.

Fig. 3. 1

 1 Fig. 3.1 Schematic of phototransport experimental setup. The optical part includes the power and polarization light control, the beam collimation and expansion and the light focusing and detection; The electrical part contains connections and types of equipment for recording both the dark current and the photocurrent.

Fig. 3. 2

 2 Fig. 3.2 Photocurrent line scan profiles of the graphene/hBN heterostructure along the graphene channel for V * DS = 0 V (blue line) and V * DS = 0.15 V (black line) under continuous light excitation at 10.6 µm wavelength measured at 4 K and at the CNP. The laser spot diameter is focused on the device with a waist of 21.2 µm quasi-matching sample length. The gray shadow area represents the graphene-based sample.

Figure 3 .

 3 Figure3.2 shows the spatial distribution of the photocurrent along the channel length at the CNP for V * DS =0 V (blue curve) and V * DS = 0.15 V (black curve). Note that, as discussed in chapter 2, due to the contact resistances, the potential drop along the graphene

Fig. 3. 3

 3 Fig. 3.3 Normalized photocurrent line scan profile of the graphene/hBN heterostructure along the graphene channel for V * DS =0.15 V (black line) measured at 4 K and CNP. The red curve is the normalized convolution of an uniform photoresponse along the graphene channel given by the convolution of a rectangular function with the gaussian profile of the laser beam P inc .

Fig. 3. 4

 4 Fig. 3.4 Photocurrent as a function of gate voltage for an illumination at the center of the channel and V * DS = 0.1 V. It shows a narrow peak with a half-width at half maximum of ∼ 33 meV. The gray shadow area represents gate range of interest in this work.

Fig. 3. 5

 5 Fig. 3.5 Linear photocurrent-bias characteristics measured at low bias for low incident power ranging from 0.1 to 1 mW. The measurements are performed at the CNP for a temperature of 4 K. The polarization of the incident light is linear, parallel to the dc electric field.

Fig. 3. 7

 7 Fig. 3.7 Calculated electric field distribution along the stack of the hBN/graphene heterostructure using a transfer-matrix method developed by S. Messelot. The dashed line represents the graphene layer.

Fig. 3. 8

 8 Fig.3.8 Carrier lifetime as a function of the incident power in this low-bias regime extracted from photocurrent measurements and electrical characterization and assuming negligible carrier multiplication effect (M = 1). Considering the layered geometry of our device and the size of the sample, the absorbed power P abs = 6.8686 × 10 -4 × P inc .

Figure 3 .

 3 Figure 3.9a. They involve two distinct processes of electron-hole recombination. One occurs from conduction band: an electron with initial momentum k 1 in conduction band scatters off another electron in conduction band with initial momentum k 2 , the electron(k 1 ) experiences an intraband transition, its momentum results in k 1 + Q according to the conservation of momentum, and another electron(k 2 ) transits from conduction band to the valence band and its momentum results in k 2 -Q. The other process via pair of holes occurs from valence band in a mirrored way (see the CVVV process in Figure 3.9a ).

Fig. 3. 9

 9 Fig. 3.9 Sketch of electron-hole recombination in graphene from Coulomb scattering (Auger recombination). The two processes shown are symmetric to each other. b) Sketch of the dominating relaxation and recombination processes under low pumping and low bias in graphene/hBN phototransitors.

Fig. 3. 11

 11 Fig. 3.11 Responsivity and internal quantum efficiency (IQE) of the graphene/hBN phototransistor as a function of V * DS .
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 1 Non-linear regime in V *

Fig. 3 .Fig. 3 .

 33 Fig.3.[START_REF] Saeedkia | Handbook of Terahertz Technology for Imaging[END_REF] Graphene/hBN heterostructure phototransistor in the non-linear regime, the photocurrent as a function of bias beyond the linear regime.

  [START_REF] Principi | Super-Planckian Electron Cooling in a van der Waals Stack[END_REF],Principi et al. microscopically investigate how hot carriers in graphene can transfer their energy to the phonon polaritons in hBN in hBN/graphene/hBN heterostructures. They show that, in a van der Waals stack, where the distance of separation δ between hot carriers in graphene and HPP in hBN is lower than the thermal wavelength d T (δ ≪ d T = c/(k B ) = 4 × 10 -4 m (T = 5 K)), the radiative heat transfer is no longer controlled by Stefen-Boltzmann law and it can exceed the blackbody limit.

Fig. 3 . 1 τ

 31 Fig. 3.15 A schematic view of the physical system from [148]: hot carriers in graphene (red spherical balls) efficiently radiate energy into phononpolariton modes in nearby hyperbolic crystal slabs (semi-transparent green parallelepipeds).

Fig. 3 .

 3 Fig. 3.16 V * DS /I P C as a function of bias in logarithmic scale for P inc ranging from 0.1 to 10 mW; V * DS /I P C is directly proportional to the total recombination rate Γ(V * DS ), itself the weighted sum of the Auger rate Γ 1 and HPhP rate Γ 2 .

3. 3

 3 photoexcited electron-hole pairs to efficiently recombine in the hyperbolic optical phonon modes of the hBN layer. Consequently, we attribute the photocurrent saturation observed at high incident optical power to the enhancement of photoexcited carrier rates that efficiently recombine into HPhPs.

Fig. 3. 17 Fig. 3 . 18

 17318 Fig.3.17 Photocurrent as a function of incident power beyond the linear regime. The measurements are performed at CNP for a temperature of 4 K. The plain lines in b represent standard saturation laws defined by I P C = aP inc /(1 + P inc /P sat ), with a saturation power P sat ∼15 mW (P abs ∼ 10 µW) constant for all graphene bias.

Fig. 3 .

 3 Fig. 3.19 Left: Photoexcited carrier density ∆n photo couple to the HPhP in the hBN layer and the power drained away by HPhP emission as a function of bias for P inc = 1 mW extracted from ∆I P C . Right: Photocarrier density, n photo , as a function of the incident power (blue circles and left vertical axis) and ∆n photo (black squares and right vertical axis) the difference between the photocarrier density expected for photoconductive regime at large incident power (dashed blue line) and n photo .

Fig. 3 .

 3 Fig.3.20 Electrical and optical pumping of graphene/hBN phototransistor. Carrier lifetimes as a function of V * DS a) and P inc b) for P inc = 0.5 mW and V * DS = 0.1 V, respectively, showing that both dc electric field and incident optical power act as distinct control knobs to switch on the non-linear response of the graphene/hBN phototransistor. Red lines in a, b are theoretical fits of τ = Γ -1 withΓ = Γ 1 + Γ 2 (V * DS -V 0 ) 2 and Γ = Γ 1 + Γ 2 (P inc -P 0 ), respectively.

Figure 3 .Fig. 3. 21

 321 Figure 3.21 summarizes the interplay between optical and electrical pumping. It shows a color plot of the full scope of these two methods of pumping the hBN/graphene heterostructures. The ratio I P C /(V * DS P o ) = Aµτ with A = W qα 0 /(L ωS laser ) is represented as a function of the electrical Joule power P elec = I dark V * DS and the absorbed optical power P abs . The linear regime appears as a red plateau; the non-linear regimes of Figure 3.20a,b are represented by dashed lines. The symmetrical effects of electrical and optical powers are remarkably reflected in the color plot, including the first diagonal where both powers are comparably involved. This means that the photoresponse at charge neutrality merely measures the total number of excited carriers irrespective of their pumping pathway, presumably due to ultrafast intraband carrier-carrier scattering shuffling carrier energy. The non-linear regime at high Joule power and high absorbed optical power uniquely provides a true opto-electrical excitation of HPhPs. Combining mid-infrared illumination and large

  have integrated graphene layers into two-dimensional metallic metamaterials with gate control. They demonstrated an amplitude modulation efficiency of 47% and a modulation speed exceeding 100 kHz at room temperature. B. Sensale-Rodriguez et al. have developed an electro-absorption modulator by integrating graphene within a reflector structure and demonstrated modulation at 4 THz with a modulation depth of 64% and low insertion loss ∼ 2 dB[152]. Y.Yao et al. have developed a modulating device composed of optical antennas on graphene incorporated into a subwavelength-thick optical cavity, achieving 100 % of modulation depth with speed 20 GHz over a broad wavelength range (5-7 µm) [153]. Liang et al. have integrated a graphene modulator within a surface-emitting THz QCL operating at 3.2 THz. They demonstrated a 100% modulation depth with a modulation speed greater than 100 MHz. The bandwidth of the modulator was mainly limited to the linewidth of the cavity resonance[154]. Additionally, the insertion of a graphene layer into a THz cavity has been theoretically studied for THz amplification and lasing. V. Ryzhii et al. have proposed a structure based on a stack of graphene layers on
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Fig. 4 . 1

 41 Fig. 4.1 Few examples of previous reports on graphene coupled to dielectric waveguides. The graphene layer is buried within the dielectric core of the THz waveguides.

Fig. 4 . 2 Fig. 4 .

 424 Fig. 4.2 Sketch of the 2D material coupled to the waveguide structure.

Fig. 4 . 4

 44 Fig. 4.4 Sketch of the boundary conditions we applied for the 2D simulation.

Figure 4 . 5 showsFig. 4 . 5

 4545 Fig.4.5 Calculated real part of the total conductivity and the light absorbed by a single layer graphene illuminated by a light of frequency 1 THz incoming at normal incidence as a function of the chemical potential. σ 0 = πG 0 /4 and G 0 = 2e 2 /h is the quantum of conductance[START_REF] Mak | Measurement of the opptical conductivity of graphene[END_REF].

  consider a semiconductor strip made of high-resistivity silicon with a width w = 300µm and a height h = 30 µm. The thickness of the gold layer is set to 900 nm. From computation, we observe a multitude of modes with two first fundamental modes. A fundamental mode with a weak electric field component along the propagation direction compared to the transverse electric field components, |E z | < |E x |, which is considered as a quasi-TE mode. Another fundamental mode with a weak magnetic field component along the propagation direction compared to the transverse magnetic field component, |H z | < |H x |, which is considered as a the quasi-TM.
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 44647 Fig. 4.6 Calculated electric field components in the x-and z-directions of the fundamental quasi-TE mode (a) and in y and z directions of the fundamental quasi-TM mode (b) for a hybrid metal-silicon waveguide with a strip height of 30 µm and a strip width of 300 µm at a frequency of 1 THz.

Figure 4 .

 4 Figure 4.7 a-d report the evolution of the real and imaginary part of the effective mode index n ef f of the two fundamental modes as the function of the height and the width of

Fig. 4 . 8

 48 Fig. 4.8 Dispersion relation of the quasi-TE and quasi-TM modes from 200 µm (f = 1.5 THz) to 400 µm (f = 0.75 THz) for a metal-silicon waveguide with a strip height of 30 µm and a width of 300 µm.

Figure 4 .

 4 9a) an example of the graphene conductivity with preponderant intraband process in the THz range obtained for µ = 200 meV (T = 10 K, τ = 10 fs ) and on Figure 4.9b )an example of the graphene conductivity with preponderant interband processes in the THz range obtained for µ = 0 meV (T = 10 K, τ = 10 fs).

Fig. 4 . 9

 49 Fig. 4.9 Interplay between interband and intraband processes in the conductivity of a graphene monolayer at T = 10 K and scattering time τ = 10 f s. a) The optical conductivity dominated by intraband processes, µ = 200 meV . b) The optical conductivity dominated by interband processes, µ = 0 meV .

Fig. 4 .

 4 Fig. 4.10 Real (a) and imaginary (b) parts of the effective mode index as a function of the chemical potential of the single graphene layer coupled to a metal-Si waveguide (h = 30 µm, w = 300 µm ) at 1 THz for quasi-TE and quasi-TM modes. The corresponding attenuation in dB/mm is shown in b).

Figure 4 .

 4 Figure 4.10 shows that Re( n ef f ) remains relatively constant as µ increases whereas

Figure 4 .

 4 Figure 4.10b shows the attenuation of the quasi-TE and quasi-TM modes propagating along the hybrid waveguide coupled to a graphene layer. The attenuation is calculated using the Equation (4.3). It reaches up to 24.7 dB/mm and 15.6 dB/mm at µ=200 meV for quasi-TE and quasi-TM mode respectively. Since this attenuation is proportional to
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 474 11a reports Im( n ef f ) and the attenuation in dB/mm of the quasi-TE and quasi-TM modes as a function of the chemical potential in the graphene. We observe that attenuations of 49 dB/mm and 34.dB/mm are obtained at f = 2.5 THz for quasi-TE and quasi-TM modes respectively. For comparison, the plain and dashed black lines represent the intrinsic attenuation of the waveguide structure (without graphene on top) due to the losses in the dielectric strip and the bottom metal.

Fig. 4 .

 4 Fig. 4.11 a) Im( n ef f ) and attenuation of the modes as a function of the chemical potential of a single graphene layer coupled to a metal-GaAs waveguide at 2.5 THz. b) Calculated modulation depth for a metal-Si waveguide at f = 1 THz (h = 30 µm and w = 300 µm), a metal-GaAs waveguide at f = 2.5 THz (h = 11 µm and w = 120 µm) and a metal-GaAs waveguide at f =4 THz (h = 7.5 µm and w = 94 µm) as a function of the waveguide length L.

Fig. 4 .

 4 Fig. 4.13 Right: Interband light absorption in a single graphene sheet coupled to hybrid metal-dielectric waveguide as a function of L. Left: Calculated interband modal absorption at 4 THz as a function of the number of independent graphene sheets of an Au-GaAs hybrid waveguide (h = 7.5 µm, w = 94 µm). The dashed black and red lines represent the total losses for quasi-TE and quasi-TM modes respectively for a waveguide length of 2 mm.
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 4 13 (right) 

Fig. 4 .

 4 Fig. 4.14 The interband conductivity in a single graphene as the function of temperature for µ = 0 meV at f = 4 THz.
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 51 Fig. 5.1 Raman spectrum on one pixel of the whole waveguide top surface
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 5115 Fig. 5.2 a) The map obtained by Raman spectroscopy along the waveguide at the center. b) The Raman spectra at the same position (middle of the waveguide) with different focuses. Schematic of the focus misalignment along the y-axis during the scan since two extremities of the waveguide do not have equal altitude due to a small dip angle, a 5µm of height difference induced by this angle can result to 50% of the difference in received reflecting intensity.

Fig. 5 . 3

 53 Fig. 5.3 Illustration of a fabrication issue: an undesired flake of graphene on the edge of the waveguide that introduces leakage current
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 555 Fig. 5.4 a) and b) are the characterization of waveguide WG-400-1-2500 before bonding, a) shows the R ds as the function of V GAT E , the black and red curve are the experimental result and the corresponding fitting curve respectively; b) shows the chemical potential calculated on basis of fitting parameters in a). c) and d) are the characterization of waveguide WG-400-1-2500 after bonding, c) shows the R ds as the function of V GAT E , the black and red curve are the experimental result and the corresponding fitting curve respectively; d) shows the chemical potential caculated on basis of fitting parameters in c)

Figure 5 . 6 ,Fig. 5 .

 565 Fig. 5.7 a) THz-TDS of 1mm-thick ZnTe crystal (black curve) and 200 µmthick GaP crystal (red curve). b) The corresponding amplitude spectra obtained by fast Fourier transform in logarithmic scale.

where ω 2

 2 = 2πf 2 = 2π/T 2 . The lock-in amplifier multiplies the modulated THz signal with a pure sine wave at the reference frequency f 2 given by the trigger signal of bias source of the photoconductive antenna. As all components of the THz input signal are multiplied by the reference locked to f 2 , the detection will single out only the first component. It yields a DC output signal proportional to the component of the signal at frequency f 2 ; as a result, the measured electro-optic signal is 4A/π.
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 58 Fig. 5.8 The schematic working principle of double modulation acquisition

Fig. 5 . 9

 59 Fig. 5.9 Left) A schematic image of scanning measurements based on THz-TDS system to place the hybrid waveguide based device at the focus of the THz beam and well centered. Right) Electro-optical line x-axis scan profile at zero delay measured at the focal point of the focused THz beam.

Fig. 5 .

 5 Fig. 5.10 THz-TDS in graphene waveguide, bare waveguide, substrate between two waveguides and free space on sample WG-1A.

Fig. 5 .

 5 Fig. 5.11 Amplitude spectra of waveguide WG-1A in graphene waveguide, bare waveguide , and gap.

Fig. 5 .

 5 Fig. 5.12 Transient temporal signal in graphene waveguide, bare waveguide, and gap of waveguide sample WG-600-2-2500.

Fig. 5 .

 5 Fig. 5.13 Spectra of sample WG-600-2-2500 transformed from 20ps time window.

Fig. 5 .

 5 Fig. 5.14 Electro-optic signals detected at f 3 of THz pulses transmitted by the graphene coupled waveguide and the bare waveguide with similar same gating condition.
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 16 corresponding to the two deeps previously observed in the spectra of Figure 5.11 and Figure 5.23. The signal is zero at the other frequencies indicating the gate voltage modulation only impacts these two deeps within the sensitivity of our THz-TDS system.
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 55 Fig. 5.15 The x-axis profile at the main peak of electro-optic signals detected at f 3 .

Fig. 5 .

 5 Fig. 5.17 a) Electro-optic signals detected at f 3 of the THz pulses transmitted by the graphene coupled waveguide under different chemical potential modulation, (V CN P ⇔5V, V CN P ⇔7V, V CN P ⇔9V) b) Corresponding amplitude spectra of electro-optic signal in Fig(a).

Fig. 5 .

 5 Fig. 5.18 a) The amplitude of double modulated signal at main peak (black line) and the resistance (red line) as function of V GAT E -V CN P of the graphene coupled waveguide 400-1-2500. b) The amplitude of double modulated signal at the main peak (black line) and the real part of the optical conductivity at 2 THz obtained from the experiment (red line) and calculation (blue line) as a function of V GAT E -V CN P .

Fig. 5 .

 5 Fig. 5.19 Left: Schematic image of the large THz beam incident onto the hybrid waveguide. Right: Cross-section of the hybrid waveguide: the main component of the quasi-TE mode, |E x |, can interfere with the part of the THz beam not coupled to the waveguide that propagates in the air above the waveguide (red area).

Chapter 5 .FrequencyFig. 5 .

 55 Fig. 5.20 Left: Normalized |E x | of quasi-TE mode at the center of waveguide as a function of y-axis calculated using Comsol simulation. Right: The distance from max |E x | to max E x /e as the function of frequency. Bottom: Two patterns of the spatial extension of |E x | for quasi-TE mode near the cut-off frequency, 2.1 THz (bottom) and at 6 THz (up).

Fig. 5 .

 5 Fig. 5.21 a) and c) are the experimental waveforms (blue lines) and calculated waveforms of the THz pulses using Equation(5.1) of sample WG-1A using parameter a = 0.39 and a = 0.27 respectively. b) and d) are the spectra corresponding to a) and c) respectively and the incident spectrum is reported in green curve as reference.

Figure 5 . 23 .

 523 Further developments are ongoing to include the interference of the incident THz beam with the quasi-T E 1 mode to reproduce by calculation the observed deep at 5.6 THz.

Fig. 5 .

 5 Fig. 5.22 a) and c) are the experimental waveforms (blue lines) and calculated waveforms of the THz pulses using Equation(5.1) of sample WG-600-2-2500 with parameter a = 0.61 and a = 0.5 respectively. b) and d) are the spectra corresponding to a) and c) respectively and the incident spectrum is reported in green curve as reference.

Fig. 5 .

 5 Fig. 5.23 Left: Surface map of the spatial distribution of E x calculated using Compsol software for the quasi-TE 1 mode at 6 THz. Right: 1D plot of E x of quasi-TE 1 mode at 6THz as the function of y axis, the maximum of the electric field locates at the graphene position.

Fig. A. 2

 2 Fig. A.2In photocurrent measurement, the unstability of laser power needs to be less than 0.5% in 500 s, here is a 500 s stability test for two detectors at a fixed laser power.

Fig. B. 4 A

 4 Fig. B.4 A schematic workflow of waveguide definition including geometrical definition and the graphene layer transfer and removal.

  

  

  

  

  

  

  

  

Table 1 .

 1 1presents some of the main THz sources available today.

	Classification	Source type
	Vacuum electronic	Gyrotrons
		Klystron
		Synchrontrons
		Travelling wave tubes
	Solid-state electronic	Transistors
		Superconductors
		Electronic sources based on frequency multiplication
	Lasers	Quantum cascade lasers
		Free electron lasers
		Gas lasers
		p-Germanium lasers
	Laser-pumped sources(continuous) Photomixers
	Laser-pumped sources(pulsed)	Photoconductive switches
		Nonlinearity in graphene
		Magnetic dipoles and magnetic heterostructures
		Dipoles in liquids
		Optical rectification in bulk material and based on surface effect

Table 1 .

 1 

1: Examples of current THz sources

Table 1

 1 

	.2: Examples of current THz amplifiers
	THz amplifiers are roughly categorized in three distinct technology: solid-state am-
	plifiers composed of semiconductor integrated circuits, vacuum electronic devices and
	quantum cascade structures.

  85 THz have been demonstrated with 100 mW output power owing the high linearity, with a 21.5 dB gain, 15 GHz of operational bandwidth and a device efficiency of 0.44 %[44]. Some designs based on quantum cascade vertical structures have been theoretically investigated for THz amplification. Experimentally, in 2007, Mauro et al. have demon-

strated the amplification of THz radiation in a quantum cascade structure at 2.3 THz with an enhanced magnitude of 1.5 × [45]. In 2014, Ren et al. have reported the realization of THz amplification by depositing an anti-reflective coating on the QCL facet so

  The zero bandgap and the linearity of the band structure are among the most distinctive features of graphene.More generally, graphene has several properties particularly attractive for THz technology. For instance, THz photons can instigate interband transitions at THz frequencies owing to its zero bandgap, which opens the way for the realization of THz lasers/amplifiers.

	Chapter 1.

S. Massabeau et al. have recently demonstrated interband transitions in multilayer graphene at THz frequencies
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Chapter 3. the possibility to switch on at finite dc bias or mid-infrared optical power the very efficient electron-hyperbolic phonon recombination channel. This allows the carrier lifetime control, which falls below a few picoseconds upon ignition of HPhP relaxation. Investigating recombination processes for non-equilibrium carriers at low density and energy in alternative materials such as bilayer graphene and topological insulators could provide unique basic physic knowledge. Furthermore, we have investigated the interplay between optical and electrical pumping and demonstrated the opto-electrical pumping of HPhPs in the hBN layer at high Joule power and high optical power. These works could promote graphene/hBN heterostructures as a platform for phonon polariton optics and nanoscale thermal management.

Chapter 4

Graphene based metal-dielectric waveguide 4.1 Introduction

To improve the maturity of THz technology and expand the field of THz applications, the development of new passive devices with advanced performances are needed. For instance, to increase the point-to-point distances of wireless telecommunication near 300 GHz [START_REF] Koenig | Wireless sub-THz communication system with high data rate[END_REF][START_REF] Jia | 120 Gb/s multi-channel THz wireless transmission and THz receiver performance analysis[END_REF], the power budget must be increased for an error-corrected transmission.

Thus, using efficient compact THz amplifiers, considerably point-to-point distances > 100 m will be possible. Modulators are also key components to support the capabilities of THz technology. Indeed, optical modulators are widely used for beam manipulation, high-speed imaging, and active mode-locking. For THz wireless communications, optical modulators would be used to encode information on the THz carrier frequency. Despite these needs, the development of fast and efficient amplifiers and modulators operating at THz frequencies are in their early stages. Several material systems have been considered as the active material for realizing THz amplifiers. Among them, graphene is very promising since owing to its zero bandgap, THz photons can induce interband transitions in this 2D material, which have no equivalent in usual semiconductor materials.

Interband processes at THz frequencies could provide optical gain in population-inverted graphene. This perspective is supported by the demonstration of population inversion in graphene close to the Dirac point under intense optical excitation [START_REF] Ryzhii | Negative dynamic conductivity of graphene with optical pumping[END_REF][START_REF] Winzer | Microscopic mechanism for transient population inversion and optical gain in graphene[END_REF][START_REF] Gierz | Population inversion in monolayer and bilayer graphene[END_REF].

For THz optical modulator, graphene is also very appealing since its intraband absorption at THz frequencies is electrically tunable through a simple gate electrode and electron mobility is high in graphene at room temperature. As a result, large modula-57 Chapter 4.

layer is connected to a bottom gate voltage. In between the graphene and the dielectric layer, there is a 40 nm thick insulator layer of HfO that acts as the gate isolating layer.

The bottom metallic layer is made by 500 nm-thick Au, which has a high refractive index in the THz range. This metallic layer plays a key role by pushing up the components of the electric field parallel to the graphene layer to the top of the dielectric strip. As a result, the electric field is maximized at the top of the dielectric strip where is located the graphene layer (or any other 2D materials). This feature is distinctive from conventional dielectric waveguides, as shown in Figure 4.2b. Figure 4.2c shows the facet of the waveguide and the large cross-section of a free-space THz incident beam. An important advantage of our approach is that its fabrication relies on well mastered technological processes.

Mode analysis of waveguides based on FEM method

We start our study by the numerical characterization of the fundamental modes propagating along these hybrid waveguides. First, we consider the hybrid waveguides without any graphene layer on top and then analyse their interaction with a graphene layer on top.

Full vector mode analysis in 2D

In our work, we use a 2D model based on the finite element method (FEM) carried by COMSOL Multiphysics (Electromagnetics module: Electromagnetic Waves, Frequency Domain and Electromagnetic Waves). The FEM is a powerful tool in the mode analysis of waveguides as it is usually formulated on a variational expression by using the Galerkin procedure, which results in so-called 'weak formulation'. For waveguide analysis, the weak formulations include (but not limited to) the full-H, full-E [START_REF] Chiang | Review of numerical and approximate methods for the modal analysis of general optical dielectric waveguides[END_REF]. To perform with high efficiency the full vector mode analysis, we assume that the waveguide is infinitely long along the z-direction. We draw the waveguide cross-sections and set an out-of-plane propagation. In other words, we assume that the geometry is mathematically extended to infinity in both directions along the z-axis and that the electromagnetic fields propagate along the z-direction (their wave vectors are out-of-plane). Additionally, we assume that all the dielectric materials are homogeneous and isotropic. We use the time-harmonic representation of COMSOL Multiphysics with out-of-plane direction and solve for the propagation constants. The spatial variation of the fields along the z-direction can be isolated in the general solutions giving the following expressions for the electric and the magnetic fields : with r and n corresponds to the electro-optic coefficient and the unperturbed refractive index respectively. This refractive-index difference induces phase retardation that is proportional to the amplitude of the THz electric field. Then, by delaying the timing of the optical probe pulse to the optical pulse that drives the THz photoconductive emitter, the temporal waveform of the THz pulse incident on the electro-optic crystal is recorded with fs resolution. For the characterization of the hybrid dielectric-metal waveguides, we place them at the focus plane of the THz beam, i.e. in between the pair of the metallic parabolic mirrors, P2 and P3; the coordinate of the sample is set as shown in Figure 5.9, z as the propagation orientation, x and y are in the axis of the cross-section of the hybrid waveguides. Note that in the THz-TDS system, the THz beam is a transverse electromagnetic wave, linearly polarized, with the electric field parallel to the x-axis. Thus, the incident THz electric field is parallel to the width of the ridge for bare waveguides and to the graphene layer for graphene coupled waveguides.

Both the amplitude and the phase of the THz radiation are obtained by a Fourier transform of the recorder temporal waveform. For the detection of the temporal THz THz electric field coupled to the waveguide. This interference effect can be modulated by the graphene layer via the modulation of its chemical potential. We conclude that these hybrid waveguide based devices act similarly to a Mach-Zehnder interferometer with one arm being the THz signal above the waveguide and the other arm being the THz signal propagating through the waveguide. The demonstration of such functionality is novel and opens very promising perspectives for THz interferometry and THz modulation.

As a perspective, we will use a Si lens to improve the coupling of the incident THz pulses with the hybrid waveguides. We expect that the optimization of the coupling will reduce the interference effect and promote large modulation efficiency of the incident THz waves over the full spectral bandwidth of the hybrid waveguides. Such measurements will allow us to optimize the design of the waveguides for achieving performances comparable to the state of the art. We will also extend this architecture to other 2D materials and investigate the properties of the propagating modes. • WG definition and gate dielectric deposition With the layout defined by photomask design, the geometry of waveguide is realized by optical lithography [START_REF] Williams | Terahertz quantum-cascade laser at λ ˜100 µm using metal waveguide for mode confinement[END_REF][START_REF] Unterrainer | Quantum cascade lasers with double metalsemiconductor waveguide resonators[END_REF]. These ridges on the wafer are perpendicular to the major crystal axis. Then we use active material etching to remove those unnecessary parts [START_REF] Ito | Selective Etching of Gallium Arsenide Crystals in H 2 SO 4 -H 2 O 2 -H 2 O System[END_REF]. After that, a 60 nm-thick 

Appendix A Appendix

Graphene Coverage

Wavelength

nm

Power ratio(Full Power@70mW) 1%

Exposure time 1 s

Step(X × Y ) 10 µm × 2 µm Objective 20 ×

Leakage Estimation

Wavelength

nm

Power ratio(Full Power@70mW) 5%

Exposure time 2 s

Step(X × Y ) 2 µm × 2 µm 
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