"If I have seen further than others, it is by standing upon the shoulders of Giants."

Isaac Newton

Prologue

In the terahertz (THz) frequency range, the need to develop THz devices to obtain a versatile control of the THz waves at high-speed modulation remains a great challenge.

Electro-optical materials are urgently needed by today's society and for the easy development of the potential THz technology.
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Terahertz technology

Over the last two decades, the versatile control of terahertz (THz) electromagnetic radiation has been something extremely difficult to obtain. However, the apparition of new needs in our society has increased the motivations in developing the potential of THz technology [START_REF] Ss Dhillon | The 2017 terahertz science and technology roadmap[END_REF]. The THz frequency is a part of the electromagnetic spectrum from 0.3THz (1000𝜇𝑚) to 10THz (30𝜇𝑚) (see figure1.1-A). In this part of the spectrum, a lot of efforts have been made to realize photonic components able to control THz radiations, which are crucial for several application domains, such as security [START_REF] John F Federici | Thz imaging and sensing for security applications-explosives, weapons and drugs[END_REF], medical imaging [START_REF] Ki Zaitsev | Terahertz spectroscopy of pigmentary skin nevi in vivo[END_REF] and wireless networks [START_REF] Koenig | Wireless sub-thz communication system with high data rate[END_REF].

In today's society, the number of acts of terrorism or smugglers has grown exponentially in different regions of the world. In response to these events, the development of preventive alerts detection systems for security applications becomes a crucial need. In this context, the THz radiation is already used at airports for security scanning, since the THz waves can be used to observe many compounds and materials, especially molecular crystals that have vibrational absorption bands at these frequencies [START_REF] John F Federici | Thz imaging and sensing for security applications-explosives, weapons and drugs[END_REF]. In this form, the THz radiation can detect concealed weapons, target compounds such as explosives [START_REF] Yc Shen | Detection and identification of explosives using terahertz pulsed spectroscopic imaging[END_REF], drugs [START_REF] Danielle M Charron | Chemical mapping of pharmaceutical cocrystals using terahertz spectroscopic imaging[END_REF] and even concealed in envelopes [START_REF] Kawase | Nondestructive terahertz imaging of illicit drugs using spectral fingerprints[END_REF], that have a characteristic response at THz frequencies, which can act as spectroscopic fingerprints for material identifications [START_REF] Zhong | Identification and classification of chemicals using terahertz reflective spectroscopic focal-plane imaging system[END_REF] and in imaging quality control for nondestructive evaluation of packaged power electronic devices [START_REF] Nathan M Burford | Terahertz imaging for nondestructive evaluation of packaged power electronic devices[END_REF].

All previous development of the THz detection systems have been motivated because THz radiations apparently poses no health risk to humans, where long THz exposure hasn't reported any chromosomal damage [START_REF] Mr Scarfi | Thz exposure of whole blood for Bibliography the study of biological effects on human lymphocytes[END_REF][START_REF] Richard | Effects of thz exposure on human primary keratinocyte differentiation and viability[END_REF]. In this scenario, the THz radiation is useful for medical purposes. The THz imaging is already used for medical applications [START_REF] Pickwell | Biomedical applications of terahertz technology[END_REF][START_REF] Taylor | Thz and mm-wave sensing of corneal tissue water content: In vivo sensing and imaging results[END_REF] to image and identificate cancer diagnosis [START_REF] Yu | The potential of terahertz imaging for cancer diagnosis: A review of investigations to date[END_REF] and also in agricultural scanning inspection [START_REF] Koch | Thz-imaging: a new method for density mapping of wood[END_REF][START_REF] Hadjiloucas | Measurements of leaf water content using terahertz radiation[END_REF].

Besides of the brilliant development in security scanning and medicine imaging, THz technology opens a new frontier for wireless communication systems, since THz band has larger bandwidth that current technology (10 to 100 times larger) [START_REF] Ian F Akyildiz | Terahertz band: Next frontier for wireless communications[END_REF]. The benefits that the THz band brings in the high demands in data transfer rates [START_REF] Cherry | Edholm's law of bandwidth[END_REF] (predicted up to 1 terabit-per-second (Tbps) for 2020 [START_REF] Kürner | Towards thz communications-status in research, standardization and regulation[END_REF]) and accompanied of a higher directionality focusing than radio waves allows to overcome the main limitations of the current telecommunications technology [START_REF] Nagatsuma | Advances in terahertz communications accelerated by photonics[END_REF]. Nevertheless, this THz band has to face several challenges such as weather environment conditions that need to be considered before implementation [START_REF] Mark | Imaging through the atmosphere at terahertz frequencies[END_REF][START_REF] Josep | Channel modeling and capacity analysis for electromagnetic wireless nanonetworks in the terahertz band[END_REF]. In addition, based on the telecommunication domain, the THz radiation has also been implemented for space research in Tbps communication between satellite links [START_REF] Suen | Terabit-per-second satellite links: A path toward ubiquitous terahertz communication[END_REF] since THz radiation in the space do not suffer the atmosphere attenuation [START_REF] Shian U Hwu | Terahertz (thz) wireless systems for space applications[END_REF]. Furthermore, astronomers located in Chile at Atacama Large Millimeter Array (ALMA) have shown interest in THz sensor technology, since that approximately one-half of the total luminosity and 98% of the photons emitted since the Big-Bang fall into the submillimeter and far-IR. In this scenario, astronomers are able to detect the electromagnetic waves passing through atmospheric windows between 30GHz (0.03THz) and 950GHz (0.95THz). The monitoring could help to prove the existence of the invisible dark universe, including newborn galaxies as far as 13 billion light years away, the birth of a new solar system, or extraterrestrial organic molecules [START_REF] Peter | Terahertz technology[END_REF][START_REF] Tonouchi | Cutting-edge terahertz technology[END_REF].

THz sources and detectors

Since the advent of efficient THz sources, different varieties of coherent THz sources have been created (see figure1.1-B) [START_REF] Tonouchi | Cutting-edge terahertz technology[END_REF] such as solid-state electronic devices which are limited to low frequencies generation, quantum cascade laser (THz-QCL) and optical THz generation. The optical THz generation are divided into two categories: THz generation by femtosecond laser pulses generating an ultrafast photocurrent in a photoconductive emitter using electric-field carrier acceleration, and the second, THz generation by non-linear optical effects such as, electro-optic rectification (EOR) where the passage of an intense laser pulse generates a quasi-DC nonlinear polarization where electrons are being pushed by a sinusoidally-oscillating force, and difference-frequency generation (DFG) which involves injecting two lasers into a non-linear crystal to generate a wide tunable frequencies in the THz domain [START_REF] Tonouchi | Cutting-edge terahertz technology[END_REF][START_REF] Daniel M Mittleman | Twenty years of terahertz imaging[END_REF][START_REF] Benjamin | Terahertz quantum-cascade lasers[END_REF][START_REF] Piero Gallerano | Overview of terahertz radiation sources[END_REF][START_REF] Jt Darrow | Subpicosecond electromagnetic pulses from large-aperture photoconducting antennas[END_REF][START_REF] Chen | Tunable terahertz wave difference frequency generation in a graphene/algaas surface plasmon waveguide[END_REF][START_REF] Czarny | Continuous wave thz generation based on a dual-frequency laser and a ltg-ingaas photomixer[END_REF]. These THz sources are crucial for several application domains, such as security, medical imaging and wireless networks as previously mentioned. Nevertheless, despite the identification of various possible applications, the spectral coverage of these sources does not meet all the different applications [START_REF] Köhler | Terahertz semiconductor-heterostructure laser[END_REF]. The limitations are related to source power, lack of compactness and prize, although researches to find more versatile THz sources continue.

In the other hand, a lot of efforts have been made to realize photonic components able to detect THz radiations efficiently [START_REF] Belacel | Optomechanical terahertz detection with single meta-atom resonator[END_REF][START_REF] Christopher G Wade | Real-time near-field terahertz imaging with atomic optical fluorescence[END_REF]. Versatile THz waves detectors have been considered as something of a "holy grail" for many years [START_REF] Daniel M Mittleman | Twenty years of terahertz imaging[END_REF]. The advent of mode-locked femtosecond lasers in the 1990s has pushed the development of THz time-domain spectroscopy (THz-TDS) [START_REF] Py Han | Free-space coherent broadband terahertz time-domain spectroscopy[END_REF]. One of the first THz detectors set-up is illustrated in figure1.2-A, where a femtosecond laser source, corresponding to a Ti:sapphire laser emits a pulsed light beam which is splitted into two probe pulses [START_REF] Tonouchi | Cutting-edge terahertz technology[END_REF].

beams (excitation and detection). The excitation pulses probe pulse reaches the THz emitter such as a photoconductive antenna, a semiconductor wafer or a nonlinear crystal, where the excitation pulses is transformed into THz electromagnetic pulses. These THz pulses radiation are propagated in free space and focused onto an ultrafast detector, such as a photoconductive switch [START_REF] Ashida | Sensitivity of photoconductive antenna for ultrabroadband terahertz radiation: feasibility of detection over 100thz[END_REF] or an electro-optic sampling crystal [START_REF] Kübler | Ultrabroadband terahertz pulses: generation and field-resolved detection[END_REF]. The THz radiation induced a transient birefringence in the sensor crystal that field-induced a modulation in the index of refraction in the sample. This modulation is detected using the second pulses probe pulse after passing through a time-delay stage and polarization-resolving optics [START_REF] Wu | Free-space electro-optic sampling of terahertz beams[END_REF].

The detector measures the electric-field amplitude of the electromagnetic waves. Some examples are presented in figure1.2-B, where the THz pulses emitted from a p-InAs [START_REF] Suzuki | Excitation wavelength dependence of terahertz emission from semiconductor surface[END_REF] or an organic DAST (𝑑𝑖𝑒𝑡ℎ𝑦𝑙𝑎𝑚𝑖𝑛𝑜𝑠𝑢𝑙𝑓 𝑢𝑟𝑡𝑒𝑡𝑟𝑎𝑓 𝑙𝑢𝑜𝑟𝑖𝑑𝑒) crystal [START_REF] Yoshimura | Growth of 4-dimethylamino-n-methyl-4-stilbazolium tosylate (dast) crystal and its application to thz wave generation[END_REF] are collimated and then focused into a low-temperature-grown GaAs (LT-GaAs) photoconductive antenna probed with a 1.56 𝜇𝑚 probe laser [START_REF] Tani | Detection of terahertz radiation with low-temperature-grown gaas-based photoconductive antenna using 1.55 𝜇m probe[END_REF]. Figure1.2-C shows their Fourier-transformed spectra on a logarithmic scale in the frequency domain. This THz-wave generation and detection system in the time domain using a femtosecond laser opened up the interest of 2D measurements and spatio-temporal coupling of few-cycle THz pulses. It has been implemented in the conventional THz detection configuration set-up with the use of an electro-optic sample. It allows to measure the electric field distribution of the THz pulses by using a charge coupled device (CDD) camera to catch the spatial distribution of the probe beam [START_REF] Jiang | 2d measurement and spatio-temporal coupling of few-cycle thz pulses[END_REF]. These two approaches demonstrate the possibility of THz detection and imaging for the first time. However, they cannot easily be implemented using a low-power femtosecond laser: an amplified laser system is necessary to obtain high pump power required to achieve a significant modulation of the birefringence of the sensor crystal in order to change the refraction index of the non-linear material. In addition, the limitations are related to the lack of compact source, prize and mainly in THz generation efficiency that is again conditioned by the femtosecond laser pulse.

All these last inconveniences were overcomed with the advent of the THz quantum cascade laser (QCL) in 2002 [START_REF] Köhler | Terahertz semiconductor-heterostructure laser[END_REF][START_REF] Rochat | Low-threshold terahertz quantum-cascade lasers[END_REF]. This THz source highly detectable even with a microbolometer focal plane array, which was compatible with real-time read-out at video rate [START_REF] Alan | Real-time terahertz imaging over a standoff distance (> 25 meters)[END_REF] open up the possibility to obtain THz videos. Nowadays, four different technology platforms have been used as the basis for pixel arrays in commercial THz cameras: III-V high-electronmobility transistors (HEMTs), silicon complementary metal-oxide-semiconductor (CMOS) circuits, microbolometers and pyroelectric devices which operate at room temperature and with video-rate read-out. Some others specifications are presented in figure1. [START_REF] Ki Zaitsev | Terahertz spectroscopy of pigmentary skin nevi in vivo[END_REF].

The major issues that refrains the different focal-plane array technologies presented in figure1.3 concern: the fairly expensive cost, the slow speed modulation rates (frame rates), the lack of compactness and the narrow operating range of THz frequencies. [START_REF] Hack | Comparison of thermal detector arrays for off-axis thz holography and real-time thz imaging[END_REF].

Figure 1.3 -A summary of the typical specifications of four types of commercially available focal plane arrays that can be used to visualize THz beams. Experimental comparisons of some of these cameras has been discussed in

Besides the different mentioned approaches to control THz waves radiations are the metasurfaces. Metasurfaces are passive components that offer in particular a versatile platform to manipulate the phase, the polarization or the intensity of electromagnetic waves [START_REF] Nathaniel K Grady | Terahertz metamaterials for linear polarization conversion and anomalous refraction[END_REF][START_REF] Fan | Freely tunable broadband polarization rotator for terahertz waves[END_REF][START_REF] Yu | Light propagation with phase discontinuities: generalized laws of reflection and refraction[END_REF][START_REF] Yu | Flat optics with designer metasurfaces[END_REF][START_REF] Yu | Optical metasurfaces and prospect of their applications including fiber optics[END_REF][START_REF] Prasad P Iyer | Reconfigurable semiconductor phased-array metasurfaces[END_REF][START_REF] Ee | Tunable metasurface and flat optical zoom lens on a stretchable substrate[END_REF]. Metasurfaces are composed of an array of metallic and/or dielectric resonators settled with a subwavelength period onto a surface and has attracted a great attention due to the unlimited ways of easy fabrication process. However, those metasurfaces operate in a given THz frequency which is the main limitation of this technology. To overcome this obstacle, active components such as hybrid component have been studied. The dynamical control of their electromagnetic properties has been explored by tuning their resonances with external stimuli, such as electrical, thermal or mechanical actuators [START_REF] Fan | Dynamic electromagnetic metamaterials[END_REF][START_REF] Cai | Optical metamaterials[END_REF]. However, these approaches offer limited spectral and modulation actuations since the spectral shift for the resonances is accompanied by a decreasing efficiency. So far, all-optical modulators that have been realized consider in particular Mie or plasmonic resonators [START_REF] Lewi | Widely tunable infrared antennas using free carrier refraction[END_REF][START_REF] Chatzakis | One-and twodimensional photo-imprinted diffraction gratings for manipulating terahertz waves[END_REF][START_REF] Maxim R Shcherbakov | Ultrafast all-optical tuning of direct-gap semiconductor metasurfaces[END_REF].

All those previous limitations lead to the research of a new versatile approach. In this context, we propose photo-generated metasurfaces. This attractive approach yields to a versatile and fully reconfigurable device operating over a wide range of frequencies [START_REF] Okada | Photo-designed terahertz devices[END_REF][START_REF] Georgiou | Photo-generated thz antennas[END_REF][START_REF] Guo | Reconfigurable terahertz metasurface pure phase holograms[END_REF]. In this approach, the permittivity of a semiconductor is locally modified by applying an optical excitation which is often a near infrared (IR) laser pump. The optical management of the permittivity is attributed to the shift of the plasma frequency in the THz range that depends on the photo-carrier density. Photo-generated patterns of controlled size, shape and spacing have for example been demonstrated with a spatially varied IR pump [START_REF] Francesco P Mezzapesa | Photo-generated metamaterials induce modulation of cw terahertz quantum cascade lasers[END_REF][START_REF] Georgiou | Active loaded plasmonic antennas at terahertz frequencies: Optical control of their capacitive-inductive coupling[END_REF]. Ideally, these photo-generated patterns can be properly designed to achieve an optimal modulation of the THz signals [START_REF] Tom P Steinbusch | Active terahertz beam steering by photo-generated graded index gratings in thin semiconductor films[END_REF].

The main advantages of photo-generated metasurfaces allow us to introduce dynamically metallic patterns in a way that we can realize the previous structures by using photo-generation process without lost in term of efficiency. However, the major issue that refrains the realization of on-chip integrated photo-generated components concerns the high pump irradiance attaining hundreds of 𝑘𝑊/𝑐𝑚 2 [START_REF] Yang | Transient gaas plasmonic metasurfaces at terahertz frequencies[END_REF][START_REF] Rizza | Terahertz optically tunable dielectric metamaterials without microfabrication[END_REF] required to achieve a significant dynamical control of THz waves over a wide range of frequencies with high-speed modulation rate up to the MHz range.

Indium Arsenide platform for the next-generation of THz detection devices

The choice of the new promising semiconductor platform is crucial for the development of THz detectors operating at very low pump power and at high-speed modulation rate. Nowadays, the major issue that refrains the realization of on-chip integrated photo-generated components concerns the high pump irradiance required to achieve a significant modulation of the THz waves. The challenge is to find a material suitable for efficient photo-generation and capable to perform a larger photo-carrier diffusion process, both at room temperature. In this context, silicon is a material widely used for on-chip photonics, however, its indirect band gap restrains an efficient photo-generation [START_REF] Wang | Focusing and imaging of a virtual all-optical tunable terahertz fresnel zone plate[END_REF][START_REF] Rizza | Reconfigurable photoinduced metamaterials in the microwave regime[END_REF]. In the research of direct band gap semiconductors, photo-generated surfaces made of gallium arsenide (GaAs) have been realized with pump irradiance attaining hundreds of 𝑘𝑊/𝑐𝑚 2 [START_REF] Rizza | Terahertz optically tunable dielectric metamaterials without microfabrication[END_REF][START_REF] Yang | Transient gaas plasmonic metasurfaces at terahertz frequencies[END_REF]. However, these high irradiances reached with pulsed lasers are incompatible with integrated components on-chip, since they are sources that deliver low intensity irradiances in the continuous wave (CW) regime.

Regarding the conventional THz detectors, they are typically made of GaAs for photoconductive switch or electro-optics crystals (𝑍𝑛𝑇 𝑒, 𝐺𝑎𝑆𝑒, 𝐷𝐴𝑆𝑇 ) [START_REF] Liu | Terahertz radiation from inas induced by carrier diffusion and drift[END_REF][START_REF] Kübler | Ultrabroadband terahertz pulses: generation and field-resolved detection[END_REF][START_REF] Miller | Micromachined antenna-coupled uncooled microbolometers for terahertz imaging arrays[END_REF][START_REF] Yasui | Detection system operating at up to 7 thz using quasioptics and schottky barrier diodes[END_REF][START_REF] Ariyoshi | Terahertz imaging with a direct detector based on superconducting tunnel junctions[END_REF][START_REF] Komiyama | A single-photon detector in the far-infrared range[END_REF]. These materials demand a high amount of energy to induce the transient birefringence modulation that would allow to detect the THz waves by changing the optical refraction index of the material. The high pump power demanded is due to the fact that they are materials with a wide energy gap and with very short carrier life-time. This two features counterproductive the photo-generation process. The high pump energy has been conventionally supplied by a pulsed laser femtosecond probe, that makes this technology inefficient since these lasers are fairly expensive, have lack of compactness and can produce a narrow THz operating range.

It has been reported that some narrow band-gap III-V semiconductors, such as Indium Arsenide (InAs) after ultra-fast photo-generation of charge carriers, can emit THz waves differently owing to their high electron mobility. InAs radiates THz waves mainly by photo-carrier transport driven by the photo-Dember field [START_REF] Liu | Terahertz radiation from inas induced by carrier diffusion and drift[END_REF]. InAs has been reported to generate THz waves with intensity one order of magnitude higher than those of wide band-gap semiconductors such as InP and GaAs. These physical particularity features of narrow-gap semiconductors with high electron mobility at room temperature lead us to explore the potential of photo-generated metasurfaces based on InAs to control fast and efficiently the THz radiation. We bring to the light the InAs material because it was declared as a material not suitable for THz detection, since its high intrinsic carrier concentration at room temperature does not allow to obtain a tuneability of the plasma frequency for frequencies above ≥ 1.5 THz [START_REF] Georgiou | Photo-generated terahertz devices[END_REF].

Before concluding, we propose the undoped InAs material as a candidate platform for the next-generation of THz detectors devices [START_REF] Alvear-Cabezón | Photogenerated metasurfaces at terahertz frequencies induced by a continuous-wave low pump[END_REF][START_REF] Smaali | Photo-generated metasurfaces for resonant and high modulation of terahertz signals[END_REF]. Since, InAs is a material that allows to have versatile tunability with low-pump irradiance at room temperature and it is compatible with CMOS technology making them promising candidates for future commercial applications. Recent works have demonstrate the use of the InAs material in different kind of applications such as [START_REF] Smaali | A universal design to realize a tunable perfect absorber from infrared to microwaves[END_REF][START_REF] Smaali | Miniaturizing optical antennas using hyperbolic metamaterial wires[END_REF][START_REF] Franziska | All-semiconductor plasmonic gratings for biosensing applications in the mid-infrared spectral range[END_REF][START_REF] Franziska | Highly doped semiconductor plasmonic nanoantenna arrays for polarization selective broadband surface-enhanced infrared absorption spectroscopy of vanillin[END_REF][START_REF] Taliercio | Plasmonic bio-sensing based on highly doped semiconductors[END_REF], demonstrating that the InAs material allow to be easy manipulated and manufactured with high quality allowing to be easily integrated into the current technology with the classical recipes of fabrication available in clean room laboratories or industries.

Thesis motivations

Metasurfaces are static geometric structures. We know how to design and manufacture them easily but it is difficult to dynamically modify their electromagnetic properties making its fixed THz response inefficient. Photo-generated metasurfaces mean that we can dynamically change their geometry in real-time. In this scenario, we can change the THz beam reflected or transmitted in real-time and at high-speed modulation rate. Nevertheless, the holographic technique linked to the classical photo-generated metasurface technology is a device called spatial light modulator (SLM). SLM allows to tune by liquid crystal or moving mirrors from an incoming IR light beam to design dynamic structures on the semiconductor material used as a screen to obtain any kind of transmitted or reflected THz beam. However, this holographic system is fairly expensive: it cost around twenty thousand euros, it is not compact and is slow because it has a time delay rate up to 10kHz (one hundred milliseconds).

In the conventional photo-generated metasurfaces approach, several issues must be bypassed in terms of high pump power, modulation rate, fairly expensive cost, lack of compactness and the operating range of THz frequencies before this approach might be implemented in the application domain. Consequently, these issues represent one of the main motivation to be investigated and bypassed in this thesis in terms of low-pump irradiance, faster modulation rate, costless, compactness and with a high versatility able to address a wide range of frequencies in order to accelerate the progress of non-destructive THz systems.

As a general motivation, bring to light a solution to reduce the high laser pump required to create fast and efficiently THz devices at room temperature would permit to make this technology compact, and to unificate this technology with the conventional electronics by its integrable and adaptable low-pump irradiance. This low-pump irradiance corresponds to a compact and costless conventional continuous wave (CW) laser, which is able to tune the semiconductor material properties from a non-metallic state to a metallic one. This material versatility will allow to print optically integrated photo-generated circuits totally reconfigurables in real time and to manufacture fastly and efficiently on-chip devices. In addition, this versatile manufacture will eventually allow to obtain structures with original shape properties that are unreachable with the standard recipes of clean room process. These original devices are environmentally favourable since they do not pollute to the environment and due to the fact that their platform or screen are reusable for optical printing of different applications. These benefits mentioned have been the research motivation of this thesis to bring solutions to all the necessities previously mentioned. This approach will contribute with a new point of view and with a new way to use the InAs for the THz detection technology.

Thesis objective

In this thesis, we figure out strategies to propose a fundamental new design of photo-generated metasurfaces that tackles the actual limitations of high pump fluences required to manufacture fastly and efficiently THz components. Photogenerated metasurfaces are photo-excited structures defined into a bulk to design a material by using photocarrier diffusion process and also on the surface to make the conventional flat components. This work reveals the crucial impact of the photocarrier diffusion to realize optimal metasurfaces for the control of THz radiations. This scientific insight allows to control efficiently and dynamically the THz waves over a wide range of frequencies with very low pump irradiances and with high-speed modulation rate up to the MHz range. This will be theoretically explained in Chapter 2 and the proof-of-principle of photo-generated metasurfaces with efficient broadband to detect THz light at different wavelengths is given in Chapter 3 to Chapter 5.

Chapter 2

Photo-generated metasurfaces at THz frequencies Active metasurfaces have draw attention due to the unlimited ways of controlling electromagnetic radiations. In this chapter, we will theoretically study the THz electromagnetic properties of photo-generated metasurfaces in an InAs slab. We will use a spatially modulated optical pump in order to modify the permittivity. Those modifications are calculated by solving the ambipolar rate equation for the photocarriers. This work reveals the crucial impact of the photo-carrier diffusion to realize optimal metasurfaces for the control of THz radiations. We will demonstrate that InAs is a promising semiconductor to manufacture THz devices. We will also demonstrate that low-pump irradiances in the continuous regime of only tens of 𝑊/𝑐𝑚 2 is sufficient to modulate the absorption of the THz waves up to 67% on a broad frequency range from 1 THz to 3 THz. In the following sections, the THz electromagnetic properties of photo-generated metasurfaces in an InAs slab are presented.

Photo-generated metasurfaces at THz frequencies

Photo-generation process at THz frequencies

In the photo-generation process at THz frequencies, the permittivity of a semiconductor is locally modified by applying an optical excitation which is often a near infrared (IR) laser pump [START_REF] Okada | Photo-designed terahertz devices[END_REF][START_REF] Georgiou | Photo-generated thz antennas[END_REF]. The optical management of the permittivity in the conducting layer is attributed to the shift of the plasma frequency (𝜔 𝑝 ) in the THz range that depends on the photo-carrier density (𝑁 ). Then, the photo-generated pattern can be properly designed to achieve an optimal modulation of the THz waves [START_REF] Francesco P Mezzapesa | Photo-generated metamaterials induce modulation of cw terahertz quantum cascade lasers[END_REF][START_REF] Georgiou | Active loaded plasmonic antennas at terahertz frequencies: Optical control of their capacitive-inductive coupling[END_REF][START_REF] Tom P Steinbusch | Active terahertz beam steering by photo-generated graded index gratings in thin semiconductor films[END_REF][START_REF] Rizza | Extrinsic electromagnetic chirality in all-photodesigned onedimensional terahertz metamaterials[END_REF][START_REF] Smaali | Photo-generated metasurfaces for resonant and high modulation of terahertz signals[END_REF].

In this chapter, we theoretically investigate the excitation and the active control of the optical properties of photo-generated metasurfaces at THz frequencies. We reveal the crucial impact of the photo-carrier diffusion for the control of THz radiations inside of a metasurface. We discuss the modulation of the absorption coefficient for THz waves interacting with an InAs slab standing in air, as presented in figure2.1. We consider an intrinsic InAs slab of thickness ℎ irradiated by an IR pump of wavelength 𝜆 𝐼𝑅 = 815 𝑛𝑚 corresponding to a conventional laser pump. At this wavelength, the relative permittivity of InAs is 𝜖 𝐼𝑛𝐴𝑠 𝐼𝑅 = 13.64 + 3.3𝑖 [START_REF] Edward | Handbook of optical constants of solids[END_REF]. To photogenerate grating patterns at THz frequencies, the IR pump is splitted into two tilted plane waves of respective incident angles ±𝜃 that propagate the half of the incident pump irradiance denoted Φ 0 .

In this scenario, the electromagnetic properties of the slab are examinated for a photo-generated grating of variable pitch. This geometry is shown to support several absorption mechanisms that critically depend on the thickness of the InAs slab. The diversity of photonics effects (Fabry-Perot resonances, complex dielectricmetal or metal-metal grating absorption and epsilon near-zero (ENZ) absorption [START_REF] Yoon | Broadband epsilon-near-zero perfect absorption in the near-infrared[END_REF][START_REF] Vassant | Epsilon-near-zero mode for active optoelectronic devices[END_REF][START_REF] Chul | Epsilonnear-zero strong coupling in metamaterial-semiconductor hybrid structures[END_REF][START_REF] Liberal | Near-zero refractive index photonics[END_REF]) is exploited to create broad-band or resonant modulations that depend of the polarization of the THz waves. To demonstrate theoretically the excitation and the active control of the optical properties of photo-generated metasurfaces at THz frequencies, we detail the steps to follow, as presented below:

1. Interaction of the laser pump with the InAs slab: We develop a theoretical analysis for the resolution of the Maxwell's equations in the case of a periodic pump excitation.

Photo-generation process:

The theoretical study was performed by using a home-made multiphysics code based on the Finite Difference Method (FDM) that solves the ambipolar transport equation.

Efficient implementation of the RCWA method:

We study the electromagnetic properties of an InAs slab, whose permittivity has been optically modified by a photo-generation process, by using the Rigorous Coupled Wave Analysis (RCWA) that solves the electromagnetic problems at the THz frequencies. We track the evolution of the THz absorption peaks for both polarizations (TE and TM) when the grating period is changing.

Interaction of the laser pump with the InAs slab

The interaction of the IR laser pump with the semiconductor in order to photogenerate grating patterns in the conducting layer at THz frequencies begins from Maxwell's equations, where the current density and the charge density are not considered:

∇ • ⃗ 𝐷 = 0 (2.1) ∇ • ⃗ 𝐵 = 0 (2.2) ∇ × ⃗ 𝐸 = - 𝜕 ⃗ 𝐵 𝜕𝑡 (2.3) ∇ × ⃗ 𝐻 = 𝜕 ⃗ 𝐷 𝜕𝑡 (2.4)
In these equations there are four macroscopic fields where ⃗ 𝐸 is the electric field, ⃗ 𝐻 the magnetic field, ⃗ 𝐷 the dielectric density, and ⃗ 𝐵 the magnetic density. The material equations related to linear, homogeneous and isotropic media:

⃗ 𝐷 = 𝜀 0 𝜀 𝑟 ⃗ 𝐸 (2.5) ⃗ 𝐵 = 𝜇 0 𝜇 𝑟 ⃗ 𝐻 (2.6)
where 𝜀 0 and 𝜇 0 are the vacuum electric permittivity and the vacuum magnetic permeability. 𝜀 𝑟 = 𝜀 ′ + 𝑖𝜀 ′′ is the relative permittivity of the medium, 𝜇 𝑟 is the relative permeability which is equals 1 for nonmagnetic media. For a harmonic regime, the Maxwell's equations can be written as it follows:

∇ × ⃗ 𝐸 = -𝑖𝜔 ⃗ 𝐵 = -𝑖𝜔𝜇 0 𝜕 ⃗ 𝐻 𝜕𝑡 (2.7) ∇ × ⃗ 𝐻 = 𝑖𝜔 ⃗ 𝐷 = 𝑖𝜔𝜀 0 𝜀 𝑟 𝜕 ⃗ 𝐸 𝜕𝑡 (2.8)
where 𝜔 is the angular frequency of the wave. These equations describe the propagation of transverse electric (TE) or transverse magnetic (TM) waves.

In the system under study, the InAs slab of thickness ℎ is enlightened with a laser pump whose radiation propagates in TE-polarization, corresponding to a field perpendicular to the plane of incidence, and therefore parallel to the interface of the InAs slab. The development of the Maxwell's equations (Eq.2.7 and Eq.2.8), considering that the propagation in the z-direction is infinity and knowing that (𝐸 𝑥 , 𝐸 𝑦 and 𝐻 𝑧 = 0), yields to the equations that describe the TE propagation waves are:

𝜕 𝑦 𝐸 𝑧 = -𝑖𝜔𝜇 0 𝐻 𝑥 (2.9
)

𝜕 𝑥 𝐸 𝑧 = 𝑖𝜔𝜇 0 𝐻 𝑦 (2.10) 𝜕 𝑥 𝐻 𝑦 -𝜕 𝑦 𝐻 𝑥 = 𝑖𝜔𝜀 0 𝜀 𝑟 𝐸 𝑧 (2.11)
In this case, the central coefficient of the TE-polarization is 𝐸 𝑧 . We replace Eq.2.9 and Eq.2.10 in the Eq.2.11 to obtain the following expression:

𝜕 2 𝑥 𝐸 𝑧 + 𝜕 2 𝑦 𝐸 𝑧 + 𝑘 2 0 𝜀 𝑟 𝐸 𝑧 = 0 (2.12)
where 𝑘 0 = 𝜔/𝑐 = 2𝜋/𝜆 is the wave-number, 𝜀 𝑟 = 𝑛 2 𝑖 with 𝑛 𝑖 as the refractive index in each medium. The propagation wave-vector ( ⃗ 𝑘) is distributed along the 𝑥 and 𝑦 directions. 𝛼 is the in-plane propagation wave-vector and 𝛽 = √︁ 𝑘 2 0 𝑛 2 𝑖 -𝛼 2 is the propagation wave-vector along the y-direction. The development of Eq.2.12 yields to

𝜕 2 𝑦 𝐸 𝑧 + (𝑘 2 0 𝑛 2 𝑖 -𝛼 2 )𝐸 𝑧 = 0 (2.13)
To photo-generate grating patterns, we use an interference pattern produced by two tilted plane waves irradiation with incident angles ±𝜃. The components of the two wave-vectors ( ⃗ 𝑘 1 ) and ( ⃗ 𝑘 2 ), presented in a schematic in the figure2.2, may be written: The equations that describe the electric field interference pattern produced by two tilted plane waves irradiations, are given by:

𝛼 1 = -𝑘 0 𝑠𝑖𝑛(𝜃) = -𝛼 2 = 𝛼 0 𝛽 1 = -𝑘 0 𝑐𝑜𝑠(𝜃) = 𝛽 2 = 𝛽 0 (2.14)
𝐸 𝐼𝑅 (𝑥, 𝑦) = 𝐸 1 + 𝐸 2 𝐸 𝐼𝑅 (𝑥, 𝑦) = 𝐸 0 exp 𝑖𝛼 0 𝑥 exp 𝑖𝛽 0 𝑦 +𝐸 0 exp -𝑖𝛼 0 𝑥 exp 𝑖𝛽 0 𝑦 𝐸 𝐼𝑅 (𝑥, 𝑦) = 2𝐸 0 𝑐𝑜𝑠(𝛼 0 𝑥) exp 𝑖𝛽 0 𝑦 (2.15)
where the expression of the IR electric field intensity is:

𝐼 =| 𝐸 𝐼𝑅 (𝑥, 𝑦) | 2 = 𝐸 𝐼𝑅 (𝑥, 𝑦)𝐸 𝐼𝑅 (𝑥, 𝑦) * 𝐼 = 2𝐸 0 (1 + 𝑐𝑜𝑠(2𝛼 0 𝑥)) (2.16)
with a periodic condition 2𝛼 0 𝑥 = 2𝜋𝑥/𝑑 where 𝑑 is the spatial period along the x-direction. This grating pitch is correlated to the angle 𝜃 by the following expression: 𝑑 = 𝜆 𝐼𝑅 /(2 sin 𝜃). This interferential process allows us to periodically vary the IR electric field intensity within the InAs slab:

| 𝐸 𝐼𝑅 (𝑥, 𝑦) | 2 = 2𝑍 0 Φ 0 | 𝐸(𝑦) | 2 (1 + 𝑐𝑜𝑠(2𝜋𝑥/𝑑)) (2.17)
where 𝐸(𝑦) is a normalized total electric field calculated using the Scattering Matrix Method (as it is illustrated in Appendix A), and 𝑍 0 is the vacuum impedance. Figure2.3-A illustrates that the electric field distributed into the InAs layer reaches a maximal penetration distance of only 1𝜇𝑚. An interference pattern pitch describes the non-homogeneous extinction of the electric field distributed into the InAs layer. We observe that the E-field varies along the x-direction as the pump modulation does. In contrast, the E-field reaches only 1𝜇𝑚 in the y-direction, as presented in figure2.3-B. In the following section, we extend our study to include the photo-generation process. It will be devoted to the comprehension of the free carrier generation and dynamics such as carrier diffusion and recombination lifetime, effects that will play a crucial role for realizing optimal metasurfaces for the control of the THz waves radiations.

Photo-generation process

This section deals with the photo-generation process in the InAs slab. We present the optical absorption, the generation process, the mechanisms of transport and Photo-generated metasurfaces at THz frequencies recombination of the free-carriers.

Optical absorption process

We start with the optical absorption process which is based on the interaction between photons and electrons. When the photon energy is higher than the band-gap energy (𝐸 𝐼𝑛𝐴𝑠 𝑔 = 0.354𝑒𝑉 ), it can excite free-electrons from the valence band to a free-state into the conduction band (the energy of the laser pump with a wavelength of 𝜆 𝐼𝑅 = 815𝑛𝑚 is equal to ℎ𝜈 = 1.5𝑒𝑉 ). In the case of the InAs slab, the transition corresponds to a direct band-gap material due to the fact that the minimum of the conduction band and the maximum of the valence band coincide in the space of the wave vectors, as presented in figure4.1. Consequently, the interaction between photons and electrons results in the absorption coefficient (𝛼). In direct band-gap semiconductors without any excitonic effect which is justified for InAs, the absorption coefficient can be approximated by:

𝛼(ℎ𝜈) = 𝐴(ℎ𝜈 -𝐸 𝑔 ) 1/2 (2.18)
where A is a constant. In addition, the intensity of the electromagnetic wave that passes through the direct gap semiconductor is given by:

𝐼 = 𝐼 0 exp(-𝛼𝑦) (2.19)
where 𝐼 0 is the intensity of the incident beam and 𝑦 the thickness of the semiconductor layer. The penetration depth of monochromatic radiation into a semiconductor is found to be (𝛼 -1 ). In the InAs slab, the high absorption coefficient 𝛼 𝐼𝑛𝐴𝑠 = 67682(𝑐𝑚 -1 ) [START_REF] David | Dielectric functions and optical parameters of si, ge, gap, gaas, gasb, inp, inas, and insb from 1.5 to 6.0 ev[END_REF] is indeed accompanied by a short penetration distance for the pump 𝐿 𝐼𝑛𝐴𝑠 𝑝 = 147𝑛𝑚 at a wavelength 815𝑛𝑚, as presented in figure2.3. This means that the active thickness of the InAs, where more than 99% of the carriers are photo-generated, reaches only 1𝜇𝑚 (corresponding approximately to 10Lp; obtained by the E-field penetration distance previously presented in figure2.3-A). 

Optical generation process

The optical generation process of electron-hole pairs occurs when the InAs slab is illuminated with photons with energy higher than 𝐸 𝑔 . We assume here a 100% quantum efficiency by assuming that a photon generates an electron-hole pair. The generation term 𝐺 𝑜𝑝 is related to the electric field intensity [START_REF] Rosencher | Optoelectronics[END_REF] previously presented in equation2.17 by:

𝐺 𝑜𝑝 (𝑥, 𝑦) = 𝜋/(ℎ𝑐𝑍 0 )𝐼𝑚(𝜀 𝐼𝑅 ) | 𝐸 𝐼𝑅 (𝑥, 𝑦) | 2 (2.20)
where ℎ is the Planck constant, 𝑐 the celerity of light, (𝜀 𝐼𝑅 ) the relative complex permittivity of the semiconductor at pump wavelength (𝜆 𝐼𝑅 ). At 𝜆 𝐼𝑅 = 815𝑛𝑚, the respective imaginary permittivity of InAs is 𝐼𝑚(𝜖 𝐼𝑛𝐴𝑠 𝐼𝑅 = 3.3).

Photo-generated carriers densities

After the photo-generation of the free carriers in the semiconductor, the evolution of this non-equilibrium electron-hole gas density within the intrinsic InAs slab is driven by the electrostatic potential and the diffusion phenomena. Figure2.5 illustrates the photo-generated carrier density distribution in an InAs semiconductor after the photo-geneation of free carriers. At 𝑡 = 0(𝑠), the electron-hole carrier density is the same due to the fact that each photon generates an electron-hole pair Δ𝑛(𝑥, 0) = Δ𝑝(𝑥, 0). For the sake of simplification, we consider a constant carrier distribution at 𝑡 = 0(𝑠) as represented by the dashed line in Figure2.5. At 𝑡 ̸ = 0(𝑠), the electrons with a reduced effective electron mass (𝑚 𝐼𝑛𝐴𝑠 𝑒𝑓 𝑓 = 0.023𝑚 0 ; where 𝑚 0 is the electron mass in the vacuum) which consequently have a high mobility value (𝜇 𝐼𝑛𝐴𝑠 𝑛 = 33000(𝑐𝑚 2 𝑉 /𝑠)) diffuse faster than holes (see figure2.5) which have a reduced mobility value (𝜇 𝐼𝑛𝐴𝑠 𝑝 = 460(𝑐𝑚 2 𝑉 /𝑠)) due to their high effective mass value (𝑚 𝐼𝑛𝐴𝑠 𝑒𝑓 𝑓 = 0.41𝑚 0 ). The difference in mobilities (𝜇 𝑛 ≫ 𝜇 𝑝 ) results in the existence of a space charge density (𝜌) and consequently, an internal electric field (𝐸 𝑖 ). This field accelerates the slowest carriers (holes) and decelerates the fastest carriers (electrons). Subsequently, in order to link the electrostatic potential 𝑉 (in this case the electric field 𝐸 𝑖 ) to the space charge density distribution (𝜌), we use the Poisson equation:

∇ 2 𝑉 (𝑦) = - 𝜌(𝑦) 𝜀 = - 𝑑 2 𝐸 𝑖 (𝑦) 𝑑𝑦 2 = - 𝑒 𝜀 (𝑝 -𝑛 + 𝑁 𝐷 -𝑁 𝐴 ) (2.21)
where 𝑒 is the elementary charge, 𝑛 and 𝑝 are the free electron hole density, 𝑁 𝐷 and 𝑁 𝐴 are the concentration of ionized donors and acceptors and the 𝜀 is the dielectric permittivity of the InAs material (𝜀 = 𝜀 0 𝜀 𝑅 where 𝜀 𝑅 is the relative permittivity). We can assume that the electrical neutrality is preserved during photo-generation since the free carriers of the material will tend to drift in opposite directions

∇ • 𝐸 𝑖 = 𝑒(𝑝 -𝑛) 𝜀 = 𝜕𝐸 𝑖 𝜕𝑡 ≈ 0 (2.22)
in a very short time corresponding to the dielectric relaxation time 𝜏 𝑑𝑖𝑒𝑙 = 𝜀/𝜎 ≈ 10 -12 (𝑠) [START_REF] Rosencher | Optoelectronics[END_REF], where 𝜎 is the conductivity of the material. Therefore, we can not have an excess charge in the material when it is illuminated and the medium will remain electrically neutral (Δ𝑛 = Δ𝑝). To describe carrier transport phenomena, we use the continuity equations for electrons and for holes, which govern the condition of dynamic equilibrium of the charge carriers in the semiconductor [START_REF] Sayad | Détermination de la longueur de diffusion des porteurs de charge minoritaires dans le silicium cristallin par interaction lumière matière[END_REF]. They give the relation between the currents, the generation and recombination mechanisms and the spatial and temporal distribution of free charge carriers: 

𝐷 𝑛 𝜕 2 𝑛 𝜕𝑦 2 +

Ambipolar transport equation

Within the undoped-InAs slab, the IR pump photo-generates electron-hole pairs whose density 𝑁 is governed by the ambipolar transport equation [START_REF] Donald A Neamen | Semiconductor physics and devices[END_REF] 

𝜕𝑁 𝜕𝑡 = 𝐺 𝑜𝑝 - 𝑁 𝜏 𝑟 + 𝐷 𝑎 Δ𝑁 (2.31)
as we consider an intrinsic InAs slab (𝑛 𝑖 = 𝑛 0 = 𝑝 0 ), the mobility (𝜇 𝑎 ) and the ambipolar diffusion coefficient (𝐷 𝑎 ) are found to be:

𝜇 𝑎 = 0 (2.32
)

𝐷 𝑎 = 2𝐷 𝑛 𝐷 𝑝 (𝐷 𝑝 + 𝐷 𝑛 ) (2.33)
where 𝐷 (𝑛,𝑝) represent respectively, the diffusion coefficient of electrons and holes connected by the Einstein relation (Eq.2.29). The ambipolar diffusion coefficient in the undoped-InAs material is 𝐷 𝑎 = 23.5𝑐𝑚 2 𝑠 -1 at room temperature (300K) [START_REF] Rosencher | Optoelectronics[END_REF]. We remark that, the ambipolar transport equation (Eq.2.31) is governed by the minority carriers. This is due to the fact that the photo-carriers created by photo-generation process diffuse together Δ𝑛(𝑥, 𝑡) ≈ Δ𝑝(𝑥, 𝑡) which corresponds to the ambipolar diffusion. In this context, the photo-carrier with slow mobility value (normally the minority carrier (holes)) provoke a deceleration of the ambipolar diffusion. The majority carrier density is not affected by the irradiation, except under very strong excitation as we will present in the next section. In the following section, we present the theory of recombination of the photo-generated excess carriers.

Excess carriers recombination rate

Within the InAs material, the pump creates electron-hole pairs. The excess electrons and holes recombine in pairs, so the recombination rate (𝑅) must be equal: 𝑅 𝑛 = 𝑅 𝑝 . As previously mentioned, the InAs is subjected to a non-external electric field polarization, therefore, the photo-generated free carriers in the InAs slab are animated like the molecules of a gas in a chamber with a Brownian motion. Using the concept of collision model (𝜅 𝑟 ), we can assume that the rate of pair recombination obeys:

𝑅 = 𝜅 𝑟 𝑛𝑝 (2.34)
where, 𝑅 is the recombination rate of electrons and holes under non-equilibrium, 𝑛 = 𝑛 0 + Δ𝑛 and 𝑝 = 𝑝 0 + Δ𝑝, with 𝑛 0 and 𝑝 0 as the carrier concentrations at the equilibrium. Then, the recombination rate at the equilibrium is represented by:

𝑅 0 = 𝜅 𝑟 𝑛 0 𝑝 0 = 𝜅 𝑟 𝑛 2 𝑖 (2.35)
We assume neutrality condition Δ𝑛 = Δ𝑝, therefore, the total recombination rate is given by:

𝑅 𝑇 = 𝑅 -𝑅 0 = 𝜅 𝑟 (𝑛𝑝 -𝑛 2 𝑖 ) = 𝜅 𝑟 Δ𝑛(𝑛 0 + 𝑝 0 + Δ𝑛) (2.36)
where, 𝑅 𝑇 is the total recombination rate of excess carriers. We can write the equation2.36 in the form:

𝑅 𝑇 = Δ𝑛 𝜏 (Δ𝑛) = Δ𝑝 𝜏 (Δ𝑝) (2.37) with 𝜏 (Δ𝑛) = 1 𝜅 𝑟 (𝑛 0 + 𝑝 0 + Δ𝑛) (2.38)
where 𝜏 (Δ𝑛) is the carrier lifetime in an optically excited semiconductor and it corresponds to 𝜏 𝑟 in the Equ.2.31.

In the following section, we are interested in studying the recombination lifetime of the excess carriers. The objective is to present each recombination mechanisms that are activated by the photo-generation process under different injection levels. We discuss how the excess carriers by using the concept of collision model (𝜅 𝑟 ) are subjected to different types of recombination conditions.

Excess carriers lifetime recombination

The recombination mechanisms of the photo-carriers in the InAs slab are:

1. Shockley-Read-Hall (SRH) recombination: Recombination mechanisms introduced by crystalline defects and impure atoms (Fig. 2.6-A).

Radiative recombination:

Recombination mechanisms introduced by the excess of energy which is released in the form of a photon of energy close to the energy gap (Fig. 2.6-B).

Auger recombination:

Recombination mechanisms introduced by the excess energy released during a recombination which is transferred to another electron or other hole staying in the same band (Fig. 2.6-C).

Shockley-Read-Hall (SRH) theory of recombination:

In a perfect semiconductor material, the electronics energy states do not exist within the bandgap. However, in a real semiconductor, defects and impure atoms appear within the crystal, creating the apparition of discrete electronic states or impurity energy bands within the bandgap. These defects can momentarily trap the electrons (or holes) before returning them to the conduction band (or the valence band). They can also play the role of recombination center, capturing both The Shockley-Read-Hall (SRH) theory of recombination assumes that a single recombination center exists at an energy 𝐸 𝑡 within the bandgap. There are four processes in the SRH recombination (see figure2.6-A): The capture of an electron from the conduction band by a neutral empty trap, in Fig. 2.6-(A.1), the emission of an electron back into the conduction band, in Fig. 2.6-(A.2), the capture of a hole from the valence band by a trap containing an electron, in Fig. 2.6-(A.3), and the emission of a hole from a neutral trap into the valence band, in Fig. 2.6-(A.4). The concept of collision model 𝜅 𝑟 ; (which is part of the pair recombination in Eq.2.34), is considered in the relation between the capture constants (𝐶) and the emission constants (𝐸) which are found to be: 𝐸 𝑛 = 𝑛 ′ 𝐶 𝑛 for the electrons and 𝐸 𝑝 = 𝑝 ′ 𝐶 𝑝 for the holes. The free carrier concentrations (𝑛 ′ and 𝑝 ′ ) are given by:

⎧ ⎨ ⎩ 𝑛 ′ = 𝑁 𝑐 exp -(𝐸𝑐-𝐸 𝑡 ) 𝑘𝑇 𝑝 ′ = 𝑁 𝑣 exp (𝐸𝑣 -𝐸 𝑡 ) 𝑘𝑇
the capture constants can be expressed as 𝐶 𝑛 = 𝜈 𝑡ℎ 𝜎 𝑐𝑛 and 𝐶 𝑝 = 𝜈 𝑡ℎ 𝜎 𝑐𝑝 :

{︃ 𝜏 𝑛0 = 1 𝜈 𝑡ℎ 𝜎𝑐𝑛𝑁𝑡 𝜏 𝑝0 = 1 𝜈 𝑡ℎ 𝜎𝑐𝑝𝑁𝑡
𝜏 𝑛0 and 𝜏 𝑝0 are the fundamental life-time of the electrons and holes related to the following three terms: the thermal agitation speed of the carriers 𝜈 𝑡ℎ , the concentration in recombination centers 𝑁 𝑡 and their capture cross-section 𝜎 𝑐𝑛,𝑐𝑝 .

Then, the general SRH recombination rate (𝑅 𝑆𝑅𝐻 ) with a center of concentration 𝑁 𝑡 located at the gap level 𝐸 𝑡 with a section for capturing electrons 𝜎 𝑐𝑛 and for holes 𝜎 𝑐𝑝 is given by:

𝑅 𝑆𝑅𝐻 = 𝑛𝑝 -𝑛 2 𝑖 𝜏 𝑛0 (𝑝 + 𝑝 ′ ) + 𝜏 𝑝0 (𝑛 + 𝑛 ′ ) (2.39)
Consequently, the expression of the SRH lifetime recombination rate (𝜏 𝑆𝑅𝐻 ), by considering the equation2.38, can be written as follows:

𝜏 𝑆𝑅𝐻 = Δ𝑛 𝑅 𝑆𝑅𝐻 = 𝜏 𝑛0 (𝑝 0 + Δ𝑛 + 𝑝 ′ ) + 𝜏 𝑝0 (𝑛 0 + Δ𝑛 + 𝑛 ′ ) 𝑛 0 + 𝑝 0 + Δ𝑛 (2.40)
The injection level of the excess carriers allows us to simplify the expression of 𝜏 𝑆𝑅𝐻 (where Δ𝑛 = Δ𝑝):

-For a n-type semiconductor at low-pump injection (𝑛 = 𝑛 0 + Δ𝑛 ≈ 𝑛 0 ) and (𝑝 = 𝑝 0 + Δ𝑛 << 𝑛 0 ): 𝜏 𝑆𝑅𝐻 = 𝜏 𝑝0 . -For a p-type semiconductor at low-pump injection (𝑝 = 𝑝 0 + Δ𝑛 ≈ 𝑝 0 ) and (𝑛 = 𝑛 0 + Δ𝑛 << 𝑝 0 ): 𝜏 𝑆𝑅𝐻 = 𝜏 𝑛0 . -At high-pump injection for a n-type or p-type semiconductor, we find similar relations: 𝜏 𝑆𝑅𝐻 = 𝜏 𝑛0 + 𝜏 𝑝0 .

Radiative recombination

The radiative recombination needs an electron of the conduction band and a hole of the valence band. The excess electrons loss their energy spontaneously from the conduction band to the valence band, as presented in figure2.6-B, and the excess energy is released in the form of a photon of energy close to the energy gap 𝐸 𝑔 . The radiative recombination rate is related to the equation2.36, which depends on the concentration of the excess carriers photo-generated by the optical pump (where Δ𝑛 = Δ𝑝):

𝑅 𝑟𝑎𝑑 = 𝜅 𝑟 (𝑛𝑝 -𝑛 2 𝑖 ) ≈ 𝐵𝑛𝑝 (2.41)
where 𝐵 is the InAs radiative bimolecular recombination coefficient and its value according to the state of the art at a temperature of 300𝐾 is 𝐵 𝐼𝑛𝐴𝑠 = 8.5x10 -11 (𝑐𝑚 3 𝑠 -1 ) [START_REF] Varshni | Band-to-band radiative recombination in groups iv, vi, and iii-v semiconductors (i)[END_REF]. Furthermore, the expression of the radiative lifetime recombination rate (𝜏 𝑟𝑎𝑑 ) is found to be:

𝜏 𝑟𝑎𝑑 = Δ𝑛 𝑅 𝑟𝑎𝑑 = Δ𝑛 𝐵(𝑛 0 Δ𝑛 + 𝑝 0 Δ𝑛 + Δ𝑛 2 ) (2.42)
The injection level of the excess carriers allows us to simplify the expression of 𝜏 𝑟𝑎𝑑 (where Δ𝑛 = Δ𝑝):

-For a n-type semiconductor at low-pump injection (𝑛 = 𝑛 0 + Δ𝑛 ≈ 𝑛 0 ) and (𝑝 = 𝑝 0 + Δ𝑛 << 𝑛 0 ): 𝜏 𝑟𝑎𝑑 = 1 𝐵𝑛 0 . -For a p-type semiconductor at low-pump injection (𝑝 = 𝑝 0 + Δ𝑛 ≈ 𝑝 0 ) and (𝑛 = 𝑛 0 + Δ𝑛 << 𝑝 0 ): 𝜏 𝑟𝑎𝑑 = 1 𝐵𝑝 0 . -At high-pump injection for a n-type or p-type semiconductor, we find similar relations because the 𝜏 𝑟𝑎𝑑 is dependent on the level of injection: 𝜏 𝑟𝑎𝑑 = 1 𝐵Δ𝑛 .

Auger recombination

The Auger recombination process is a nonradiative process. The consideration of this type of recombination is necessary when high-pump injections are applied or when a heavily doped semiconductor is used. The Auger recombination is a three-particle recombination, where the recombination between an electron and hole, is accompanied by the transfer of energy to another free electron or hole, but not both for one event. The third particle involved in this process will eventually lose its energy by heating the crystal lattice. The Auger recombination rate is related to the equation2.36 as follows:

𝑅 𝐴𝑢𝑔𝑒𝑟 = 𝜅 𝑟 (𝑛𝑝 -𝑛 2 𝑖 ) ≈ 𝐶 𝑛 𝑛 2 𝑝 + 𝐶 𝑝 𝑝 2 𝑛 (2.43)
where 𝐶 is the InAs Auger coefficient and its value according to the state of the art at a temperature of 300𝐾 is 𝐶 = 2.2x10 -27 (𝑐𝑚 3 𝑠 -1 ).

In addition, the expression of the Auger lifetime recombination rate (𝜏 𝐴𝑢𝑔𝑒𝑟 ) is found to be:

𝜏 𝐴𝑢𝑔𝑒𝑟 = Δ𝑛 𝑅 𝐴𝑢𝑔𝑒𝑟 = Δ𝑛 𝐶 𝑛 (𝑛 0 + Δ𝑛) 2 (𝑝 0 + Δ𝑛) + 𝐶 𝑝 (𝑝 0 + Δ𝑛) 2 (𝑛 0 + Δ𝑛) (2.44)
The injection level of the excess carriers allows us to simplify the expression of 𝜏 𝐴𝑢𝑔𝑒𝑟 (where Δ𝑛 = Δ𝑝):

-For a n-type semiconductor at low-pump injection (𝑛 = 𝑛 0 + Δ𝑛 ≈ 𝑛 0 ) and (𝑝 = 𝑝 0 + Δ𝑛 << 𝑛 0 ):

𝜏 𝐴𝑢𝑔𝑒𝑟 = 1 𝐶𝑝𝑛 2 0 .
-For a p-type semiconductor at low-pump injection (𝑝 = 𝑝 0 + Δ𝑛 ≈ 𝑝 0 ) and (𝑛 = 𝑛 0 + Δ𝑛 << 𝑝 0 ):

𝜏 𝐴𝑢𝑔𝑒𝑟 = 1 𝐶𝑝𝑝 2 0 .
-At high-pump injection for a n-type or p-type semiconductor, we find similar relations because the 𝜏 𝐴𝑢𝑔𝑒𝑟 is dependent on the level of injection:

𝜏 𝐴𝑢𝑔𝑒𝑟 = 1 (𝐶𝑛+𝐶𝑝)Δ𝑛 2 .

Effective lifetime of minority carriers (𝜏 𝑒𝑓 𝑓 )

The last three presented recombination rate mechanisms are present in all semiconductors. In general, we use an effective recombination rate (𝑅 𝑒𝑓 𝑓 ) covering all the recombination rates mechanisms in volume of the semiconductor:

𝑅 𝑒𝑓 𝑓 = 𝑅 𝑆𝑅𝐻 + 𝑅 𝑟𝑎𝑑 + 𝑅 𝐴𝑢𝑔𝑒𝑟 (2.45)
where the effective lifetime rate (𝜏 𝑒𝑓 𝑓 ) is found to be:

1 𝜏 𝑒𝑓 𝑓 = 1 𝜏 𝑆𝑅𝐻 + 1 𝜏 𝑟𝑎𝑑 + 1 𝜏 𝐴𝑢𝑔𝑒𝑟 (2.46)
In the following theoretical analysis of photo-generated metasurfaces, the radiative bimolecular recombination (𝐵) and the Auger recombination (𝐶) are neglected since the pump fluence is limited in order to keep the carrier density lower than 10 17 𝑐𝑚 -3 . This is due to the fact that after 10 17 𝑐𝑚 -3 the ambipolar transport equation, given by Equ.2.31, becomes in a nonlinear differential equation since radiative and thermal recombinations cannot be neglected. At low-irradiance conditions, the radiative recombination 𝐵𝑁 2 and the thermal recombination 𝐶𝑁 3 have a minor impact in contrast to the photo-carrier recombination 𝑁/𝜏 𝑟 , and the ambipolar transport equation is a linear equation. In this scenario, we consider a mean recombination lifetime for the InAs material 𝜏 𝑟 = 1x10 -7 (𝑠). In addition, the neglected recombinations parameters (𝐵 and 𝐶) will be studied in the experimental work (next chapters) for a strong laser pump irradiation.

Photo-generated patterns distribution

For a continuous wave (CW) pump excitation, the carrier density reaches a steady state and Eq.(2.31) becomes:

Δ𝑁 (𝑥, 𝑦) - 𝑁 (𝑥, 𝑦) 𝐿 2 𝑎 = - 𝐺 𝑜𝑝 (𝑥, 𝑦) 𝐷 𝑎 (2.47)
where the ambipolar diffusion length defined by 𝐿 𝑎 = √ 𝐷 𝑎 𝜏 𝑟 is equal to 15.32 𝜇𝑚 for InAs when it is considered 𝜏 𝑟 = 1x10 -7 (𝑠). Since the IR electric field intensity is a periodic function in the x-direction, it implies that both the source term 𝐺 𝑜𝑝 (𝑥, 𝑦) and the density of the photo-generated carriers are periodic functions (of period 𝑑) that decompose in Fourier series:

𝑁 (𝑥, 𝑦) = ∞ ∑︁ 𝑛=-∞ 𝑁 𝑛 (𝑦)𝑒 𝑖𝑛𝐾𝑥 ,
(2.48)

𝐺 𝑜𝑝 (𝑥, 𝑦) = ∞ ∑︁ 𝑛=-∞ 𝐺 𝑜𝑝 𝑛 (𝑦)𝑒 𝑖𝑛𝐾𝑥 (2.49)
where 𝐾 = 2𝜋/𝑑 is the spatial frequency. In this framework, Eq.(2.47) becomes:

𝜕 2 𝑁 𝑛 (𝑦) 𝜕𝑦 2 - (︁ (𝑛𝐾) 2 + 1 𝐿 2 𝑎 )︁ 𝑁 𝑛 (𝑦) = - 𝐺 𝑜𝑝 𝑛 (𝑦) 𝐷 𝑎 (2.50)
We numerically solve the latter equation using a Finite Difference Method (FDM); (as it is illustrated in Appendix B), which allows us to take into account the non uniform spatial distribution of the source term within the InAs slab [START_REF] Chaskalovic | Finite element methods for engineering sciences: theoretical approach and problem solving techniques[END_REF]. We observed that the distribution of photo-generated carriers is the same when surface recombinations are considered or not, however, the only difference is a decrease in the photo-generated carrier density value that we control increasing the pump irradiance. In this context, assuming that the surface recombinations are neglected at both interfaces and a periodic pump the carrier density reads:

𝑁 (𝑥, 𝑦) = 𝑁 0 (𝑦) + 𝑁 1 (𝑦)𝑐𝑜𝑠(𝐾𝑥) (2.51) 
These photo-generated carriers are responsible for the modification of the InAs electromagnetic properties at THz frequency. The optically induced variation of the relative permittivity is modeled with a Drude model:

𝜖 𝑇 𝐻𝑧 (𝑥, 𝑦) = 𝜖 ∞ (︁ 1 - 𝜔 2 𝑝 (𝑁 (𝑥, 𝑦)) 𝜔 2 + 𝑖𝜔/𝜏 (𝑁 ) )︁ .
(2.52)

At THz frequencies 𝜖 ∞ = 12.3 for InAs semiconductor and the local plasma frequency 𝜔 𝑝 is:

𝜔 𝑝 (𝑥, 𝑦) = √︁ 𝑁 (𝑥, 𝑦)𝑒 2 /(𝑚 𝑒𝑓 𝑓 𝜖 0 𝜖 ∞ ) (2.53)
The local modification of 𝜔 𝑝 (𝑥, 𝑦) allows us to change drastically the nature of InAs: in the areas where the plasma frequency 𝜔 𝑝 is larger than the operating THz frequency, the dielectric semiconductor turns into a metal. In addition, the relaxation time 𝜏 (𝑁 ) = 𝜇𝑚 𝑒𝑓 𝑓 /𝑒 depends on the photocarrier concentration. The mobility 𝜇 and the effective mass 𝑚 𝑒𝑓 𝑓 are modified by the carrier density [START_REF] Rizza | Terahertz active spatial filtering through optically tunable hyperbolic metamaterials[END_REF]. We extract these parameters from Hall Effect and reflectance measurements by the following empirical relations [START_REF] Hilsum | Simple empirical relationship between mobility and carrier concentration[END_REF][START_REF] Mp Mikhailova | Handbook series on semiconductor parameters[END_REF][START_REF] Mathieu | Physique des semiconducteurs et des composants électroniques[END_REF]: where 𝜖 0 (𝑦) is the average permittivity in the x-direction and Δ𝜖(𝑦) represents the permittivity modulation.

𝜇(𝑥, 𝑦) = 2 1 + √︀ 0.25𝑁 (𝑥, 𝑦)10 -17 (𝑚 2 𝑉 -1 𝑠 -1 ) (2.
In the following section, we extend our study to include the interaction of a THz wave radiation in both polarizations TE and TM over the photo-generated metasurface. We use a home-made RCWA code [START_REF] Granet | Efficient implementation of the coupled-wave method for metallic lamellar gratings in tm polarization[END_REF] to calculate the electromagnetic properties of the metasurfaces enlightened by a THz plane wave.

Efficient implementation of the RCWA method

The periodic distribution of photo-generated permittivity 𝜀 𝑇 𝐻𝑧 (𝑥, 𝑦) induced in the InAs slab present gradual variations in both x and y-directions. This allows us to obtain a photogenerated grating diffraction configuration as illustrated in figure2.7. We use a home-made Rigorous Coupled-Wave Analysis (RCWA) code to calculate the electromagnetic properties of the metasurfaces illuminated by a THz plane wave. The absorption spectra are derived from the calculation of the reflexion (𝑅) and transmission (𝑇 ) coefficients using 𝐴 = 1 -𝑅 -𝑇 where 𝐴 is the absorption coefficient. The scattering process are assumed negligible. The spatial distribution of 𝜀 𝑇 𝐻𝑧 (𝑥, 𝑦) (see figure2.7) is a periodic distribution that can be expressed in a Fourier series as:

𝜖(𝑥) = ∞ ∑︁ 𝑝=-∞ 𝜖 𝑝 𝑒 -𝑖 2𝜋𝑝 𝑑 𝑥 (2.57)

THz waves in TE polarization

We start with the equations that describe the propagation of TE polarization waves presented in equations(2.9, 2.10 2.11). In this case, a linear polarized THz wave with transverse electric (TE) polarization is obliquely incident on the photogenerated grating based on an undoped-InAs slab. The central coefficient of the TE-polarization is 𝐸 𝑧 :

𝜕 2 𝑥 𝐸 𝑧 + 𝜕 2 𝑦 𝐸 𝑧 + 𝑘 2 𝜀𝐸 𝑧 = 0 (2.58)
Since the problem is periodic along the x-direction, we use the Bloch's theorem which presents a simple form to describe the field:

𝐸 𝑧 = ∞ ∑︁ 𝑞=-∞ 𝐸 𝑞 (𝑦)𝑒 𝑖𝛼𝑞𝑥 𝑒 𝑖𝜔𝑡 (2.59)
where 𝑞 is a vector which contains 𝑛 number of harmonics retained in the field, 𝛼 𝑞 = 𝛼 0 + 𝑞 𝜆 𝑑 with 𝛼 0 = sin(𝜃 𝑇 𝐻𝑧 ) control the pseudo-periodicity of the fields by using the THz wave angle of incidence (𝜃 𝑇 𝐻𝑧 ). Thus, by neglecting the dependence in 𝑒 𝑖𝜔𝑡 , we can write:

𝐸 𝑧 = 𝑒 𝑖𝛼 0 𝑥 ∞ ∑︁ 𝑞=-∞ 𝐸 𝑞 (𝑦)𝑒 𝑖 2𝜋𝑞 𝑑 𝑥 (2.60)
By projecting Eq.2.60 on Eq.2.58, we get an equation in 𝑦 for each Fourier component of the field decomposition thus obtaining:

𝜕 2 𝑦 𝐸 𝑧𝑚 (𝑦) = 𝛼 2 𝑚 𝐸 𝑧𝑚 (𝑦) -𝑘 2 ∞ ∑︁ 𝑝=-∞ 𝜀 𝑚-𝑝 𝐸 𝑧𝑝 (𝑦) (2.61) 
The above equation can be simplified in a matrix notation for the 𝐸 𝑧 field.

𝜕 2 𝑦 𝐸 𝑧 = 𝑇 𝐸 𝑧 (2.62)
where 𝑇 is the Toeplitz matrix composed of 𝜀 𝑚-𝑝 elements corresponding to the Fourier coefficients, as follows:

𝑇 = [𝜖] -[𝛼 𝑑 ][𝐼][𝛼 𝑑 ] (2.63)
where 𝐼 is the unity matrix with 𝑚 elements, 𝛼 𝑑 is a diagonal matrix with diagonal elements 𝛼 𝑚 where 𝑚 = 2𝑛 + 1, and [𝜖] is the matrix with their 𝑚, 𝑝 element equal to 𝜀 𝑚-𝑝 , defined in Eq.2.57. The matrix notation is used to calculate the electromagnetic properties implementing the matrices S. To calculate the electromagnetic properties of the metasurfaces enlightened by a THz wave, we use the scattering matrix method presented in Appendix A.

THz waves in TM polarization

In this scenario, a linear polarized THz wave with transverse magnetic (𝑇 𝑀 ) polarization is obliquely incident on the photo-generated grating based on an undoped-InAs slab. The equations that describe the TM propagation waves are:

𝜕 𝑦 𝐻 𝑧 = 𝑖𝜔𝜀 0 ε𝐸 𝑥 (2.64) 𝜕 𝑥 𝐻 𝑧 = -𝑖𝜔𝜀 0 ε𝐸 𝑦 (2.65) 𝜕 𝑥 𝐸 𝑦 -𝜕 𝑦 𝐸 𝑥 = -𝑖𝜔𝜇 0 μ𝐻 𝑧 (2.66)
The central coefficient for the TM-polarization is 𝐻 𝑧 :

𝜕 𝑥 ( 1 𝜀 𝜕 𝑥 𝐻 𝑧 ) + 𝜕 𝑦 ( 1 𝜀 𝜕 𝑦 𝐻 𝑧 ) + 𝑘 2 𝐻 𝑧 = 0 (2.67)
In TM polarization, the resolution consists in calculating the Toeplitz matrix, as presented in the TE-polarization case. The difference resides in the use of the Fourier series of the function 1/𝜖(𝑥) [START_REF] Granet | Efficient implementation of the coupled-wave method for metallic lamellar gratings in tm polarization[END_REF] as follows:

1 𝜖(𝑥) = ε(𝑥) = ∞ ∑︁ 𝑝=-∞ ε𝑝 𝑒 -𝑖 2𝜋𝑝 𝑑 𝑥 (2.68)
In this scenario, the Toeplitz matrix for the TM-polarization is given by:

𝑇 = [ε] -1 ([𝐼] -[𝛼 𝑑 ][𝜖] -1 [𝛼 𝑑 ]) (2.69)
where the Toeplitz matrix belongs to the following equation:

𝜕 2 𝑦 𝐻 𝑧 = 𝑇 𝐻 𝑧 (2.70)
thus, we can resolve this equation by following the same reasoning as the one used for TE polarization. Nevertheless, the interface relation from one medium to another medium is different. It can be explained by the fact that if we note that 𝑈 = 𝐸 𝑧 or 𝑈 = 𝐻 𝑧 and in each medium (𝑖) we consider that:

Δ𝑈 𝑖 + 𝑘 2 0 𝑛 2 𝑖 𝑈 𝑖 = 0 (2.71)
The interface relation imposes that: 𝑈 𝑖 and (1/𝑃 𝑖 )(𝜕𝑈 𝑖 /𝜕𝑦) are continuous with:

𝑃 𝑖 = {︃ 𝜀 𝑖 in H z 1 in E z (2.72)
This difference modifies the scattering matrix or S-matrix presented in the appendix A.

With our multi-physics code based on the finite element method (FEM) coupled to rigorous coupled wave analysis (RCWA) that simultaneously solves the ambipolar transport equation and the electromagnetic problems at the IR and THz frequencies [START_REF] Granet | Efficient implementation of the coupled-wave method for metallic lamellar gratings in tm polarization[END_REF][START_REF] Chaskalovic | Finite element methods for engineering sciences: theoretical approach and problem solving techniques[END_REF], we analyze the electromagnetic properties of the InAs slab as a function of the pitch 𝑑, the thickness ℎ, the pump fluence Φ 0 and the polarization of the THz wave. In order to correctly simulate the complex spatial distribution of 𝜀 𝑇 𝐻𝑧 (𝑥, 𝑦), the InAs slab is divided into a subset of layers (of thickness 𝐿 𝑎 /5). Before conclusing, we restrict this study to the normal incidence for the THz plane wave.

Results and discussion

The electromagnetic properties of the photo-generated metasurfaces are studied for 3 thicknesses of 0.1𝐿 𝑎 , 1𝐿 𝑎 , and 3𝐿 𝑎 in order to reveal the impact of the carrier diffusion within the InAs slab. The efficiency of the structures is evaluated by calculating the absorption coefficient for the THz radiations. When the pump is turned on, electromagnetic losses are introduced for the THz waves. However, when the pump is turned off, the THz absorption is null since InAs is a dielectric. In the following theoretical results, a high-speed modulation rate of 10MHz (for the THz absorption) is expected due to the InAs recombination time 𝜏 𝑟 = 1x10 -7 (𝑠).

Thin films

We start with photo-generated gratings into a thin InAs slab of thickness ℎ = 1.5 𝜇𝑚 (0.1𝐿 𝑎 ) which is very small compared to the ambipolar diffusion length and to the wavelength of the THz plane wave that lies in the range of 120 𝜇𝑚 to 400 𝜇𝑚. We first consider a low pump fluence Φ 0 = 10 𝑊.𝑐𝑚 -2 . Figure2.8 represents the photo-generated carrier density for a pitch 𝑑 = 153.2 𝜇𝑚 (10𝐿𝑎) and the optically induced real part of the relative permittivity calculated at 𝜆 = 230 𝜇𝑚 (15𝐿 𝑎 ). The maximum carrier density of 3.1 × 10 16 𝑐𝑚 -3 is reached where the electric field of the pump is maximum. We observe that the relative permittivity 𝜖 𝑇 𝐻𝑧 (𝑥, 𝑦) only varies along the x-direction as the pump modulation. In contrast, 𝜖 𝑇 𝐻𝑧 (𝑥, 𝑦) is almost constant in the y-direction since for a slab thickness smaller than the ambipolar diffusion length 𝐿 𝑎 the gradient of the carrier density in the y-direction is weak. The lateral pump modulation induces nevertheless a modulation of 𝜖 𝑇 𝐻𝑧 (𝑥, 𝑦) in the x-direction that critically depends on the scale of the pitch 𝑑 compared to 𝐿 𝑎 . To understand the electromagnetic response at THz frequency, we calculate the real parts of the average permittivity ε (first term of the Fourier series) and the permittivity variation Δε (second term of the Fourier series (x2)) defined by:

ε = 1 ℎ ∫︁ ℎ 0 𝜖 0 (𝑦)𝑑𝑦, (2.73) Δε = 1 ℎ ∫︁ ℎ 0 Δ𝜖(𝑦)𝑑𝑦 (2.74)
These parameters are plotted as a function of the normalized wavelength 𝜆/𝐿 𝑎 and the pitch 𝑑/𝐿 𝑎 , Fig. 2.9. The average permittivity map shows that the InAs slab behaves like a metallic layer for wavelengths larger than 10𝐿 𝑎 regardless of the pitch of the grating, Fig. 2.9-(a). In parallel, the permittivity variation Δε increases at large wavelengths and is sensitive to the pitch 𝑑 because of the free carriers lateral diffusion, Fig. 2.9-(b). When 𝑑 is small enough, typically 𝑑 < 5𝐿 𝑎 , Δε decreases and saturates since the carriers diffuse between consecutive pump spots. In that case, the permittivity is almost homogeneous within the InAs slab. These results suggest that two kinds of photo-generated structures can be realized in a thin InAs layer: homogeneous metallic slabs (HS) are obtained for a pitch 𝑑 < 5𝐿 𝑎 while metallic grating structures (GS) are generated when 𝑑 > 5𝐿 𝑎 . To verify this assertion, we plot the THz absorption spectra for several pitches, Fig. 2.10. The maps of the absorption coefficient calculated with respect to the normalized wavelength and the pitch show that the THz absorption strongly depends on the polarization of the THz waves. For the TE polarization case (the electric field is perpendicular to the x-y plane), an absorption between 30% to 40% is reached for the HS (𝑑 < 5𝐿𝑎) and for a broadband wavelength range spanning from 15𝐿 𝑎 (225 𝜇𝑚) to 26𝐿 𝑎 (400 𝜇𝑚), Fig.

2.10-(a)

. For the TM polarization case (the magnetic field is perpendicular to the x-y plane), the absorption coefficient attains 45% when a metallic GS is optically induced, Fig. 2

.10-(b).

These results demonstrate that for a weak pump irradiance, a thin InAs films is equivalent to a metallic slab. An increase of the pump irradiance results in realizing a metallic layer of very high negative real and imaginary parts for the permittivity. In that case, the THz waves are strongly reflected by the InAs slab which decreases its absorption. To circumvent this limitation, we consider a thicker InAs slab in order to decrease the carrier density, and to increase the electromagnetic wave interaction with the InAs slab.

Thick films

In this section, we study InAs slab of thickness ℎ = 15 𝜇𝑚 which is equivalent to one diffusion length 𝐿 𝑎 . A pump fluence of 50 𝑊.𝑐𝑚 -2 is used to maintain a sufficient carrier density. In this framework, the carrier density calculated for a pitch 𝑑 = 10𝐿 𝑎 and at 𝜆 = 15𝐿 𝑎 presents gradual variations in both x and y-directions and attains a maximal value of 2.2 × 10 16 𝑐𝑚 -3 , Fig. 2.11-(a). This value is comparable to that observed for the thin layer but is now obtained for a pump fluence 5 times larger. When ℎ is increased, the photocarriers are indeed able to diffuse into the InAs layer which in turn decreases their density. The photo-generated permittivity calculated at 𝜆 = 15𝐿 𝑎 varies in both directions and shows that the InAs layer is mostly a metal laterally sandwiched between two dielectric areas, Fig. The average permittivity is shown to vary from positive to negative values when the wavelength increases. This transition arises around 𝜆 = 183.84 𝜇𝑚 (12𝐿 𝑎 ) where the real part of the average permittivity is near-zero: ℜ(ε) = 0. The permittivity variation Δε shows again that the InAs slab behaves as a HS or a GS when 𝑑 is either smaller or larger than 5𝐿 𝑎 . However, according to the wavelength, several types of HS can be optically induced ranging from lossy dielectrics, epsilon-near-zero (ENZ) layers to metallic layers. When 𝑑 > 5𝐿 𝑎 , dielectric or metallic grating structures are respectively obtained for wavelengths respectively lower or larger than 12𝐿 𝑎 . This variety of structures engenders several absorption mechanisms for the THz waves which depends on their polarization, Fig. 2.13. For the TE-polarization case, the grating regime (GS) allows in particular to monitor an absorption line over a wide range of wavelengths (12𝐿 𝑎 -25𝐿 𝑎 ) by varying the pump period 𝑑 and for a constant fluence, Fig. 2.13-(a). At shorter pitches, for 𝑑 < 5𝐿 𝑎 when HS are photo-generated, a 50% absorption peak is reached around 𝜆 = 12𝐿 𝑎 for both polarizations. In this regime, a Fabry-Perot resonance traps efficiently the THz waves within an ENZ homogeneous slab which boosts the absorption. This effect occurs for a wavelength close to the average plasma wavelength denoted λ𝑝 and defined by ℜ(ε( λ𝑝 )) = 0. It can be seen from equation (2.52) that λ𝑝 is linked to the average carrier density N0 which is driven by the pump irradiance. We deduce that λ𝑝 = 𝐶/Φ 0 where 𝐶 is a constant that depends on material parameters. This property allows to control the spectral position of the ENZ absorption line by varying the pump irradiance. For example, for 𝑑 = 2.5𝐿 𝑎 , the ENZ absorption peak varies from 8𝐿 𝑎 to 26𝐿 𝑎 with a constant efficiency of 50% when the pump irradiance varies from 25 𝑊.𝑐𝑚 -2 to 100 𝑊.𝑐𝑚 -2 , Fig. It is worth noting that this ENZ absorption mechanism is particularly well suited to realize a broadband dynamic THz absorber. From a practical point of view it can be realized with a uniform pump since it does not stem from the spatial modulation of the permittivity. To conclude this section, InAs layers of thicknesses settled about one ambipolar diffusion length offer a wide control over the THz radiations by means of the modulation of the period of the optically induced grating and by the variation of the pump power.

Ultra-thick films

Let us consider an ultra-thick InAs layer whose thickness ℎ = 45.96 𝜇𝑚 (3𝐿 𝑎 ) is larger than the ambipolar diffusion length. For a pump irradiance of 50 𝑊.𝑐𝑚 -2 , a pitch 𝑑 = 10𝐿 𝑎 and 𝜆 = 15𝐿 𝑎 , the carrier density presents strong gradual variations in the y-direction and reaches a maximal value about 1.9 × 10 16 𝑐𝑚 -3 , Fig. 2.15-(a). This carrier spatial distribution generates a metallic inclusion into a dielectric host, Fig. 2.15-(b). This permittivity map resembles a metallic grating whose footprint is limited to a thickness of 𝐿 𝑎 within the InAs layer.

The average relative permittivity and permittivity modulation maps confirm that ultra-thick InAs layer exposed to a low pump are dielectric structures presenting a small metallic area, Fig. 2.16.

The spectra obtained for both TE and TM polarized THz waves show that high absorption up to 67% is reached for a small range of wavelength restricted between 13𝐿 𝑎 and 15𝐿 𝑎 , Fig. 2.17. We again remark that the same efficiency is obtained for both polarization cases when HS are formed for 𝑑 < 5𝐿 𝑎 . This absorption peak appears close to the average plasma wavelength derived for a ℎ = 𝐿 𝑎 thick layer. This suggest that the THz waves interact with a ENZ layer whose thickness is restricted to a distance of about 𝐿 𝑎 where the permittivity presents a noticeable modification. Finally, an increase of the InAs layer thickness beyond 𝐿 𝑎 enhances the absorption of the THz wave but lowers the spectral dynamic control of the absorption lines.

Summary

We have investigated photo-generated metasurfaces for realizing fast and efficient dynamic THz absorbers. Indium Arsenide is demonstrated to be a promising material that tackles the actual limitations of this approach. The diffusion of the photocarriers plays a crucial role for realizing grating or homogeneous structures when a spatially modulated pump is considered. The study of the electronic and electromagnetic properties of an InAs layer shows that resonant absorption lines are monitored by the pump irradiance and by the spatial period of the pump. These properties drastically depend on the InAs layer thickness compared to the ambipolar diffusion distance. For a 45 𝜇𝑚 thick InAs layer, the modulation of the THz absorption coefficient is demonstrated to increase with the thickness and attains 67% for a CW pump irradiance of only 50 𝑊.𝑐𝑚 -2 . In contrast, thin layers of about 1.5 𝜇𝑚 present an absorption of 40% for a very low irradiance of 10 𝑊.𝑐𝑚 -2 . However, the best dynamical control for monitoring the absorption lines is obtained for a thickness of 15 𝜇𝑚 which corresponds to an ambipolar distance. In that case, a Fabry-Perot resonance arises close to ENZ regime and boosts the absorption to 50%. This ENZ-absorption can be optically actuated over a broad frequency band ranging from 1 THz to 3 THz when the pump fluence is increased from 25 𝑊.𝑐𝑚 -2 to 100 𝑊.𝑐𝑚 -2 . These results open promising avenues for realizing on chip active THz components based on InAs since low pump powers of only 500 𝑚𝑊 can be easily delivered by integrated CW lasers.

In the following chapters, we devoted our efforts to experimentally demonstrate the main theoretical statements established in this chapter, which are the ambipolar diffusion length and the active control of the THz radiation at low-pump irradiances, both at room-temperature. These demonstrations will be carried out in the NanoMIR group at the Université de Montpellier. This chapter is dedicated to the procedure carried out to fabricate the samples of the two main studies: Photoconduction devices and Photomodulation of the THz waves. The photoconduction device is fabricated in order to extract the diffusion length of the photogenerated carriers. Once the diffusion length value is obtained, it is possible to estimate the thickness of the InAs membrane that will give the most efficient photomodulation of the THz waves. Two different approaches to reveal the real impact of photogenerated metasurfaces based on an undoped-InAs slab are presented.

Chapter 3

Technological fabrication

Photo-conduction devices

The objective is to measure the ambipolar diffusion length in the undoped InAs material that has been established theoretically. The two main challenges are: first, to study and fabricate a structure allowing to measure the diffusion length without perturbation by the conductive substrate. Secondly, to ensure that the excess carriers can be collected efficiently with ohmic contacts.

The best solution to overcome this approach is to implement Transmission Line Measurement or Transfer Length Measurement (TLM) [START_REF] Grover | Effect of transmission line measurement (tlm) geometry on specific contact resistivity determination[END_REF]. TLM gives us the advantage to know the geometry of the distances that we are measuring, which is crucial to estimate the carrier diffusion length. However, the main limitation of the manufacturing process is the ohmic contact. The tiny ohmic contacts are bonded with a gold thread whose diameter is the same than the ohmic contacts groove, which leads to the fact that the gold thread detaches easily to the welding.

The TLM is fabricated in a structure [START_REF] Maimon | n b n detector, an infrared detector with reduced dark current and higher operating temperature[END_REF][START_REF] Pc Klipstein | Xbnn and xbpp infrared detectors[END_REF] where the barrier has been intentionally Te-doped to avoid carriers (electrons-holes pairs) leakage in the substrate. More details about this follows in study of the substrate composition (below).

TLM substrate composition

In this work, the role of the substrate composition structure is to prevent the photo-generated electron-hole pairs switching from the contact layer to the substrate. First, to confine the space charge zone in the barrier it is necessary to have the same doping type. The barrier structure is directly dependent on the thickness and its doping level. In this case, the material which composes the barrier structure have to be intentionally Te-doped in order to cut the passage of the holes towards the contact layer. In this form we are able to collect the photo-generated carriers; (electrons and holes), created in the contact layer by an IR irradiance.

In the search of the structure geometry composition Nextnano simulation tool has been used. Nextnano is a software which models the bands diagram. The structure simulated in Nextnano is composed of: an 𝐼𝑛𝐴𝑠 substrates, a layer of 𝐴𝑙𝐴𝑠𝑆𝑏 which has been intentionally Te-doped followed by a layer 𝐼𝑛𝐴𝑠 material. The arsenic (As) content allows lattice to match to the InAs substrate because the small quantity of arsenic (As 0.16 ) allows the 𝐴𝑙𝑆𝑏 alloy to have the same lattice parameters that InAs, as it can be inferred in Fig. 3.1. Then, the barrier content is AlAs 0.16 Sb 0.84 .

Figure 3.1 -Band gap and lattice constant for various III-V and group-IV material alloys [102].

The alignment of the bands due to the concentration of the materials, locates the barrier in the conduction band. In this case, the barrier composition is AlAs 0.16 Sb 0.84 and its bands diagram is presented in Fig. 3.2. In the figure, the barrier prevents the photo-generated electrons from passing towards the substrate zone and the passage of the holes towards the contact layer. In that case, the offset of the conduction band at the contact-barrier interface must be as large as possible in order to limit the photonic current (see the red line in Fig. 3.2) and, on the other hand the offset of the valence band must be the highest possible in order to cut the passage of the thermionic current (see the blue line in figure3.2). After having validated the structure by Nextnano software, the structure is grown by using solid source molecular beam epitaxy (MBE) in growth chamber Riber 412. An undoped-InAs substrates of crystalline orientation (1 0 0) is used. First, a layer of AlAs 0.16 Sb 0.84 of (200𝑛𝑚) thickness and followed by a non-intentionally doped 𝐼𝑛𝐴𝑠 layer of around (1.5𝑢𝑚) thick is used. The MBE growth was performed by the researchers Alexei BARANOV and Laurent CERUTTI from the group NANOMIR at IES.

Fabrication -TLM

The TLM samples are subjected to different steps of realization mainly by optical lithography and chemical etching process [START_REF] Yao | Handbook of microscopy for nanotechnology[END_REF][START_REF] Singh | Handbook of Advanced Electronic and Photonic Materials and Devices, Ten-Volume Set[END_REF]. To enlighten this fabrication steps, a process flow has been carried out where it details the steps to follow. The process flow for sample fabrication consists in the following steps.

Substrate preparation: After having grown the sample 𝐼𝑛𝐴𝑠(1.5𝑢𝑚), 𝐴𝑙𝐴𝑠𝑆𝑏(200𝑛𝑚),

and 𝐼𝑛𝐴𝑠(500𝑢𝑚) by using MBE, the surface quality is inspected by optical microscopy and the sample is successively rinsed with acetone, ethanol and isopropanol bath and dried under a nitrogen flow (Fig. 3.7.A).

Photoresist deposition (1)

: the sample is covered with AZ-5214 photo-resist, spread and spun at 4000rpm for 30s with 4s acceleration ramp. Then, the solvent is expelled by a postbake at 110℃ for 2min (Fig. 3.7.B).

Photolithography (1)

: Nanomir group has a mask E256-L3 with different TLM patterns, circular and rectangular (presented in figure3. 3-A). The expected pattern is aligned in the center of the sample. To bring the sample and the mask in closest contact, a hard contact is applied [START_REF] Theodore | Lithography: principles, processes and materials[END_REF]. The sample is exposed during 6.5𝑠 to UV exposure (Fig. 3.7.C). 6. Lift-Off: the AZ-5214 photoresist must be removed by a step of lift-off and the metal deposited on it, we use for it a bath of acetone. Then, a metallization reinforcement is performed on a hotplate at 110℃ during 5min. It is an important step to solidify the ohmic contacts allowing a better adhesion to the semiconductor for a future welding step (Fig. 3.7.F).

7. Photoresist deposition (2): a layer of AZ-1518 photoresist is applied at 4000rpm for 30s with 2s acceleration ramp. Then, the solvent is evaporated by a postbake at 110℃ for 1min (Fig. 3.7.G). 10. Dry chemical etching: an Oxford instruments ICP-RIE reactor is used to etch the InAs layer. The standard recipe "Sputt-Ar-50W" of the NanoMir group is followed for the etching of InAs. The process gas is Argon (Ar). The laser interference signal is applied to control the etching process and it stops oscillating on the AlAsSb layer. Fig. 3.5 presents the samples at the end of this process step (Fig. 3.7.J).

11. Final Cleaning: The TLM sample is successively rinsed with acetone, ethanol and isopropanol (to remove the oil for the thermal contact from the bottom side) and dried under a nitrogen flow (Fig. 3.7.K).

The photo-conduction devices (TLM) are stuck to the chip carrier (𝑇 𝑜 -8) by using Silver 𝐴 𝑔 lacquer which is a cold welding usual technique for joining metal pieces. Then are welded with golden threads as presented in figure3.8. The golden threads of 50𝜇𝑚 diameter are welded on the areas of contact transfer in the photoconduction devices (TLM metal grooves composed of titanium and gold 50𝜇𝑚 and 350𝜇𝑚 thick) and reported on the To-8 pins themselves connected to contacts.

Results and discussion

The fabrication process is done at the Central Technologique de Montpellier (CTM). We present some examples of the samples fabricated. Laboratory microscope and Scanning Electron Microscope (SEM) images are acquired by using a FEI SEM INSPECT S50 with high resolution. Here, the presentation of the results is related to the structural fabrication process, the optical characterization of the photo-conduction devices follows in chapter 4. Figure3.9 illustrates the TLM sample inspected by SEM images. The top views shows in detail the geometry of the TLM built, which is composed of eight gold grooves of width 50𝜇𝑚, located at distances 10𝜇𝑚, 20𝜇𝑚, 30𝜇𝑚, 60𝜇𝑚, 120𝜇𝑚, 180𝜇𝑚 and, 240𝜇𝑚. At last, an inspection has been made in Dektak indicating that the thickness of the undoped InAs material is 1.5𝜇𝑚, the gold contact thickness is 400𝑛𝑚 (Ti/Au(50𝑛𝑚/350𝑛𝑚))and that each TLM is isolated with a respective mesa.

B. Photoresist deposition (1). C. Photolithography (1). D. Resist development (1). E. Metal deposition. F. Lift-Off and Metallization reinforcement. G. Photoresist deposition (2). H. Photolithography (2). I. Development (2). J. Dry chemical etching. K. Final Cleaning.

Figure3.10 shows the photoconduction device stuck to the 𝑇 𝑜 -8 and welded. The golden threads of 50𝜇𝑚 diameter are welded on the areas of contact transfer in the photoconduction devices and reported on the 𝑇 𝑜 -8 pins.

In the following section, we deals with the fabrication process of the intrinsic InAs membranes. Thanks to the Physical Review B [START_REF] Alvear-Cabezón | Photogenerated metasurfaces at terahertz frequencies induced by a continuous-wave low pump[END_REF] results we know that the InAs membranes have to be thin enough (a few micro-meters) to perform a versatile control of the THz waves radiation.

THz modulation samples: InAs membranes

To demonstrate experimentally the efficient modulation of the THz waves, we fabricate membranes based on undoped InAs. The objective is to produce the optimal thickness of InAs membranes that has been established theoretically. The main challenge of fabrication is the small thickness (10 to 1𝑢𝑚) of these membranes. The best solution to overcome this issue of manufacturing is linked with wet chemical etching. The wet chemical etching enables to smooth the surface, which is crucial for the optical characterization, however, the main limitation of the manufacturing process is its brittleness due to the fact that at the end of the procedure, the brittle sample is successively rinsed with acetone, ethanol and isopropanol and dried under a nitrogen flow.

We worked on two different kind of samples: InAs wafer and InAs epitaxial layer.

Fabrication process

The InAs wafer is acquired commercially. The InAs membranes are subjected to different steps of realization. The process flow for sample fabrication consists of the following steps. 2. Polished: the InAs thickness of 500𝜇𝑚 corresponding to the substrate must be reduced to obtain membranes between 10 to 1𝜇𝑚. It has been reduced by using adhesive abrasive discs type M 𝜑200 MM P2400 in a mechanical polishing to achieve a thickness lower than 100𝜇𝑚. The thickness has been measured by using a precision thickness measurement gauge tool. Then, an optical polish is carried out by using Mecaprex self-adhesive polishing disc with powders of aluminum grains of different sizes (20um, 12um, 5um, 1um) (see figure3.12) to ensure an InAs surface without roughness (Fig. 3.11.B).

Figure 3.12 -Picture of the mechanical polishing station. We observe on the left, the powders of aluminum grains of different sizes, on the center a Mecaprex self-adhesive polishing disc with powders of aluminum grains and on the right, the precision thickness measurement gauge tool, instruments that have been used to polish the sample.

3. Substrate preparation: after having polished the sample, the quality of the surface is inspected by optical microscopy. Then, the sample is cut with a scalpel to obtain a membrane geometry larger than an area of 2𝑚𝑚 diameter, corresponding to a hole located 3.5𝑚𝑚 from one of the sides of the sample holder. Afterwards, the sample is stuck to the sample holder using the epoxy adhesive ECCOBOND 144A. The sample holder is always a piece of copper covered with a thin layer of gold of dimensions (𝐿𝑒𝑛𝑔𝑡ℎ = 7𝑚𝑚 (L) x 𝑊 𝑖𝑑𝑡ℎ = 1𝑚𝑚 (B) x 𝐻𝑒𝑖𝑔ℎ𝑡 = 2𝑐𝑚 (H)) (Fig. 3.11.C).

4. Protection: AZ-1518 photoresist is applied to protect the inside of the hole support holder. To reduce corrosion of the sample holder, it is necessary to cover it with the same product. Then, the photoresist is hardened by a postbake of 110℃ during 1 min (Fig. thickness (Fig. 3.11.E). Then, the sample is put in the solution and the etching rate is indicated in Table3.1.

6. Final Cleaning: The brittle sample is successively rinsed with acetone, ethanol and isopropanol bath and dried under a nitrogen flow. This is a delicate process since the surface tension of the solvents or the water and especially the drying under a nitrogen flow often can crack the sample (Fig. 3.11.F).

Wet chemical etching : Calibration of the etching rate for InAs using (H

3 PO 4 : H 2 O 2 : H 2 O)
Etching of InAs is possible using a solution of phosphoric acid diluted in hydrogen peroxide and water (H 3 PO 4 : H 2 O 2 : H 2 O). The process is limited by the chemical reaction rate, which means that the material removal rate depends on the rate of the chemical reaction at the surface. The reaction rate is characterized by a proportionality relation between the etch depth and the etch time. In this case, the objective of chemical etching is to reduce the thickness of around 100um to a thickness of (10 to 1um). Clean-room records indicate an etching rate of 1.5-1.6 𝜇𝑚/𝑚𝑖𝑛 25℃ for InAs substrate using a solution of H 3 PO 4 :H 2 O 2 :H 2 O indicated previously in Table 1.1. As a consequence of this etching rate, the sample remains for a long time in the solution. To reduce the thickness of the material in a shorter time, the temperature of the solution is increased from 25℃ to 60℃ in order to accelerate the etching rate [START_REF] Singh | Handbook of Advanced Electronic and Photonic Materials and Devices, Ten-Volume Set[END_REF][START_REF] Stephen J Pearton | Topics in growth and device processing of III-V semiconductors[END_REF][START_REF] Kelly | Wet-chemical etching of iii-v semiconductors[END_REF]. The InAs etching rate at 60℃ is presented in Appendix C.

InAs membranes made by epitaxy growth

Separately from the membranes manufactured with InAs wafer, we also worked on InAs epitaxial layer. The epitaxial membranes samples with a thickness of around 17𝜇𝑚 are presented in figure3. [START_REF] Taylor | Thz and mm-wave sensing of corneal tissue water content: In vivo sensing and imaging results[END_REF].

The InAs epitaxial membranes are also subjected to a thickness reduction in order to obtain the optimal thickness that has been established theoretically (between 10 to 1𝑢𝑚). To reduce the thickness of the InAs epitaxial material, a chemical etching 25℃ is used (See Table3.1). Following the membranes fabrication process (see section 3.1.1) the samples were put in a solution where the etching rate is 1.5𝜇𝑚/𝑚𝑖𝑛 during 9𝑚𝑖𝑛 and 10𝑚𝑖𝑛30𝑠 obtaining membranes with a thickness of 6.2𝜇𝑚 and 5.7𝜇𝑚. Finally, the brittle samples are successively rinsed with acetone, ethanol and isopropanol and dried under a nitrogen flow. 

Results and discussion

In the following section, some examples of samples fabricated mainly by wet chemical etching process are presented. Laboratory microscope and SEM images were acquired with high resolution at the CTM. Here, the presentation of the results is related to the structural fabrication process. The InAs wafer sample of 8.8𝜇𝑚 thick is inspected by SEM displayed in Figure3. [START_REF] Hadjiloucas | Measurements of leaf water content using terahertz radiation[END_REF]. The side views illustrates the InAs wafer membrane has been deformed in a convex shape. This convex shape deformation in the InAs slab is probably due to the wet chemical etching. The material remains in decompressive strength due to the liquid surface tension into the hole when we dry the InAs wafer sample.

Summary

In this chapter, two complementary recipes for the fabrication of Photoconduction devices and THz modulation samples were presented.

First, a photo-conduction device fabrication based on optical photolithography and dry chemical etching, applicable for the manufacturing process of TLM devices was presented. The substrate structures was simulated by using Nextnano software, which demonstrates that the selected structure is a configuration able to collect the photogenerated carriers in the layer of undoped InAs of 1.5𝜇𝑚 thick obtained by epitaxy growth. Then, the fabrication process to adapt the standard photolithography process and dry chemical etching in the substrate has been presented. Once all these fabrication steps have been completed to weld the TLM on the To-8 without being detached from the contact part of the semiconductor, we use a metallization reinforcement, which is an important step to solidify the ohmic contact allowing a better adhesion to the semiconductor. This first part of this chapter finished with some SEM images of the TLM. The images show in detail the geometry of the device and the isolation of each TLM. To conclude, it is shown a picture of one of the photo-conduction fabricated device stuck to the To-8 and is ready for optical characterization.

Secondly, THz modulation samples process based on mechanical polishing and wet chemical etching is presented, applicable for the manufacturing process of undoped InAs membranes of 10 to 1𝜇𝑚 thick. The major achievements were to adapt the standard industrial polishing to reduce the thickness of conventional undoped InAs acquired commercially. Two complementary etching rate for the undoped InAs have been studied at 60℃ by considering the influence of the size of the sample holder hole of 2𝑚𝑚 by using the solution (H 3 PO 4 :H 2 O 2 :H 2 O (2:1:2)). All these data have been integrated to the IES clean-room database. This second part of this chapter finished with some laboratory microscope images of the undoped InAs membranes. The images shows in detail the geometry of the fabricated InAs membranes and that each InAs membrane has been deformed in a concave shape due to mechanical forces produced by the wet chemical etching on the material. It is also enclosed some SEM images of one undoped InAs membrane stuck to the sample holder and ready to be photo-generated. In the previous chapters, we theoretically studied the THz electromagnetic properties of photo-generated metasurfaces in an InAs slab. Furthermore, the technological process to fabricate the photo-conduction devices and photo-modulated THz devices have been presented. In this chapter, the optical characterization will serve to study the physical properties of the undoped-InAs material. The carrier injection is analyzed by using the fabricated photo-conduction devices in order to estimate the effective carrier lifetime of the photo-carriers. In the following sections, the optical properties of the InAs are investigated experimentally and compared to numerical simulations.

Chapter 4

Optical Characterization

Physical properties of InAs material

The optical characterization of the InAs material was performed by using photoluminescence (PL) in the available set-up in NANOMIR-Group at the University of Montpellier. PL is a non-destructive measurement. It is performed by using a cryostat to monitor the sample temperature, a laser pump with a wavelength of 790𝑛𝑚 to photo-generate free carriers and a FTIR (FTIR: Fourier Transform InfraRed) spectrometer to analyze the emitted light [START_REF] Chalmers | Handbook of Vibrational Spectroscopy, 5 volumes set[END_REF][START_REF] Hester | Spectroscopy for surface science[END_REF][START_REF] Fellgett | Theory of infra-red sensitivites and its application to investigations of stellar radiation in the near infra-red[END_REF]. The FTIR spectrometer is composed of a Michelson interferometer and a high sensitivity detector which measures the interferogram I(Δ𝑥). The interferogram contains therefore the entire information of all the wavelengths emitted by the sample. The interferogram is Fourier transformed to obtain the spectrum of the sample [START_REF] Knözinger | aus der reihe: Chemical analysis-a series of monographs of analytical chemistry and its applications, john wiley+ sons, chichester, new york, brisbane, toronto, singapore 1986. 656 seiten, preis:£ 76.75[END_REF]. The PL measurement requires Optical Characterization a sufficient resolution. Typical resolutions in FTIR spectroscopy are ranging from 32 to 0.5𝑐𝑚 -1 , where 0.5𝑐𝑚 -1 is the highest resolution. The resolution calibration is related to the longer optical retardation, which corresponds to the maximum oscillation amplitude of the movable mirror located in the Michelson interferometer. We used a step scan process to discriminate the PL from the black body radiation.

In the PL measurement, the surface of a crystal semiconductor; (in this case: the undoped-InAs material), is illuminated by a visible laser creating electrons-holes pairs due to the absorption of photons with an energy superior to the energy gap (𝐸 𝑔 ) (figure4.1(1)). The energy of the IR photons of the laser pump is equal to 1.56𝑒𝑉 . Then, the spontaneous emission spectrum takes place when the photo-excited electron and hole thermalize to the band extrema and recombine spontaneously (figure4.1(2)). The PL experiment proves the fundamental states of the semiconductor. It gives access to the band to band recombination, or more generally to the localized electronics states into the band gap of the semiconductor. In the following section, we start with the PL at low-temperature (10𝐾) of an InAs wafer. This results are performed by using different pump irradiances in 𝑊/𝑐𝑚 2 .

Photo-luminescence at low-temperature

This section presents the PL spectra obtained at low-temperature (10𝐾) of an undoped-InAs material made by different pump fluences in 𝑊/𝑐𝑚 2 (see figure4.2). Figure4.2 shows two PL peaks for each spectra. The first peak located at high-energy corresponds to the band to band free carrier recombination and the second one at low-energy is related to Urbach-Tail [START_REF] Arsen V Subashiev | Urbach tail studies by luminescence filtering in moderately doped bulk inp[END_REF]. The Urbach-tail corresponds to the absorption coefficient at the photon energy below the optical gap. It corresponds to the material defects that can be observed at low-temperature. These material defects are related to the trap of electron or holes in the energy gap which leads to states in the gap that can be observed in the emission spectra at low-temperature. While most of these defects origin from the material surface, other defects come from the lack of an atom in the mesh, and impurities in the material. This states in the gap can be observed at low-temperatures because the carriers are trapped in the impurity level. When the temperature increases, the impurities ionize and release the carriers. We can calculate the temperature of the photo-generated carriers using the high energy part of the PL spectra at low-temperature. This temperature relates to the distribution of the photo-excited carriers in the allowed band. The estimation is given by the Boltzmann distribution presented in the following equation:

𝑓 (𝐸) = 𝐴𝑒 -𝐸 𝑘𝑇 (4.1)
where 𝐴 is the PL amplitude, 𝐸 is the photon energy, 𝑘 is the Boltzmann constant and 𝑇 the temperature. To compute electronics temperature of the photo-generated carriers we consider different IR-pump irradiance in 𝑊/𝑐𝑚 2 . Then, a Boltzmann distribution slope (BDS) is computed by using a nonlinear curve fit which is calculated by using the relation: 𝐴 exp(-𝑥/𝐵𝐷𝑆), where A is the PL amplitude. Then, the BDS is divided by 𝑘𝑇 which give us an estimation of the electronics temperature.

Before computing the electronics temperature, it is necessary to determine the irradiance of the IR pump. It has been performed using a power-meter to monitor the power in 𝑚𝑊 . The irradiance in 𝑊/𝑐𝑚 2 has been obtained by considering an IR-spot diameter of around 200𝜇𝑚. The experimental determination of the spot's geometry of our facilities has been performed by scanning the beam using an infra-red camera (Windowless USB2.0 Monochrome 1.3MP CMOS Cameras (8-bits)). The IR-spot geometry of the incident beam is illustrated in the figure4.3. The gaussian waist in the X-directions is around 100𝑢𝑚 and in the Y-directions is around 350𝑢𝑚 which allows us to estimate and IR-spot diameter of around 200𝜇𝑚. The laser divergence is different for the direction due to the diffraction effect produced by the shape of the laser facet. This IR-spot region must be related to the IR-laser power made over this area in 𝑊/𝑐𝑚 2 . The same procedure has been carried out for different pump fluences at low-temperature presented in Table4.1. As illustrated in table4.1, the electronics temperature increases by a regular increment of 20𝐾 until it approximately reaches 193𝐾 from which it began to plateau despite a very high irradiance of over 80𝑊/𝑐𝑚 2 . It can be explained by the thermalization effect, where 1.2𝑒𝑉 are dissipated in the form of heat. The cryostat is not able to remove the heat. The important point is at 10𝐾 the electronic temperature is 100𝐾 higher due to the thermalization of the photo-generated carriers.

In the following section, we present the PL using different temperatures spanning from 10𝐾 to room-temperature (300𝐾) and a constant laser irradiance. We study the dynamic of the 𝐸 𝑔 according to the different temperatures and how is it affects the electronic temperature of the photo-generated carriers.

Photo-luminescence at different temperatures

This section deals with the PL spectra obtained at different temperatures of an undoped-InAs material for a laser irradiance of 15𝑊/𝑐𝑚 2 . Figure4.4 shows the evolution of the energy gap (𝐸 𝑔 ) with the temperature dependence and the increase of its intensity. At high temperatures, the PL allows a reduced 𝐸 𝑔 . This potential value is low because the increased thermal energy increases the interaction of the inter-atomic spacing due to the increment in amplitude of the atomic vibration (stress). On the contrary, if the PL is at low-temperature, the interaction of the inter-atomic spacing is decreasing due to the weak amplitude of the atomic vibration which remains the 𝐸 𝑔 with an increased value. Figure4.4 also shows two maximum intensity of PL when it is at low-temperature. The first peak located at high-energy corresponds to the band to band free carrier recombination and the second one at low-energy is related to material defects that can be observed at low-temperature, as previously explained in section4.1.1. 

Varshni's Law

The variation of 𝐸 𝑔 with the temperature T is given by the Varshni's law [START_REF] Yatendra | Temperature dependence of the energy gap in semiconductors[END_REF] 𝐸 𝑔 (𝑇 ) = 𝐸 𝑔 (0) -

𝛼𝑇 2 𝑇 + 𝛽 (4.2)
where, 𝛼 is a fit parameter and 𝛽 is the Debye temperature which corresponds to the characteristic temperature of the behavior of the heat capacity and the hardness of the solids. 𝐸 𝑔 is expressed in 𝑒𝑉 and T in 𝐾. 𝐸 𝑔 (0) in that case is the gap at 0𝐾. Figure4.5 presents the dependence between the PL's energy peak and the temperature. Table4.2 indicates the Varshni coefficient values found in the state of the art [START_REF] Vurgaftman | Band parameters for iii-v compound semiconductors and their alloys[END_REF] and its computed coefficient values obtained for the PL 1 𝑠𝑡 𝑃 𝑒𝑎𝑘 of the undoped-InAs material. The PL 2 𝑛𝑑 𝑃 𝑒𝑎𝑘 which is related to material defects reports the same Varshni coefficient values. They are in quite good agreement despite the laser heating.

To understand how the energy of the PL-2 𝑛𝑑 𝑃 𝑒𝑎𝑘; (related to the trap of electron or holes in the gap), is emptied at the PL-1 𝑠𝑡 𝑃 𝑒𝑎𝑘; (band-to-band free carrier recombination), we study the activation energy (𝐸 𝑎 ). 𝐸 𝑎 corresponds to the distribution law of electrons both in contact with another state and separated by an energy barrier [START_REF] Tsang | Doping in semiconductors with variable activation energy[END_REF], in that case the 𝐸 𝑎 . The 𝐸 𝑎 can be estimated by to the following equation: 𝑒𝑥𝑝 (𝐸𝑎/𝑘𝑇 ) where, 𝑘 is the Boltzmann constant. To compute 𝐸 𝑎 , it is necessary to calculate the integral of PL at different temperatures in (𝐾 -1 ), presented in figure4.6. Moreover, it is also possible to obtain the electronics temperature of the photo-generated carriers by using in this case an irradiance equal to 15𝑊/𝑐𝑚 2 . The estimation is given by the Boltzmann distribution presented in the equation4.1 as presented above. The BDS is also calculated by using a non-linear curve fit which gives an estimation of the electronics temperature. The increase of the electronics temperature when decreasing the sample temperature can be explained by the fact of the thermalization, presented in section4.1 in figure4.1. In that case, the surface of the material that has an 𝐸𝑔 = 0.354𝑒𝑉 it is illuminated with a laser with an energy of 1.56𝑒𝑉 which provokes that 1.2𝑒𝑉 to be dissipated in the form of heat. Then, when the sample temperature decreases the thermalization energy can be observed with a higher visibility in the electronics temperature. Table4.3 indicates an estimation of the electronics temperature at different PL temperatures, ranging from 313𝐾 to 109𝐾.

In the following section, the optical characterization of the PL at room-temperature and its comparison with the theoretical simulation performed at at room-temperature (300𝐾) using different pump irradiances in 𝑊/𝑐𝑚 2 .

Photo-luminescence at room-temperature

This section covers the PL spectra at room-temperature (300𝐾) made by different irradiances in 𝑊/𝑐𝑚 2 . Figure4.7 shows the peak of PL is located at 𝐸 𝑔 = 0.354𝑒𝑉 as the irradiation of the IR-pump increases. The BDS estimation which gives an approximation of the electronics temperature, is calculated from the Boltzmann distribution presented in the Eq.4.1 as illustrated above. The evolution of the electronics temperature depicted in Table4.4. It has similar values (around 320𝐾) as it is induced for different laser irradiance on the undoped-InAs material at 300𝐾. In the following section, we perform the numerical simulation of the PL at 300𝐾 to estimate the photo-generated carrier density created in the PL using different Φ 0 (𝑊/𝑐𝑚 

Numerical simulation of PL at room-temperature

This section is dedicated to the theoretical study of PL at room temperature (300𝐾). The main idea is to have access to more information because the PL process has the same configuration implemented when photo-generated carriers are created in an undoped-InAs slab at 300𝐾 to modulate the THz waves efficiently. Therefore, this PL study plays a key role in providing us access to an estimation of the radiative carrier lifetime (𝜏 𝑅 ) and the radiative recombination coefficient (𝐵).

The surface of the material is illuminated by a laser of a wavelength of 790𝑛𝑚, which degenerates the surface of the material due to the creation of electron-hole pairs. This degeneration actives two pseudo-Fermi levels (one for the electrons and the other for the holes). In order to estimate the difference in the pseudo-Fermi levels, a home-made multiphysics code has been done. This code requires a creation of an important quantity of photo-generated carriers out of equilibrium Δ𝑛 and Δ𝑝 in a way that the pseudo-Fermi levels are given by:

𝐸 𝐹 𝑐 = 𝐸 𝑐 + 𝑘𝑇 F 1/2 ( 𝑛 𝑁 𝑐 ) (4.3) 𝐸 𝐹 𝑣 = 𝐸 𝑣 -𝑘𝑇 F 1/2 ( 𝑝 𝑁 𝑣 ) (4.4)
where for the InAs material the effective density of states in the conduction band is: 𝑁 𝑐 = 8.7x10 16 𝑐𝑚 -3 and in the valence band is: 𝑁 𝑣 = 6.6x10 18 𝑐𝑚 -3 . The F 1/2 is the inverse function of 𝐹 1/2 , the integral of the Fermi-Dirac function of order 1/2 defined by:

𝐹 1/2 = 1 Γ(3/2) ∫︁ ∞ 0 𝑥 1/2 1 + 𝑒 𝑥-𝑢 𝑑𝑥 (4.5)
where Γ(3/2) is the gamma function. Figure4.8 outlines the difference 𝐸 𝐹 𝑐 -𝐸 𝐹 𝑣 in relation to the carrier density (𝑁 ) out of equilibrium. InAs material does not absorb more photons of energy ℎ𝑣=𝐸 𝑔 when the carrier density out of equilibrium (𝑛 𝑡𝑟𝑎𝑛𝑠 ) is larger than the transparency's threshold. In other words, the transparency threshold density is the limit of carriers absorption in the InAs material. When this transparency threshold is reached, the material no longer absorbs photons of energy smaller or equal to the considered one. The transparency threshold of the undoped-InAs material is equal to 𝑁 = 1.8x10 17 (𝑐𝑚 -3 ). The evolution of the difference of the pseudo-Fermi level Δ𝐸 𝐹 =𝐸 𝐹 𝑐 -𝐸 𝐹 𝑣 allows to compute the photon energy 𝐾 𝑠𝑝𝑜𝑛 that can be modeled by the following relation:

𝐾 𝑠𝑝𝑜𝑛 = (2𝑚 𝑟 ) 3/2 𝜋h 2 𝜏 𝑅 𝑒 Δ𝐸 𝐹 -𝐸𝑔 𝑘𝑇 (4.6)
where h is the Planck constant and 𝑚 𝑟 is the value of the reduced effective mass computed by using 𝑚 𝑐 =0.023𝑚 0 which is the effective mass of the conduction band;

(where 𝑚 0 is the electron mass in the vacuum), and 𝑚 𝑣 =0.41𝑚 0 the effective mass of the valence band as it is presented below:

𝑚 𝑟 = ( 1 𝑚 𝑐 + 1 𝑚 𝑣 ) -1 (4.7) 
The spontaneous lifetime 𝜏 𝑅𝑚 is a parameter related to the properties of the material that can be estimated with the following equation:

1 𝜏 𝑅𝑚 = 𝑞 2 𝑛 𝑜𝑝 𝐸 𝑔 𝐸 𝑃 2𝜋𝑐 3 h2 𝜀 0 𝑚 𝑒 (4.8)
where 𝑞 is the electron charge, 𝑛 𝑜𝑝 is the InAs optical refractive index, 𝐸 𝑃 is the Kane's energy that corresponds to an element in the dipole matrix of transition from the valence band to the conduction band [START_REF] Rosencher | Optoelectronics[END_REF], 𝜀 0 is the vacuum permittivity and 𝑚 𝑒 is the electron mass. The pseudo-Fermi levels variations are calculated under a high laser irradiance which links radiative recombination mechanisms where 𝐵 is the bimolecular radiative recombination coefficient that can be estimated by the following equation:

𝐵 = 1 𝜏 𝑅𝑚 𝑁 𝑐 ( 𝑚 𝑐 𝑚 𝑣 ) 3/2 (4.9)
Numerical calculations of PL has been carried out to have access to the pseudo-Fermi levels variation by using the obtained PL experimental values at roomtemperature presented in figure4.7. The theoretical results leads to new approximations values of the bimolecular radiative recombination coefficient equal to 𝐵 = 7.28 × 10 -11 (𝑐𝑚 3 𝑠 -1 ) estimated by using equation4.9 considering a 𝜏 𝑅𝑚 = 2(𝑛𝑠). These values are extremely close to reference values obtained in the literature [START_REF] Rosencher | Optoelectronics[END_REF] where 𝐵 = 8.5 × 10 -11 (𝑐𝑚 3 𝑠 -1 ).

To theoretically determine the spectral distribution 𝑅 𝑠𝑝𝑜𝑛 (ℎ𝑣) of the spontaneous emission rate in an undoped-InAs material, we use the following equation:

𝑅 𝑠𝑝𝑜𝑛 (ℎ𝑣) = 𝐾 𝑠𝑝𝑜𝑛 ((ℎ𝑣 -𝐸 𝑔 ) 1/2 * 1 𝜎 √ 2𝜋 𝑒 -1/2( ℎ𝑣-𝑢) 𝜎 ) 2 )𝑒 -(ℎ𝑣-𝐸𝑔 ) 𝑘𝑇 (4.10)
where a convolution operation was added between the density of states; ((ℎ𝑣 -𝐸 𝑔 ) 1/2 ), and a Gaussian curve with expected value 𝑢 and variance 𝜎 to realize the numerical simulation of the low-energy part of the PL peak which is related to Urbach-Tail.

Figure 4.9 -The comparison between the simulated results (dashed lines) and the experimental ones (full lines) of the spectral distribution of the spontaneous emission rate 𝑅 𝑠𝑝𝑜𝑛 (ℎ𝜈) in (𝑐𝑚 -3 .𝑠 -1 .𝐽 -1 ).

Figure4.9 illustrates the PL at room-temperature extracted from the FTIR spectrometer by using a Michelson interferometer measurements for different pump fluences (Φ 0 = 10, 20, 35, 50, 65, 80, 100, 120𝑊/𝑐𝑚 2 ) for the InAs material. The comparison between numerical simulation (dashed-lines) and the experimental ones (full-lines) shows very good agreement in the displacement of the pseudo-Fermi levels variation when the InAs material is photo-excited by an IR plane wave. We can also observe the PL maximum intensity which gives us an idea of the material gap size. In this case, the gap of the InAs material is 𝐸 𝑔 = 0.354𝑒𝑉 .

The numerical simulations allow us to adjust the physical parameters to fit the experimental data. To find a good fit agreement between the theoretical and the experimental lines, we first normalized the theoretical curve to obtain the same intensity than in the experimental one. Then, we applied a second normalization regarding the Boltzmann's distribution, the density of states and the Urbach-Tail.

The distribution that guides the total normalization is the Boltzmann's distribution since the Urbach-Tail has been computed by an approximation using a convolution operation between the density of states and a Gaussian curve to acquire the low-energy part of the PL peak.

In the following section, we use the parameters obtained in the PL optical characterization under different conditions in order to study the non-linear evolution of the InAs effective recombination life-time according to the injection-level (𝑁 ).

Effective recombination life-time (𝜏 𝑒𝑓 𝑓 )

In the undoped-InAs material under a low-injection regime, the minority carriers are metastable and will exist on average only for a time equal to the life-time 𝜏 𝑒𝑓 𝑓 . It corresponds to the average elapsed time between the creation of an electron-hole pair and its recombination as previously presented in chapter 2.

To compute the effective life-time curve, we consider an intrinsic InAs slab, where 𝑛 0 = 𝑝 0 = 𝑛 𝑖 = 0.5x10 15 𝑐𝑚 -3 , 𝑛 = 𝑛 𝑜 + Δ𝑛 and 𝑝 = 𝑝 𝑜 + Δ𝑝, with Δ𝑛 = Δ𝑝 when we illuminated the sample. We assume that the deep trap of the SRH recombination is located at an energy equal to intrinsic energy level, it means 𝑛 ′ = 𝑝 ′ = 𝑛 𝑖 . In this context, the SRH recombination is:

𝑅 𝑆𝑅𝐻 = 𝑘 𝑟 (𝑛𝑝 -𝑛 2 𝑖 ) ≈ 𝑛𝑝 -𝑛 2 𝑖 𝜏 𝑛𝑜 (𝑝 + 𝑝 ′ ) + 𝜏 𝑝𝑜 (𝑛 + 𝑛 ′ ) (4.11)
where 𝜏 𝑛𝑜 ≈ 𝜏 𝑝𝑜 ≈ 7.5x10 -7 𝑠. In this scenario, we can determine the 𝜏 𝑆𝑅𝐻 for an undoped-InAs sample as it follows:

𝜏 𝑆𝑅𝐻 = Δ𝑛 𝑅 𝑆𝑅𝐻 = 𝜏 𝑛𝑜 + 𝜏 𝑝𝑜 (4.12)
We also assume that the radiative recombination is given by the following equation:

𝑅 𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒 = 𝑘 𝑟 (𝑛𝑝 -𝑛 2 𝑖 ) ≈ 𝐵𝑛𝑝 (4.13)
where 𝐵 = 0.1x10 -11 (𝑐𝑚 3 𝑠 -1 ) value is very close to the state of the art values presented above. Then, we can determine the 𝜏 𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒 for an undoped-InAs sample as it follows:

𝜏 𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒 = Δ𝑛 𝑅 𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒 = Δ𝑛 𝐵(𝑛 𝑖 2 + 2𝑛 𝑖 Δ𝑛 + Δ𝑛 2 ) (4.14)
We also can assume that the Auger recombination may be written by:

𝑅 𝐴𝑢𝑔𝑒𝑟 = 𝑘 𝑟 (𝑛𝑝 -𝑛 2 𝑖 ) ≈ 𝐶 𝑛 𝑛 2 𝑝 + 𝐶 𝑝 𝑝 2 𝑛 (4.15)
where 𝐶 𝑛 ≈ 𝐶 𝑝 ≈ 0.25x10 -27 (𝑐𝑚 3 𝑠 -1 ). These values are close to reference value [START_REF] Mp Mikhailova | Handbook series on semiconductor parameters[END_REF]. We can determine the 𝜏 𝐴𝑢𝑔𝑒𝑟 for an undoped-InAs sample as it follows:

𝜏 𝐴𝑢𝑔𝑒𝑟 = Δ𝑛 𝑅 𝐴𝑢𝑔𝑒𝑟 = Δ𝑛 𝐶 𝑛 (𝑛 𝑖 + Δ𝑛) 3 + 𝐶 𝑝 (𝑛 𝑖 + Δ𝑛) 3 (4.16)
Before concluding, to determinate the effective lifetime for an undoped-InAs slab at different injection level by the following equation: 

1 𝜏 𝑒𝑓 𝑓 𝑒𝑐𝑡𝑖𝑣𝑒 = 1 𝜏 𝑆𝑅𝐻 + 1 𝜏 𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒 + 1 𝜏 𝐴𝑢𝑔𝑒𝑟 (4.17)

Photo-generated carrier density (N)

The PL graph presented in figure4.9 shows the pseudo-Fermi levels variation when the material is illuminated at different pump irradiances. Each pump irradiance level can theoretically be associated with a photo-generated carrier density (𝑁 ) presented in Table4.5. This numerical calculation of 𝑁 represents how the conduction and valence band are filled due to the photo-generation process.

In order to perform the numerical calculation of 𝑁 , we used a laser spot diameter equal to 0.2𝑚𝑚. We can thus estimate the IR-spot intensity (in 𝑊/𝑐𝑚 2 ) on the laser spot region. It allows to deduce the number of photons projected on this region considering that the photon energy equals to 1.56𝑒𝑉 according to the PL laser pump wavelength, in this case 𝜆 = 790𝑛𝑚, which leads to a value in 𝑐𝑚 -2 𝑠 -1 . Here, we assume that a photon generates an electron-hole pair. Afterwards, the photo-excited carrier density is located in an InAs slab of a variable thickness (h), which will be distributed by diffusion mechanism through the thickness of the material in 𝑐𝑚 -3 𝑠 -1 . Finally, the obtained value has to be pondered with the effective recombination lifetime 𝜏 𝑒𝑓 𝑓 (𝑠) due to the different pump fluences implemented in the PL to obtain the induced photo-generated carrier concentration in 𝑐𝑚 -3 . The same procedure has been carried out for different pump irradiances at room-temperature presented in Table4. [START_REF] Yc Shen | Detection and identification of explosives using terahertz pulsed spectroscopic imaging[END_REF] 

Results and discussion

In this section, experimental and theoretical results concerning the optical characterization of PL by using the experimental technique FTIR spectroscopy to study the optical properties of the undoped-InAs material in temperature, at low-temperature and, at room-temperature (300𝐾) were presented. Using Varshni's law, the maximum energy of the PL peak in different temperatures, and under a specific IR-optical pump (at 15𝑊/𝑐𝑚 2 ); is directly related to the 𝐸 𝑔 . This impacts the recombination and the diffusion length values. Analyzing the PL at low-temperature (10𝐾), 𝐸 𝑔 does not increase when different pump irradiances are applied in the material. Furthermore, in the three optical characterization cases, the electronics temperature of the photo-generated carrier have been computed to study the thermal behavior of the undoped-InAs material when it is photo-generated.

Moreover, the photo-generated carrier density created in the PL at roomtemperature has been theoretically estimated using the effective recombination lifetime 𝜏 𝑒𝑓 𝑓 which is driven by the injection level 𝑁 . We can observe that the nonlinear effect modify 𝜏 𝑒𝑓 𝑓 in a range of variation [𝜏 𝑒𝑓 𝑓 ≈ 7×10 -7 (𝑠) -𝜏 𝑒𝑓 𝑓 ≈ 2×10 -9 (𝑠)]. It means that, we can expect a range of speed modulation rate for the THz absorption from 2.6MHz (considering 𝑁 ≈ 10 16 (𝑐𝑚 -3 )) to 0.5GHz (considering 𝑁 ≈ 10 18 (𝑐𝑚 -3 )).

We must insist more on the variation of the PL rather than the absolute value, because we cannot estimate accurately the value of 𝜏 𝑒𝑓 𝑓 for the numerical calculation of 𝑁 in the Table4.5. To have a better estimation and validation of the 𝜏 𝑒𝑓 𝑓 , it will be important to perform photoconduction experiments in order to estimate more precisely the effective lifetime of the minority carriers in the InAs material.

Conclusion

In this section, experimental and theoretical results concerning the optical characterization of PL by using the experimental technique FTIR spectroscopy and numerical simulations to study the optical properties of the undoped-InAs material at different temperatures, at low-temperature and, at room-temperature were presented. We experimentally verifies the behavior of the InAs material under different conditions when it was photo-excited by an IR laser pump. Furthermore we have theoretically study the excess carrier lifetime 𝜏 𝑟 showing that the evolution of the effective lifetime 𝜏 𝑒𝑓 𝑓 varies according to the level injection 𝑁 (𝜏 𝑒𝑓 𝑓 ).

In the following section, we are interested in studying the minority carriers diffusion length applied in the PL in order to estimate more precisely the effective lifetime of the minority carriers in the InAs material. To have a better estimation and validation of 𝜏 𝑒𝑓 𝑓 , we carried out the photoconduction experiments. The objective is to determinate an estimation of the ambipolar diffusion length under different injection levels.

Photo-conduction devices

This section is devoted to the experimental determination of the ambipolar diffusion length in an InAs slab. It was performed by the laser beam induced current (LBIC) [START_REF] Domaradzki | Light-beam-induced current (lbic) technique for semiconductors and ics testing[END_REF] technique applied to a transmission line measurement (TLM) [START_REF] Grover | Effect of transmission line measurement (tlm) geometry on specific contact resistivity determination[END_REF]. Measurements of minority-carrier diffusion length have potential use in material characterization for quality assessment and device design [START_REF] Oliver | Laser beam induced current measurements of minority carrier diffusion length[END_REF].

This section starts with the presentation of the theory and model to establish simple expressions of the photo-current decay induced by the scanning of a laser light in an InAs slab. Based on numerical simulations, we show different photo-current regimes by using different injection levels controlled by the pump and the procedure to extract the diffusion length of the minority carriers in an InAs slab.

Theory and model

The technique used for measuring the diffusion length consists of a laser beam focused at the surface of an InAs slab. The photo-generated carriers created in the semiconductor diffuse in all directions due to the free carriers concentrations gradients. Then, the photo-generated carries are collected by the ohmic contacts when a weak voltage is applied between both contacts of the TLM device. The complete geometry and composition of the TLM devices has been previously presented in chapter technological fabrication. Figure4.11 illustrates the TLM structure fabricated for measuring the laser beam induced current.

Photo-carriers distribution

The study of the photo-carriers distribution is carried out by considering a nonintentionally n-doped InAs sample (𝑛 𝑖 = 10 16 (𝑐𝑚 -3 )), of 2𝐿 length and thickness 𝑑. The InAs slab undergoes to an external voltage (𝑉 𝑎 ), and a normal incident laser illumination with a wavelength of 𝜆 = 790𝑛𝑚 or an energy equal to 1.5𝑒𝑉 and an irradiance 𝐼(𝑊/𝑐𝑚 2 ). A mask limits the illuminated region to a window of width (2𝑙) which covers the whole width of the InAs sample, as presented in figure4.12. In this analysis, the intensity of the IR irradiation is given by 𝐼 = Φ 0 ℎ𝜈, where Φ 0 is the incident photon flux and ℎ𝜈(𝑒𝑉 ) = 1.24𝜆(𝜇𝑚). Hence, the incident photon flux can be estimated by: Φ 0 = 𝑊/𝑐𝑚 2 ℎ𝜈(𝐽) = 5 × 10 18 𝐼(𝑊/𝑐𝑚 2 )𝜆(𝜇𝑚) (4.18) The pump illumination is constant when the window moves over the entire surface of the TLM. Here, we consider a stationary regime, hence: 𝜕Δ𝑁 𝜕𝑡 = 0. The analytic expression of the diffusion equation which describes the photo-generated carriers induced by the irradiation of a focused infra-red laser beam can be established by :

𝐿 𝑛 2 𝑑 2 Δ𝑁 𝑑𝑥 2 + 𝐿 𝐸 𝑑Δ𝑁 𝑑𝑥 -Δ𝑁 = -𝐺 𝑜𝑝𝑡 𝜏 𝑛 (4.19)
with 𝐿 𝑛 = √ 𝐷 𝑛 𝜏 𝑛 which is the diffusion length, 𝜏 𝑛 the recombination lifetime and the length 𝐿 𝐸 resulting from the electric field 𝐸 𝑎 due to the the applied voltage 𝑉 𝑎 is:

𝐿 𝐸 = 𝜇 𝑛 𝐸 𝑎 𝜏 𝑛 (4.20)
where 𝐸 𝑎 = 𝑉 𝑎 /(2(𝐿 -𝐿 𝑐 )) where 𝐿 𝑐 is the contact length. 𝐺 𝑜𝑝𝑡 is the optical generation rate which is given by:

𝐺 𝑜𝑝𝑡 (𝑦) = (1 -𝑅)Φ 0 𝛼𝑒 -𝛼𝑦 = Φ𝛼 (4.21)
We can assume a homogeneous excitation throughout the thin thickness of the InAs sample (ℎ = 1.5𝜇𝑚) because the diffusion length is larger than ℎ and the surface recombination can be neglected and we can say that 𝐺 𝑜𝑝𝑡 = (1 -𝑅)Φ 0 𝛼 where R is the reflection coefficient of the IR light (𝑅 Φ = 0.34), and 𝛼 is the absorption coefficient of the InAs material (𝛼 = 75100𝑐𝑚 -1 at 790𝑛𝑚 [START_REF] Mathieu | Physique des semiconducteurs et des composants électroniques[END_REF]). The general solution of the equation4.19 is determined by the conditions of continuity of Δ𝑁 and its derivative in 𝑥 = ±𝑙. Thus, we obtain the following expressions:

Δ𝑁 𝐼 = Φ𝛼𝜏 𝑛 2𝐿 2 (𝐿 1 + 𝐿 2 ) 𝑠ℎ(𝑙/𝐿 2 )𝑒 𝑥 𝐿 2 (4.22) Δ𝑁 𝐼𝐼 = Φ𝛼𝜏 𝑛 (1 - 𝐿 1 𝐿 1 + 𝐿 2 𝑒 (-𝑥-𝑙)/𝐿 1 - 𝐿 2 𝐿 1 + 𝐿 2 𝑒 (𝑥-𝑙)/𝐿 2 ) (4.23) Δ𝑁 𝐼𝐼𝐼 = Φ𝛼𝜏 𝑛 2𝐿 1 (𝐿 1 + 𝐿 2 ) 𝑠ℎ(𝑙/𝐿 1 )𝑒 -𝑥 𝐿 1 (4.24)
where 𝐿 1 and 𝐿 2 are the expressions of the effective diffusion length correlates to 𝐿 𝑛 and 𝐿 𝐸 . It occurs when the InAs sample is polarized by a voltage (𝑉 𝑎). These expressions are written as follows:

𝐿 1 = 2𝐿 2 𝑛 𝐿 𝐸 2 + √︁ 𝐿 𝐸 2 + 4𝐿 𝑛 2 (4.25) 𝐿 2 = 2𝐿 2 𝑛 -𝐿 𝐸 2 + √︁ 𝐿 𝐸 2 + 4𝐿 𝑛 2 (4.26)
In equation4.25 and equation4.26, it must be considered the condition that (𝐿 𝐸 << 𝐿 𝑛 ) in order to minimize the influence of the E-field in the diffusion length of the photo-excited carriers. Figure4.13 shows the effect of 𝑉 𝑎 induced over the photogenerated carrier distribution. The numerical simulation result of the photo-carrier distribution will be presented in the next section.

In general, the photo-excited carriers (Δ𝑁 ) created by the laser are obtained by the integration of the photo-carrier decay linked to the normal carrier diffusion over the entire collector surface (𝐿 𝑐 ).

Δ N (𝑥) = 1 𝐿 𝑐 ∫︁ (𝐿+𝐿𝑐) 𝐿 Δ𝑁 (𝑥)𝑑𝑥 (4.27)
where (𝐿 𝑐 ) is the length of the fabricated ohmic contact whose size is 𝐿 𝑐 = 50𝜇𝑚. 

Numerical simulation of the photo-carrier distribution

The numerical simulations allow us to adjust the physical parameters to fit the experimental data. The experimental parameters are: the wavelength laser, its spot size, the illumination, the doping and geometry of the InAs slab, the InAs carrier mobilities at room-temperature (𝜇 𝑛 -𝜇 𝑝 ), the applied E-field resulting from the applied voltage (𝐸 𝑎 = 70𝑉 /𝑐𝑚), and the ohmic contact geometry (𝐿 𝑐 = 50𝜇𝑚). The photo-carrier distribution is traced according to the position of the laser spot spanning over the entire surface of the n-doped InAs material.

The simulation results of the photo-carriers distribution induced by using different pump irradiances are presented in figure4.14. Figure4.14 shows the electrons (red-color) and holes (blue-color) distribution in the InAs material which has an intrinsic carrier concentration of 𝑛 𝑖 = 10 16 𝑐𝑚 -3 (green-color), and the photo-carrier underneath the ohmic contact (yellow-color). The illustration of the photo-carriers distribution is complex to calculate since 𝜏 𝑒𝑓 𝑓 gives a non-linear behavior by using different pump irradiances. Under this assumption, a rough description is presented for the photo-generated electrons and holes distribution. At high-pump irradiance (see figure4.14-C), the carrier distribution is governed by the radiative recombination mechanism where the effective recombination life-time is very short, around 𝜏 𝑒𝑓 𝑓 = 10 -8 (𝑠). It illustrates the small amount of minority carrier density, (in this case the holes); that arrives at the contact and the photo-current signal observed by the ohmic contact is very low. On the contrary, when the pump irradiance is reduced (see figure4.14-B), the photo-carrier distribution shows that a major amount of holes are collected by the ohmic contact due to the fact that the effective lifetime is larger around 𝜏 𝑒𝑓 𝑓 = 10 -7 (𝑠). However, when low-pump irradiance is applied (see figure4.14-A), a big amount of minority carriers reach the contact due to the larger life-time 𝜏 𝑒𝑓 𝑓 = 6.5 × 10 -7 (𝑠). This fact shows that when the n-type InAs material is irradiated with a low-pump injection, the photo-carriers distribution is controlled by the minority carriers concentration (holes < 𝑝 >).

The fact of applied an E-field on the ohmic contacts, control the position of the minority carriers (holes). Therefore, the 𝐸 𝑎 application must be very small in order to not influence the electron and holes diffusion length (𝐿 𝑛 + 𝐿 𝐸 ≈ 𝐿 𝑛 and 

𝐿 𝑝 + 𝐿 𝐸 ≈ 𝐿 𝑝 ).
At last, figure4.14 shows that the photo-generated carrier density (𝑁 ) is much lower than expected when the InAs material is irradiated with high, medium and lowpump injections. This is due to the electrons and holes diffusion mechanisms makes them move much fast. Therefore, the optically excited carriers can not exceed the intrinsic carrier density of the InAs material equal to (𝑛 𝑖 = 10 16 𝑐𝑚 -3 ), as presented in figure4.14.

Theory of the measurements

To determine the effective diffusion length (𝐿 𝑒𝑓 𝑓 ), we apply a constant voltage at each side of the TLM structure. The voltage is low enough (for example 𝑉 = 7𝑉 ) to guarantee a 𝐿 𝐸 smaller compared to 𝐿 𝑒𝑓 𝑓 :

𝐿 𝑒𝑓 𝑓 >> 𝐿 𝐸 (4.28)
We limit the influence of the applied internal electric-field in the TLM structure. Then, the addition of the average excess carrier concentration by the laser beam induced current (LBIC) technique in the InAs material provokes an excess current in the InAs slab. This excess current is equivalent to a resistivity modification Δ𝑝 or a conductivity modification Δ𝜎 that we will measure [START_REF] Cosby | An experimental determination of the ambipolar diffusion coefficient in germanium[END_REF].

LBIC measurement is a non-damaging technique for determining various semiconductor parameters, including minority carrier diffusion length [START_REF] Sm Davidson | Advances in the electrical assessment of semiconductors using the scanning electron microscope[END_REF]. The LBIC curves depend on the sample geometry, thickness, and on the surface recombination velocity 𝑠 of the scanned surface. In this context, Oliver and Dixon [START_REF] Oliver | Laser beam induced current measurements of minority carrier diffusion length[END_REF] expressed the laser beam induced current as a function of the distance between the beam and a perpendicular collector (see figure4.15) to determine the diffusion length. The model required a thin sample semiconductor of thickness ℎ and with infinite recombination rate at the surfaces. In this situation, there is always an exponential decay of the LBIC that can be expressed by the following relation:

𝐼 ≈ 𝐼 0 𝑒 -𝑥/𝐿 𝑒𝑓 𝑓 (4.29)
where 𝐼 0 is a constant and 𝐿 𝑒𝑓 𝑓 is the effective diffusion length. Since the fabricated TLM devices have a thin InAs sample of 1.5𝜇𝑚, the decay of the LBIC; (which corresponds to the average excess carrier concentration) follows a decreasing exponential law immediately beyond the illuminated area with decay constant 𝐿 𝑒𝑓 𝑓 as the beam is scanned from the ohmic contact to the consecutive one located at the opposite side of the TLM structure [START_REF] Sayad | Determination of diffusion length in photovoltaic crystalline silicon by modelisation of light beam induced current[END_REF]. This simple form of diffusion length extraction suggests that measuring the slope of a 𝑙𝑛(𝐿𝐵𝐼𝐶) curve would yield 1/𝐿 𝑒𝑓 𝑓 , a very straightforward and practical method of analysis [START_REF] Oliver | Laser beam induced current measurements of minority carrier diffusion length[END_REF]. The extraction of the effective diffusion length 𝐿 𝑒𝑓 𝑓 is driven by the effective recombination lifetime (𝜏 𝑒𝑓 𝑓 ) that has been previously presented in the PL section, which relates the injection-level vs the recombination carrier-lifetime with all its recombination mechanisms (SRH -Radiative -Auger) [START_REF] Sayad Yassine | Interaction Laser-Semiconducteur: Contribution à l'étude de la technique LBIC-application au silicium photovoltaïque[END_REF][START_REF] Sayad | Détermination de la longueur de diffusion des porteurs de charge minoritaires dans le silicium cristallin par interaction lumière matière[END_REF]. In this work, the surface recombination related to the ohmic contact is neglected since the extraction of 𝐿 𝑒𝑓 𝑓 is limited to the slope of a 𝑙𝑛(𝐿𝐵𝐼𝐶) curve.

Optical characterization set-up

The optical characterization of the TLM devices was performed by using a homebuilt microscope combined with a focusing system to obtain a very small laser spot diameter [START_REF] Bardoux | Spectroscopie de boîtes quantiques individuelles GaN/AlN en phase hexagonale[END_REF]. The optical set-up is presented in figure4. [START_REF] Koch | Thz-imaging: a new method for density mapping of wood[END_REF].

The experimental set-up is similar to a standard optical microscope. The only differences are a laser pump with a wavelength of 𝜆 = 785𝑛𝑚 and a webcam CCD. The laser has an adapted focusing system to obtain a spot of 5𝜇𝑚 diameter or more, and it will be observed by using the adapted camera. In this scenario, it is possible to perform the scanning method of an infrared spot over the entire surface of the TLM device thanks to the spatial resolution. The photo-current is measured by using a Lock-In amplifier. It has been digitized by using a computer.

The figure4.15 illustrates the basic principle of the home-built optical set-up. The TLM sample is photo-excited using a laser beam focused by a microscope objective (20X provided by Newport: 20x magnification, 0.4 numerical aperture, 1.56𝑚𝑚 working distance, 9𝑚𝑚 of effective focal length and infinity corrected). The laser beam is filtered by a beam expander (2 lens of focal length of 25.4𝑚𝑚 and 100𝑚𝑚) and a pin-hole of 50𝜇𝑚 diameter. The beam expander enter the 20x objective. This optical arrangement allows to reduce the size of the laser beam to 5𝜇𝑚 diameter but considering lens aberrations around 15𝜇𝑚 diameter. The illumination of the TLM surface is performed by white-light lamp source through the microscope objective. The CCD camera images the surfaces where we performed the photo-conduction measurements.

The TLM devices are mounted on a TO-8 holder chip-carrier, presented in figure4.16-A. A specific electronic platform has been designed to allow the photoconduction measurement, as illustrated in figure4.16-B. The TLM device is connected to a voltage supply in serie with a resistance 𝑅 𝐿𝑜𝑐𝑘-𝐼𝑛 of known value as schematized in figure4.17.

Figure 4.16 -(A) TLM devices on the TO-8 chip-carrier. (B) Electronic platform created to measure the photo-current signal received by the photo-conduction device.

The resistance of the TLM device is equal to (𝑅 𝑇 𝐿𝑀 -2𝑅 𝑐 ). Therefore, it is important to know the real value of the contact resistance (𝑅 𝑐 ) and the value of each TLM distance (𝑅 𝑇 𝐿𝑀 ).

We use (I-V) measurements in the photo-conduction devices to extract an estimated value of the (𝑅 𝑐 ). It has been done in the clean-room for different distances Figure 4.17 -Schematic of the electrical circuit implemented to measure the photocurrent.

Figure 4.18 -(A) I-V curves of the TLM devices with different distances (20𝜇𝑚 -30𝜇𝑚 -60𝜇𝑚 -120𝜇𝑚) between both contacts. (B) Linear-fit performed by using the resistance results. The interception with the y-axis corresponds to (2𝑅 𝑐 ). Here Rc=6Ω.

(20𝜇𝑚 -30𝜇𝑚 -60𝜇𝑚 -120𝜇𝑚) between the TLM contacts. Figure4.18-A shows the I-V curves obtained for each TLM devices varying the distance between both contacts. They correspond to ohmic devices. The table4.6 presents the results of the respective resistance in (Ω). To determine the TLM contact resistance (𝑅 𝑐 ), a linear-fit curve has been performed by using the previous results presented in table4.6. The y-axis intersection value of the linear-fit curve presented in figure4.18-B is equivalent to 2𝑅 𝑐 which correspond to the contact resistance. The intersection value is equal to 12, therefore the value of Rc=6Ω.

At last, to monitor the carrier density that is being photo-generated in the InAs slab, we use an infrared power-meter to measure the pump power illumination at the end of the microscope objective in (𝑚𝑊 ). The laser power has been measured out of the focus plan of the objective of the microscope to avoid any degradation of the power meter. The values are gathered in Table4.7. The irradiance is calculated considering the spot size (5𝜇𝑚 or more). It is then possible to calculate the photo-generated carrier density (𝑁 ) (Table4.7).

To perform the numerical calculation of 𝑁 , we used the power-meter values in 𝑚𝑊 (presented in the first row of Table4.7) and we consider an IR-spot diameter equal to 15𝜇𝑚 due to the lens aberrations. Thus, we estimate the IR-spot intensity in 𝑊/𝑐𝑚 2 (presented in the second row of Table4.7) on the laser spot region. It allows to deduce the number of photons projected on this region considering that the photon energy equals to 1.56𝑒𝑉 according to the laser wavelength, in this case 𝜆 = 790𝑛𝑚, which leads to a value in 𝑐𝑚 -2 𝑠 -1 . Here, we assume that a photon generates an electron-hole pair which leads to a photo-generated carrier density (we consider a 30% of reflection photons on the InAs material). Afterwards, the photo-excited carrier density is distributed through the InAs slab of thickness of ℎ = 1.5𝜇𝑚 in 𝑐𝑚 -3 𝑠 -1 . Finally, the obtained value has to be pondered with the effective recombination lifetime 𝜏 𝑒𝑓 𝑓 (𝑠) due to the different pump injection implemented in the laser beam to obtain the induced photo-generated carrier concentration in 𝑐𝑚 -3 . The same procedure has been carried out for different laser irradiances at room-temperature presented in Table4.7.

Results and discussion

In order to extract the effective diffusion length results, the pump fluence is limited in order to keep the carrier density lower than 𝑁 = 3 × 10 16 (𝑐𝑚 -3 ) where the diffusion length and the minority carriers lifetime are relatively independent of the injection level. It is considered according to the results obtained in the photo-carrier distribution.

The TLM resistance of 60𝜇𝑚 length was monitored by an multimeter and it is equal to 16.2Ω, therefore, the 𝑅 𝑇 𝐿𝑀 = 4.2Ω due to the contact resistance 𝑅 𝐶 = 12Ω. In this work, we consider a maximum carrier density in the order of 𝑁 = 3 × 10 16 (𝑐𝑚 -3 ) according the experimental values extracted from the table4.7.

Figure4.19 shows a room temperature plot of different voltages 𝑉 applied over the TLM device of 60𝜇𝑚 length. 𝑅 𝐿𝑂𝐶𝐾-𝐼𝑁 is a resistance of 50Ω and allows to measure a Δ𝑉 due to the modulated photo-generated current. The photo-excited carriers has been created by a modulated irradiation Φ 0 = (6𝑊/𝑐𝑚 2 ) at 500𝐻𝑧 which corresponds to a carrier density 𝑁 = 1.5 × 10 16 (𝑐𝑚 -3 ). Figure4.19 illustrates that when a low voltage 𝑉 is applied, the distribution of the photo-current is homogeneous. On the contrary, when a larger voltage is applied, the photo-current is peaked at one end of the ohmic contact. This is due to the increased electric field, 𝐸 𝑎 , that appears into the TLM device (Table4.8). When 𝐸 𝑎 increases, the photo-carrier distribution is moved to the ohmic contact that collect the minority carriers. However, as the Power-Meter (𝑚𝑊 ) Φ 0 (𝑊/𝑐𝑚 distance of the illuminated spot over all the TLM devices. A linear fitting curve of the experimental data with a log function yields an effective diffusion length 𝐿 𝑒𝑓 𝑓 of around 40𝜇𝑚. The comparison between numerical simulations presented in figure4.21, and the experimental ones presented in figure4.20 shows a good agreement in the value of the effective diffusion length. In the numerical result, the parameter that we use to fit the values between the experimental and the numerical simulations was the carrier lifetime recombination. At low-pump irradiation regime the 𝜏 𝑒𝑓 𝑓 is controlled by the minority carriers (holes-𝜏 𝑝 ) as studied in the carrier-distribution section, therefore, the value of the 𝜏 𝑒𝑓 𝑓 = 6.5 × 10 -7 (𝑠). In the theoretical calculations, we consider a slightly n-doped InAs slab of 𝑛 𝑖 = 10 16 (𝑐𝑚 -3 ), which corresponds to the intrinsic carrier concentration of the InAs slab used in the experimental determination of 𝐿 𝑒𝑓 𝑓 .

To evaluate the influence of the E-field applied to the TLM structure we use equation4.20. We obtained an additional diffusion length for the electrons 𝐿 𝐸𝑛 V (𝑉 ) 𝐼 (A) 𝑉 𝑇 𝐿𝑀 (𝑉 ) E-field (𝑉 /𝑐𝑚) Before concluding, we study the determination of the minority carriers diffusion length according to the injection-level and the doping of the InAs material. The minority carrier diffusion length for the holes and for the effective diffusion length (or ambipolar diffusion length 𝐿 𝑎 ) are driven by the effective carrier lifetime (𝜏 𝑒𝑓 𝑓 ). The 𝜏 𝑒𝑓 𝑓 curve has been implemented to know how the value of the minority carrier diffusion length has changed regarding the doping of the material.

To compute theoretically the minority carrier diffusion length, we consider the InAs material diffusion coefficient at room-temperature (300K) for electrons 𝐷 𝑛 = 854(𝑐𝑚 2 /𝑠), for the holes 𝐷 𝑝 = 11.9(𝑐𝑚 2 /𝑠) and for the ambipolar diffusion 𝐷 𝑎 = 23.5(𝑐𝑚 2 /𝑠). The minority carrier diffusion length can be obtained by using the following equation:

𝐿 = √︁ 𝐷𝜏 𝑒𝑓 𝑓 (4.30)
When we consider an undoped-InAs material (𝑛 𝑖 = 𝑛 = 𝑝) and if we applied photo-generation process (Δ𝑛 = Δ𝑝), the ambipolar diffusion coefficient is equivalent to

𝐷 𝑎 = (𝑛 + 𝑝)𝐷 𝑛 𝐷 𝑝 𝑝𝐷 𝑝 + 𝑛𝐷 𝑛 ≈ 2𝐷 𝑝 (4.31)
However, if we consider n-doped InAs slab with an intrinsic carrier concentration (𝑛 𝑖 = 𝑛 ≫ 𝑝). It means that, when we applied photo-generation process the quantity of holes is much lower than the electrons. In this scenario, the ambipolar diffusion coefficient is equivalent to

𝐷 𝑎 = (𝑛 + 𝑝)𝐷 𝑛 𝐷 𝑝 𝑝𝐷 𝑝 + 𝑛𝐷 𝑛 ≈ 𝐷 𝑝 (4.32)
Figure4.22 shows the theoretical determination of the minority carriers diffusion length according to the injection-level and the doping of the InAs material. The 𝐿 𝐴𝑚𝑏𝑖𝑝𝑜𝑙𝑎𝑟 curve is considers an intrinsic InAs material (𝑛 𝑖 = 𝑛 = 𝑝). The 𝐿 𝑝 curve is considering a n-doped InAs slab (𝑛 𝑖 = 𝑛 ≫ 𝑝). This results demonstrate that the ambipolar diffusion length is also driven by the material doping level. The comparison between experimental and theoretical results shows good agreement in the determination of the InAs ambipolar diffusion length. 

Conclusion

In this section, experimental and theoretical results concern the optical characterization of the photo-conduction devices by using a new home-built platform.

The construction of this new experimental set-up in our laboratory, as well as the implementation of specific experimental techniques, such as the use of TLM to measure the diffusion length of minority carriers, have been an essential part of this work.

We devoted this work to measure the holes diffusion length at low irradiance where the diffusion length and the minority carriers lifetime are relatively independent of the injection level. This fact allows us to compute the holes diffusion length. A linear fitting of the experimental data yields an holes effective diffusion length 𝐿 𝑒𝑓 𝑓 ≈ 40𝜇𝑚. The comparison between numerical simulations shows very good agreement. We use the carrier lifetime recombination to fit the diffusion length values. In this scenario, the corresponding carrier lifetime that best fit the experimentally effective diffusion length with the numerical simulation was 𝜏 𝑒𝑓 𝑓 ≈ 6.5 × 10 -7 (𝑠).

Summary

In this chapter, the experimental and theoretical results for the study of the optical characterization of the physical properties of InAs material, and the photo-conduction devices were presented.

Firstly, the optical characterization of PL by using the experimental technique FTIR spectroscopy and numerical simulations to study the optical properties of the undoped-InAs material at different temperatures, at low-temperature and, at room-temperature were presented. We experimentally verified the behavior of the InAs material under different conditions when it is photo-excited by an IR laser pump. Furthermore we have theoretically studied the excess carrier lifetime 𝜏 𝑟 showing that the evolution of the effective lifetime 𝜏 𝑒𝑓 𝑓 varies accordingly to the level injection 𝑁 (𝜏 𝑒𝑓 𝑓 ).

Secondly, experimental estimation of the ambipolar diffusion length obtained by implementing optical characterization in photo-conduction devices (TLM). We carrier out experiments and numerical calculations of the optical characterization in photo-excited InAs membranes using a CW laser with an irradiance of only tens of 𝑊/𝑐𝑚 2 . A linear fitting curve of the experimental data yields an experimental effective diffusion length 𝐿 𝑒𝑓 𝑓 = 40𝜇𝑚. We use the carrier lifetime recombination 𝜏 𝑒𝑓 𝑓 to fit the diffusion length values 𝐿 𝑒𝑓 𝑓 .

In the following section, we are interested in performing the experiments concerning the THz transmission modulation by taking into account the measured 𝐿 𝑒𝑓 𝑓 and estimated 𝜏 𝑒𝑓 𝑓 .

Chapter 5

Photo-driven THz modulator After the presentation of the theoretical background in the Chapter 2, we theoretically studied the THz electromagnetic properties of photo-generated carriers in an InAs slab. In this chapter, we study the physical properties of the intrinsic InAs slab using optical characterization and the THz electromagnetic properties driven by the photo-generated carriers in an InAs slab. We show a high modulation of the THz transmission up to 100% from 0.75THz to 1.1THz at very low pump irradiance in the continuous wave regime. We also demonstrate a high-speed transmission modulation rate up to the MHz range with a modulated pump. In the following sections experimental and numerical results concerning the optical characterization of the photo-driven THz modulator are presented.

THz modulation samples: InAs membranes

This section deals with the optical characterization of the InAs membranes to study the THz electromagnetic properties of photo-generated carriers in an InAs slab. After demonstrating theoretically the efficient modulation of the THz waves [START_REF] Alvear-Cabezón | Photogenerated metasurfaces at terahertz frequencies induced by a continuous-wave low pump[END_REF], we now aim to prove it through experimentations. The optical characterization was performed using a Bruker Vertex 70 FTIR spectrometer, composed by a home-built transmission set-up with a fixed angle of incidence (perpendicular to the surface of the InAs slab), installed in the sample compartment of the FTIR. This set-up is used to realize the optical characterization of the InAs membranes stuck to the gold sample holder previously fabricated.

Experimental set-up

The experimental set-up consists of flat holder with two holes of 2𝑚𝑚 diameter (one for the sample holder and the second for the reference calibration), mounted on a X and Y directions of translation arms presented in figure5.11-A. The collimated light beam emitted from the internal THz source of the FTIR spectrometer illuminates the InAs membrane located in the sample holder of the set-up, which in turns is traversed by an IR laser pump, as shown in figure5.11-B, which is focalized by using a flat mirror. Then, the signal transmitted from the InAs membrane is collected by the detector. This set-up is small enough to fit into the sample's compartment of the FTIR. It is mainly used to determine the very small thickness of the InAs slab and the THz modulation in transmission from 10THz to 1THz.

Figure 5.1 -Home-built transmission set-up of the InAs membranes located inside of the FTIR internal sample chamber with (A) IR-pump laser tuned-off and (B) turned-on.

Two different configurations of the FTIR spectrometer will be implemented for measurements in different spectral ranges and with different accessories [START_REF] Chalmers | Handbook of Vibrational Spectroscopy, 5 volumes set[END_REF] • For FTIR measurements by using a globar middle-infrared (MIR) light source with a silicon beam splitter, a pyroelectric deuterated triglycine sulfate (DTGS) detector is used for the spectral range from 12000𝑐𝑚 -1 (359THz) to 125𝑐𝑚 -1 (3.75THz).

• For FTIR measurements by using a water cooler 𝐻 𝑔 lamp source for the far-infrared (FIR) with a silicon beam splitter, and a silicon bolometer detector cooled at 4.2K is implemented for the spectral range from 650𝑐𝑚 -1 (19.5THz) to 30𝑐𝑚 -1 (1THz).

Optical characterization of the InAs membranes

In the previous chapter, we performed the technological manufacturing for the fabrication of the THz modulation samples: InAs membranes with a micrometricthick slab between (5.7𝜇𝑚 -8.8𝜇𝑚). We used wet chemical etching to reduce the thickness of the sample and to smooth the surface, which is crucial for the optical characterization, as presented below.

The objective of this section is to figure out the thickness of the InAs membranes. Then, the InAs membranes are spectrally characterized by using a Bruker Vertex 70 FTIR spectrometer with a MIR source, a silicon beam splitter and a DTGS detector. In this scenario, all the transmitted spectra have been performed in the spectral range from 125𝑐𝑚 -1 to 3500𝑐𝑚 -1 as presented in figure5.3. Since the laser is Φ 0 = 0𝑊/𝑐𝑚 2 , the light is transmitted through the InAs membrane, as shown in figure5.2. Figure5.3 shows that the transmission spectra corresponds to Fabry-Perot interferences. The fringes spacing is related to the thickness (ℎ) of the InAs slab cavity by:

ℎ = Δ𝜆 2ℜ(𝑛 ∞ ) = 1 2ℜ(𝑛 ∞ )Δ𝜈 (5.1)
where Δ𝜆 is the difference in wavelength, Δ𝜈 is the difference in wavenumber (𝜈 ± 2𝛿𝜈) and ℜ(𝑛 ∞ ) is the real part of the refractive index which at these frequencies can be approximated by a constant value. For the InAs material ℜ(𝜀 ∞ ) = 11.4. The estimation of the InAs's thickness is calculated with the equation5.1 applied for four fringes (four in this case: e.g. Δ𝜈/4 ± 2𝛿𝜈/4). Table5.2 shows the thickness of each InAs membranes. Remark, the results presented in table5.2 are only an estimated values because we do not know exactly the value of the refractive index at higher frequencies (after phonons's band). Notably the refractive index value is not constant [START_REF] Mp Mikhailova | Handbook series on semiconductor parameters[END_REF]. To validate these thicknesses, it is necessary to model the optical characterization of the InAs membrane in the THz spectral range. We use the model previously developed in Chapter 2 to deduce the thicknesses of each one of the membranes with more accuracy.

The interference peak intensity is linked to the sample surface quality. The figure5.3 shows that the membranes manufactured by solid source MBE and wet chemical etching have a higher transmission intensity value than the sample manufactured by mechanical polishing and wet chemical etching. It can be explained by the fact that the wet chemical etching does not fully remove the roughness of the surface of the polished membrane: it leaves some scratches of the mechanical polishing on the relief of the surface. The roughness affects the amplitude of the interference effect due to the limited InAs thickness. At last, the figure5.3 illustrates that the interference are observed when the InAs has a dielectric behavior at a wavelength smaller than the bandgap 𝐸 𝑔 = 2855𝑐𝑚 -1 (0.354𝑒𝑉 ).

Figure 5.3 -The InAs membranes optically characterized by using a FTIR spectrometer in transmission. The obtained transmission spectra corresponds to Fabry-Perot resonance which links the cavity's thickness of the InAs membrane; (h=5.7𝑢𝑚(redcolor),h=6.2𝑢𝑚(blue-color) and h=8.8𝑢𝑚(black-color)).

In this section, the optical characterization consists in the fact that the surface of the InAs slab is illuminated by the THz wave and it is transmitted through the InAs membrane. To estimate the THz radiation transmitted through the sample, a new home-made multiphysics code have been created. The objective of this code is to validate the thickness of the InAs membrane (presented in Table5.2), implementing the refractive index values at THz frequencies. This code supposes that the InAs slab of thickness (ℎ) is illuminated by a THz wave. Then, we can 𝜈 ± 2𝛿𝜈 (𝑐𝑚 -1 ) ℎ (𝜇𝑚) 259 5.7 ± 0.5 (red-color) 238 6.2 ± 0.5 (blue-color) 168 8.8 ± 0.5 (black-color) estimate a more accurate value of the InAs's thickness by using the THz transmission spectra. Moreover, to compare the numerical simulations results at THz frequencies, new optical characterization of the InAs membranes were performed. The InAs membranes are spectrally characterized by using the same FTIR spectrometer but with a FIR source to make the detection up to the THz range. In that case, a silicon beam splitter accompanied by a silicon bolometer detector cooled at 4.2𝐾 is implemented for the spectral range from 600𝑐𝑚 -1 (18THz) to 30𝑐𝑚 -1 (1THz).

The transmission spectra extracted from the FTIR measurements for different InAs membranes are shown in Figure5.4. The comparison between the simulated results (dashed-lines) and the experimental ones (full-lines) shows good agreement with a slight increase in the experimental transmission despite the geometrical imperfections in the InAs membrane surface. The difference between the experiment and the numerical simulation is mainly due to the roughness of the InAs surface that affects the amplitude of the FTIR measurement and the refractive index inaccuracy at this frequency range that affects the numerical simulation. Table5.2 presents a summary of the two techniques used to obtain a very accurate estimation of the thickness of each InAs membrane.

Photo-modulation of the transmission of the InAs membranes

This section is dedicated to the optical characterization of photo-excited InAs membranes as shown in figure5.5. The InAs membrane is photo-excited by using a laser of wavelength equal to 𝜆 = 808𝑛𝑚. The photon energy is around 1.53𝑒𝑉 . The laser diameter is 𝜑 = 3𝑚𝑚 and the power 500𝑚𝑊 . The rest of the home-built transmission set-up is similar than the previous section5.1.2.

The InAs membranes are photo-excited at different pump irradiances and spectrally characterized by using the same Bruker Vertex 70 FTIR spectrometer with a water cooler 𝐻 𝑔 lamp source for the FIR, a silicon beam splitter and a silicon bolometer detector cooled at 4.2𝐾. In this scenario, all the transmitted spectra have been performed in the spectral range from 30𝑐𝑚 -1 to 600𝑐𝑚 -1 as presented in figure5.6. The THz radiation passes through the InAs membrane, some of the THz radiations are absorbed, reflected, or transmitted. The transmitted spectra of the InAs membrane of thickness ℎ =6𝜇𝑚 obtained using different pump irradiances is shown in figure5.6. This result illustrates the first experimental demonstration of THz waves modulation driven by photo-generated carriers in an InAs slab. Figure5.6-A illustrates the THz transmission spectra using different pump irradiances from Φ 0 = 0𝑊/𝑐𝑚 2 to Φ 0 = 8.1𝑊/𝑐𝑚 2 . The map of transmission coefficient obtained by using the FTIR measurements with respect to the wavenumber in 𝑐𝑚 -3 (or frequency in 𝑇 𝐻𝑧) and the THz transmission intensity show that the THz transmission is driven by the IR plane wave at different pump irradiance. When the laser is Φ 0 = 0𝑊/𝑐𝑚 2 , a transmission between 25% to 70% is reached for a broadband frequency range spanning from 4THz (125𝑐𝑚 -1 ) to 1THz (30𝑐𝑚 -1 ). For a laser irradiance of Φ 0 = 8.1𝑊/𝑐𝑚 2 , the transmission coefficient attains 5% at 1THz. To verify this assertion, we plot the numerical simulations of the THz transmission spectra with a laser irradiance of Φ 0 = 8.1𝑊/𝑐𝑚 2 and without laser pump (Φ 0 = 0𝑊/𝑐𝑚 2 ), as presented in figure5.6-B. The comparison between the numerical simulation (dashed-lines) and the experimental ones (full-lines) shown good agreement in the displacement of the transmitted spectra when the InAs membrane is photo-excited by an IR plane.

These results suggest that the photo-generated structure in the thin InAs membrane of ℎ = 6𝜇𝑚 corresponds to a homogeneous metallic slab (HS). To verify this assertion, we plot the real part of the relative permittivity for the same spectral broadband. In this framework, the real permittivity of an un-pumped InAs slab is represented in figure5.7-A-1. The average real part of the relative permittivity is shown to be a dielectric constant value when the wavenumber increases. We observe a transition from 6.5THz (217𝑐𝑚 -1 ) to 7THz (233𝑐𝑚 -1 ), this is related to the Reststrahlen band where the real permittivity varies in a very strong manner. This dielectric constant value (see figure5.7-A-1) is accompanied of a null THz absorption since the InAs is a dielectric, as presented in figure5.7-A-2. For a laser irradiance Φ 0 = 8.1𝑊/𝑐𝑚 2 , the carrier density calculated attains a maximal value of 3 × 10 16 (𝑐𝑚 -3 ). The average photo-generated permittivity is shown to vary from negative to positive values when the wavenumber increases (see figure5.7-B-1). This is due to the fact that when the pump is turned on, electromagnetic losses are introduced for the THz waves. This variety of structures engenders several absorption mechanisms for the active control of the THz waves. In figure5.7-B-2, we plot the THz absorption, reflection and transmission spectra to monitor the THz absorption that strongly depends on the polarization of the THz waves (as presented in Chapter 2). For the TE-polarization, a 50% absorption peak is reached around 2THz (150𝜇𝑚, 66.7𝑐𝑚 -1 ). At this frequency, a Fabry-Perot resonance traps efficiently the THz wave within an epsilon-near-zero (ENZ) [START_REF] Vassant | Epsilon-near-zero mode for active optoelectronic devices[END_REF][START_REF] Chul | Epsilonnear-zero strong coupling in metamaterial-semiconductor hybrid structures[END_REF] homogeneous slab which boosts the absorption, as is illustrated with a dashed-line between the figure5.7-B-1 and 2. This effect occurs for a frequency close to the average plasma frequency denoted ω𝑝 and defined by ℜ(ε( ω𝑝 )) = 0. These results demonstrate that for a weak pump irradiance and according to the frequency, several types of HS can be optically induced in the InAs slab ranging from lossy dielectrics, ENZ layers to metallic layers. This THz transmission modulation result demonstrates that InAs is a suitable semiconductor to realize active THz modulator that works at very low pump irradiances in the continuous-wave (CW) regime. A 50-fold decrease of the pumping irradiance is reached for a modulation of the THz transmission of about 60% (see figure5.6) when the InAs slab is pumped at Φ 0 = 8.1𝑊/𝑐𝑚 2 compared to photo-generated surfaces made of gallium arsenide (GaAs) which have been realized with pump irradiances attaining hundreds of 𝑘𝑊/𝑐𝑚 2 [START_REF] Rizza | Extrinsic electromagnetic chirality in all-photodesigned onedimensional terahertz metamaterials[END_REF] irradiances that are reached with pulsed lasers which are which are not compact and expensive.

In order to compare the THz transmission performance of each InAs membranes, we use a ratio of the THz transmission intensity because it is the easiest way to compare the experiment:

𝑇 Φ 0 𝑇 0 (5.2)
where 𝑇 Φ is the laser-pump transmittance using different pump irradiances and 𝑇 0 is the reference measurement of the un-pumped transmittance (Φ 0 = 0𝑊/𝑐𝑚 2 ). The ration between the photo-driven transmittances (𝑇 Φ /𝑇 0 ) is a quantitative characteristic of the InAs membranes which allows us to determine their efficiency to modulate the transmission in the THz range. Figure5.8 illustrates the ratio between the photo-driven transmittance (𝑇 Φ ) and the un-pumped transmittance (𝑇 0 ). The map of the THz transmittance ratio is obtained for a broadband frequency range spanning from 1THz (30𝑐𝑚 -1 ) to 11THz (380𝑐𝑚 -1 ) and using different pump irradiances from Φ 0 = 0𝑊/𝑐𝑚 2 to Φ 0 = 8.1𝑊/𝑐𝑚 2 . When the laser-pump is Φ 0 = 0𝑊/𝑐𝑚 2 , a transmittance normalized to 1 is reached for all the analyzed spectra from 1 THz to 11 THz. For an increased laser-pump, the ratio between the photo-driven THz transmittance attains 95% at 1THz, as illustrated in figure5.6-(A-1) and figure5.6-(B-1). The ratio between the photo-driven transmittance also shows a 50% of modulation in the spectral range close to the Reststrahlen band. To verify this assertion, we plot the numerical simulations of the THz transmission spectra using different pump irradiances, as presented in figure5.6-(A-2) and figure5.6-(B-2). To correlate the experimental with the numerical simulations, we consider an effective carrier lifetime value equal to 𝜏 𝑒𝑓 𝑓 = 6.5×10 -7 (𝑠), where the effective diffusion length which becomes 𝐿 𝑒𝑓 𝑓 = 39𝜇𝑚 at 300𝐾. The comparison between the numerical simulation and the experimental ones shown good agreement in the displacement of the ratio between the photo-driven transmittance spectra when the InAs membrane is photo-excited with an uniform pump.

The surface quality of the InAs slab plays a major role when we compare the experimental results given by the ratio between the photo-driven transmittance ; (InAs epitaxial layer (ℎ = 5.9𝜇𝑚 in fig. 5.8-A-1 and ℎ = 6𝜇𝑚 in fig. 5.8-B-1) and InAs wafer ℎ = 8.3𝜇𝑚 in fig. 5.9-C-1). In the optical characterization of the InAs epitaxial layers we observe a THz modulation intensity with low scattering. However, in the spectral result of an InAs wafer slab (that has been subjected to a mechanical polishing) we observe a higher scattering influence [START_REF] Ortolani | Surface roughness effects on the terahertz reflectance of pure explosive materials[END_REF] due to the roughness on the InAs surface.

Finally, we analyze the photo-generated carrier density (𝑁 ), that is being creating in each of the photo-driven InAs membranes. Table5.3 presents the average value of the photo-carriers that are being photo-generated inside of the InAs slab. The numerical calculation of 𝑁 has been performed by using our home-made multiphysics code. Thus, the photo-excited carrier density is located in an InAs slab with different thicknesses is calculated according to the pump irradiance in 𝑊/𝑐𝑚 2 . Finally, the obtained value has to be pondered with the effective recombination lifetime 𝜏 𝑒𝑓 𝑓 = 6.5 × 10 -7 (𝑠). The same procedure has been carried out for each InAs membrane of different thickness ℎ (5.9𝜇𝑚 -6𝜇𝑚 -8.3𝜇𝑚).

The search of the estimation of the photo-generated carrier density is carried out to know the minimum 𝑁 value to be able to begin to modulate the THz waves radiations. To modulate the THz wave radiations at 100% at 1THz(30𝑐𝑚 -1), it is necessary to induce a photo-generated carrier density threshold (𝑁 0 ). It must be higher than 𝑁 0 = 10 16 𝑐𝑚 -3 according to the figure5.8 and the theoretical estimation of the photo-generated carrier density in Table5.3.

Different strategies can be considered to overcome this 𝑁 0 to begin to modulate the THz waves radiations, such as reducing the thickness of the InAs slab or increasing the 𝜏 𝑒𝑓 𝑓 value or increasing the power of pump irradiances (in the case when larger thicknesses are considered), as presented previously. In fact, this is the reason why we have considered membranes with very small thickness between (10 to 1𝜇𝑚), to overcome this 𝑁 0 to modulate THz waves radiations on a broadband frequency range.

Conclusion

In this section, experimental data obtained using the FTIR measurements and numerical simulations results for the optically characterized InAs membranes were presented. These experimentally and theoretically results shows the great potential of the InAs material to control THz electromagnetic radiation at room-temperature (300𝐾) by using photo-generated carriers in InAs slab at very low-pump irradiances. The ration between the photo-driven transmittance demonstrates that the InAs is a suitable semiconductor to realize active THz modulator that works at very low pump irradiances in the continuous-wave (CW) regime at room-temperature. According to the state of the art, these results demonstrate a 50-fold decrease of the pumping irradiance is reached for a THz transmission modulation of 70% when the InAs slab is pumped at Φ 0 = 8.1𝑊/𝑐𝑚 2 .

Photo-driven THz modulator

Recent developments of bright terahertz (THz) sources and efficient detectors accelerate the progress of non-destructive THz systems [START_REF] Busch | Optically gated tunable terahertz filters[END_REF][START_REF] Kleine-Ostmann | Spatially resolved measurements of depletion properties of large gate two-dimensional electron gas semiconductor terahertz modulators[END_REF]. However, the demand for versatile THz components able to address a wide range of frequencies is high [START_REF] Fitzgerald | An introduction to medical imaging with coherent terahertz frequency radiation[END_REF][START_REF] Humphreys | Medical applications of terahertz imaging: a review of current technology and potential applications in biomedical engineering[END_REF][START_REF] John F Federici | Thz imaging and sensing for security applications-explosives, weapons and drugs[END_REF][START_REF] Koenig | Wireless sub-thz communication system with high data rate[END_REF]. Among the envisaged approaches, artificial structures named metasurfaces based on subwavelength electromagnetic resonators were used to control THz waves [START_REF] Fan | Dynamic electromagnetic metamaterials[END_REF]. Real-time and dynamical control have been demonstrated with photo-generated metasurfaces [START_REF] Okada | Photo-designed terahertz devices[END_REF][START_REF] Georgiou | Photo-generated thz antennas[END_REF][START_REF] Guo | Reconfigurable terahertz metasurface pure phase holograms[END_REF]. However, several issues must be bypassed in terms of modulation rate or pump irradiance before this approach might be implemented in the application domain.

In this section, we theoretically and experimentally study the THz electromagnetic properties of an undoped-InAs slab whose permittivity is optically modified by a photo-generation process. The modulation of the permittivity is calculated by solving the ambipolar rate equation for the free carriers. We have demonstrated that InAs is a promising semiconductor to manufacture fast and efficiently on-chip THz components [START_REF] Alvear-Cabezón | Photogenerated metasurfaces at terahertz frequencies induced by a continuous-wave low pump[END_REF][START_REF] Smaali | Photo-generated metasurfaces for resonant and high modulation of terahertz signals[END_REF]. We show a high modulation of the THz transmission up to 100% from 0.75THz to 1.1THz at very low irradiance in the continuous wave (CW) regime. We also have demonstrated a high-speed transmission modulation rate up to the MHz range with a modulated pump.

This section starts with the presentation of the optical characterization set-up which is mainly composed of a frequency-multiplied chain driven by a synthesizer used as a source and a heterodyne-detection as a receiver. This set-up allows us to analyze the spectral range from 0.75 THz to 1.1THz. Based on numerical simulations, we will show the comparison between experimental and theoretical results at different pump irradiances in an InAs slab. In the following section, the experimental and numerical simulations results concerning the optical characterizations are presented.

Optical characterization set-up

We have demonstrated that photo-generated carrier into an InAs slab can modulate efficiently the transmitted light until the THz (1THz). However, because we are at the limit of detection of the FTIR set-up, we perform experiments with an experimental set-up adapted in the spectral range from 0.75 THz to 1.1THz. This set-up is used to evaluate the transmission of the THz-wave through a micrometric-thick slab of undoped-InAs using a continuous-wave and modulated by a laser of 805𝑛𝑚 wavelength. All these THz experiments have been performed in the 𝑇 é𝐻𝑜 group at IES with Drs. S. Blin and P. Nouvel.

The schematic of the experimental set-up is presented in figure5.10. In the THz characterization set-up, the focused THz wave passes through the InAs membrane located in the same sample holder hole which in turns is illuminated by a collimated laser pump. A second hole is used as a reference calibration. The whole is mounted on a X and Y translation stage presented in figure5.11-A. The maximum laser power is 500𝑚𝑊 and the spot diameter is 3𝑚𝑚 when it is collimated. The rest of the optic set-up is composed of two THz wave systems: source and receiver, as shown in figure5.11-C. The THz source system is composed of a synthesizer which is used as a source, then its signal is multiplied in frequency by diodes and other amplifiers by a factor (x81). The THz receiver system is composed of an electric spectrum analyzer that sends its local oscillator (LO) on the head of an heterodyne detection located just after the InAs sample (see figure5.11-B), which is multiplied in frequency (x96) by diodes and other amplifiers in order to reach in the range 0.75THz to 1.1THz (RF signal). This signal is mixed with the signal measured on a diode which returns the frequency difference (IF frequency), that goes into the bandwidth of the electric spectrum analyzer, which displays this measurement. The measurement is calibrated in terms of system losses and frequency (factor x96). An overview of the experimental set-up is shown in figure5.11-D.

Static photo-driven THz modulator

We have carried out the experiments described in figure5.12 where the InAs membrane is photo-excited using a CW pump of wavelength equal to 𝜆 = 805𝑛𝑚. The maximum power that can illuminate the InAs sample is equal to 500𝑚𝑊 and the laser-spot diameter is 𝜑 = 3𝑚𝑚 when it is well collimated. The rest of the optic set-up corresponding to the THz generation source and the heterodyne-detection is used as previously presented. Then, the InAs membrane is photo-excited at different pump fluences with an irradiance of few 𝑊/𝑐𝑚 2 .

Figure5.12 illustrates the THz characterization of the undoped-InAs epitaxial layer of thickness h=5.9𝜇𝑚, which corresponds to the static photo-driven THz modulator. Figure5.13-A illustrates the transmitted power (in dBm) for a frequency ranging from 0.75THz to 1.1THz with different pump irradiances. The spectrum shows that low-pump irradiance in the continuous regime of only few of 𝑊/𝑐𝑚 2 is sufficient to modulate the transmission of the THz waves up to ≈ 20dB. Figure5.13-B presents the normalized THz transmission, where the spectrum shows that low irradiance (Φ 0 = 6.6𝑊/𝑐𝑚 2 ) in the CW pump is enough to modulate the transmission of the THz waves from 60% to 0% on a broad band frequency range. It confirms the results obtained in previous experiments performed with the FTIR. To normalize THz transmission, we normalized the THz spectra according to the transmitted power through the sample holder without InAs slab, the resulting unit is dB. Then, we just change the unit from dB to linear transmission (no unit as it is a ratio of power). At last, figure5.13-C illustrates the ration between the THz transmittance 𝑇 Φ 0 /𝑇 0 in dB. It consists of the transmission ratio intensity between the InAs slab at different pump fluences 𝑇 Φ 0 and the reference measurement 𝑇 0 (when the laser pump is turned-off Φ 0 = 0𝑊/𝑐𝑚 2 ). We show how the THz transmission is modulated when the InAs material is illuminated with different laser pump fluences. We observed that an irradiance of only Φ 0 = 2.7𝑊/𝑐𝑚 2 on the static photo-driven device allows a modulation of the transmitted waves up to 6dB (blue color), and with an irradiance of Φ 0 = 4.7𝑊/𝑐𝑚 2 is modulated up to 15dB (red-color). Higher pumps overcome 20dB. The highest THz transmittance modulation obtained is around 30dB with a very low-pump equal to Φ 0 = 8.1𝑊/𝑐𝑚 2 . This is enough to modulate the transmission of the THz waves up to 100% at a frequency ranging from 0.75THz to 1.1THz.

Figure5.14 illustrates the same THz characterization but in a polished InAs wafer of thickness ℎ = 8.3𝜇𝑚. Figure5.14-A illustrates the transmitted power (in dBm) for a frequency ranging from 0.75THz to 1.1THz with different pump irradiances. The spectrum shows that the maximum depth transmission modulation of the THz Figure 5.12 -Schematic of the static photo-driven THz modulator, based on InAs membrane of thickness "h" which is illuminated by a focused THz light beam (greencolor) emitted from the THz generation source (synthesizer). The InAs slab is illuminated by a laser pump (red-color). Then, the signal transmitted through the InAs slab is collected by the head of a heterodyne detection that sends its LO signal to an electric spectrum analyzer which displays this measurements.

waves is ≈ 10dB which is 10-times lower than the modulation obtained previously. It can be explained by the fact that the InAs thickness is thicker than the previous one, therefore, the InAs sample demands more pump irradiance to be able to photogenerate an enough carrier density to control the THz waves. This assumption can be observed in figure5.14-B where the normalized THz transmission spectrum shows that the static photo-driven transmission is less modulated up to 95%. This can also be verified in figure5.14-C which illustrates that the highest transmission modulation is around 19dB at an irradiance of Φ 0 = 8.1𝑊/𝑐𝑚 2 .

The comparison between numerical simulations presented in figure5.15 and the experimental ones presented in Fig. 5.13-B and in Fig. 5.14-B shows a good agreement in the normalized THz spectra results when the InAs slabs of thicknesses h=5.9𝜇𝑚 and h=8.3𝜇𝑚 are illuminated by a THz plane wave in normal incidence. In the numerical result, the parameter that we use to fit the values between the experimental values and the numerical simulations was the carrier lifetime recombination. The illustration of the photo-carriers distribution is complex to calculate since 𝜏 𝑒𝑓 𝑓 gives a non-linear behavior by using different pump irradiances. Under this assumption, a rough description is presented for the THz spectra results. In the theoretical calculation, we consider a 𝜏 𝑒𝑓 𝑓 = 6.5 × 10 -7 (𝑠), which corresponds to the time obtained in the experimental determination of 𝐿 𝑒𝑓 𝑓 ≈ 40𝜇𝑚. Under this conditions, the maps of the THz transmission coefficient calculated under different pump fluences, presented in figure5.16-B illustrates that for an irradiance over Φ 0 = 6.6𝑊/𝑐𝑚 2 , a 60% of attenuation of the THz transmission is reached showing good agreement with the experimental result in figure5.13-B. The THz transmission attenuation can be explained by using the THz absorption coefficient presented in figure5.16-A. The map of the THz absorption shows that a 50% is reached for the homogeneous structure (HS) for a broadband frequency range spanning from 0.75THz to 1.1THz. Furthermore, we can observe an optimum in the THz absorption when the pump irradiation increases. This transition arises for a pump irradiance around Φ 0 = 3.5𝑊/𝑐𝑚 2 where the real part of the average permittivity is near-zero: ℜ(ε) = 0. Therefore, there is not need to illuminate the InAs sample with a higher pump irradiance (for example, when the pump irradiance is higher than Φ 0 = 3.5𝑊/𝑐𝑚 2 the absorption decreases). This THz absorption result demonstrates that thin InAs slab ℎ = 5.9𝜇𝑚 behaves such as metallic material at a low pump fluence. An increase of the pump irradiance results in conceiving a metallic layer of very high permittivity (negative real and imaginary parts). In that case, figure5.16-C shows that the THz waves are strongly reflected by increasing the injection of pump irradiance which decreases its absorption in the InAs slab.

Confirmation of the THz waves modulation

This section deals with the confirmation of the THz waves modulation for specifics THz frequencies performing the comparison between the numerical simulations and experimental results. We also study the THz modulations according to the thickness of the InAs membrane in order to find out the thickness influence with our numerical simulations.

Figure5.17 illustrates the results of the static photo-driven THz modulator. We set a specific THz frequency (𝐹 𝑐 = 0.925𝑇 𝐻𝑧) and the InAs sample of thickness ℎ = 5.9𝜇𝑚 is illuminated under different pump irradiances. Fig. 5.17-A illustrates the transmitted power (in dBm) for a specific frequency with different pump irradiances. The figure shows that low-irradiances in the continuous regime of only a few 𝑊/𝑐𝑚 2 is enough to modulate the transmission of the THz waves up to 20dB. Fig. 5.17-B presents the normalized THz transmission, where the spectrum shows that lowirradiance (Φ 0 = 6.6𝑊/𝑐𝑚 2 ) in the CW pump is enough to modulate the transmission of the THz waves from 70% to 0% on a broadband frequency range. This results validate the results presented in figure5.13-B where a pump around Φ 0 = 2.7𝑊/𝑐𝑚 2 is the minimum pump irradiance to start the modulation of the THz transmission radiation. We also performed the simulation of the experimental data presented in Fig. 5.17-B to be able to compare with the numerical simulations presented in figure5.17-C. The comparison shows a good agreement in the THz transmission distribution when the pump irradiance increases. In the theoretical result, the illustration of the THz transmission is complex to calculate since 𝜏 𝑒𝑓 𝑓 gives a non-linear behavior when the pump irradiances increases. Under this assumption, a rough description is presented for the THz absorption, reflection and transmission distribution presented in Fig. 5.17-C where is considered a constant 𝜏 𝑒𝑓 𝑓 = 6.5 × 10 -7 (𝑠). The best THz transmission comparison between numerical simulation and the experimental result is reached at high-pump irradiance since the THz transmission attenuation attains a maximal value due to the larger life-time 𝜏 𝑒𝑓 𝑓 = 6.5 × 10 -7 (𝑠), it means that the ambipolar diffusion length is 𝐿 𝑒𝑓 𝑓 = 39𝜇𝑚. These results shows a limitation of the home-made multiphysics code since 𝜏 𝑒𝑓 𝑓 varies with the pump irradiance. It must be solved and it will be proposed as a future perspective in the short term. On the meantime, this results give us information about the possible behavior of the THz absorption and THz reflection. Fig. 5.18-A illustrates the comparison between the numerical (dashed-lines) and the experimental (full-lines) results of the THz transmitted power in dB to understand the thickness influence with the THz modulation when the pump irradiance increases. The study was performed in the three different static photo-driven THz modulators of thickness: ℎ = 5.9𝜇𝑚ℎ = 6𝜇𝑚ℎ = 8.3𝜇𝑚. The three photo-driven THz modulator overcome 20dB of THz transmission modulation. We can observe that the highest THz transmission modulation in the experimental results is 30dB at an irradiance of Φ 0 = 8.1𝑊/𝑐𝑚 2 . The difference of the modulation depth between experiment and theoretical result is related to the non-linear behavior when the pump increases, nevertheless, the comparison shows a good agreement in the THz transmission distribution. Figure5.18-B shows the numerical simulation of the THz transmission spectra for a specific frequency 0.925THz. This normalized THz transmission map shows that the variation of the transmission is in agreement with the previously presented experimental results, e.g. the THz transmission attains minimal values when high irradiances are used. It can be explained using the Fig. 5.18-C. This THz absorption map shows that the THz waves using a pump irradiance higher than Φ 0 = 6.6𝑊/𝑐𝑚 2 are strongly reflected by increasing the injection of pump fluence which decreases its absorption coefficient in the InAs slab.

Dynamic photo-driven THz modulator

We have also performed experiments using a modulated pump described in figure5. [START_REF] Kürner | Towards thz communications-status in research, standardization and regulation[END_REF]. In this case, to perform the amplitude modulation of the laser pump, we use an acousto-optic modulator (AOM). The rest of the optic set-up is the same as the previous one composed of two THz wave systems: source and receiver. The THz source is obtained by a frequency-multiplied signal driven by a synthesizer. The THz detection is composed of an external heterodyne head at spectrum analyzer. The laser pump is composed of a 805𝑛𝑚 laser with amplitude-modulation using an acousto-optic modulator, as illustrated in figure5.20. To demonstrate experimentally the theoretical limits up to the MHz, we use an acousto optic modulator, as presented in Fig. 5.21 located at the top right of the caption. The pump beam enters into the AOM with a certain angle of incidence that allows the wave to be reflected in the cavity. An acoustic wave signal propagates through the crystal where a stationary wave sets locally modifying the refractive index (𝑛). As the acoustic waves propagates within the crystal, the optical index is modulated proportionally to this pressure wave. The wave being monochromatic, it leads to a sinusoidal optical index distribution that will act as a diffraction grating for the incoming light. Therefore, the incident optical wave diffracts on the grating, with a zero-order, and higher orders that are more dispersed. If we turn off the acoustic wave, we have not grating, not diffraction, so the light goes through the crystal without any other effect than standard reflection and refraction.

To perform the experiments using a modulated pump, the THz frequency was set to 𝑓 𝑐 = 925𝐺𝐻𝑧. We use the amplitude modulation at frequency 𝑓 𝑚 with a depth of modulation 𝑚 where the resulting spectrum presents: a carrier component at 𝑓 𝑐 and modulation satellites at 𝑓 𝑐 ± 𝑓 𝑚 . We measure the amplitude of the modulation satellite for increasing 𝑓 𝑚 , as illustrated in figure5. [START_REF] Josep | Channel modeling and capacity analysis for electromagnetic wireless nanonetworks in the terahertz band[END_REF].

The modulation depth using the AOM has been evaluated using static measurements. Figure5.23-A shows the THz transmission power in 𝑑𝐵𝑚 which is modulated with an AOM at carrier frequency 𝑓 𝑐 = 0.925𝑇 𝐻𝑧. The pump induces a THz transmission power modulation of 2𝑑𝐵. To verify this assertion, we plot in figure5.23-B, the THz transmission power in 𝑑𝐵𝑚 at two different carrier frequency 𝑓 𝑐 = 0.9𝑇 𝐻𝑧 (red color) and 𝑓 𝑐 = 0.95𝑇 𝐻𝑧 (pink color) using different pump irradiances. The map of the THz transmission power confirms that the depth modulation of 2𝑑𝐵 is reached for a pump irradiance around Φ 0 = 2.7𝑊/𝑐𝑚 2 .

The modulation depth using the AOM has been evaluated using dynamic measurements. In figure5.24, the THz frequency was set to 𝑓 𝑐 = 0.925𝑇 𝐻𝑧, we set a pump irradiance of Φ 0 = 8.1𝑊/𝑐𝑚 2 at the laser output. These results was obtained using a square-shape modulation of the acousto-optic signal to photo-generate the InAs slab, and that it was measured using a zero-order mode at the spectrum analyser. Knowing that the cut-off frequency that we observe is due to the AOM and not to the InAs sample, we perform an attempt to extract the transfer function. Figure5.27-A shows the THz and Pump relative transmission that we use to find the InAs sample function transfer that is presented in figure5.27-B, demonstrating a cut-off frequency up to 2MHz.

The comparison between the experimental results and the theoretical assumptions shows a good agreement in the value of the high-speed modulation rate for the THz waves. A modulation rate up to 2MHz was theoretically expected. Since that, the InAs slab of thickness ℎ = 5.9𝜇𝑚 has been illuminated with Φ 0 = 2.7𝑊/𝑐𝑚 2 , this irradiance induces a photo-generated carrier density 𝑁 ≈ 1.2 × 10 16 (𝑐𝑚 -3 ) (see Table5.3), which controls the ambipolar recombination lifetime, and in this case is 𝜏 𝑒𝑓 𝑓 = 5 × 10 -7 (𝑠). It means that, the experimentally demonstrated high-speed modulation rate of 2𝑀 𝐻𝑧 for the THz waves has been theoretically expected owing the value of the InAs recombination lifetime 1/𝜏 𝑒𝑓 𝑓 (2𝑀 𝐻𝑧). This fact suggest a dynamic response for the high-speed modulation rate which is driven by the injection level 𝑁 (𝜏 𝑒𝑓 𝑓 ) and attains a maximal theoretical value of 0.5GHz for a 𝑁 ≈ 10 18 (𝑐𝑚 -3 ) 

Conclusion

In this section, we have demonstrated that InAs is a promising semiconductor for the development of fast and efficient THz devices. We use two of the three static photo-driven THz modulator devices of thickness ℎ = 5.9𝜇𝑚 (InAs epitaxial slab) and ℎ = 8.3𝜇𝑚 (InAs wafer slab) which are driven by the CW pump. We demonstrated that low irradiance is enough to modulate at 20dB the THz transmission over a frequency range from 0.75 THz to 1.1 THz. The highest THz transmission modulation is around 30dB with a low irradiance of only Φ 0 = 8.1𝑊/𝑐𝑚 2 in the continuous wave regime.

We used a modulated pump to convert the static THz modulator into a dynamic photo-driven THz modulator device using a AOM. We experimentally demonstrated a high-speed transmission modulation rate up to 2MHz, presently limited by the experimental set-up but with theoretical limits up to 0.5GHz. Nevertheless, we have the proof that MHz modulation is accessible with InAs for active plasmonics.

Before concluding, we recognize how impressive is the fact that such a small and tiny material of only a few 𝜇𝑚 can be able to modulate up to 30dB a wave of such large size as the THz wave radiation of around 300𝜇𝑚 (1THz) when it is illuminated with an irradiance of only a few 𝑊/𝑐𝑚 2 .

Summary

In this chapter, the experimental and theoretical results for the study of the optical characterization of the photo-excited InAs membranes were presented.

Firstly, the theoretically and experimentally optical characterization of the InAs membranes by using the experimental FTIR spectroscopy set-up and numerical simulations to study the optical control of the undoped-InAs material at different lowpump irradiances were presented. Experimental results demonstrate that low-pump irradiance is enough to modulate the transmission of the THz wave on a broadband frequency range. These results show that the InAs is a promising semiconductor for the development of fast and efficient THz components. The use of CW laser at an irradiance of few 𝑊/𝑐𝑚 2 is sufficient to modulate the transmission of the THz waves on a very large frequency range. A 50-fold decrease of the pumping irradiance is reached for a modulation of the THz transmission of 60% at 1THz when the InAs slab is pumped at very low irradiances compared to photo-generated surfaces made of gallium arsenide (GaAs) which have been realized with pump irradiances attaining hundreds of 𝑘𝑊/𝑐𝑚 2 .

Secondly, the theoretical and experimental modulation of the THz transmission up to 100% over a frequency range from 0.75 THz to 1.1 THz using very low pump fluence in the continuous wave regime were presented. Experimental results demonstrate that a modulated pump at an irradiance of few 𝑊/𝑐𝑚 2 is enough to dynamically control the THz transmission over a frequency range from 0.75 THz to 1.1THz and with a high-speed modulation rate up to 2MHz. We demonstrate that MHz modulation is accessible with InAs for active plasmonics at room-temperature.

These results represent a breakthrough for the conception of integrated and CMOS compatible dynamic THz modulator devices and might be a significant improvement for various non-destructive THz systems and THz applications such as sensing, imaging and security.

Conclusion and perspectives

The objective of this thesis was to propose a fundamental new design of photogenerated metasurfaces that tackles the actual limitations of high pump fluences required to manufacture fastly and efficiently THz components, as well as, the experimental demonstration of the theoretical statements by performing the technological fabrication of the photo-driven THz modulator prototype made of undoped-InAs material. This research was carried out in collaboration with the Institut d'Electronique et des Systèmes (IES) of Montpellier, in the NanoMir group and co-supervised by the Professor Thierry Taliercio.

Starting from theoretical statements, we propose a new conception of photogenerated metasurfaces which are photo-excited structures totally reconfigurable into the bulk to design a material by using photocarrier diffusion process and also on the surface to make the conventional flat components. This work reveals the crucial impact of the photocarrier diffusion to realize optimal metasurfaces for the versatile control of THz radiations. This scientific insight allows to control efficiently and dynamically the THz waves over a wide range of frequencies with very low pump irradiances and with high-speed modulation rate up to the MHz range.

Indium Arsenide is a material that tackles the actual limitations of this approach. The diffusion of the photocarriers plays a crucial role for realizing grating or homogeneous structures when a spatially modulated pump is considered. The study of the electronic and electromagnetic properties of an InAs layer shows that resonant absorption lines are monitored by the pump irradiance and by the spatial period of the pump. The best dynamical control for monitoring the absorption lines is obtained for a thickness of 15 𝜇𝑚 which corresponds to an ambipolar distance. In that case, a Fabry-Perot resonance arises close to ENZ regime and boosts the absorption to 50%. This ENZ-absorption can be optically actuated over a broad frequency band ranging from 1 THz to 3 THz when the pump fluence is increased from 25 𝑊.𝑐𝑚 -2 to 100 𝑊.𝑐𝑚 -2 . These results open promising avenues for realizing on chip active THz components based on InAs since low pump powers of only 500 𝑚𝑊 can be easily delivered by integrated CW lasers.

We have contributed with two complementary recipes for the fabrication of photoconduction devices and THz modulation samples to experimentally demonstrate the main theoretical statements established, which are the ambipolar diffusion length and the active control of the THz radiation at low-pump irradiances, both at room-temperature. First, a photo-conduction device fabrication based on optical photolithography and dry chemical etching, applicable for the manufacturing process of TLM devices was presented. This first part of this chapter finished with some SEM images of the TLM sample. The images show in detail the geometry of each TLM. Secondly, THz modulation samples process based on mechanical polishing and wet chemical etching is presented, applicable for the manufacturing process of undoped-InAs membranes of 10 to 1𝜇𝑚 thick. The major achievements were to adapt the standard mechanical polishing to reduce the thickness of conventional undoped InAs acquired commercially. Two complementary etching rate for the undoped InAs have been studied at 60℃ by considering the influence of the size of the sample holder hole of 2𝑚𝑚 by using the solution (H 3 PO 4 :H 2 O 2 :H 2 O (2:1:2)). All these data have been integrated to the IES clean-room database. Laboratory microscope and SEM images of the undoped InAs membranes were presented. The images show in detail the geometry of the fabricated InAs membranes and that each InAs membrane has been deformed in a concave or convex shape due to mechanical forces produced by the wet chemical etching on the material.

The experimental and theoretical results for the optical characterization of the physical properties of InAs material, and the photo-conduction devices were presented. Firstly, the optical characterization of PL by using the experimental technique FTIR spectroscopy and numerical simulations to study the optical properties of the undoped-InAs material at different temperatures, at low-temperature and at room-temperature were presented. We experimentally verify the behaviour of the InAs material under different conditions when it is photo-excited by a laser pump. Furthermore, we have theoretically studied the excess carrier lifetime 𝜏 𝑟 showing that the evolution of the effective lifetime 𝜏 𝑒𝑓 𝑓 varies accordingly to the injection level 𝑁 (𝜏 𝑒𝑓 𝑓 ). Secondly, experimental estimation of the ambipolar diffusion length in order to have a more accurate estimation of the 𝜏 𝑒𝑓 𝑓 that we obtained in the PL section. It was performed using optical characterization in photo-conduction devices (TLM). We carried out experiments and numerical calculations of the optical characterization in photo-excited InAs membranes using a CW laser with an irradiance of only tens of 𝑊/𝑐𝑚 2 . A linear fitting curve of the experimental data yields an experimental effective diffusion length 𝐿 𝑒𝑓 𝑓 between 40 to 2.5𝜇𝑚. We use the carrier lifetime recombination 𝜏 𝑒𝑓 𝑓 to fit the diffusion length values 𝐿 𝑒𝑓 𝑓 .

The experimental and theoretical results for the THz characterization of the photo-excited InAs membranes were presented. Firstly, the theoretically and experimentally optical characterization of the InAs membranes by using the experimental FTIR spectroscopy set-up and numerical simulations to study the optical control of the undoped-InAs material at different low-pump irradiances were presented. Experimental results demonstrate that low-pump irradiation is enough to modulate the transmission of the THz wave on a broadband frequency range. These results show that the InAs is an excellent semiconductor for the development of fast and efficient THz components. The use of CW laser at an irradiance of few 𝑊/𝑐𝑚 2 is sufficient to modulate the transmission of the THz waves on a very large frequency range. Secondly, the theoretically and experimentally modulation of the THz transmission up to 100% over a frequency range from 0.75 THz to 1.1 THz using very low pump irradiance in the continuous wave regime were presented. Experimental results demonstrate that a modulated pump at an irradiance of few 𝑊/𝑐𝑚 2 is enough to dynamically control the THz transmission over a frequency range from 0.75 THz to 1.1THz and with a high-speed modulation rate up to 2MHz.

Concluding on the achieved results, we demonstrate that InAs is a semiconductor for the development of fast and efficient THz devices. We show that these results overcome to the state-of-the-art technology limitations of the classical photo-generated metasurfaces technology such as: the high pump irradiances and the slow-speed THz modulation rate. Firstly, a 50-fold decrease of the pumping irradiance is reached for a modulation of the THz transmission of 60% at 1THz when the InAs slab is pumped at very low irradiances compared to photo-generated surfaces made of gallium arsenide (GaAs) which have been realized with pump irradiances attaining hundreds of 𝑘𝑊/𝑐𝑚 2 . These high irradiances reached with pulsed lasers are incompatible with integrated on-chip sources that deliver low intensity in the CW regime. Secondly, we demonstrate that MHz modulation is accessible with a photo-driven THz modulator made of InAs for active plasmonics at low pump irradiances (only a few 𝑊/𝑐𝑚 2 ) and at room-temperature. This photo-driven THz modulator is costless, compactness and with a high versatility able to address a wide range of frequencies compared to the current holographic technique (spatial light modulator device) linked to the photo-generated metasurfaces technology. This holographic system is fairly expensive, not compact and has a slow modulation rate up to 10kHz. These results represent a breakthrough for the conception of integrated and CMOS compatible dynamic THz modulator devices and might be a significant improvement for various THz applications such as sensing, imaging and security.

As a future work, to fully exploit the potential of the photo-generated metasurfaces we have to consider in the short term, the incorporation of the non-linear 𝜏 𝑒𝑓 𝑓 curve to compute the correct photo-generated carrier density in order to properly estimate the variation of the relative photo-generated permittivity. Another important point is to include the roughness of the InAs surface in the home-made multiphysics code it will allow a better comparison between the numerical simulations and the experimental results obtained in the FTIR characterizations. In addition, the large effective diffusion length is also a limitation for realizing grating structures when a spatially modulated pump is considered because we cannot realize patterns smaller than two times 𝐿 𝑒𝑓 𝑓 . To conclude as short term, the incorporation of an additional electronics instrumentation faster than the AOM modulation to experimentally demonstrate the dynamic effect in the high-speed modulation of the THz waves which is driven by the carrier density 𝑁 (𝜏 𝑒𝑓 𝑓 ). In the long term, include additional characterization techniques such as: plasmonics effects induced by photo-generated metasurfaces, growing multi-layer structures on different substrates with more complex shape and include this photo-generated technology with the conventional electronics by its integrable and adaptable low-pump irradiance. This versatile photo-generation manufacture will eventually allow to obtain structures with original shape properties that are unreachable with the standard recipes of clean room process. These original devices are environmentally favourable since they do not pollute the environment and due to the fact that their platform or screen are reusable for optical printing of different THz applications such as sensing, imaging and security. To conclude, we are convince that the theoretical and experimental knowledge acquired during this thesis opens the avenues to many others THz applications using photo-generated metasurfaces at terahertz frequencies based on the undoped-InAs material.

Appendix A

Scattering Matrix Method

The theoretical analysis of photo-generated metasurfaces developed in Chapter 2 requires the determination of the Scattering Matrix Method (S-Matrix). The S-matrix will connect the coefficients of the incoming fields to the coefficients of the outgoing fields, as presented in figureA.1. where 𝐴 ±(𝑗) corresponds to the field coefficients with its respective direction of propagation and (𝑗) indicates the medium where the field coefficients are calculated. FigureA.2 shows that each interface of different medium (𝑗 = 1 -𝑗 = 2 -𝑗 = 3) can be described by using the S-matrix: Thus, the coefficient of the transfer matrix between (𝑗 = 1) and (𝑗 = 3) can be calculated and given by: The opposite sign ± in the surface recombination (𝑠 𝑖 ) and (𝑠 𝑓 ) is in function of the orientation of the normal axis at the surface and specifies that the carrier flow is always directed towards the surface of the semiconductor. In this context, the boundaries may be written: 
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Where the photo-generated carrier density distribution within the InAs slab is given by the following expression: After the obtention of the InAs etching rate using a solid mask made of SiO 2 with circles of different sizes, it is observed that the etching rate depends on the size of the mask circle. This fact motivated to reconsider the etching rate that will be used when a larger diameter of 2𝑚𝑚 is used.

⃗ 𝑁 = 𝑀 -1 (-Δ𝑦
Then, a sample of InAs is polished until 100𝜇𝑚 and then cut into twelve pieces. Each pieces of material is stuck to the sample holder. AZ-1518 photo-resist is applied to protect the inside of the hole support holder to protect it, and leaving only one face of the InAs material exposed to the consecutive etching process (Step presented in fabrication process -𝑃 𝑟𝑜𝑡𝑒𝑐𝑡𝑖𝑜𝑛). Then, the sample stuck in the sample holder is put in the solution of (H 3 PO 4 :H 2 O 2 :H 2 O (2:1:2)) at 60℃.

The elaboration of a graph using the first eight samples analyzed with the profilometer gives a description of the etch depth profile. A linear-fit is computed obtaining an etching rate equal to 9.28𝜇𝑚/𝑚𝑖𝑛, considering a diameter of 2𝑚𝑚 (see figureC.6). 

Chapter 1 Introduction 1 . 1

 111 Terahertz technology . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 1.2 THz sources and detectors . . . . . . . . . . . . . . . . . . . . . . . . 14 1.3 Indium Arsenide platform for the next-generation of THz detection devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 1.4 Thesis motivations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 1.5 Thesis objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

Figure 1 . 1 -

 11 Figure 1.1 -(a) A schematic showing the THz gap within the electromagnetic spectrum. (b) THz emission power as a function of frequency; IMPATT diode stands for impact ionization avalanche transit-time diode, MMIC stands for microwave monolithic integrated circuit, TUNNET stands for tunnel injection transit time and the multiplexer is an Schottky barrier diode (SBD) frequency multiplier. Ovals denote recent THz sources. The values of the last two are indicated by peak power; others are by C.W. power [26].
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 12 Figure 1.2 -(a) Schematic of the THz-TDS optics set-up. (b) Examples of THz pulses emitted from a p-InAs and a DAST and detected by LT-GaAs photoconductive antenna. (c) Corresponding Fourier-transformed spectra on a logarithmic scale in the frequency domain.
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 21 Figure 2.1 -Schematic of the interference pattern produced by two IR tilted plane waves with incident angles ±𝜃. The pumped InAs slab of thickness ℎ and periodicity 𝑑 is enlightened by a THz plane wave at normal incidence.

Figure 2 . 2 -

 22 Figure 2.2 -Description of the electric field interference pattern produced by two tilted plane waves of the respective incident angles ±𝜃.

Figure 2 . 3 -

 23 Figure 2.3 -(A) Maps of the electric field distribution in the InAs layer (along the y-direction) and (B) description of the non-homogeneous extinction of the electric field along the x-direction. Both for a pitch 𝑑 = 153𝜇𝑚, a thickness ℎ = 1𝜇𝑚 and for a pump fluence of 50 𝑊/𝑐𝑚 2 .
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 24 Figure 2.4 -Schematic of the absorption process of the InAs material; direct band-gap semiconductor, optically pumped. The inter-bands electrons transitions from the valence-band (V.B.) to the conduction-band (C.B.) are performed with constant 𝑘.
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 25 Figure 2.5 -Schematic of the photo-generated carrier distribution in an optically excited InAs slab. 𝐸 𝑖 represents an internal field that results from the difference in mobility between electrons and holes.
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 26 Figure 2.6 -Description of the different photo-carriers recombination mechanisms: (a) SRH recombination, (b) Radiative recombination and (c) Auger recombination.
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 27 Figure 2.7 -Map of the real part of the relative permittivity for a pitch 𝑑 = 10𝐿𝑎 = 153𝜇𝑚, a thickness ℎ = 15.3𝜇𝑚 at 𝜆 𝑇 𝐻𝑧 = 15𝐿𝑎 = 230𝜇𝑚 = 1.3𝑇 𝐻𝑧 and for a laser pump irradiance of Φ 0 = 50𝑊/𝑐𝑚 2 .
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 28 Figure 2.8 -Maps of the carrier density (a) and of the real part of the relative permittivity (b) for a pitch 𝑑 = 10𝐿 𝑎 , a thickness ℎ = 0.1𝐿 𝑎 at 𝜆 = 15𝐿 𝑎 and for a pump irradiance of 10 𝑊.𝑐𝑚 -2 .
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 29 Figure 2.9 -(a) Average relative permittivity ε and (b) permittivity variation Δε with respect to the normalized wavelength and the pitch 𝑑 for a thin slab of ℎ = 0.1𝐿 𝑎 and a pump irradiance of 10 𝑊.𝑐𝑚 -2
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 210 Figure 2.10 -Absorption spectra calculated for TE (a) and TM (b) polarization cases with respect to the normalized wavelength and pitch. The InAs thickness is ℎ = 0.1𝐿 𝑎 and the pump fluence is 10 𝑊.𝑐𝑚 -2 .

  2.11-(b). The average permittivity and its variation with respect to the wavelength and the grating pitch are plotted to identify the different kind of structures that can be photo-generated, Fig.2.12.
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 211 Figure 2.11 -Maps of the carrier density (a) and of the real part of the relative permittivity (b) for a pitch 𝑑 = 10𝐿 𝑎 , a thickness ℎ = 𝐿 𝑎 at 𝜆 = 15𝐿 𝑎 and for a pump irradiance of 50 𝑊.𝑐𝑚 -2 .
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 2 Figure 2.12 -(a) Average relative permittivity ε and (b) permittivity variation Δε with respect to the normalized wavelength and the pitch 𝑑 for thick thickness material ℎ = 𝐿 𝑎 , and a pump irradiance 50 𝑊.𝑐𝑚 -2
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 213 Figure 2.13 -Absorption spectra calculated for TE (a) and TM (b) polarization cases with respect to the normalized wavelength and the pitch. The InAs thickness is ℎ = 𝐿 𝑎 and the pump irradiance is 50 𝑊.𝑐𝑚 -2 .

  2.14. 
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 214 Figure 2.14 -Absorption spectra calculated with respect to the pump irradiance and the normalized wavelength. The InAs thickness is ℎ = 𝐿 𝑎 and the pitch 𝑑 = 2.5𝐿 𝑎 .
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 215 Figure 2.15 -Maps of the carrier density (a) and of the real part of the relative permittivity (b) for a pitch 𝑑 = 10𝐿 𝑎 , a thickness ℎ = 3𝐿 𝑎 at 𝜆 = 15𝐿 𝑎 and for a pump irradiance of 50 𝑊.𝑐𝑚 -2 .
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 2 Figure 2.16 -(a) Average relative permittivity ε and (b) permittivity variation Δε with respect to the normalized wavelength and the pitch 𝑑 for ultra-thick thickness material ℎ = 3𝐿 𝑎 , and a pump irradiance of 50 𝑊.𝑐𝑚 -2 .
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 217 Figure 2.17 -Absorption spectra calculated for TE (a) and TM (b) polarization cases with respect to the normalized wavelength and the pitch. The InAs thickness is ℎ = 3𝐿 𝑎 and the pump irradiance is 50 𝑊.𝑐𝑚 -2 .
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 218 Figure 2.18 -Absorption spectra calculated with respect to the pump irradiance and the normalized wavelength. The InAs thickness is ℎ = 3𝐿 𝑎 and the pitch 𝑑 = 2.5𝐿 𝑎 .
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 32 Figure 3.2 -Schematic of the bands diagram of the nBn structure composed of 𝐼𝑛𝐴𝑠, 𝐴𝑙𝐴𝑠𝑆𝑏, and 𝐼𝑛𝐴𝑠 modeled with the software Nextnano.

4 .

 4 Resist development (1): the AZ-5214 photoresist is developed during 50s using AZ-726 developer (Fig.3.7.D).
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 33 Figure 3.3 -(A) Set-up of the ohmic contact mask name: E256-L3. (B) Set-up of the mesa mask name E256-L1. The set-up shows the alignment marks on the mask for the mesa fabrication.

Figure 3 . 4 -

 34 Figure 3.4 -Optical microscope image of 𝐸𝑄443.4 TLM sample after Lift-Off manufacturing process step.

8 .

 8 Photolithography (2): Nanomir group has a mask E256-L1 with the corresponding mesa for the different TLM patterns, circular and rectangular (presented in figure3.3-B). The expected pattern is aligned with alignment marks of the mask and the sample[START_REF] Theodore | Lithography: principles, processes and materials[END_REF]. The sample is exposed during 6.5s using soft contact mode (Fig.3.7.H). 9. Development (2): the AZ-1518 photoresist is developed during 30s using AZ-726 developer (Fig.3.7.I).

Figure 3 . 5 -

 35 Figure 3.5 -Caption of the 𝐸𝑄443.1,2,3,4 and 5 TLM samples at the end of plasma etching.

Figure 3 . 6 -

 36 Figure 3.6 -𝐸𝑄443.4 TLM sample: A)Dektak measurement at the end of Ar plasma etching. The vertical distance from AlAsSb material to the photo-resist between the TLM grooves is 3𝜇𝑚. B)Dektak measurement at the end of Final Cleaning. The vertical distance from AlAsSb material to the InAs material is 1.5𝜇𝑚. C) Optical microscope image of the sample after the Final Cleaning. The Mesa isolates devices between them. So the conduction is done between the contact close to each TLM structure. The electron and holes barrier assures that no conduction through the substrate is possible between TLM structures.

Figure 3 . 7 -

 37 Figure 3.7 -Process flow for the TLM sample fabrication with mesa. A. Substrate preparation.B. Photoresist deposition (1). C. Photolithography (1). D. Resist development (1). E. Metal deposition. F. Lift-Off and Metallization reinforcement. G. Photoresist deposition (2). H. Photolithography (2). I. Development (2). J. Dry chemical etching. K. Final Cleaning.

Figure 3 . 8 -

 38 Figure 3.8 -Schematic of the photo-conduction device on the To-8 chip carrier (Left-image). Picture of welding station (right-image), gold threads welded on metal groove reported on the To-8 pins.

Figure 3 . 9 -

 39 Figure 3.9 -SEM images of EQ443.4 photo-conduction device fabricated at CTM.

Figure 3 . 10 -

 310 Figure 3.10 -Picture of photo-conduction device stuck to the To-8 chip-carrier ready to be characterized. It is welded with gold threads on the TLM metal groove reported on the To-8 pins.

Figure 3 . 11 -

 311 Figure 3.11 -Process flow for the sample fabrication by polishing and chemical etching. A. Sample preparation. B. Polished. C. Substrate Preparation. D. Protection. E. Chemical Etching of InAs in phosphoric acid. F. Photoresist removal and final cleaning.

Figure 3 . 13 -

 313 Figure 3.13 -InAs epitaxial membranes. Both samples with a thickness of around 17𝑢𝑚.

Figure 3 . 14 -

 314 Figure 3.14 -Laboratory microscope images of undoped InAs membranes fabricated by: A) Material acquired by polishing a substrate and wet chemical etching obtaining a thickness of around 8.8𝑢𝑚. B) Material acquired by epitaxy growth and wet chemical etching obtaining a thickness of around 6.2𝑢𝑚 and C) 5.7𝑢𝑚.

Figure 3 .

 3 Figure 3.14.A illustrates an undoped InAs membrane acquired by polishing an InAs wafer and wet chemical etching obtaining a thickness of around 8.8𝜇𝑚. The high-resolution image indicates that the wet chemical etching does not smooth completely the surface due to the mechanical polishing. On the contrary, in the figure3.14.B and in the figure3.14.C, the materials are acquired by an InAs epitaxial layer and wet chemical etching obtaining a thickness of around 6.2𝜇𝑚 and 5.7𝜇𝑚. The InAs epitaxial sample of 5.7𝜇𝑚 thick is inspected by SEM displayed in Figure3.15. The side views illustrates in figure3.15.A and figure3.15.B show that the InAs epitaxial membrane has been deformed in a concave shape. This concave shape

Figure 3 . 16 -

 316 Figure 3.16 -SEM images of an intrinsic InAs wafer membrane fabricated at CTM ready to be photo-generated.

Figure 4 . 1 -

 41 Figure 4.1 -Schematic of the absorption(1) -emission(2) processes of PL. The PL measurement allows to characterize the spontaneous emission of a material optically pumped. The optical transitions between the valence band and the conduction band are performed with constant 𝑘. In other words, they are vertical transitions.

Figure 4 . 2 -

 42 Figure 4.2 -PL spectra made at low-temperature of an undoped InAs material under laser irradiance spanning between 20𝑊/𝑐𝑚 2 to 120𝑊/𝑐𝑚 2

Figure 4 . 3 -

 43 Figure 4.3 -Gaussian waist in X and Y measurement to determine the IR-spot size by using an infra-red camera. We consider that the IR-spot has a diameter of around 0.2𝑚𝑚.

Figure 4 . 4 -

 44 Figure 4.4 -Evolution of the shape of band-to-band emission spectra with temperature dependence from 10𝐾 to 300𝐾 using an undoped-InAs material and a fixed laser irradiance of 15𝑊/𝑐𝑚 2 . When the temperature increases, the 𝐸 𝑔 , the recombination lifetime 𝜏 𝑟 and the carrier diffusion length 𝐿 𝑛,𝑝 decrease in value due to the thermal energy rise.

Figure 4 . 5 -

 45 Figure 4.5 -Estimation of the variation of 𝐸 𝑔 with the temperature 𝑇 computed by using the Varshni law presented in table4.2.

Figure 4 . 6 -

 46 Figure 4.6 -The 𝐸 𝑎 is computed by using linear-fit. In this case, the 𝐸 𝑎 for the PL-1 𝑠𝑡 𝑃 𝑒𝑎𝑘 is around 20𝑚𝑒𝑉 and for the the PL-2 𝑛𝑑 𝑃 𝑒𝑎𝑘 is around 10𝑚𝑒𝑉 . This 10𝑚𝑒𝑉 is close to the energy needed to ionize the impurity band.

Figure 4 . 7 -

 47 Figure 4.7 -PL spectra made at room-temperature (300𝐾) of an undoped InAs material under IR optical pumping using different irradiance in 𝑊/𝑐𝑚 2

Figure 4 . 8 -

 48 Figure 4.8 -Evolution of the difference of the pseudo-Fermi level Δ𝐸 𝐹 =𝐸 𝐹 𝑐 -𝐸 𝐹 𝑣 as a function of the density of carriers out of equilibrium in the undoped-InAs material. The density of transparency is obtained when 𝐸 𝐹 𝑐 -𝐸 𝐹 𝑣 =𝐸 𝑔 .

Figure 4 . 10 -

 410 Figure 4.10 -Evolution of the effective life-time of the InAs material according to the injection-level. The theoretical life-time of SHR, Radiative and Auger are used to model the effective recombination lifetime.

Figure 4 . 11 -

 411 Figure 4.11 -Schematic of the TLM device with mesa based on InAs material.

Figure 4 . 12 -

 412 Figure 4.12 -Schematic of the geometry used to perform numerical simulations of the photo-conduction device.

Figure 4 . 13 -

 413 Figure 4.13 -Electric field influence in the diffusion length of the photo-generated carrier distribution: (A) 𝑉 𝑎 = 0(𝑉 ) and (B) 𝑉 𝑎 > 0(𝑉 ). IR spot diameter 2𝑙 = 15𝜇𝑚

Figure 4 . 14 -

 414 Figure 4.14 -Simulation results of the photo-carriers distribution under different laser pump illuminations at low-pump irradiance, medium-pump irradiance and high-pump irradiance.

Figure 4 . 15 -

 415 Figure 4.15 -Schematic beam path of the home-built experimental optics set-up.

Figure 4 .

 4 Figure 4.19 -(A) Experimental results of the minority carrier distribution when the InAs slab is under a low-pump irradiance. Different voltages (𝑉 ) have been applied to observe the influence in the photo-carrier distribution. (B) Presentation of the same results with y-axis in Log scale.

Figure 4 . 20 -

 420 Figure 4.20 -Experimental results of the minority carrier diffusion length collected by the ohmic contacts. A linear fitting of the exponential decay of the data yields an experimental effective diffusion length 𝐿 𝑒𝑓 𝑓 ≈ 40𝜇𝑚. The vertical axis is in log scale.

Figure 4 . 21 -

 421 Figure 4.21 -Theoretical result of the minority carrier diffusion length. A exponential fitting curve to the theoretical data yields an theoretical minority carrier diffusion length 𝐿 𝑝 ≈ 40𝜇𝑚.

Figure 4 . 22 -

 422 Figure 4.22 -Estimation of the minority carrier diffusion length. The 𝐿 𝑒𝑓 𝑓 evolution allows to find an optimal 𝐿 𝑒𝑓 𝑓 ≈ 40𝜇𝑚 which is in the order of an injection level 𝑁 ≈ 10 16 (𝑐𝑚 -3 ) and for an effective life-time around 𝜏 𝑒𝑓 𝑓 ≈ 6.5 × 10 7 (𝑠).
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Figure 5 . 2 -

 52 Figure 5.2 -Schematic of the focused light beam;(green-color), emitted from the internal THz source of the FTIR spectrometer, which illuminates the InAs membrane. Then, the signal transmitted through the slab is collected by the DTGS detector.

FTIR

  spectroscopy at MIR: ℎ(𝜇𝑚) THz transmission: ℎ(𝜇𝑚) 5.7 ± 0.5 (fig.5.3-(red-color)) 5.9 ± 0.2 (fig.5.4-A) 6.2 ± 0.5 (fig.5.3-(blue-color)) 6 ± 0.2 (fig.5.4-B) 8.8 ± 0.5 (fig.5.3-(black-color)) 8.3 ± 0.2 (fig.5.4-C)

Figure 5 . 4 -

 54 Figure 5.4 -The comparison between the numerical simulations results (dashed lines) and the experimental ones (full lines) for different InAs membranes. The thickness of each InAs membrane is presented in Table5.2 .

Figure 5 . 5 -

 55 Figure 5.5 -Schematic of the InAs membrane of thickness "ℎ" illuminated by a focused THz beam; (green-color), emitted from the cooled Hg source of the FTIR spectrometer. The InAs slab is pumped by a collimated IR plane wave (red-color). Then, the signal transmitted is collected by the silicon bolometer detector at 4.2𝐾.

Figure 5 . 6 -

 56 Figure 5.6 -InAs slab of ℎ = 6𝜇𝑚 (A) Experimental results of the THz transmission modulated by using different pump irradiances from Φ 0 = 0𝑊/𝑐𝑚 2 to Φ 0 = 8.1𝑊/𝑐𝑚 2 . (B) Theoretical results of the THz transmission. It is observed good agreement between experiment and theory at different pump irradiances from Φ 0 = 0𝑊/𝑐𝑚 2 and Φ 0 = 8.1𝑊/𝑐𝑚 2 .

Figure 5 . 7 -

 57 Figure 5.7 -Theoretical results of the THz waves. (A-1) Real part of the relative permittivity distribution for an un-pumped InAs slab. (A-2) THz absorption, reflection and transmission spectra without laser irradiance. (B-1) Real part of the relative permittivity distribution at different laser irradiances in 𝑊/𝑐𝑚 2 . (B-2) Real part of the relative permittivity distribution at different laser irradiances in 𝑊/𝑐𝑚 2 .

Figure 5 . 8 -

 58 Figure 5.8 -Experimental and numerical simulations results of the ratio between the photo-driven THz transmittance (𝑇 Φ ) and the un-pumped transmittance (𝑇 0 ). (A) InAs epitaxial slab of thickness ℎ = 5.9𝜇𝑚. (B) InAs epitaxial slab of thickness ℎ = 6𝜇𝑚. The InAs are illuminated using different pump irradiances from Φ 0 = 0𝑊/𝑐𝑚 2 to Φ 0 = 8.1𝑊/𝑐𝑚 2 . It is observed good agreement between the experimental and theoretical results.

Figure 5 . 9 -

 59 Figure 5.9 -Experimental and numerical simulations results of the THz transmission modulation using an InAs wafer of ℎ = 8.3𝜇𝑚 thickness which is irradiated using different pump irradiances from Φ 0 = 0𝑊/𝑐𝑚 2 to Φ 0 = 8.1𝑊/𝑐𝑚 2 .
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 510 Figure 5.10 -Schematic of the implemented optic set-up provided by the TéHogroup. It is composed of a THz generation source and a receiver system to optically characterize in transmission the InAs membrane which is irradiated by a laser pump at room-temperature.

Figure 5 . 11 -

 511 Figure 5.11 -Home-built optical set-up of the InAs membranes located at the TéHogroup. (A) InAs membrane positions. (B) Head of a heterodyne detection -Receiver system. (C) Caption of the entire optical THz and IR beam path. (D) Entire optic set-up with the synthesizer and the electrical spectrum analyzer.

Figure 5 . 13 -

 513 Figure 5.13 -Transmission spectra in the THz range from 0.75THz to 1.1THz of an intrinsic InAs epitaxial layer of thickness h=5.9𝜇𝑚 illuminated by a laser of different irradiances. (A) THz transmitted power in dBm. (B) Normalized THz transmission. (C) THz transmission ratio intensity 𝑇 Φ 0 /𝑇 0 in dB.

Figure 5 . 14 -

 514 Figure 5.14 -Transmission spectra in the THz range from 0.75THz to 1.1THz of an intrinsic InAs wafer slab of thickness h=8.3𝜇𝑚 illuminated by a laser of different irradiances. (A) THz transmitted power in dBm. (B) Normalized THz transmission. (C) THz transmission ratio intensity 𝑇 Φ 0 /𝑇 0 in dB.

Figure 5 . 15 -

 515 Figure 5.15 -Theoretical result of the normalized transmission spectra in the THz range from 0.75THz to 1.1THz of an intrinsic InAs slab illuminated by a laser of different irradiances. (A) InAs slab of thickness h=5.9𝜇𝑚. (B) InAs slab of thickness h=8.3𝜇𝑚.

Figure 5 . 16 -

 516 Figure 5.16 -Theoretical results of an undoped-InAs slab of thickness ℎ = 5.9𝜇𝑚 illuminated with a THz plane wave at a frequency ranging from 0.75THz to 1.1THz. (A) THz absorption. (B) THz transmission. (C) THz reflection.

Figure 5 . 17 -

 517 Figure 5.17 -Confirmation of the static photo-driven THz modulator device induced by low-pump irradiances. (A) Experimental THz transmission in dBm when the pump irradiance increases. (B) Normalized THz transmission of the experimental data. (C) Theoretical THz transmission, reflection and absorption calculated at 0.925THz and for a constant carrier lifetime value 𝜏 𝑒𝑓 𝑓 = 6.5 × 10 -7 (𝑠).

Figure 5 . 18 -

 518 Figure 5.18 -Comparison between the three fabricated static photo-driven THz modulators devices, based on InAs membranes of thickness ℎ = 5.9𝜇𝑚ℎ = 6𝜇𝑚ℎ = 8.3𝜇𝑚 when the pump irradiance increases. (A) Theoretical (dashed-lines) and experimental (full-lines) results of THz transmission in dB obtained at 0.925THz. (B) Theoretical THz transmission calculated at 0.925THz when the InAs thickness increases. (C) Theoretical THz absorption calculated at 0.925THz when the InAs thickness increases.

Figure 5 . 19 -

 519 Figure 5.19 -Schematic of the dynamic photo-driven THz modulator, based on InAs membrane of thickness "h" which is illuminated by a focused THz light beam (green-color) emitted from the THz generation source (synthesizer). The InAs slab is illuminated by using a modulated pump (red-color).Then, the signal transmitted through the InAs slab is collected by a heterodyne-detection system.

Figure 5 . 20 -

 520 Figure 5.20 -Schematic of the implemented optic set-up using a modulated pump using an acousto-optic modulator. It is composed of a THz source, a THz modulator, a THz detection and a laser pump to obtain the THz characterization in transmission of the InAs membrane which is irradiated by a modulated pump at room-temperature.

Figure 5 . 21 -

 521 Figure 5.21 -Home-built optical set-up using a modulated pump using an acousto-optic modulator, located at the top right of the caption.

Figure 5 . 22 -

 522 Figure 5.22 -Basic signal processing, (A) The THz carrier signal (𝑓 𝑐 ) using an amplitude modulation at frequency 𝑓 𝑚 with a depth of modulation. (B) Resulting spectrum where a carrier component at 𝑓 𝑐 is modulated at 𝑓 𝑐 ± 𝑓 𝑚 .

Fig. 5 .

 5 24 presents the transmitted power as a function of time, showing the dynamic response of the THz modulation at 0.925𝑇 𝐻𝑧. This is a pedagogic way to show the THz transmission modulation for a square modulation.Figure5.25 illustrates the THz spectrum with and without pump modulation.

Figure 5 . 23 -Figure 5 . 24 -

 523524 Figure 5.23 -Modulation depth using the AOM evaluated using static measurements. (A) A 2𝑑𝐵 THz transmission modulation is reached at carrier frequency 𝑓 𝑐 = 0.925𝑇 𝐻𝑧. (B) THz transmission power at two different carrier frequency 𝑓 𝑐 = 0.9𝑇 𝐻𝑧 (red color) and 𝑓 𝑐 = 0.95𝑇 𝐻𝑧 (pink color) using different pump irradiances confirms that the depth modulation of 2𝑑𝐵 is induced when the pump irradiance is Φ 0 = 2.7𝑊/𝑐𝑚 2 . When the pump irradiance is increased, the THz transmission power modulation attains a maximal value around 20𝑑𝐵

Fig. 5 .

 5 Fig.5.25-A shows the modulation satellites as expected (satellite and background power are measured for each modulation frequency). Fig.5.25-B presents the THz transmitted power modulation at 1MHz. To verify this last result, we plot the Bodelike transfer function for the undoped InAs of thickness ℎ = 5.9𝜇𝑚. In this case, the THz frequency was set to 925GHz, we set a pump irradiance of Φ 0 = 8.1𝑊/𝑐𝑚 2 and the zero-order of the AOM diffraction output is used to photo-generate the InAs slab. Fig.5.26-A presents the maximum hold values of a fine analysis of 12000 spectra acquired to evaluate the modulation bandwidth of the InAs sample. The

Figure 5 .

 5 Figure 5.26 -(A) THz transmitted power modulation for the right modulation satellite, the observed cut-off frequency of the InAs slab ℎ = 5.9𝜇𝑚 is in the MHz range. (B) The photodiode PDA10A-EZ is used to observe the cut-off frequency of the AOM, it is located in the MHz range.

Figure 5 . 27 -

 527 Figure 5.27 -THz transmitted power modulation with and without laser at 1MHz in hold-on mode for the right modulation satellite.

Figure A. 1 -

 1 Figure A.1 -Schematic of the interface matrix 𝑆 1,2 .

Figure A. 2 -

 2 Figure A.2 -Cascade relation of S-matrices.

Finite

  Difference Method 𝑠 𝑖 𝑁 (𝑦 = 0) = 𝐷𝑎 𝜕𝑁 𝜕𝑦 | (𝑦 = 0) = 𝐷𝑎 𝑁 𝑖 -𝑁 𝑖-1 Δ𝑦 | (𝑦 = 0) (B.7) 𝑠 𝑓 𝑁 (𝑦 = ℎ) = -𝐷𝑎 𝜕𝑁 𝜕𝑦 | (𝑦 = ℎ) = -𝐷𝑎 𝑁 𝑖 -𝑁 𝑖-1 Δ𝑦 | (𝑦 = ℎ) (B.8)

  2 ⃗ 𝑓 ) (B.16) chamber. The temperature in the growth chamber is 200℃. The deposition time is 7min (Fig.C.1.B). 3. Photoresist deposition: a layer of 1.8um of AZ-1518 photoresist is applied at 4000rpm for 30s with 4s acceleration ramp. Then, the solvent is evaporated by a postbake at 110℃ for 1min (Fig.C.1.C). 4. Photolithography: the sample is insolated during 23s to UV exposure [105] using the mask 𝑁 -3 available in Nanomir Group (Fig.C.1.D). The mask 𝑁 -3 set-up is presented in figure C.2.

Figure C. 2 - 3 5.

 23 Figure C.2 -Elementary pattern (1.6x0.8 mm) -Mask 𝑁 -3

Figure C. 3 -

 3 Figure C.3 -Caption of the sample inspected by SEM. Dektak profilometer graph obtaining a description of the etch depth profile.

Figure C. 4 -

 4 Figure C.4 -A linear fitting curve is used to calculate the InAs etching rate. The mean value of the InAs etching rate is about 5.62 𝜇𝑚/𝑚𝑖𝑛 considering a diameter of (180𝜇𝑚).

Figure C. 5 -

 5 Figure C.5 -InAs samples used to compute the etching rate considering a hole diameter of 2𝑚𝑚 by using as a solution (H 3 PO 4 :H 2 O 2 :H 2 O (2:1:2)) 60℃. The hole of 2𝑚𝑚 diameter corresponds to the hole located in the sample holder.

Figure C. 6 -

 6 Figure C.6 -InAs etching rate computed using a fitting curve. The mean value of the InAs etching rate is about 9.28 𝜇𝑚/𝑚𝑖𝑛 considering a diameter of 2𝑚𝑚.
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Table 4 .

 4 

	20	7	0.0105	122 (Increment in T is 112𝐾)
	35	11	0.0124	144 (Increment in T is 134𝐾)
	50	16	0.0133	155 (Increment in T is 145𝐾)
	65	21	0.0154	179 (Increment in T is 169𝐾)
	80	26	0.0173	201 (Increment in T is 191𝐾)
	100	32	0.0174	203 (Increment in T is 193𝐾)
	120	37	0.0177	205 (Increment in T is 195𝐾)

1 -Electronics temperature obtained by using Boltzmann distribution slope in the PL at low-temperature (10𝐾) using different pump fluences in 𝑊/𝑐𝑚 2 .

Table 4 .

 4 

2 -Varshni coefficient values for the undoped InAs material.

Table 4 . 3 -

 43 Electronics temperature obtained by using Boltzmann distribution slope in the PL at different temperatures. As the temperature in the PL decreases, the electronic temperature increases.

	Temperature (𝐾) BDS (𝑎.𝑢.) Electronics Temperature (𝐾)
	300	0.027	313 (Increment in T is 13)
	160	0.0151	181 (Increment in T is 21)
	60	0.00942	109 (Increment in T is 49)

  2 ) Power-Meter (𝑚𝑊 ) BDS (𝑎.𝑢.) Electronics Temperature (𝐾)

	10	3.5	0.0271	315 (Increment in T is 15𝐾)
	20	7	0.0272	316 (Increment in T is 16𝐾)
	35	11	0.0273	317 (Increment in T is 17𝐾)
	50	16	0.0274	318 (Increment in T is 18𝐾)
	65	21	0.02748	319 (Increment in T is 19𝐾)
	80	26	0.02755	320 (Increment in T is 20𝐾)
	100	32	0.02758	320 (Increment in T is 20𝐾)
	120	37	0.02762	321 (Increment in T is 21𝐾)
	Table 4.4 -Electronics temperature obtained by using Boltzmann distribution slope
	in the PL at room-temperature (300𝐾) using different laser irradiance in 𝑊/𝑐𝑚 2 .
	The electronics temperature is constant (with a temperature around 320𝐾) as the
	pump irradiance increases in the PL spectrum.	

pump irradiance in 𝑊/𝑐𝑚 2 .

Table 4 . 5 -

 45 . Theoretical estimation results of the photo-generated carrier density 𝑁 being induced in the undoped-InAs material of thickness (ℎ = 15𝜇𝑚) in PL experiment at 300𝐾. These 𝑁 values depend on the diffusion length.

	Φ 0 (𝑊/𝑐𝑚 2 ) Power-Meter (𝑚𝑊 ) N (𝑐𝑚 -3 )
	10	3.5	N ≈ 2.6x10 15
	20	7	N ≈ 5.3x10 15
	35	11	N ≈ 9.3x10 15
	50	16	N ≈ 1.3x10 16
	65	21	N ≈ 1.7x10 16
	80	26	N ≈ 2.1x10 16
	100	32	N ≈ 2.6x10 16
	120	37	N ≈ 3.2x10 16

Table 4 . 7
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		2 )	N (𝑐𝑚 -3 )
	0.008	4	N ≈ 7.0 ×
	0.01	6	N ≈ 1.1 ×
	0.02	12	N ≈ 2.1 ×
	0.1	60	N ≈ 1.1 ×
	0.15	85	N ≈ 1.8 ×
	0.2	115	N ≈ 2.1 ×
	0.3	160	N ≈ 2.8 ×
	0.5	265	N ≈ 4.9 ×
	0.65	375	N ≈ 6.7 ×
	0.7	400	N ≈ 7.0 ×
	0.85	475	N ≈ 8.4 ×
	0.97	550	N ≈ 9.8 ×
	1.0	580	N ≈ 1.1 ×
	1.2	680	N ≈ 1.3 ×

-Experimental values for monitoring the photo-generated carrier density 𝑁 that is being photo-generated in the photo-conduction device (last row). We use a power-meter (first row, in mW) and the calculated irradiance in 𝑊/𝑐𝑚 2 (second row).

Table 4 . 8 -

 48 The TLM device of 𝐿 𝑇 𝐿𝑀 = 60𝜇𝑚 and 𝑅 𝑇 𝐿𝑀 = 4.2Ω allow us to monitor theoretically the electric current value that is circulating in the structure (last row, in 𝑉 /𝑐𝑚). We use different voltages (first row, in 𝑉 ) to estimate the amount of current circulating in the TLM device (second row, in 𝐴) and the calculated voltage that undergoes in the TLM device 𝑉 𝑇 𝐿𝑀 (third row, in 𝑉 ).

	1	0.01	0.042	7
	4	0.05	0.21	35
	7	0.1	0.42	70
	12	0.17	0.714	119
	15	0.24	1	167

Table 5 . 1 -

 51 Experimental results of InAs slab thickness. Results obtained by using FTIR spectrometer with a MIR source and Fabry-Perot cavity resonance equation5.1.

Table 5 . 2 -

 52 Higher accuracy result of the InAs slab thickness obtained by the transmission spectra at THz frequencies. The adequated fitting procedure in the THz range allows to estimate the thickness of the membranes with more accuracy than using Fabry-Perot interferences in the MIR.

Table 5 . 3 -

 53 Photo-generated carrier density (𝑁 ) in 𝑐𝑚 -3 estimation for the three InAs membranes at different pump irradiances from Φ 0 = 0𝑊/𝑐𝑚 2 to Φ 0 = 8.1𝑊/𝑐𝑚 2 .

  1,2 11 + 𝑆 1,2 12 𝜑 (2) 𝑍 2 𝑆 2,3 11 𝜑 (2) 𝑆 1,2 𝑆 1,2 22 𝜑 (2) 𝑆 2,3 11 𝜑 (2) ) -1 𝑍 2 = (𝐼 -𝑆 2,3 11 𝜑 (2) 𝑆 1,2 22 𝜑 (2) ) -1

	21 22 𝜑 (2) 𝑆 2,3 21 𝜑 (2) 𝑍 1 𝑆 1,2 12 𝜑 (2) 𝑍 2 𝑆 2,3 12 = 𝑆 1,2 𝑆 1,3 12 𝑆 1,3 21 = 𝑆 2,3 12 𝜑 (2) 𝑍 1 𝑆 1,2 21 𝑆 1,3 22 = 𝑆 2,3 22 + 𝑆 2,3 12
	𝑤ℎ𝑒𝑟𝑒

{︃ 𝑍 1 = (𝐼 -

  We replace the expression of the equations (B.11 and B.12) in the equations (B.5 and B.6):-𝑁 2 + 𝑁 1 (2 + 𝛼 -1 + 𝑠 𝑖 Δ𝑦 𝐷 𝑎 ) = -Δ𝑦 2 𝑓 1 , (B.13) -𝑁 𝑁 -1 + 𝑁 𝑁 (2 + 𝛼 -1 + 𝑠 𝑓 Δ𝑦 𝐷 𝑎 ) = -Δ𝑦 2 𝑓 𝑁 , (B.14)In a matrix notation the above system of equation is simplified to:

					𝐷𝑎	𝑁 1 -𝑁 0 Δ𝑦	(B.9)
				𝑠 𝑓 𝑁 𝑁 +1 = -𝐷𝑎	𝑁 𝑁 +1 -𝑁 𝑁 Δ𝑦	(B.10)
	The boundaries are found to be:	
				𝑁 0 = 𝑁 1 (1 -	𝑠 𝑖 Δ𝑦 𝐷 𝑎	),	(B.11)
				𝑁 𝑁 +1 = 𝑁 𝑁 (1 -	𝑠 𝑓 Δ𝑦 𝐷 𝑎	),	(B.12)
				𝑀 ⃗ 𝑁 = -Δ𝑦 2 ⃗ 𝑓 ,	(B.15)
		where the 𝑀 matrix is:	
	⎡ [2 + 𝛼 -𝑁 0 ]	-1	0 . . . 0	0	0
	⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣	-1 . . . 0	[2 + 𝛼] -1 . . . 0 . . . . . . . . . . . . 0 0 . . . -1 [2 + 𝛼] 0 . . .	0 . . . -1
		0	0	0 . . . 0	-1	[2 + 𝛼 -𝑁 𝑁 +1 ]
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Finite Difference Method

The theoretical analysis of photo-generated metasurfaces developed in Chapter 2 requires the determination of the Finite Difference Method (FDM). This method is used to solve the 1D diffusion equation for a system with finite length ℎ and with mixed Dirichlet-Neumann conditions. We numerically solve the non uniform spatial distribution of the optical generation source term within the InAs slab which is given by:

where 𝑁 (𝑦) is the photo-generated carrier density, 𝐷 𝑎 = 23.5𝑐𝑚 2 𝑠 -1 is the ambipolar diffusion coefficient, 𝐿𝑎 = 15.32 𝜇𝑚 is the ambipolar diffusion length, 𝐺 𝑜𝑝 𝑛 (𝑦) is the generation term related to the electric field intensity distributed in the y-direction and 𝐾 = 2𝜋/𝑑 is the spatial frequency where 𝑑 is the spatial grating period along the x-direction. To solve the last equation, we consider Dirichlet conditions, in this context equationB.1 yields:

where:

with:

The initial condition (for 𝑖 = 1) and the last condition (for 𝑖 = 𝑁 ) in equationB.3 are given by:

where 𝑁 0 and 𝑁 𝑁 +1 correspond to the boundary conditions of the system that relates the initial (𝑠 𝑖 ) and the final (𝑠 𝑓 ) surfaces recombination interaction. To determine the unknown variable at the boundaries, we discretize the Neumann condition to approximate the result of the unknown variable. In our case, we use an approximation of first order given by: Appendix C

InAs etching rate calibration

The wet etching analysis developed in Chapter 3 requires the determination of the InAs etching rate at 60℃. This study is used to reduce the InAs thickness in a shorter time, the temperature of the solution is increased from @25℃ to 60℃ in order to accelerate the etching rate. In this case, it is necessary to add the preparation of a solid mask made of SiO 2 to calculate a new proportionality law of the etching depth with the etching time at 60℃. The undoped-InAs substrate sample was subjected to the following process flow presented in figureC.1.