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INTRODUCTION RESEARCH BACKGROUND

Nowadays, terahertz technology has drawn lots of attention from the scientific committee, its application is numerous and covers security, biology, medicine, sensing, environment, THz telecoms, astronomy, etc. But the problem is that all the possible THz applications should be powered by an excellent THz source. Thus, high-efficiency THz emission would, for sure, boost the development of the utilities of THz pulse. In this thesis, we focus on seeking high-efficient THz emission by optical rectification (OR) in which the conversion efficiency is governed by crystal nonlinearity. The dispersion of nonlinear susceptibility has been studied in second harmonic generation (SHG) experiments since 1963: pioneers have recorded a nonlinearity resonance when pumping the crystal around its energy gap. This effect is well-known in GaAs, InSe, KTP, zincblende crystals, etc. The nonlinear susceptibility around bandgap transition has been theoretically addressed using for example three-band model and empirical pseudo-potential method in the Brillouin zone. Our target is to explore the possibility of nonlinearity resonance to enhance THz generation by pumping the crystal below and around its bandgap since OR ( ) 

+  -→  has a physical origin similar to the SHG one. Whereas, when pumping the crystal around its bandgap, photon-excited free carriers will absorb the generated THz signal. Thus, the competition between nonlinearity resonance and free carrier absorption has to be considered, which leads us to characterize the optical property at THz frequency and the carrier dynamics using the THz pulse.

METHODS AND TECHNIQUES

Terahertz time-domain spectroscopy (THz-TDS) is absolutely an excellent technique to perform THz material characterization. It gives the response of matter to the excitation by the electric field of the THz beam. The recorded waveform is measured with a sub-picosecond resolution, allowing characterization over a large THz bandwidth through a numerical Fourier transform. Room temperature, non-contact measurements make the measurements friendly, especially when dealing with fragile samples. Besides, the optical/pump-THz probe (OPTP) technique is believed to be one of the most famous and powerful means for studying the ultrafast phenomena related to free carrier dynamics in a semiconductor, which occur within a few picoseconds (1 ps = 10 -12 s). Thus, in this project, to meet the needs of studying THz generation and material characterization, we developed a multifunctional THz system in which the THz-TDS and OPTP techniques are integrated. An optical parametric amplifier (OPA) is employed to deliver an optical pump beam whose wavelength is adjustable from ultraviolet to infrared, which enables us to perform THz generation and free carrier study versus wavelength. Additionally, we tried to characterize nano-thin layers by employing the waveguide technique that can increase the interaction length between the THz pulse and the nanomaterial, together with two high-precision optical delay lines to get rid of mechanical errors. Lastly, THz generation in reflection configuration is also explored, which opens the possibility for OR reflection study to take advantage of the resonance of nonlinearity near the bandgap and to avoid THz absorption throughout the crystal.

OBJECTIVES OF THESIS

Firstly, a complete THz system should be designed, established, and evaluated, in view of performing material characterization, THz generation versus pump photon energy, and the OPTP experiment. Additionally, to characterize the nano-thin layers, the parameters and structures of the waveguide have to be carefully calculated and the device should be precisely fabricated using the lithography technique. To make sure all the configurations functional, the OPA pump beam (intensity, spectra bandwidth, beam size, etc), the optical delay line (step precision, stability, synchronization, etc.), the waveguide device (the structure parameter, the optical property, the response frequency, etc.), and the THz system (SNR, bandwidth, operability, stability, etc.) must be characterized.

Secondly, during the experimental work, one has to perform OR/THz generation versus pump photon energy (from UV to IR) in various samples, i.e. ZnTe (transmission or reflection), GaSe (4 different thicknesses), and KTP/RKTP (x, y, z-cuts), as well as the THz-TDS together with UV-VIS measurements to get their optical properties at THz and visible frequencies for theoretical calculations. And what's more, the free carrier density near the energy gap should be considered because of the THz absorption by free carriers. Additionally, due to the unique nonlinear property of KTP crystal which contains several nonlinear coefficients, a complete polarimetric measurement has to be carried out. To study the ultrafast phenomena of carrier dynamics in GaSe (<100>, <110>, <111>-cuts) crystal, a comprehensive pump-probe measurement needs to be applied. It starts with a measurement of THz signal versus pump delay time at one photon energy with a given pump power so that one can perform the same experiments by varying the pump photon energy, or by changing the pump power. To characterize the ITO films, the waveguide-assisted THz-TDS is employed to record the transmission THz signal of air reference, waveguide device (silicon or quartz), and waveguide with ITO samples (15-nm or 300-nm ITO thin film). Further, a UV pump beam whose photon energy is above the ITO bandgap is active to allow us to look at the possibility of carrier dynamics in ITO nano-thin samples.

Lastly, for the theoretical study, a convinced OR/THz generation model which should contain the second-order nonlinear susceptibility and phase-matching effect have to be developed since the OR process is governed by nonlinearity and propagation effects. We target THz emission enhanced by nonlinearity resonance which has been demonstrated in SHG, as a result, a full understanding and review of the dispersion of second-order nonlinearity theory will be given in this thesis. Thus, we can clarify the physical origin of the experimental result on THz emission. Specifically, a complete polarization calculation should be given on KTP polarimetric nonlinearity, which will help us to determine the relative 2nd order nonlinear susceptibility as compared to the electrooptic and optical coefficient. Also, to understand the ultrafast phenomena in GaAs crystal over broadband, from IR to UV (below the bandgap up to high energy state), a comprehensive survey on solid-state physics should be concluded and managed to explain the experimental results.

CHAPTER 1. STATE OF ART

Firstly, a brief introduction to the terahertz wave is given in this chapter. Secondly, the applications of the terahertz waves are addressed as well as the demand for the unique and efficient terahertz source. It is followed by a variety of methods for terahertz generation, but only the one which is employed in this thesis is demonstrated in detail. Further, to fit the topic of studying the terahertz emission efficiency, we give the physical theory which can help people to understand the enhancement of terahertz generation. Finally, two techniques that are employed for studying terahertz emission and characterization of material in this project are introduced.

TERAHERTZ WAVE 1.Introduction

The Terahertz (THz) waves occupy the electromagnetic spectrum between infrared and microwave, see Figure 1.1, which covers the wavelengths from 30 μm to 3 mm. It corresponds to the 0.1-10 THz band in the frequency domain ( / fc  = , c is the velocity of light in vacuum, λ is the wavelength). 1 THz, which is 10 12 Hz, corresponds to 300-µm wavelength, 1-picosecond (ps) period time, 4.1-meV photon energy, and a wavenumber of 33 cm -1 . Before the 70's, the entire electromagnetic spectrum, its applications, and techniques got developed by researchers, except for the "THz gap". Thankfully, with the rise of the femtosecond laser in the late 20 th , the terahertz pulse draws more attention from the research society. Nowadays, the THz frequency has been one of the most significant scientific fields. The technology and performance of THz sources, detectors, modulators, etc., are growing so well, which is boosting the development of THz devices and applications. Terahertz has great advantages over the other parts of the electromagnetic spectrum due to its unique way that interacting with matter. Most dielectric materials are more or less transparent to the THz waves, even if some phonon lines lead to a sharp absorption peak/bump. Whereas, conducting materials reflect efficiently THz waves, like metals (Au, Ag, Cu, Al, etc.) that constitute excellent THz mirrors. Molecular gases show super strong and narrow absorption lines in the THz range. Besides, liquids contain polar molecules, like water, that strongly absorb THz waves. While the nonpolar liquids, like oil, are quite transparent. All these unique properties that THz wave have opened the route toward novel applications.

Terahertz applications

One of the primary applications of THz radiation is material characterization, which is to extract the properties of a matter, i.e. both optical and electrical parameters. For example, among many others, in recent years, THz spectroscopy has been used to determine the carrier concentration and mobility of doped semiconductors such as GaAs and silicon wafers [2] [3]. The Drude model may then be used to link the frequency-dependent dielectric response to the material free-carrier dynamic properties, including the plasma frequency and the damping rate. In this field, hightemperature superconductor characterization is another important application of THz wave. Several superconducting thin films have been analyzed to determine material parameters including the magnetic penetration depth and the superconducting energy gap. THz also was used to determine the superconducting-gap energy of approximately 5 meV. This corresponds to only half the value predicted by current theory and points to the existence of complex material interactions [4]. THz pulse is used to probe the dynamic far-infrared optical properties of the material thanks to timeresolved optical-pump THz-probe systems that allow identifying the time evolution of electron-hole plasma excited in semiconductors using ultrafast optical pulses. For example, this study applied to GaAs added experimental evidence to quantum-kinetic theoretical predictions regarding charge build-up or dressed quasi-particles [5].

Pulsed THz-wave imaging, or 'T-ray imaging', was first demonstrated by Hu and Nuss [START_REF] Hu | Imaging with terahertz waves[END_REF] in 1995, and since then has been used for imaging a wide variety of targets including semiconductors [7], cancerous tissue [8], flames [9], and so on. The attraction of THz imaging is also due to the availability of phase-sensitive spectroscopic images, which holds the potential for material identification or 'functional imaging'. THz systems are ideal for imaging dry dielectric substances including paper, plastics, and ceramics. These materials are relatively non-absorbing in this frequency range, yet different materials may be easily discriminated based on their refractive index, which is extracted from the THz phase information. Many such materials are opaque at optical frequencies and provide very low contrast for X-rays. Interest in using THz imaging to study cellular biological structures is also increasing. A fundamental limitation in this context is the resolution of current systems. An alternative method to improve the resolution is to use higher frequency THz pulses. The resolution of approximately 50 μm is achieved by using very broadband THz pulses extending into the mid-infrared [10].

THz waves can be used as a noninvasive probe to test biological materials. They can interrogate vibrational modes of biological molecules, which occur over large portions of the molecular structure. Data from many relevant substances have been published from sugars, amino acids, etc., all with specific signatures in the THz rage-for example, spectra from isomers of benzoic acid may be found in Walther et al. [11]. As these molecular vibrations depend on the shape and modification of the molecule, their THz response could give information on both their geometry and composition. The most famous example is certainly DNA, whose hybridization state (denatured or hybridized) is revealed in the THz refractive index spectrum of DNA films [START_REF] Brucherseifer | Label-free probing of the binding state of DNA by time-domain terahertz sensing[END_REF]. Also, the dynamics of protein folding in a water solution have been reported using THz spectroscopy [START_REF] Kim | Real-time detection of protein-water dynamics upon protein folding by terahertz absorption spectroscopy[END_REF]. The THz photon energy and the picosecond timescale resolution of THz techniques are of the same order of magnitude as the energy levels and response times of a variety of interesting biological processes, like proton exchange during enzyme catalysis, vibrations of microtubules [START_REF] Tuszyński | Molecular dynamics simulations of tubulin structure and calculations of electrostatic properties of microtubules[END_REF], the vibration of the cell membrane [START_REF] Vos | Visualization of coherent nuclear motion in a membrane protein by femtosecond spectroscopy[END_REF], etc. THz sensitivity to water is relevant to reveal drought stress in plants [START_REF] Jördens | Evaluation of leaf water status by means of permittivity at terahertz frequencies[END_REF].

The applications of THz technology in medicine are rather scarce. Indeed, because the human body, on average, is made at 70% of water, THz waves do not penetrate tissues over more than a few hundred microns. Thus, THz tools in medicine are restricted both to inspect the surface of extracted organs, and to detect illness of the skin (melanoma, carcinoma, psoriasis, etc.), or to examine thin slices of excised tissues. Skin studies generally reveal an increase in reflectivity of cancerous tissue compared with healthy tissue [START_REF] Pickwell | In vivo study of human skin using pulsed terahertz radiation[END_REF]. These diseased tissues probably contain a higher fraction of water, which results in the contrast between the two revealed in THz imaging. Breast tissue exhibits a lower content of water due to the presence of adipose (fatty) tissue, which leads to a smaller THz absorption, thus having the potential of increased penetration depth. However, Ashworth et al. have reported high absorption for breast tumors and for fibrous tissue of the breast where the cancers normally occur [START_REF] Ashworth | Terahertz pulsed spectroscopy of freshly excised human breast cancer[END_REF]. This means that, even if THz imaging is a very promising tool for cancer detection, there remain many challenges and additional studies are required for it to become an accepted medical technique [START_REF] Taylor | THz medical imaging: in vivo hydration sensing[END_REF]. Some other relevant studies concern the observation of skin burns [START_REF] Taylor | Reflective terahertz imaging of porcine skin burns[END_REF] and the hydration of cornea [START_REF] Bennett | Terahertz sensing in corneal tissues[END_REF]. Another important topic is the biological effect of THz radiation on illuminated living tissues. At higher powers, thermal effects are dominant, and therefore it is advised not to expose people to a THz beam power density higher than 10 mW/cm2, which is the same as for the millimeter range [START_REF] Siegel | Terahertz technology in biology and medicine[END_REF]. Also, Titova et al. [START_REF] Titova | Intense THz pulses cause H2AX phosphorylation and activate DNA damage response in human skin tissue[END_REF] observed that exposure of artificial skin to intense THz pulses may cause DNA damage due to phosphorylation of the H2AX molecule. At low power, the weak energy of the THz photons makes them non-ionizing. However, the THz radiation can interact with cells and their constituents, and also with macromolecules like proteins by exciting low-frequency collective vibrational modes. In cells, the incoming THz field could be even higher than the electrical field in the membrane, whose related potential difference governs chemical exchange through the membrane. This could perturb the cell's bio-operation, a good example of which is the modulation of the firing rate of neurons when exposed to THz radiation, as demonstrated by Siegel [START_REF] Siegel | Impact of low intensity millimetre waves on cell functions[END_REF]. Also, genomic instability induced by THz illumination (0.031 mW/cm 2 , CW 0.1 THz beam) has been indirectly reported, as explaining an abnormal chromosome number in lymphocytes [START_REF] Korenstein-Ilan | Terahertz radiation increases genomic instability in human lymphocytes[END_REF]. Interpretation of these results, and some others not cited here, is still subject to controversy and merits definitively additional and complementary works [START_REF] Orlando | Terahertz radiation effects and biological applications[END_REF].

The use of electromagnetic signals, from UV to the far-infrared, is the unique remote technique to detect or monitor gases in the atmosphere. Today these techniques are mostly applied to detect pollution in the air and to observe the composition of the high-altitude layers of the atmosphere [START_REF] Rosker | Imaging through the atmosphere at terahertz frequencies[END_REF], like the ozone concentration in the stratosphere [START_REF] Jucks | Observations of OH, HO2, H2O, and O3 in the upper stratosphere: Implications for HOx photochemistry[END_REF]. Many techniques, like LIDAR for the detection of sulfur and nitrogen sulfurs, are very efficient, and thus the sub-THz/THz technology is essential only for the study of molecules that do not show any useful spectral signatures in other frequency ranges, i.e., from UV to infrared. This is, for example, the case of volatile organic compounds (VOCs) [START_REF] Hindle | Recent developments of an opto-electronic THz spectrometer for high-resolution spectroscopy[END_REF]. Gases, made of polyatomic molecules with a non-null dipolar transition moment, have far-infrared spectra with dense and numerous absorption lines, which originate in the rotational movement of these molecules. The strength of the interaction of these molecules with THz radiation leads to extremely high absorption coefficients, which make it possible to detect very low concentrations of molecules, to a few ppm [START_REF] Melinger | THz detection of small molecule vapors in the atmospheric transmission windows[END_REF]. This is of the order of magnitude of threshold limit values (TLV) published by some health agencies. Typically, TLVs of cyanohydrin acid, trimethylamine, ammoniac are of the order of 10 ppm, while they increase to 100-200 ppm for trichloroethylene and dichloromethane. The advantage of THz techniques over other spectroscopies is the excellent spectral selectivity, thanks to a less pronounced Doppler effect than in the infrared, which permits recording very clear signatures of the molecules. Moreover, THz measurements are possible even in challenging environments (dust, fog, smoke, etc.) [START_REF] Su | Experimental comparison of terahertz and infrared data signal attenuation in dust clouds[END_REF].

Optical telecommunications [START_REF] Koenig | Wireless sub-THz communication system with high data rate[END_REF] based on fiber networks already permit the transmission of terabits of data per second. This occurs through wavelength multiplexing. Some tens of channels at different wavelengths, separated by typically 100 GHz, carry ∼10 Gbits/s each. At the consumer home, a huge amount of data flux has to be delivered from the fiber to the multimedia equipment. Future superhigh-definition TV channels and some professional applications, like telemedicine, will require a very large data bandwidth: In a sense, it follows a Moore's-type law for data rates (40-60 Gbits/s or even higher rates are expected at the consumer electronics). Because of the Nyquist theorem, the necessary carrier frequency of such high data rates is within the range of 0.3-1 THz. Thus free-space THz communications (WLAN, WPAN) from the fiber output to the equipment are foreseen. The advantages of the THz technology are the available spectrum and bandwidth, the compactness of components and antennas compared with smaller frequencies and the transparency of the atmosphere in some spectral windows. Shorter distance applications of telecoms in the THz range could be found on board-to-board and intra-machine in computer technology, while p2p links, telecom backhaul, and last-mile access constitute areas of development in longer-distance THz-based telecoms.

The applications of THz frequency are numerous and various, as introduced above, it covers security, biology, medicine, sensing, environment, THz telecoms, astronomy, etc. All the possible THz applications should be powered by a unique or proper THz emitter. And no doubt, THz source with the property of broadband, high power, super-resolution, or portable will enrich its applications. In this project, we target high-efficiency THz generation. So, a variety of THz sources will be reviewed in the next section as well as a more detailed demonstration about optical rectification which is the main THz generation method applied in this thesis.

TERAHERTZ GENERATION

Introduction

Since the THz wave got recognized by the scientific society, THz science and technology have grown exponentially. A major component in THz technology development is the source of THz radiation. There is a vast array of potential THz sources each with relative reference, as is listed in Table 1.1.

Table 1.1: some sources of THz radiation

Source type references Thermal

• Cosmic background radiation [START_REF] Thacker | H-ATLAS: the cosmic abundance of dust from the farinfrared background power spectrum[END_REF] • Globar [START_REF] Zolotarev | Spectral emissivity of a Globar lamp in the 2-50-µm region[END_REF] • Mercury lamp [START_REF] Charrada | Two-temperature, two-dimensional fluid modelling of mercury plasma in high-pressure lamps[END_REF] Vacuum electronic

• Backward-wave oscillator [START_REF] He | High power wideband gyrotron backward wave oscillator operating towards the terahertz region[END_REF] • Extended-interaction klystron [START_REF] Shin | Circuit analysis of an extended interaction klystron[END_REF] • Travelling-wave tube [START_REF] Bhattacharjee | Folded waveguide traveling-wave tube sources for terahertz radiation[END_REF] Large instruments

• Gyrotrons [START_REF] Bratman | Large-orbit gyrotron operation in the terahertz frequency range[END_REF] • Free electron lasers [START_REF] Dem'yanenko M A | Imaging with a 90 frames∕s microbolometer focal plane array and high-power terahertz free electron laser[END_REF] • Synchrotrons [START_REF] Byrd | Observation of broadband self-amplified spontaneous coherent terahertz synchrotron radiation in a storage ring[END_REF] Solid-state electronic

• Gunn [START_REF] Pé Rez | Terahertz Gunn-like oscillations in InGaAs/InAlAs planar diodes[END_REF],

• RTD [START_REF] Feiginov | Resonant-tunnelling-diode oscillators operating at frequencies above 1.1 THz[END_REF] • Schottky diodes [START_REF] Crowe | GaAs Schottky diodes for THz mixing applications[END_REF] • Transistors [START_REF] Lusakowski | Voltage tuneable terahertz emission from a ballistic nanometer InGaAs∕ InAlAs transistor[END_REF] • Frequency multiplication [START_REF] Maestrini | A frequency-multiplied source with more than 1 mW of power across the 840-900-GHz band[END_REF] • Superconductor [START_REF] Ozyuzer | Emission of coherent THz radiation from superconductors[END_REF] Lasers

• Gas [START_REF] Dodel | On the history of far-infrared (FIR) gas lasers: Thirty-five years of research and application[END_REF] • Semiconductor [START_REF] Chassagneux | Electrically pumped photonic-crystal terahertz lasers controlled by boundary conditions[END_REF] • Quantum cascade [START_REF] Williams | Terahertz quantum-cascade lasers[END_REF] Laser-powered

• Photomixer [START_REF] Mcintosh | Terahertz photomixing with diode lasers in low-temperature-grown GaAs[END_REF] • Mechanical resonance [START_REF] Wu | Green light stimulates terahertz emission from mesocrystal microspheres[END_REF] • Photoconductive switches [START_REF] Auston | Picosecond optoelectronic switching and gating in silicon[END_REF] • Air [START_REF] Kim | Coherent control of terahertz supercontinuum generation in ultrafast laser-gas interactions[END_REF] • Magnetic dipoles [START_REF] Beaurepaire | Coherent terahertz emission from ferromagnetic films excited by femtosecond laser pulses[END_REF] • THz parametric oscillator [START_REF] Kawase | Coherent tunable THz-wave generation from LiNbO3 with monolithic grating coupler[END_REF] • Optical rectification [START_REF] Fülöp | Generation of sub-mJ terahertz pulses by optical rectification[END_REF] • Transient currents [START_REF] Heyman | Diffusion and drift in terahertz emission at GaAs surfaces[END_REF] Mechanical excitation • Peeling tape [START_REF] Horvat | Peeling adhesive tape emits electromagnetic radiation at terahertz frequencies[END_REF] • Surface formation [START_REF] Cortie | Terahertz surfoluminescence[END_REF] Among all the THz emission techniques, femtosecond laser-powered photo conductive antenna (PCA) and optical rectification (OR) are two of the most common approaches for generating pulsed THz beams. The PCA approach, as is shown in Figure 1.2, uses high-speed photoconductors as transient current sources for radiating antennas [START_REF] Mourou | Picosecond microwave pulses generated with a subpicosecond laser-driven semiconductor switch[END_REF]. Metallic electrodes are used to bias the photoconductive gap and form an antenna. The physical mechanism for THz beam generation in photoconductive antennas begins with an ultrafast laser pulse (with photon energy larger than the bandgap of the material g hv E  ), which creates electron-hole pairs in the photoconductor. The free carriers then accelerate in the static bias field to form a transient photocurrent, and the fast, timevarying current radiates electromagnetic waves. Several material parameters affect the intensity and the bandwidth of the resultant THz radiation. For efficient THz radiation, it is desirable to have rapid photocurrent rise and decay times. Thus, semiconductors with small effective electron masses are attractive. The decay time depends strongly on the free-carrier lifetime, which can be reduced by inserting trapping defects in the semiconductor, for example by a low-temperature MBE growing. Thus, LT-grown GaAs is today the most popular material for manufacturing PCA. The maximum drift velocity is also an important material parameter, but it is generally limited by the intra-band scattering rate or by intervalley scattering in direct semiconductors such as GaAs [START_REF] Leitenstorfer | Femtosecond charge transport in polar semiconductors[END_REF]. Because the radiating energy mainly comes from stored surface energy in the form of the static bias field, the THz radiation energy scales up with the bias and optical fluency [START_REF] Darrow | Saturation properties of large-aperture photoconducting antennas[END_REF]. The breakdown field of the material is another important parameter because this determines the maximum bias that may be applied. Photoconductive emitters are capable of relatively large bandwidths as high as 8 THz [START_REF] Burnett | Broadband terahertz time-domain spectroscopy of drugs-of-abuse and the use of principal component analysis[END_REF] and average THz powers over 3.8 mW [START_REF] Yardimci | High-power terahertz generation using large-area plasmonic photoconductive emitters[END_REF] using large-area plasmonic photoconductive emitters. Whereas, there exists some drawbacks in utilizing PCA components. The THz electrical filed ETHz is described at a distance r and time t by the equation (1) [67]:
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Where s J is the spatially and temporally dependent surface current on the emitter surface, r is the spatial vector of the location of the THz field, ' r is the spatial vector of the location of the surface current, which is integrated across the emitter surface ds', c is the speed of light in vacuum, and ε0 is the permittivity of free space. From equation (1), the radiated THz electrical field by PCA is proportional to the surface current s J . However, the surface current depends on the externally applied bias voltage, the optical pump power, and the carrier mobility of the antenna which are governed by the damage threshold (<100 V, ~µJ for a typical micron-size PCA) and the carrier property of the antenna, (<1 ps carrier lifetime for LT-GaAs). Also, the fabrication process of PCA is high-cost. As compared to PCA, optical rectification (OR) is an excellent mechanism for THz generation and will be the method we applied in this thesis. The energy of the THz radiation in OR comes directly from the exciting laser pulse and the optical/THz conversion efficiency depends primarily on the material nonlinear coefficient. Additionally, the bulk material is more user-friendly. However, OR requires high power pumping lasers, and thus is more adapted to the generation of strong THz signals, while PCA is preferable for low power systems.

Optical rectification

Optical rectification (OR) is a nonlinear optical technique for the generation of freely propagating sub-picosecond THz radiation. Generally, OR refers to the development of a DC or lowfrequency polarization when intense laser beams propagate through a crystal that is typically not centrosymmetric [START_REF] Boyd | Nonlinear optics[END_REF]. Furthermore, efficient OR THz generation requires that the crystals are sufficiently transparent at THz and optical frequencies.

For the sake of clarity and to focus only on tendencies, let us start the discussion on OR in this chapter by simply considering scalar relationships between polarization P, electric field E (the complete tensorial modeling of OR in absorbing crystals is given in chapter 4). The polarization of the material under illumination is due to the creation of the electric dipole at each atom or the molecule of the crystal. Therefore, the polarization is a function of the exciting field, namely 0 ()

P g E  =
. Usually, the electrical field at the atom/molecule location is much smaller than the atomic/molecular field acting on the outer electrons, the induced dipole is linearly proportional to the field and thus 1 () g E E  = . When the field strength increases but still remains small, one should expand () gE in powers of the field E and we get:
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OR is the second-order nonlinear effect and described by Here, if we take into account two optical fields oscillating at a frequency 0 cos

a a E E t  = and 0 cos b b E E t  =
in the wide spectrum of femtosecond laser pulses, the related nonlinear polarization becomes:

2 0 2 0 2 [cos( ) cos( ) ] 2 ab a b a b a b THz SFG EE P E E t t P P         = = - + + = + (3) 
In this case, the production of THz radiation by OR relies on low difference frequency generation and sum-frequency is not relevant to THz frequency. Thus, the generation of THz radiation from OR of the femtosecond laser is the difference frequency mixing of all frequencies within the bandwidth Δω of the optical laser pulse.

OR THz generation technique was first observed by the team of T. R. Shen using LiNbO3 [START_REF] Yang | Generation of far-infrared radiation by picosecond light pulses in LiNbO3[END_REF]. Since then, much research has focused on optimizing THz generation through investigating the nonlinear properties of different materials and designing dedicated device schemes. Investigated crystals are traditional semiconductors (GaAs, ZnTe, InSe, etc.), or organic electrooptic crystals (DAST, LiTaO3, etc.). OR allows the generation of large bandwidth signals, mostly limited by phononic absorption, laser pulse duration, and phase-mismatch effects. In the pioneering paper by Bonvalet [START_REF] Bonvalet | Generation of ultrabroadband femtosecond pulses in the mid-infrared by optical rectification of 15 fs light pulses at 100 MHz repetition rate[END_REF], a 50 THz spectral width was already reported. By using the tilted-pulse-front method, the THz pulse energy can reach 0.4 mJ [START_REF] Fülöp | Efficient generation of THz pulses with 0.4 mJ energy[END_REF]. Whereas, even at this record THz pulse energy, the optical/THz conversion efficiency still remains ~1%. Thus, improving the THz emission efficiency is a key point in the OR THz process.

Efficient THz generation by OR depends on various factors, i.e. the group index at THz and optical frequency, the absorption of optical and THz pulses, the second-order nonlinear susceptibility of the crystal, the crystal thickness and orientation, and the crystal quality (surface condition, impurities, structural defects, and intrinsic stress). Normally, the crystal quality is guaranteed by the supplier.

The bandwidth of the generated THz spectrum and the intensity of the signal generated in a nonlinear crystal are governed by coherence length, phase-matching effect, and absorption losses. Generally, the refractive indices at optical laser frequency and THz frequency are not identical. Consequently, electromagnetic waves at THz and optical frequencies travel at slightly different speeds through the crystal. The efficiency of nonlinear optical THz generation decreases if the mismatch between the velocities becomes too large. The distance over which the slight velocity mismatch can be tolerated is called the coherence length. Also, the coherent length can be explained as the maximum thickness that optical and THz pulse do not travel out of phase. As a result, efficient THz generation only occurs for crystals that are equal in thickness or thinner than the coherence length at a given frequency. The coherence length ()  c l , in this case, is defined as [START_REF] Nahata | A wideband coherent terahertz spectroscopy system using optical rectification and electro-optic sampling[END_REF]:

, ( ) , || c G c l nn    = - (4) 
Where Ω and ω represent the THz and optical angle frequencies, respectively. c is the velocity of light in the vacuum. nΩ and nω are the refractive indexes. ,

     =-  G n nn
is the group index of the optical beam. Generally speaking, within the coherence length, a thicker crystal can emit a stronger THz waveform but a narrower spectrum compared with the one from a thinner crystal if the absorption increases with the THz frequency. Additionally, the coherence length is related to phasematching conditions as the strong THz conversion efficiency occurs for equality of the THz and laser velocities, i.e. equality of the phases of the related THz and laser beam spectral components, which describe the propagation effect of optical pump beam and THz pulse. Since the refractive index at THz frequency is normally not a constant, the phase-matched emission is possible to happen only at a certain or a few frequencies. The coherence length is huge and even infinite if it is perfect phase-matching. For more details, coherent length combined with phase-matching effect theory will be treated in Chapter 4. To seek the phase-matching for high efficient THz generation, people use the tilted-pulse-front technique [START_REF] Ravi | Theory of terahertz generation by optical rectification using tilted-pulse-fronts[END_REF], play with the temperature [START_REF] Wang | Phase-matching in KTP crystal for THz wave generation at room temperature and 81 K[END_REF], vary the wavelength of optical pulse [START_REF] Van Der Valk N C J, Planken | Influence of pump wavelength and crystal length on the phase matching of optical rectification[END_REF], use quasi-phase-matched periodic structure [START_REF] Vodopyanov | Terahertz-wave generation in quasi-phasematched GaAs[END_REF], etc.

As it is mentioned above, the optical/THz conversion efficiency is also determined by the crystal nonlinearity. Some organic crystals, like DAST (d11 > 1000 pm/V), show a strong potential for high-efficiency THz generation [START_REF] Jazbinsek | Organic crystals for THz photonics[END_REF]. To get a larger crystal nonlinearity, it is possible to utilize the resonance effect which has been studied by the pioneers in second harmonic generation (SHG) [START_REF] Parsons | Measurement of the nonlinear susceptibility dispersion by dye lasers[END_REF]. But very few researches [START_REF] Fong | Theoretical studies on the dispersion of the nonlinear optical susceptibilities in GaAs, InAs, and InSb[END_REF] [START_REF] Lu | Giant enhancement of THz-frequency optical nonlinearity by phonon polariton in ionic crystals[END_REF] were carried out in OR THz process in terms of nonlinearity resonance effect due to the lacking of sufficient and proper pump laser source. Nevertheless, this resonance effect is employed in a more complex nonlinear interaction in dielectric crystals. In such crystals, the incident optical beam and the induced polarization are coupled to form a quasi-particle, namely a polariton. The polarization wave could be a phonon, an exciton, a plasmon (in conducting materials), etc. Let us speak only of phononic polaritons that have been subject to many studies in the THz domain. The polariton obeys a given dispersion curve in the reciprocal space, which spreads from frequency 0 up to the TO phonon frequency. At a low k-value, it behaves like a photon, while nearby the TO frequency, it behaves like a phonon. The second-order nonlinearity in the crystal, under laser excitation, will mix pumping laser photons and induced polaritons following the energy conservation equation THz parametric generation [START_REF] Murate | Perspective: Terahertz wave parametric generator and its applications[END_REF] [82] [START_REF] Zhong | Optically pumped terahertz sources[END_REF] is based on this effect which permits the creation of very bright THz sources, namely THz parametric oscillators (TPO), with crystals like LiNbO3, KTP, RTP, GaAs, etc. Periodically-poled ferroelectrics (LiNbO3, KTP…) are also investigated in view of highpower THz generation, as the periodicity of the crystal helps in obtaining the phase-matching condition [START_REF] Lee | Generation of narrow-band terahertz radiation via optical rectification of femtosecond pulses in periodically poled lithium niobate[END_REF] [85] [START_REF] Tian | µJ-level multi-cycle terahertz generation in a periodically poled Rb: KTP crystal[END_REF].

Dispersion of the OR nonlinearity in semiconductor crystals

When the bound electron is excited by a photon whose energy is close to but smaller than the crystal bandgap one, this electron remains bound but oscillates over a large amplitude around its resting position. When the photon energy is equal or larger than the bandgap energy, the electron becomes free, or in other words, its oscillation amplitude is no more limited by the atomic force, but by its mobility and by the field amplitude. Modeling the nonlinearity nearby the bandgap energy requires treating the electron wave function under an applied field in the periodic crystal. This is a difficult task that has been addressed by several theoreticians, mostly in the case of SHG.

Semi-classical approach

Studies on the dispersion of second-order crystal nonlinearity have been carried out for years in SHG ( 2

   +=

). The first theoretical approach of enhanced nonlinearity nearby the bandgap energy was proposed by Lax and coworkers in 1962 [START_REF] Lax | Nonlinear interband and plasma effects in solids[END_REF]. The basic principle of their model was a semi-classical one. The bound electron motion equation due to the force applied by the incoming electromagnetic field E is:

2 22 2   + + = jt o d x eE x ax e dt m , (5) 
x is the electron displacement,

2

 o mx is the atomic force close to the equilibrium position, and 2 max is the asymmetrical nonlinear term that is supposed to be small. The solution writes ( )

2 12  =+ j t j t x t x e
x e . The linear term 1

x is obtained by solving (5) with the nonlinear term neglected.

The second-order term 2

x is determined by solving (5) for the 2 pulsation and writing the nonlinear

term as 2 1 ax ( 2 2
ax is neglected). One gets:

( ) ( ) ( ) ( ) 1 22 2 2 1 2 2 2 2 2 2 2 , . 44 
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Larmor's formula gives the power radiated by a dipole whose distance x between the charges oscillates at pulsation : The theory by Lax et al. calculates this power by taking into account all the electrons distributed over the valence band and considering that only electrons excited from the valence band to the conduction band contribute strongly to the nonlinearity. In quantum mechanics, when dealing with the transition between two energy levels, the linear displacement 1

x is proportional to the oscillator strength f and thus to 22 

 o M
, where M is the momentum matrix element of the transition.

Therefore, the power of the nonlinear radiated field is:

( ) ( ) ( ) max max 2 2 2 3 2 3 2 24 2 2 2 2 2 2 00 6 4         =  - + -+   pp o o o o d x t e dk P d k c dt ( 8 
)
k is the electron momentum. 
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The first term in the expression of P2 makes the SHG signal increase when 2 approaches g. Even if this tendency corresponds to what was observed, for example by Miller et al. [START_REF] Miller R C, Kleinman | Quantitative Studies of Optical Harmonic Generation in CdS, BaTi O 3, and K H 2 P O 4 Type Crystals[END_REF], at these pioneering times of nonlinear optics, the model is too crude to permit a fine description of the nonlinearity dispersion. Especially, the substitution of the charge acceleration by the transition matrix element merits a theoretical validation.

Semi-classical approach: three-band model

Similar modeling of the bound electron oscillation, but taking into account anisotropy, was established by R. C. Miller [START_REF] Miller | Optical second harmonic generation in piezoelectric crystals[END_REF]. The nonlinear optical susceptibility (2) 12 ( , ) ijk    is responsible for the mixing of electromagnetic fields at frequencies ω1 and ω2 to produce a polarization at ω1+ω2:

(2) 1 2 1 2 1 2 ( ) ( , ) ( ) ( ) i ijk j k P E E        += (11) 
Miller defined a coefficient δijk by:

(

2) (1) (1) (1) 1 2 1 2 1 2 1 2 ( , ) ( ) ( ) ( ) ( ) ijk ijk ii jj kk              = + + (12) 
(

 is the linear susceptibility. This relation between nonlinear and linear susceptibilities is known as Miller's rule. Miller's coefficient shows good agreement with the experimental results, as plotted in Figure 1.3 extracted from [START_REF] Parsons | Measurement of the nonlinear susceptibility dispersion by dye lasers[END_REF]. The dashed curve represents the experimental result. The solid ones are calculated using Miller's rule. All the curves are normalized and vertically shifted by 1 as for different samples. This figure shows that the nonlinear susceptibility is proportional to Miller's coefficient.

Then M. I. Bell [START_REF] Bell | Frequency dependence of Miller's Rule for nonlinear susceptibilities[END_REF] developed a theory to derive Miller's coefficient from quantum mechanics, in which the anharmonic potential is identified with the average antisymmetric potential of Phillips's theory of covalent bonding. Following the model by Lax (see above) and taking into account anisotropy, the potential for the electrons in the anharmonic oscillator model is:

22 1 2 i i ijk i j k V m x V x x x =  + (13) 
As previously, it is easily shown that for N electrons per unit volume, the linear and quadratic responses are given by 2 (1) 22 Let us compare it with equation [START_REF] Brucherseifer | Label-free probing of the binding state of DNA by time-domain terahertz sensing[END_REF] We get:

3 (2) 12 3 2 2 2 2 2 2 1 2 1 2 1 () 3 1 1 1 ( , ) () ii i ijk ijk i j k Ne m Ne V m           =  -    =-   - +  -  -  (14) Hence, (2) (1) (1) (1) 1 2 1 2 1 2 23 3 ( , ) ( ) ( ) ( ) ijk ijk ii jj kk V Ne           = - + (15) 
12 23 3 ( , ) ijk ijk V Ne    =- (16) 
Therefore, Miller's coefficient is independent of the frequency of the applied fields. However, lattice contributions can be significant in the electro-optic effect and optical rectification, and this may explain the systematic difference between the values of δ derived from harmonic generation and from the electro-optic effect. In the case of the zinc-blende structure, the crystal group symmetry imposes: 123 , 0, otherwise
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Then for 12    == and 0
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The frequency Ω is chosen to fit the observed dispersion of (1)  . and V123 can be estimated with the help of the theory of covalent bond by Phillips [START_REF] Phillips | Elements of a structural theory[END_REF], in which the two-band model has the following Hamiltonian:

2 1 2 h h EC H CE -  =   (19)
Where Eh and C are the average homopolar and heteropolar energy gap, respectively. The basis consists of the wave-functions 0 b and 0 a , corresponding to the bonding and anti-bonding states, respectively, for the homopolar (C = 0) crystal. For 0 C  , the ground (bonding) state wave-function writes:

00 b a b  =+ (20) 
where α, β are readily expressed as functions of Eh and C. The correspondence between Phillips's model and the anharmonic oscillator can be made by requiring that the antisymmetric parts of the Hamiltonians in equation ( 13) and ( 19) have the same ground-state expectation value:

00 ijk i j k V x x x C  = (21) 
Using equation [START_REF] Pickwell | In vivo study of human skin using pulsed terahertz radiation[END_REF] and treating 0 as a perturbed harmonic oscillator wave function, we find:

2 123 6
3 00
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where

1/2 ( / ) m  =
, and from Phillips's model we got:
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Thus,
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Finally, we get:
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Here the electrons are assumed to occupy Bloch states  and the two lowest conduction bands ( 1  , 15c  ) constitute a minimal set of three bands with a finite contribution to (2) xyz  .

Even within these simplifications, equation [START_REF] Orlando | Terahertz radiation effects and biological applications[END_REF] is not amenable without detailed information of the energies and the wave functions of the electronic states in the first BZ. To avoid extensive full band-structure calculations, we follow the approach of Bell, modeling the bands around a few principal critical points. Such points exist at the  point 0 k = (the 0 E , ' 0 E gap), and along ( / 3)(111) kk = approaching the L points (the 1 E , ' 1 E gap). The X points (the E2 gap) were neglected here due to the large E2 energy. The 0 E , ' 0 E transitions are represented by three- dimensional parabolic bands extending to infinite k , yielding the expression:
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Empirical pseudopotential method

A complete dispersion investigation of SHG optical nonlinearity in semiconductors versus photon energies was given by Chang et al. [START_REF] Chang | Dispersion of the optical nonlinearity in semiconductors[END_REF]. In their study, they used the method of reflected harmonics to measure directly the modulus of the SHG nonlinear susceptibility (2) 14  at variable photon energies in zinc-blende crystals. Besides, the frequency range not only includes the absorption-edge region but also extends well inside this region. A rapid variation of (2) 14  as a function of frequency was observed. Pronounced enhancement can be correlated with the presence of the critical points in the joint density of states in the vicinity of the fundamental and/or harmonic photon energy. Such correlations are similar to the ones found in the linear optical data. In addition, the nonlinear susceptibility, which is zero when the crystal has inversion symmetry, depends on the anti-symmetric potentials which mix the wave functions of different parities. Chang, et 
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A and B are frequency independent, They vanish for a material possessing inversion symmetry and involve triple products of the reduced momentum matrix elements, depending on the phase of these latter quantities. The Q's can vary appreciably over the Brillouin zone, changing in sign as well as in magnitude. Because of this, the dispersion of (2 ) NL  will not be determined entirely by the joint density of states. There may also appear additional structure due to the variation of the ' () ll Qkover the Brillouin zone and hence to the hybridization of the wave function. Experimentally, as the photon energies penetrate inside the absorption band, the

NL  would increase progressively. In 1971, Chang et al. [78] continued their researches on measuring with a dye laser the dispersion of nonlinearity with dye laser in GaAs, InAs, and InSb, and sharp structures in (2 )

NL

 have also been recorded. Specifically, the double momentum matrix products in the (2 ) L  were known to be slowly varying functions of wavevector k, the triple products in (2 )

NL

 could be strongly dispersive. In 1972, Bell [90] has calculated the dispersion of (2 ) NL  in the energy range 0-2 eV by assuming constant triple momentum matrix elements in addition to making highly simplified models for the band structures.

And his calculation shows good agreement with Chang's experimental results for ZnTe, GaAs, InAs, and InSb.

Later on, Shen et al. [START_REF] Bethune | Dispersion of nonlinear optical susceptibilities of InAs, InSb, and GaAs in the visible region[END_REF] continued the studies on measuring the dispersion of nonlinear susceptibility of InAs, InSb, and GaAs crystals at 80 and 300 K. The experimental results are quite similar with Chang's one, and there is no evident difference under 80 K or 300 K. They considered that Bell gave too much weight to the Γ point transitions since it is well known that the density of states near Γ is small. Thus, Fong and Shen [START_REF] Fong | Theoretical studies on the dispersion of the nonlinear optical susceptibilities in GaAs, InAs, and InSb[END_REF] have calculated (2) 14 (2 )

 using four lowest conduction bands and four highest valence bands. The wavefunctions and energies of the band states were obtained from the empirical pseudo-potential method.

Their theoretical calculations on (2) (2 )

 can be grouped into attempts to find numerical values of (2) (2 )

 at low frequencies (ω is much smaller than the band gap but larger than the lattice vibrational frequencies) and attempts to derive the dispersion of (2) (2 )

 . In the former case, bond models have been used with a reasonably high degree of success. In the latter case, especially when ω and 2ω are above the band gap, the dispersion of (2) (2 )

 depends on the details of the band structure. The basic equation for (2) (2 )

 derived from second-order perturbation calculation for zinc-blende semiconductors is point. The calculation shows fair agreement with the experimental data, except that the (2) 14 (2 )  structure is obviously displaced and the relative strengths may also be different.
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To find a better formula, Shen et al. [START_REF] Fong | Theoretical studies on the dispersion of the nonlinear optical susceptibilities in GaAs, InAs, and InSb[END_REF] developed their equation by involving in k dependent dipole matrix elements. In the crystals with zinc-blende structures, the second-order nonlinear optical susceptibility can be written as: (2) (2) [START_REF] Tuszyński | Molecular dynamics simulations of tubulin structure and calculations of electrostatic properties of microtubules[END_REF] 111

1 (2 ) 3 (2 ) 2      = (31) 
where (2) 111 (2 )   is the susceptibility with the electric field and the induced-dipole moment in the <111> direction, the explicit expression of (2) 111 (2 )   normalized in a unit volume is given by: 20 
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Pk  is the corresponding momentum matrix element along the <111> direction. In terms of the Cartesian components along the three <100> directions, 111 

Therefore, the approximated form of (2) 14 (2

)
 for the III-V compound is given by: 
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Where C is a constant and accounts for the strengths of the 5-6 transitions. The corresponding parameters ωα, Aα, and γα (α counts from 1 to 7) can be found in their article [START_REF] Fong | Theoretical studies on the dispersion of the nonlinear optical susceptibilities in GaAs, InAs, and InSb[END_REF]. This model, which involved spin-orbit transition effect ( k dependent dipole matrix elements), gives better agreement with experimental results. Two structures in (2) 14 (2 )

 of InSb have been identified as due to double resonances.

Density-matrix calculation of quantum mechanical theory

The validity of Miller's law has been disputed by Seres [START_REF] Seres | Dispersion of second-order nonlinear optical coefficient[END_REF] because Miller's coefficient did not prove to be independent of the wavelength according to measurements. In his research, a simple, approximate relation between the dispersion of the second-order nonlinear optical (SNLO) coefficient and first-order susceptibility has been derived using the well-known results of densitymatrix calculation of quantum mechanical theory. A new tensor of SNLO coefficient has been defined, which retains symmetries when the input beams are in the spectral range of transparency while the generated beam can also be in the spectral range of absorption.

He describes the electric field and the second-order polarization density by real quantities in the conventional forms: E E E P P P [START_REF] Charrada | Two-temperature, two-dimensional fluid modelling of mercury plasma in high-pressure lamps[END_REF] the complex second-order polarization density (2) ()  P can be represented for SFG as:
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and ωp, ωq, and ωr are positive angular frequencies covering the whole spectra of the input and generated beams, respectively. The indices i, j, and k denote the x-, y-and z-components of vectors and tensors. The susceptibility (2) ( ; , ) ijk r p q     has to be inside the integral because, generally, it depends on all three frequencies. In the following, only the process of SFG is discussed, nevertheless, all statements are true for any other second-order interaction as well. The two possible paths of SFG are associated with the first two terms of SNLO susceptibility:
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where nm  is the electric dipole moment vector between energy levels n and m, (0) 00 is the diagonal density matrix element for the ground state, ωn and γn are the frequency and the damping rate associated with level n, respectively. Then, we get the expression of linear susceptibility:

(1) (0) 00 00 ()

ij nn ij n nn N i       =  --   (38) 
The SNLO susceptibility can be rewritten using the linear susceptibilities of the levels that are involved in the process. Then the integral polarization can be separated into two parts:
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where Aijk is defined by the following equation:
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If the levels associated with ωp and ωq are far from the energy levels of the nonlinear material, in other words, if there is no absorption at ωp and ωq, the functions (1) ()

jj p
 and (1) () kk q are smooth.

Thus, there are frequencies ' p  and ' q  at which (1) ( ' )  can be taken out of the integrals and their values are approximately equal, which means ω' is frequency-independent.
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It can be proved easily by exchanging indices p and q that the two convolution integrals are the same. Then we got:
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The expression before the convolution integral is a component of the second-order susceptibility tensor according to its definition:
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This second-order susceptibility tensor is symmetric in its last two indices and can then be represented as a 3×6 matrix. Multiplied by 1/2 and introducing the conventional notation

(2) 1/ 2 il ijk D  =
, the dispersion relation of SNLO coefficient can be rewritten in the form:

( 

It can be seen that Dil depends on the frequency, and again ω' is frequency independent so as dil, thus Kleinman symmetry can only be valid for dil. For example, in the case of a KTP crystal, which is a member of the mm2 crystal group and is birefringent with two optical axes, d24 and d32 are measured in different polarizations. Thus, 22 33   and 22 33 dd  . The dispersion curves of d24 and d32 behave differently. Besides, the SNLO coefficient depends only on the frequency/wavelength and polarization of the observed beam. It is independent of the properties of the input beams if the input beams are in the spectral range of transparency. SNLO coefficient calculation by Seres [START_REF] Seres | Dispersion of second-order nonlinear optical coefficient[END_REF] has been checked for three ferroelectric crystals, KTP, LiNbO3, and KNbO3, which are transparent in the visible and near-infrared, and for two semiconductors, GaP and GaAs, which absorb in the visible. Especially in GaP crystal, when the photon energy exceeds its bandgap, a resonance structure can be also fitted by this model. And, contrary to Miller's law, the presented relation is in good agreement with measurements. This model has been derived from the well-known formulas of the density-matrix approach of quantum theory. The approximation used assumes a lossless material at the wavelengths of the input beams to interpret the symmetries and the dispersion of the SNLO coefficient. The dispersion relation makes it possible for a more precise model calculation of the second-order nonlinear interactions (SHG, SFG, DFG, etc.) of femtosecond pulses.

Full-potential linearized augment plane wave theory

Another theoretical approach to determine the second-order nonlinear response was also presented by the team of J. Sipe, [START_REF] Hughes | Calculation of second-order optical response in semiconductors[END_REF] in 1995. They gave a first-principles calculation of two secondorder optical response functions as well as of the dielectric function for GaAs and GaP. Specifically, they evaluate the dielectric function ()  and the second-harmonic generation response coefficient (2) ( 2 ; , )     over a large frequency range. These results are based on a series of self-consistent local density approximation (LDA) calculations using the full-potential linearized augmented plane wave (FLAPW) method. Self-energy corrections are included at the level of the ''scissors'' approximation, which corrects for the underestimation of the local density approximation band gap and produces a change in the velocity matrix elements. This approach has the advantage that the response coefficients are inherently free of any unphysical divergence at zero frequency, a consequence of careful treatment and separation of inter-band and intra-band motions. "Sum rules" are not required to eliminate artificial divergence. Here, we only discuss the second-order nonlinear response.

In order to determine the optical response functions in a full-band structure approach, one requires the eigenvalues and velocity matrix elements at many k points in the Brillouin zone (BZ). Determination of the velocity matrix elements, in turn, requires knowledge of the electronic wave functions. The spirit of the FLAPW approach is the partitioning of real space within a crystal into two distinct regions: "muffin-tin" spheres surrounding the atomic positions, and the remaining interstitial space. The electronic wave functions then have a dual representation over all space, consisting of an expansion of solutions of the Schrödinger equation and its energy derivative in the muffin-tin spheres, and plane waves in the interstitial region. We rely on the LDA for the oneelectron exchange-correlation potential. Prior to determining the electronic structure and wave functions at k points of interest in the BZ, we converge the charge density in the crystal in a series of self-consistent calculations. This convergence process involves all electrons, and so the valence and core electronic states are recalculated for each iteration.

The expressions for the susceptibilities are first written in terms of the velocity matrix elements rather than the matrix elements of the position operator and converted to an integral over the BZ rather than a sum over k . If the response function is sought above the band gap, the imaginary part is extracted, for which there is a δ function present in the integrand; in the case of cubic symmetry, some further simplifications can be made to the second-order susceptibilities. The SHG response function requires some manipulation prior to being calculated. For seeking the response above and below the band gap, they evaluate the imaginary part and obtain the real part from the Kramers-Kronig relation for this function. They use the symmetry of the crystal to reduce the integration over the BZ to one over the irreducible segment of the BZ (IBZ). This is done by applying the operator PR of the group elements R of the symmetry group Td (applicable for the semiconductors considered here), to the expansion dyadic of the response tensor. Here, for the second-order response function in SHG, we generally follow the susceptibility convention of Boyd. Then a nonlinear polarization component is related to the electric field by:
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And the corresponding nonlinear susceptibility is written in the form:
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The first term represents the purely inter-band contribution that would result if one thought of the system as only a set of "effective" atoms labeled by their crystal momenta. The second term describes the contribution from the modulation of the linear susceptibility by the intra-band motion of the electrons. The third term represents that portion of the susceptibility resulting from the modification of the intra-band motion by the polarization energy associated with the inter-band motion. And they are: 
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It can be seen that there is only one independent component for the SHG susceptibility that we take to be χ xyz . In the calculation of all the susceptibilities, they directly evaluate the velocity matrix elements and eigenvalues from the FLAPW calculation at 1365 k points in the IBZ; this corresponds to the partitioning of this region into 5184 tetrahedra. They have further partitioned the region around the Γ point into 3993 smaller tetrahedra, which requires the matrix elements and eigenvalues at 1092 k points. The reason for this finer mesh of points near the Γ point is that they have found that there is some sensitivity in the nonlinear response functions to numerical approximations in this region.

The susceptibilities calculated from this number of k points are only marginally different from a calculation involving only half this number. On this basis, it is clear that this current calculation should suffer only a limited numerical error using this particular integration scheme which leads to a large disparity between existing theoretical calculations and experimental data.

Application to optical rectification

All the theories described previously are applied to SHG, but not to optical rectification. The goal of this thesis work was not to theoretically address the determination of the OR nonlinear susceptibility tensor, which requires a huge effort of calculation. However, as SHG and OR occur simultaneously in the crystals and are governed by the same electronic phenomena, some features of the dispersion of the OR susceptibility when spanning from below to above the bandgap energy, may be extrapolated from the SHG models.

First, an enhancement of the OR nonlinearity around the bandgap is expected, as many of the above expressions include a fraction term, in which the denominator is proportional to  - bg , where the bandgap energy is

 = bg bg E
. Such an enhancement has been calculated and experimentally observed for SHG (see for example Figure 1.4 (ZnS, bandgap 3.6 eV). Secondly, some features should be observed at half the bandgap, since 2bg denominators also appear in the theoretical expressions.

In our original experimental work, we will validate these hypotheses with ZnTe, KTP, and GaSe crystals. Let us notice that enhanced THz generation when the crystals are excited around their bandgap has already been reported, but not tentatively explained. In one of these pioneering papers, X.-C. Zhang measured a peak of THz emission from <111> GaAs at 1.45 eV [START_REF] Zhang | Resonant nonlinear susceptibility near the GaAs band gap[END_REF]. More recently, the team of A. Krotkus studied OR THz emission from different crystals versus the pump wavelength. In GaSe [START_REF] Norkus | Terahertz emission from a bulk GaSe crystal excited by above bandgap photons[END_REF], they reported a peak of THz emission at 2.1~2.2 eV, slightly above the GaSe bandgap energy (2 eV). They focused their study on the contribution of free electrons to the THz emission when the crystal is pumped above its bandgap energy. Simultaneously, the same group published a paper on OR in germanium [START_REF] Norkus | Spectral dependencies of terahertz emission from femtosecond laser excited surfaces of germanium crystals[END_REF]. They observed a distinct peak of THz emission at 0.85 eV, i.e. at the bandgap energy (0.8 eV). By using crystals with different doping levels, they modified this peak feature at the bandgap. Here again, these authors concentrated their study on the role of opticallyinduced free carriers in the THz emission (the so-called Dember effect), which is strongly dependent on the doping through the native electrical field at the crystal surface.

TECHNIQUES IN THE THZ DOMAIN

In this thesis, two main techniques are employed. Firstly, THz time-domain spectroscopy allows us to study the THz generation efficiency through the optical rectification process, as well as characterizing the materials at THz frequency (refractive index, absorption coefficient). To take advantage of material nonlinearity resonance, we plan to pump the THz emitter with different photon energies, i.e. below and above its bandgap. When pumping the material around its bandgap, the photon excited free carriers will absorb the radiated THz pulse, which is related to the free carrier density. Thus, a second technique, namely optical-pump/THz probe, helps in evaluating the impact of free carrier absorption at THz frequency. Introductions about the two techniques are given in this section.

THz time-domain spectroscopy

Terahertz time-domain spectroscopy (THz-TDS) is a powerful technique for a wide variety of applications and utilities. It has been used for measuring the complex dielectric constants, or the refractive index, absorption, conductivity spectra of almost any kind of material. Furthermore, THz-TDS has been used to identify chemical components such as amino acids, peptides, pharmaceuticals, and explosives, which makes it particularly valuable for fundamental science, security, and medical applications.

In the case of THz-TDS, the time-domain signal directly measures the temporal shape of a THz pulse that is incident and transmitted (or reflected) by the studied sample. The THz electric field at the detector is typically on the order of 10-100 V/cm [START_REF] Jepsen | Generation and detection of terahertz pulses from biased semiconductor antennas[END_REF] and has a time duration of a few picoseconds. Therefore, a fast and sensitive detection method of the electric field is required. One reaches sub-picosecond resolution thanks to time-equivalent optical techniques. It is based on the perfect repeatability of the laser pulses delivered by femtosecond mode-locked lasers. The laser beam is split along two paths to generate and detect the time-dependent THz field. The detector is only sensitive if both pulses arrive simultaneously. The principle of the technique is to delay the probe pulse arrival at the detector as compared to the THz pulse. The time delay is produced by sweeping a mechanical stage in the optical path to the detector, which makes the path longer. At a given time t, the detection signal is the product of the THz field, the laser intensity, and the response function G of the detector. We have to take into account that the signal results from all the probe effects occurring before time t:
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)
The electronics is quite slow as compared to the pulses' duration, and thus the actual detection signal corresponds to the time-integration of ( , ) St :
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Here we take into account the fact that ( )

00 = Gt
(probe effects cannot happen before the probe reaches the detector), so the integration is extended from - to + . This expression permits to spread the absolute time scale t into a much longer one, the time-equivalent , and thus to perform recording with common electronics. In this expression, if . For different studies, () S  carries the information of sample in material characterization, or the emission feature of the emitter in optical rectification process. The measured THz transient electric field in the time domain is then converted to the frequency domain by applying fast Fourier transform which gives the complex value of the ()
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By a proper change of variables, namely ''

'  = -- t t t
, we get: The measured spectrum is then the product of the incident THz spectrum, the laser pulse spectrum, and the frequential response of the detector. Measuring the signal with and without the sample in the THz beam allows one to get rid of *( ) G  and ()
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 by dividing the two Fourier- transformed recorded data. When looking at transmission through a sample, this measurement delivers directly the complex transmission coefficient of the sample. By fitting these experimental data with the well-known electromagnetic expression and using dedicated codes, one directly calculates the complex-valued refractive index n(ω) of the sample, without needing to use the Kramers-Kronig relation.

Optical pump/THz probe technique

Many processes in the natural world occur on very fast time scales including atomic motion during chemical reactions, molecular vibrations, photon absorption and emission, and many scattering phenomena. Some of these processes even occur on time scales as short as a few picoseconds (10 -12 s) or femtoseconds (10 -15 s). Observation of these fast processes is essential to fully understand the dynamics of various excitations in the matter, which has provided motivation for great advancements in the accuracy of time-resolved measurements in the past several decades. Among them, optical pump/THz probe (OPTP) spectroscopy is a mostly-used and powerful technique for studying the ultrafast phenomena which occur in a few picoseconds (10 -12 ). To carry out this measurement, two beam pulses from the same laser source transmit along different paths and approach the sample. As it's shown in Figure 1.6, an optical pulse as "pump" is sent to excite the sample, followed by a THz pulse with a time delay Δt as "probe" to measure the excited carriers. A delay line is employed to change the time interval between the pump and probe pulse. To analyze the recorded signals, we use the equation ( 51) again, but the received THz waveform ETHz(t) is equal to the emitted one ETHz,emit that is transmitted through the sample:
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T(t) describes the temporal behavior of the sample transmission, i.e., the inverse Fourier transform of its transmission spectrum. It also includes the effect of propagation from the emitter to the receiver if this propagation suffers from attenuation and dispersion. In the case of a sample that is photonexcited with a time decay τ compared to the THz emission, one gets:
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T0(t) and ΔT(t-τ) are the time response of the non-illuminated sample and the photo-induced variation of transmission, respectively. Therefore, the detected THz signal is:
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where τrec is the time delay between the emission and detection of the THz pulse. The photo-induced time response χ of the sample is not instantaneous, which means that the transmission at time t depends on the photo-induced phenomenon that happens sometimes before:
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Ilaser(t,τ) describes the temporal shape of the pump laser pulse, whose peak reaches the sample with delay time τ compared to the THz pulse. T0(t) is the time response of the non-illuminated sample, which is simply the inverse Fourier transform of its transmission spectrum:
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Thus, the detected signal when the sample is not excited is:
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This expression is greatly shortened by substituting the integrals of the time-shifted terms by the related convolution products:
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Similarly, the induced change in the recorded waveform is:

( ) , , [ ]( ) [ ]( ) rec THz emit laser rec S E T t I G t dt      -  =   -  -  (61) 
Therefore, the time resolution of the experiment is limited by the duration of the THz pulses. Typically, in common THz-TDS setups, the pulse duration is of the order of 0.3-1 ps. Sub-ps resolution may be achieved by a proper numerical deconvolution of the recorded differential waveform. The difference THz waveform is simply measured by modulation the laser pump beam, for example with a chopper, and reading the signal delivered by the receiver with a lock-in amplifier, assuming the decay of the excitation of the sample is much shorter than the chopper period. This procedure is repeated for different delays τ. In this case, the whole THz waveform is written with and without pump beam. Thus, ()

withoutpump E  and () pump E
 through the sample are measured, then the complex value of conductivity ()  can be obtained by [101]:
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where n, d is the sample refractive index and thickness, respectively. Z0 is the impedance of free space. For a typical semiconductor slab with excited free carriers, one can fit with the Drude model [START_REF] Smith | Classical generalization of the Drude formula for the optical conductivity[END_REF]:
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Where m is the electron effective mass. We can extract the effective density of electrons (n*), the free carrier relaxation time (τ).

In another case, one can also record the time-dependent dynamic process which refers to the peak value of transmitted THz pulse [START_REF] George | Ultrafast optical-pump terahertz-probe spectroscopy of the carrier relaxation and recombination dynamics in epitaxial graphene[END_REF], the corresponding pump/probe THz signal will be presented in Section 2.3.1, from which one can observe the free carrier excitation and recombination, and a complete OPTP experiment will be performed in Chapter 3.

CHAPTER CONCLUSION

In this chapter, we give a brief introduction to the terahertz wave and its contribution to modern applications. And the need for an excellent THz emission source is pointed out which arise the interest in developing a novel approach to enhance THz emission. Secondly, we give an overview of the THz generation, especially the optical rectification which is the method employed in this project. OR THz generation efficiency is governed by phase-matching conditions and the absorption at THz and optical domain, as well as the material nonlinearity. Later on, we introduce the possibility of resonance of nonlinearity by pumping the crystal near its bandgap, which has been studied in SHG for years but didn't get sufficient research in OR THz generation due to the lacking of a proper pump laser source. To take advantage of our optical parametric amplifier whose wavelength can be tuned from UV to Infrared, we are capable to pump the THz emitter below and above its bandgap. By studying the crystal nonlinearity in OR THz generation which, to our knowledge, has never been addressed before, our goal is to find the possibility of nonlinearity resonance near the crystal bandgap or half bandgap to enhance THz emission efficiency. But when pumping the crystal around the bandgap, the photoexcited free carrier will increase the absorption at THz frequency. Thus, to study the competition of the two effects and to figure out the THz emission efficiency from UV to Infrared is our dedication. Last, two techniques, i.e. THz-TDS and OPTP are introduced to carry out this study. In the next chapter, the multifunctional THz system is established which allows us to perform THz generation, pump/probe detection, and material characterization.

CHAPTER 2. EXPERIMENTAL SETUP

In this chapter, we will present the homemade multifunctional THz setup, including terahertz time-domain spectroscopy, optical-pump/THz probe system and optical parametric amplifier pumped THz generation configuration from the aspects of system design, establishment methods, and system evaluation. And the operation mothed is introduced to switch in between the different configurations. The principle of the techniques is demonstrated in Chapter 1 section 1.3. Finally, the goal of this chapter is to present the experimental setup that will be employed all through the thesis.

SYSTEM OVERVIEW

The homemade multifunctional THz system is illustrated in Figure 2.1, and the corresponding optical components are listed in Table 2.1. A Ti:Sapphire amplifier laser system (Coherent Libra 7) with 45-fs pulses of 0.8-μm central wavelength at 1-kHz repetition rate and delivering a maximum power of 5 W was used as an optical source. THz waves are generated by optical rectification in a 0.2 mm-thick and <110> oriented ZnTe crystal followed by a Teflon slab which serves as an optical filter [START_REF] Angelo | Ultra-broadband THz time-domain spectroscopy of common polymers using THz air photonics[END_REF]. At the ZnTe crystal, the laser beam is focused down to a 2mm diameter and at normal incidence. Then, the emitted THz beam is delivered by two off-axis parabolic mirrors and focused with a 5-mm diameter spot on the sample. Finally, the transmitted THz pulse is received by a electro-optic detection (red dash square in Figure 2.1) which includes a 0.5-mm thick ZnTe crystal with <110> orientation, a Wollaston prism, and an auto-balanced photodiodes detector. The probe beam should perfectly overlap the THz beam on the detection crystal to get a broader THz spectrum [START_REF] Tomasino | Wideband THz time domain spectroscopy based on optical rectification and electro-optic sampling[END_REF]. The THz waveform is read by using a lock-in amplifier, a chopper, and a well-programmed delay line. Here, a self-designed air chamber enables all the experiments to be performed in dehydrated condition (8% humidity) and at room temperature [2]. A part of the laser beam feeds an optical parametric amplifier (OPA from Topas Light Conversion) that delivers 50-fs pulses whose wavelength can be tuned from 285 to 2600 nm (i.e. from 4.35 to 0.48 eV). In this thesis, we employed the electrooptic (EO) technique for THz signal detection as mentioned above. Here, the EO method is a linear process (The Pockels effect) which produces a birefringence in the nonlinear crystal (ZnTe) through an applied electric field (THz field). Typically, the birefringence will lead to a phase retardation Δϕ between the ordinary and extraordinary lights which are defined by:
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Here, n0 is the refractive index of detection crystal at optical frequency. L is the crystal thickness. rij is the relevant EO coefficient in the standard crystallographic coordinate system, which depends on the crystal classes [START_REF] Boyd | Nonlinear optics[END_REF], ω and c are the angular frequency and the speed of light for the optical beam, respectively. A linearly-polarized incident probe beam is thus transformed into an elliptical one. Its two perpendicular components are separated along the (x,y)-axes of a Wollaston prism and are received by the two photodiodes. The intensities of the two polarizations (Ix, Iy) are written:
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I0 is the intensity of the optical probe beam. The balanced photodiodes receiver gives the normalized ratio of both intensities:
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Figure 2.2: scheme of electrooptic sampling detection

The most commonly used EO detection configuration is shown in Figure 2.2. It includes a quarter waveplate (QWP), the detection crystal, the Wollaston prism (WP) and the auto-balanced photo detector. The probe beam with linear polarization is first circularly polarized by a QWP. Without THz signal, the probe beam hits the WP with a circular polarization then is split into two orthogonal components of equal intensity along the x,y-axes of WP: the photo-balanced signal is thus null. With the THz pulse, the refractive index ellipsoid of the detection crystal (ZnTe) is modified by the Pockels effect. Thus, the probe beam polarization becomes elliptical after the detection crystal. Further, the two orthogonal components along x,y-axes of WP become unequal and the difference is therefore detected by the two photodiodes. Here, the probe beam size is about 4-mm diameter, so a focal lens is placed before the WP to focus the probe beam onto the photodiodes with 1-mm diameter, approximately. Additionally, a half waveplate is here to rotate the elliptical-polarized probe beam to find the maximum difference between Ix, Iy in view of getting the largest detected THz signal.

In this THz system, the 800-nm pulse (up to 1 W average power) and the OPA pulse (285 nm to 2600 nm) can both serve as a pump beam. Two optical delay lines (blue dash squares in Fig 3 .1) are integrated into both probe path and the OPA output path. All the features make this THz setup multifunctional and give more combinations and possibilities to this project. The entire setup will be employed as THz-TDS, OPTP, and OR THz generation studies to fit the goal of the thesis. Easy to switch and stability between different configurations will be demonstrated in Sections 2.2-2.4.

THZ-TDS CONFIGURATION

System description

The THz time-domain spectroscopy configuration is very basic, as it is shown in Figure 2.3. Here, let us notice that the optical beam split into two pulses at point A, they travel the same optical path length and get overlapped both at space and time at the detection crystal (point B) that enabling the 800 nm pulse to probe the THz signal and to record the full THz waveform by controlling a welldefined optical delay line. THz bandwidth. Further, to be able to measure the optical-thin film materials, the precision of the optical delay line is crucial, any mechanical error will directly impact the experimental results. To validate the precision of the delay line, 10 measurements of the THz waveform are recorded constantly in Figure 2.5 (a), by zooming in the red circle part where the time shift of the signal is much easier to calculate. In Figure 2.5 (b), the zoom around 15 fs is depicted: one clearly sees the difference from one measurement to another one. It turns out a standard deviation of 5.8 fs corresponding to an optical thickness of 1.74 μm, which indicates the accuracy and reproducibility of the delay line. This optical thickness has to be taken into account when willing characterizing thin film samples. 

OPTP CONFIGURATION

System description

The optical-pump/THz probe (OPTP) technique is the combination of the OPA system and THz-TDS in which two delay lines are integrated, as it is drawn in Figure 2.6. In this configuration, the optical beam from OPA acts as a pump beam, with a 15º incidence angle and 4-mm beam diameter: it can excite free carriers in the sample from below to above the bandgap energy. The THz beam goes through the sample under normal incidence and therefore can probe the decay time of carriers for further study. Here, let us notice that the fs-laser beam is split into two parts at point A, which travel along the same distance such as the two pulses (THz and pump beam) coincide in time at the sample. 
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THz with without without EE E versus free carrier density. Such curves represent the sensitivity of the system to the free carriers which will be measured in the next section. With chopper 2 and delay 2 active (2 nd mode), the system allows us to record the variation of the THz peak value. Here, the curve is a negative value because of free carrier absorption at THz frequency, as shown in Figure 2.7 (b). Typically, the carrier decay process (carrier excitation and recombination) can be fitted by exponential equations, and it gives the carrier decay time. Both Figure 2.7 (a) and (b) contain the same carrier information, but (b) directly gives the variation of THz peak value without extra data process as compared with (a) that is recorded just by switching on a different chopper. Further, by varying the pump wavelength, we can plot the carrier decay time versus photon energies. This study will be presented in section 3.1. The 3 rd mode is active when chopper 1, delay 1, and delay 2 are on. For each point of delay line 2, the system will scan the whole THz time-domain signal and not only its peak. Therefore, this kind of measurement is a time-consuming with supermassive data collection [START_REF] Němec | Methodology of an optical pump-terahertz probe experiment: An analytical frequency-domain approach[END_REF]. But it can theoretically reveal the free carrier dynamic process at every single THz frequency. In terms of this project, we decide to skip such measurements. 

Characterization of OPA pump beam

The combination of OPA and THz signal allows us to perform pump/probe and OR THz generation experiments in this project. Needless to say, the system stability and capability depend on the performance of OPA. Thus, to meet the needs of all the experiments, the characterization of the OPA beam is essential. The following measurements are performed in the wavelength range of 280 nm-800 nm (4.43-1.55 eV). In Figure 2.8, the output average power of OPA (50 fs, 1 kHz) is measured by a powermeter and is not constant due to different intracavity nonlinear processes that are stated in Figure 2.8. The spectral bandwidth is defined as the bandwidth of light at one-half the peak maximum, and is an important specification for OPA source. Especially when this last one is used as a pump beam, it represents how precise the pump photon energy is, i.e. the pump photon error bar in this project. In Figure 2.9, the red circle is experiment data measured by a spectrometer (IDIL Fiber Optics), the black solid curves are fits results using the hyperbolic secant function [START_REF] Kuis | Measurement of the effective nonlinear and dispersion coefficients in optical fibers by the induced grating autocorrelation technique[END_REF]. The corresponding spectra bandwidth is listed in Table 2.2 and we also give the profile of spectral bandwidth versus photon energy in Figure 2.10. The spectral bandwidth of the OPA output beam is overall less than 0.1 eV (except the one at 2.76 eV) which is small. For sake of nice data readability and figure visualization, we decide not to put the photon energy error bar in our studies. Last, the OPA output beam size is standard by an iris diaphragm with a 4-mm diameter. And the pump wavelength can be easily tuned by setting its value in the software control system.

OR THZ EMISSION CONFIGURATION

System description

To study optical rectification THz generation in nonlinear crystals pumped with different photon energies, we developed a new system in which OPA will act as an OR pump beam. As shown in Figure 2.11, the OPA pump beam that can be tuned from UV to IR, is mechanically chopped and focused on the nonlinear crystal with a 2-mm diameter spot. In this setup, only delay 1 is active and delivers the fs-laser probe beam to the EO detection. Here, the fs-laser beam split into two paths at point A and they travel the same optical path length until reaching point B. This setup is capable to cover several different THz emission studies and is easy to switch. For example, THz emission polarization study (to figure out the THz emission efficiency of the crystal when tuning the pump beam polarization) by placing a half-waveplate in the pump beam path (see the experiment in Section 4.4.1). Another example is measuring THz emission in transmission/reflection to compare the efficiency or to get rid of the THz absorption by the crystal in transmission (the reflection-type THz generation study in Section 4.2.3 performed in collaboration with Ph.D. Mathias Hedegaard Kristensen from Aalborg University, Denmark). Generally, the THz emission experiment in this thesis will be carried out in transmission and normal incidence, as it is presented in Figure 2.11, the corresponding researches will be presented in Chapter 3. 

SEMICONDUCTORS

In this chapter, three GaAs crystals with orientations of <100>, <110>, <111> are characterized by optical/pump-THz probe system from 1.55 eV up to 4.15 eV. The carrier decay time versus pump photon energies is then plotted to study the carrier dynamics in GaAs crystal. Secondly, to take advantage of the high precision (which is written in Section 2.2) of the THz-TDS system, we plan to characterize the ITO nano-thin film in THz frequency. Thanks to the demonstration of the waveguide principle at THz frequency by the pioneers and devices supplied by our collaborators in Taiwan, silicon and quartz-based grating was designed and fabricated to help to characterize the ITO nano-thin samples.

CARRIER DYNAMICS OF GAAS CRYSTAL

Introduction of pump/probe technique to study GaAs

Optical-pump/THz-Probe (OPTP) technique is a powerful means to probe the subpicosecond ultrafast dynamics of photo-excited carriers, as introduced in Section 1.3.3. The OPTP experimental system has been established and characterized in Section 2.3. Thus, to take advantage of the excellent performance and to validate the process of analyzing results (system preparation, data acquisition, data processing, etc.), we decide to employ the system to characterize the wellknown semiconductor, Gallium Arsenide (GaAs).

GaAs is a widely used semiconductor that has been developed for microwave frequency integrated circuits, infrared light-emitting diodes, laser diodes [START_REF] Moss | Chemistry of the Semiconductor Industry[END_REF], and THz components [START_REF] Crowe | GaAs devices and circuits for terahertz applications[END_REF]. The carrier dynamics in intrinsic GaAs have already been investigated with OPTP, including studies in which the pump wavelength has been tuned to shorter values. Using pump wavelengths ranging from 700 to 580 nm (1.77 to 2.13 eV), Saeta et al. [START_REF] Saeta | Intervalley scattering in GaAs and InP probed by pulsed far-infrared transmission spectroscopy[END_REF] have observed the effect of scattering of photo-carriers from the Γ valley to either the L or X valleys and the resulting longer lifetime due to a smaller velocity in the satellite valleys. The scattering from the Γ to the L or X valleys is subpicosecond, while it takes 1~2 ps for the carriers to return to the Γ valley. A complete OPTP study of carrier dynamics and scattering in <100> GaAs was published by Beard et al. [START_REF] Beard | Transient photoconductivity in GaAs as measured by time-resolved terahertz spectroscopy[END_REF]. Most of the experiments in this publication were performed with a 1.55-eV pump beam, but the OPTP signal rise time at very early times (< 6 ps) was also measured versus several pumping photon energies ranging from 1.55 eV to 3.1 eV. The longer rise time at higher photon energies was attributed to the scattering of the photocarriers to the satellite valleys. Here we report on the experimental study of the photocarrier lifetime in intrinsic GaAs using OPTP as a function of the laser pump wavelength that is tuned from 800-nm (1.56 eV) down to 300-nm (4.15 eV). As compared to Beard et al. [START_REF] Beard | Transient photoconductivity in GaAs as measured by time-resolved terahertz spectroscopy[END_REF], we tuned the pump wavelength over more different values, and we recorded the OPTP over much longer delay times. We observe an unexpected behavior, i.e. a strong increase of the photo-carrier lifetime, around pump energy of 2.6 eV.

Experimental preparation

The experimental samples, supplied by Wafer Technology LTD, UK, are undoped semiinsulating GaAs wafers that are oriented <100>, <110>, <111>, and exhibit a DC resistivity larger than 10 7 Ω• cm. The wafers are double-sided polished and their thickness is around 350 µm. The samples are located at the waist of a THz beam delivered by a classic THz time-domain setup. The THz beam is produced by optical rectification in a <110> 200-µm thick ZnTe crystal, and it is detected by electro-optic sampling in a <110> 500-µm thick ZnTe crystal. A confocal pair of parabolic mirrors focus the THz beam onto the samples and collect the transmitted THz beam. At the sample, the THz beam diameter is about 5 mm at 1 THz and in normal incidence. A part of the laser beam serves to pump OPA that delivers 50-fs pulses whose wavelength can be tuned from 300 nm up to 800 nm. More details about the experimental setup can be found in Section 2.3.1. The spectral bandwidth is characterized in Section 2.3.2. The spot size of this pumping beam is 4 mm at the sample and with a 15º incidence angle. The pump beam power has been adjusted to produce the same density N of photons per pulse (2.3×10 19 cm -3 ) whatever the pump beam wavelength according to the following relation:
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where laser is the laser optical frequency, h is the Planck's constant, Slaser is the laser spot size at the sample, Elaserpulse is the energy of the pumping laser pulse that should be adjusted to a proper value at each pump wavelength (varies continuously from 6.36 mW at 300 nm to 2.00 mW at 800 nm), R and laser are respectively the coefficients of reflection and absorption of GaAs at the laser wavelength from the data published by Philipp and Ehrenreich [START_REF] Philipp | Optical properties of semiconductors[END_REF], and by Aspnes and Studna [START_REF] Aspnes | Dielectric functions and optical parameters of Si, Ge, GaP, GaAs, GaSb, InP, InAs, and InSb from 1.5 to 6.0 eV[END_REF]. The low value of N, and thus of the law photo-carrier density (here we assume that each absorbed photon creates an electron-hole pair), has been chosen to avoid any saturation effect in the semiconductor. The THz waveform transmitted through the sample has been measured without and with the pump beam that excites the sample. We have checked that its temporal shape remains the same whatever the wavelength of the pump beam is. As well, within the temporal resolution limit of our setup, the waveform is not delayed when the sample is pumped [START_REF] Schall | Photoexcited GaAs surfaces studied by transient terahertz time-domain spectroscopy[END_REF]. Therefore, we can adjust the time delay of the TDS system to record only the peak value of the THz waveform. The pump beam is delayed as compared to the THz pulse at the sample by a second delay line. The pump beam is mechanically chopped, and the signal is read with a lock-in amplifier. Thus, it gives directly the photo-induced variation of the transmitted THz peak value, as it's presented in Figure 2.7 (b) Chapter 2. The photoexcitation of carriers in GaAs by the laser pump beam increases the absorption at THz frequencies in the sample, and so decreases its transmission. Thus, the recorded curves of the variation of transmission ΔT are negative as compared to the transmission of the not-excited sample. However, for the sake of readability, here we plot positive curves, i.e. -ΔT. To make sure that the ΔT is proportional to the carrier density with low pulse energy excitation and that variation of THz transmission keeps constant over all the pump photon energies, we calculated the requested laser pulse energy. Thanks to the expression:
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Where the λlaser is the laser pump wavelength, Tlaser(λ) is the transmission of the laser beam through the sample which the value is derived from [START_REF] Philipp | Optical properties of semiconductors[END_REF], c is the velocity of light in the vacuum. The results are depicted in Figure 3.1. Circles are the measured laser pulse energies, while the continuous line is calculated with equation [START_REF] Boyd | Nonlinear optics[END_REF]. In this measurement, we record the pump pulse energies at different laser wavelengths where the ΔT keeps constant. The agreement between measured data and the calculated curve is good, validating the ΔT is proportional to the whole population of free photo carriers at low laser pulse energy. 

Free carrier excitation and recombination

Before looking at the free carrier decay time, the early excitation of electrons shows an interesting behavior and gives additional information for the carrier transition process. The rise of the -ΔT transient at the very first excitation state of different pump wavelengths is shown in Figure 3.2 (left). For good visibility, the curves are shifted vertically. It's obvious that when the wavelength decreases, the transition is less sharp than at higher wavelengths (from 2.15 ps at 800 nm to 4.05 ps at 300 nm). This observation has already been reported by Beard et al [START_REF] Beard | Transient photoconductivity in GaAs as measured by time-resolved terahertz spectroscopy[END_REF] [START_REF] Beard | Subpicosecond carrier dynamics in lowtemperature grown GaAs as measured by time-resolved terahertz spectroscopy[END_REF], who attributed this effect to the excitation of carriers by the high energy photons to the satellite L and X valleys of GaAs, in which the carrier mobility is rather slow. The experimental results and the reference curves are plotted in Figure 3.2 (right) and show very similar behavior in the corresponding wavelength. Besides, we compared the results pumped at 800 nm with the data from Beard et al [START_REF] Beard | Transient photoconductivity in GaAs as measured by time-resolved terahertz spectroscopy[END_REF]. From Figure 3.3, the results are quite similar. They claimed the recombination dynamics cannot be described by a single exponential, as would be expected from a single bulk recombination process. Experimental data are grey points. The energy of the pumping photon for the different curves is given on the right side. The vertical scale is logarithmic and each curve has been multiplied by 2 as compared to the one below in order to make easier the reading of the figure. The maximum variation ΔTmax of the THz transmission, when both laser and THz pulses coincide at delay time t = 0, is about -38 % (2.3×10 19 cm -3 ) and is the same (within 2 %) whatever is the pump wavelength, which was expected since the induced photo-carrier density is kept constant. In Figure 3.4, ΔTmax has been normalized to 1. The difference in temporal behaviors for the different pump photon energies is clearly seen. Some curves of Figure 3.4 are almost linear in this semi-log scale, indicating a rather long single exponential decay, while several other ones exhibit a double-exponential decay shape including a much faster decay. Therefore, we fit each of these curves with a double-exponential function, namely:

( ) The fit of each curve is very good, which allows us to determine the lifetimes τ1 and τ2 with precision <10% (validated by standard deviation function). For the <100>, <110>, <111> samples, similar curves were recorded and similar behaviors are observed. The long τ1 and short τ2 carrier lifetimes are plotted versus pump photon energy respectively in Figure 3.5 (left and right panels). They show a strong peak at 2.6 eV, whose maximum is τ1 = 900 ps, and whose spectral width is about 0.6 eV. At other photon pump energies, τ1 = 350 ~ 400 ps. Another narrow peak is observed at 1.8 eV and 2 eV. The shorter τ2 curve exhibits also a peak at 2.6 eV (τ1 = 165 ps), which is coincide with the one in τ2, as depicted in Figure 3.5 (bottom case). At larger photon energies, τ2 ~ 50 ps. Below 2.5 eV down to 1.5 eV, the data are scattered. However, it has to be noticed that the values of τ2 at these pump photon energies (<2.2 eV) are not determined precisely (Δτ2 ~ 30%) because the contribution (A2) of the fast decay process is weak. Because these decay times are more or less the same for three GaAs orientations, the average of τ1, and τ2 are plotted in Figure 3.6 (upper case), which makes the reading simpler and easier to compare the behavior between the longer and shorter decay. It's clear that the peak of the longest lifetime is pronounced at 2.6 eV while the shortest one peaks also at 2.6 eV but this maximum is less distinct. From the data fitting, we also extract the A1 and A2, which represents the weight of τ1, and τ2, respectively. And their averaged values are plotted in Figure 3.6 (lower case) as compared with the figure above. We can see the A1 dominate the carrier dynamics in the range of 1.5 -2.2 eV and 2.6 -4.1 eV, whereas the contribution from A1 is less than A2 in between 2.2 -2.6 eV in which the decay time peak arises, as highlighted in the red square frame. In order to check if these surprising results could be linked to the excitation of some energy level in GaAs, which can be saturated, we recorded the lifetimes versus the laser pump power at both 1.55 and 2.6 eV pumping photon energies, i.e. near the bandgap energy and at the photon energy of the peak observed in Figure 3.7. Lifetime τ1 shows a more pronounced linearly increases with the pump power at 2.6 eV than at 1.55 eV. Such an increase is usually observed when photo-carriers are rapidly trapped by a level whose occupation can be saturated, making inefficient this fast recombination path at high photo-carrier generation [START_REF] Eusè Be | Photoconductivity sampling of low-temperaturegrown Be-doped GaAs layers[END_REF]. The short lifetime τ2 is more or less constant and takes similar values at 1.55 eV and 2.6 eV for the 3 samples (τ2 ~ 25 ps, within the large experimental impression, typically Δτ2 ~ 20 ps). We have considered three possible explanations of these surprising recorded results. First, the idea could be inter-band photo-excitation in GaAs, associated with inter-valley scattering. Excitation from the valence band to the conduction band (Γ valley) occurs, and then above given energy, scattering towards the satellite valleys (X or L) is made possible. In these lateral valleys, the carrier mobility is weaker, so in the Shockley-Read-Hall (SRH) model, the time for the electron to move towards a recombination center is longer. Moreover, within the SRH model, the higher the electron is excited in the conduction band, the shorter one is the lifetime since the energy in excess as compared to the bottom of the conduction band is kinetic energy. The band structure of GaAs as calculated by S. Richard et al. [START_REF] Richard | Energy-band structure of Ge, Si, and GaAs: A thirty-band k• p method[END_REF] is shown in Figure 3.8. The dashed vertical lines indicate the Γ, X, and U,K orientations. The vertical lines between the HH, LH, SO valence bands, and the conduction band correspond to all the possible transitions induced by a 2.6-eV photo-excitation. The bottoms of the X and L valleys are respectively at 1.9 eV and 1.83 eV. Inter-band transitions to the Γ valley at these energy levels could occur only from the SO band with respectively 2.4 eV and 2.6 eV photo-excitation. Transitions from the HH band should appear at respectively 1.96 eV and 1.90 eV, and at 2.14 eV and 2.04 eV for the LH band. The spectral bandwidth of the laser (see Figure 2.9) cannot explain this discrepancy. In addition, the calculation by Richard et al. is performed at 0 K, for which the bandgap is 1.53 eV, while at room temperature it is 1.42 eV [START_REF] Sturge | Optical absorption of gallium arsenide between 0.6 and 2.75 eV[END_REF]. Here, if the inter-band transitions could explain the observed 2.6 eV peak through excitation from the SO band, the experimental data should be retrieved with the SHR model and scattering from the Γ valley to the satellite valleys. Within the SHR theory, the carrier lifetime is given by:
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where v is the carrier velocity, N is the carrier density and σ is the capture cross-section coefficient of any recombination center. The velocity is calculated from the energy of the carrier in excess as compared to the bottom EG of the conduction band:
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me is the effective mass of the carriers. From Figure 3.9, we calculate the difference CB VB EE -in the Γ valley, which should be equal to the pumping photon energy in order to photo-induce inter-band transitions. Then we compute ( )

CB VB G E E E --
, that is the photo-carrier kinetic energy in the Γ valley.

Using the free carrier effective mass given by the Ioffe Institute database ( 

Surface states

The visible-UV laser pump can excite GaAs surface states which have been theoretically calculated, for clean and oxidized surfaces, by several authors using different models like the rotational-relaxation and bond-relaxation ones [START_REF] Chadi | 110) surface states of GaAs: sensitivity of electronic structure to surface structure[END_REF]. These models are in rather good agreement with experimental results achieved by Bremsstrahlung isochromatic spectroscopy [START_REF] Dose | Investigation of intrinsic unoccupied surface states at GaAs (110) by isochromat spectroscopy[END_REF], photoemission [START_REF] Reihl | Surface electronic bands of GaAs (110) determined by angle-resolved inverse photoemission[END_REF], photo-reflectance spectroscopy [START_REF] Berkovits | Optical transitions on GaAs [110] surface[END_REF], etc. Here, let's assume that any surface effect can be described through a surface layer, whose thickness is  and which exhibits the same optical properties as bulk GaAs. When the sample is enlightened by the OPA beam, a part of the beam energy is absorbed in the layer and the resting part in the bulk material. Because the penetration depth of the optical beam decreases strongly when increasing the pumping photon energy, the amount of light absorbed in the layer becomes bigger as compared to the one in the bulk. Therefore, the surface contribution is larger at higher photon energies. If the lifetime of the photo-carriers at the surface is shorter than in the bulk, the overall lifetime measured through optical/THz pump-andprobe spectroscopy will diminish at larger photon energy. We now calculate the related carrier lifetime with a simple model. Let laser N be the number of laser photons per laser pulse inside the sample. We assume the photon-carrier excitation rate equal to 1. At the time 0 t = , i.e. when the laser pulse impinges the sample, the initial numbers of free carriers at the surface and in the bulk are:

( ) As depicted in Figure 3.11, the photon-induced carriers in the bulk dominate the excitation process from 1.5 -2.6 eV, so as the decay time recorded in the experiment more or less represent the bulk effect (inter-band or intra-valley transition). If we assume the surface state gives a much longer decay time, as expected, the decay time increase at 2.6 eV since the surface effect arises. Whereas, the experimental result shows the decline of the decay time at photon energies above 2.6 eV, which cannot be explained with surface state theory because the photon-carrier excitation ratio is much higher at these photon energies.
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Photo-excitation of higher conduction bands through an Auger process

The Auger recombination is known to appear in GaAs for photo-induced free carrier densities larger than 2.5×10 19 cm -3 . In the eeh-Auger process, under the excitation of a photon, a free electron and a hole recombine, and the energy in excess is given to another free electron that climbs up to higher energy level (see Figure 3.12). This eeh-recombination can be assisted by a photon, which contributes the second electron to move to a satellite valley. In the hhe process, the excess energy is given to a hole. Let us also notice that free carrier absorption can occur. In the common eeh Auger recombination process, 3 particles are involved, namely the 1 rst electron, the second one and the hole. The rate of recombination is thus proportional to the square of the free electron density N and to the hole density P. If the material is intrinsic and the free electrons are generated by optical absorption, then N=P and we write: Usually, Auger-recombination studies are performed with wavelengths ranging from typically 600 to 800 nm (1.55-2 eV), and thus the second electron that acquires energy remains in the  valley of the first conduction band. The question is here to know if, thanks to the 2.6-eV energy, it can reach the second conduction band. In Figure 3.13 left extracted from Luo et al. [START_REF] Luo | Full-zone spin splitting for electrons and holes in bulk GaAs and GaSb[END_REF] who calculated it with a k• p model, the bandgap is between the top 8 of the VB, and the bottom 6 of the first CB (CB1). Above along the same  position, the second CB shows a minimum at the 8 point. In their modeling, these authors used the 7 point instead of the 8 one, which is 0.4~0.5 eV above. They took E(7) = 4.57~4.65 eV and the bandgap energy equal to 1.52 eV. The 8 point of CB2 is thus 4.6+0.5 ~ 5.1 eV above the top of the valence band. This could explain the peak we observe at 2.6 eV, if we suppose (see Figure 3.13 right) a first photon excite a valence electron to the CB1, and then this excited electron, through an Auger process, returns to the valence band and gives its energy to CB1 free electron that can reach the bottom of CB2. Because CB2 is wider and smoother than CB1, carrier velocity in CB2 is weaker than in CB1, resulting in a possible longer lifetime.

When taking into account the interband recombination, equation [START_REF] Ravi | Theory of terahertz generation by optical rectification using tilted-pulse-fronts[END_REF] writes:
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The second term involves a free carrier and a hole, and as both are equal, it is proportional to N 2 . McLean et al. [START_REF] Mclean | Picosecond recombination of charged carriers in GaAs[END_REF] have determined from experimental results (measurement of the pumpinduced change of optical reflectivity) that To explain and solve this discrepancy between experimental data and the model, let us use the common approximation. When N is smaller than P, because electrons could be trapped by defects or have moved to satellite or other conduction bands, the recombination rate does not depend on P, but only on N. This leads to the usual exponential decay of the excited carrier population. If we applied to hypothesis to our experimental case, the CB1-VB recombination rate varies as . Therefore, the rate equation writes:
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The solution N(t) of ( 75) together with our experimental data is plotted in Figure 3.15 left. The curve is calculated with The agreement between the theory and the experimental results is excellent. However, we have to say that we compute here the carrier density in CB1, and we do not take into account any recombination from CB2. On the other hand, the optical/THz experiment should be sensitive to all the free carriers, whatever the CB. This point is illustrated when calculating the curves for different initial carrier densities, i.e. different values of the pump power. The decay time of the CB1 carrier population seems to decrease instead of increasing as experimentally observed. Therefore, more analysis must be done to confirm Auger recombination contributes to the observed phenomenon.

It has to be noted that free carrier absorption could also excite free carrier up to CB2. Here a carrier in the VB that has been excited to the CB absorbs another photon and acquires additional energy. This is different from the Auger effect since it involves only one photon. Let us treat free carrier absorption with the Drude model. The dielectric constant related to the free carrier response writes:
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The plasma frequency expression is:
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In GaAs, the effective electron mass, taken from the Ioffe Institute database, is

0.063 e m m =
 . In the photoexcited GaAs, The number of photons (or of photo-created free carriers) in the crystal varies as:
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So, the number of free carriers that reabsorb a photon is:
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The numerical application gives: [START_REF] Murate | Perspective: Terahertz wave parametric generator and its applications[END_REF] In the absorption region, . It follows that the free carrier absorption is negligible and actually does not contribute to the effect observed here.
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In conclusion, we perform OPTP measurements pumped by a tunable femtosecond laser on GaAs samples with <100>, <110>, and <111> oriented. We have observed the early rising time of photoexcited carriers which is quite constant with pioneers' work. Besides, after the free carrier rising time, a longer steady carrier decay time is also recorded which is >200 ps and in good agreement with the work by Saeta et al. [START_REF] Saeta | Intervalley scattering in GaAs and InP probed by pulsed far-infrared transmission spectroscopy[END_REF]. And they explained the longer carrier lifetime is due to the increased conductivity of optically injected free-carrier plasma near the surface as electrons settle in the high-mobility Γ valley. Photoexcitation at energies above the X valley minima in GaAs leads to increased scattering out of the Γ valley and longer return times. And, for the first time, a peak at 2.6 eV of the photo-carrier lifetime in GaAs was recorded, its FMWH is 0.4 eV. This peak is seen with <100>, <110> and <111> oriented crystals and the value of this peak is 650~900 ps (±150 fs), i.e. 2~3 times longer than outside resonance. Moreover, the peak value at 2.6 eV rises strongly when the laser power density is increased. Until now, we have no satisfying explanation for this observation, even when considering the possible contribution of inter-band and inter-valley excitation and scattering, excitation of surface states, nonlinear absorption (Auger effect or double photo-excitation of free carriers).

GRATING ASSISTED CHARACTERIZATION OF ITO THIN FILM

To take advantage of the beautiful performances of the system, in this section we plan to characterize the ITO nano-thin film with THz-TDS and try to measure its carrier dynamics by using the OPTP technique.

Introduction of ITO and waveguide technique

Indium-tin-oxide (ITO), as a large bandgap semiconductor, exhibits outstanding optoelectronic properties that play a unique role in the application nowadays due to its excellent compatibilities, in high voltages, frequencies, and temperatures, for example as transparent electrodes used in display devices [START_REF] Minami | Substitution of transparent conducting oxide thin films for indium tin oxide transparent electrode applications[END_REF], organic optoelectronic devices [START_REF] Cao | Transparent electrodes for organic optoelectronic devices: a review[END_REF]. Recently, nanostructured films made from ITO have been employed to increase the conversion efficiency of solar cells [START_REF] Leem | Glancing angle deposited ITO films for efficiency enhancement of a-Si: H/uc-Si: H tandem thin film solar cells[END_REF], light-emitting diodes [START_REF] Liu | On a GaN-based light-emitting diode with an indium-tin--oxide (ITO) direct-ohmic contact structure[END_REF], multi-touch panels [START_REF] Nattestad | Dye-sensitized CuAlO2 photocathodes for tandem solar cell applications[END_REF]. Therefore, to develop all these possible utilities, the optical properties of the nanolayers and the free carrier dynamics of the excited state in ITO, have to be precisely measured and well understood. For example, carrier localization, mobilities, recombination, scattering, and complex optical constants are the key points for application design and strongly depend on the fabrication process, nanostructures, and the composition of the material. Terahertz time-domain spectroscopy (THz-TDS) is a commonly used technique to perform material characterization. THz-TDS has the advantages of recording at room temperature, high dynamic range, non-contact measurements that is fairly friendly to fragile ITO thin-film characterization. But the problem is that in the THz region, films are defined as optically thin when the propagation phase through the layer is smaller than the phase resolution of the THz-TDS system. As well, if the layer is absorbing, the transmission through the sample is smaller than the resolution in the magnitude of the TDS system. The thickness d of optically thin film obeys the following relation:

1 nd c   (82) 
ω is the angular frequency of the THz beam, c is the velocity of light in vacuum and n is the refractive index of the film. At 1 THz, it can be estimated that the optical thickness n*d of the nanothin films is of the order or smaller than a few microns which is a challenge for THz wave (30 µm -3 mm). Thanks to the waveguide technique (see Figure 3.16) which has been well understood and explained in pioneers' works [START_REF] Coutaz | Principles of Terahertz time-domain spectroscopy[END_REF] [137] allow us to perform thin-film sample characterization. 

Experimental preparation

However, the difficulty in practically implementing the waveguide techniques lies in the coupling efficiency between the THz beam and grating devices. Here, our goal is to design a waveguide device for which its guided mode should locate in a proper frequency where the system has great resolution, SNR, and dynamic range (better in 0.1-1 THz for our system) that can help us with Nano-thin film characterization. The coupler device sensing ability is strongly dependent on its parameters. Those are device thickness, grating period, grating depth, grating geometry, dicing ratio, and device material. By optimizing the grating period or thickness, we are able to shift the response frequency and it allows us to locate the coupled signal (m-line) in where the THz spectrum is of the best signal-to-noise ratio (SNR). Figure 3.17 (a), (b) shows the redshift with the increasing of grating period or device thickness. Besides, the coupling efficiency is also impacted by the grating depth which directly changes the propagation mode properties, as the guided field can extend in a rather thick modulated region. Therefore, the resonance frequency is shifted. Moreover, as the radiated loss increases with the groove depth, the m-line becomes broader. To clearly show the difference between m-lines when the groove depth increases, we plot Figure 3.17 (c). Here, the groove is rectangular with a 50% dicing ratio and the applied THz field above is TE polarization at normal incidence. By simulation, we determine to use two common materials, silicon, and quartz, as the substrates. Because silicon has a high dielectric constant which allows to couple more m-line into the waveguide which will increase the precision of experiments. Quart is less lossy at both optical and THz frequency, more advantages will be mentioned in Section 3.2.5. The designed waveguide scheme and parameters are shown in Figure 3.18. The ITO is deposited on the flat side of either silicon or quartz substrate (in the brackets). The substrate is 50% covered with ITO film and 50% for reference to avoid any interference caused by the thickness difference of the substrate itself.

Figure 3.18: The scheme and simulation parameters of ITO film and silicon (quartz) grating

To easy-read all the samples we have and experiments involved in this study, we made Table 3.2. Here, the plan is:

1. to determine ITO bandgap using a UV-visible spectrometer 2. to perform THz-TDS experiment on silicon/quartz-based grating devices (without ITO) to extract their geometric parameters 3. to perform THz-TDS experiment on silicon/quartz-based grating with 15-nm/300-nm thickness ITO samples to extract the optical properties of ITO film. 4. to perform OPTP experiments on the quartz-based grating with 15-nm/300-nm thickness ITO samples to study the carrier dynamics in ITO All the samples are prepared by project collaborators from NTHU, Taiwan. All the calculations and measurements are performed in our lab (IEMP-LAHC, Chambery). 
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Characterization of ITO in the visible range

The ITO samples with 10% Sn4+ doped are grown on crystal quartz. The thickness of the ITO thin film is either 300 nm or 15 nm. First, to perform a pump-probe experiment, we have to check the optical property, i.e. transmission and absorption in the optical range which help us to determine the suitable pump wavelength and the pump power, as well as the bandgap of ITO samples which mostly depend on the fabrication process (dopants). The following measurements are performed by a UV-visible spectrometer which gives the transmission of ITO + quartz and quartz reference, respectively. Thus, the transmission of ITO thin film can be calculated with:

/ sample reference T T T = (83)
Here, Tsample and Treference are the THz transmission of the substrate with and without ITO. In Figure 3.19, the transmission of the 15 nm-thick ITO film is above 80% in the range of 400-100 nm and about 30% higher than that of 300 nm thickness ITO and it starts decreasing from 500 nm to 200 nm which implies that the photon energy in this range is close to its bandgap.

Figure 3.19: The transmission of ITO film in the visible range, 300 nm-thick ITO (black curve), 15 nm-thick ITO (red curve) on quartz bulk

Further, the ITO is believed to be a direct bandgap material, which can be calculated by the equations below [START_REF] Alsultany | Effects of CW CO 2 Laser Annealing on Indium Tin Oxide Thin Films Characteristics[END_REF] [139]:

2 ( ) ( ) g hv A E E  = - (84) 
(

/ ) ln(1/ ) d T  = 1 
where the A is a constant, E is photon energy and Eg is the optical bandgap, d is the thickness of the films and T is transmission calculated above, α is the absorption coefficient, h is the Planck's constant. As Figure 3.20 shown, we plot (αhv) 2 versus photon energy and when 2 ( ) 0 hv  = , the corresponding photon energy indicates its bandgap (as depicted by the red/black solid line). Thus, the bandgap of the two ITO samples which has different thickness remains the same value at 3.6 eV. This result is in good agreement with the pioneers' work [START_REF] Thirumoorthi | Structure, optical and electrical properties of indium tin oxide ultra thin films prepared by jet nebulizer spray pyrolysis technique[END_REF]. 

Characterization of gratings

Before characterizing the ITO film, it's necessary to check the exact value of the grating parameters to get rid of any technique errors. THz-TDS setup here is employed for characterizing the silicon and quartz gratings with normal incidence. The spot size of the THz waist is 5 mm and the grating size is 7x7 mm square. Thus, 12 grating periods can be active which will determine the magnitude of the m-line. In Figure 3.21, we plot the transmission spectrum of silicon/quartz gratings (silicon grating is on the top, the quartz grating is the bottom one) and its optical thickness ( / c

 , where φ is the phase information which can extract from the transmission of THz spectra, c is the velocity of light in vacuum, ω is THz angular frequency). By fitting the measurements, we can extract the grating parameters. As shown in Figure 3.22, all the parameters are kept constant except for the thickness of substrate compared with the simulation which will lead to an m-line frequency shift. In Figure 3.21, all the curves show a typical oscillation which is caused by Fabry-Pé rot effect in grating devices. The extracted optical thickness of the gratings is much smaller in the m-line position due to the lack of exciting modes. Besides, the silicon-based grating shows a great advantage over quartz substrate in the THz-TDS experiment because the optical thickness of silicon grating is about twice larger than that of quartz grating. More modes can be coupled into the grating slab, i.e. more m-line can be active, more accurate the characterization will be.

Characterization of ITO in THz domain

Since the grating device being, we are now able to continue the experiment and to perform ITO film measurements with THz-TDS. Again, let's notice that 4 samples have been tested here, i.e. silicon/quartz grating with 15-nm ITO layer, as well as silicon/quartz grating with 300-nm ITO layer. But, only the results on the 300-nm ITO layer are presented in the figure below, because grating with and without 15-nm thick ITO can't give a clear difference either in the transmission or the optical thickness which will be explained later. In Figure 3.23, the THz transmission spectra of grating silicon (top figure) and quartz (bottom figure) with 300 nm thick ITO layer show that the transmission amplitude decreases ~50%, from 80% (bare silicon/quartz grating) to 30% (grating +ITO layer) which means the ITO nano-film is quite lossy in the THz region. Therefore, we can estimate a 2.5% transmission difference for the case of 15-nm thick ITO samples. We can see in Figure 3.23, the m-lines vanish. But, the Fabry-Pé rot oscillation helps here. By calculation in 0.1-1 THz, we have extracted the complex reflective index with a 5% error bar determined from the data fitting process. But, for sake of good visualization, we decide not to put it in Figure 3.24. The ITO results calculated from silicon and quartz substrate are similar, so the average value is plotted here. As we can see in the figure below, both the real part and imaginary part of the refractive index are in the same order as the previous study [START_REF] Yang | Non-Drude behavior in indium-tin-oxide nanowhiskers and thin films investigated by transmission and reflection THz time-domain spectroscopy[END_REF]. 

Characterization of ITO film with OPTP technique

On the possibility to carry out OPTP measurements on ITO samples, we plan to perform the experiment on quartz-based ITO thin film. The reason we used quartz substrate instead of silicon for pump-probe experiments is that the transmitted UV pump beam would excite a large number of carriers in silicon. Both the carriers excited in ITO and silicon substrate would absorb the THz wave and contribute to the variation of transmitted THz signal but it wouldn't happen with quartz crystal, as it's a nonconductor and is quite transparent in the visible range, thus no free carrier can be excited to inference with the one in ITO sample. Also, quartz is deposition-friendly, with very low absorption and reflection loss in the THz region which makes quartz an excellent substrate for ITO OPTP experiments. Before starting the OPTP measurements, we want to calculate the carrier concentration of ITO thin film using the optical parameter calculated above to estimate the density of free carriers we need to excite, e.g. the pump power. The conductivity of the nano-thin sample should follow the Drude-Smith model which is attributed to the massive scattering effect from grain boundaries and dopants [START_REF] Yang | Non-Drude behavior in indium-tin-oxide nanowhiskers and thin films investigated by transmission and reflection THz time-domain spectroscopy[END_REF] [START_REF] Yang | Broadband terahertz conductivity and optical transmission of indium-tin-oxide (ITO) nanomaterials[END_REF]. As it's shown in Figure 3.25, the fitting curve is calculated by:

2 2 2 * 1 2 2 2 2 (1 ) / ( ) [1 ] 1 1 r c Ne m         - = + + + (86) 
The data is calculated by: 0 2 ( )

r n    = ( 87 
)
where σr is the real part of conductivity, ω is the THz angular frequency, e is the elementary charge, m * is the electron effective mass, ε0 is the dielectric constant in the vacuum. n and κ are the real and imaginary parts of the refractive index which are plotted in Figure 3.24. And τ is the characteristic scattering time, c1 is a measure of the persistence of the initial velocity of the carrier after the first scattering event, and finally, N is the electron density. The calculation results are plotted in Figure 3.25 which is very good. Thus, we can get =7.5 fs and c1=0.07. The doped carrier concentration N is here in the order of 10 22 /cm 3 which allows us to fit the experimental data. To pump near the bandgap of ITO (3.6 eV), the maximum power available of the UV beam is about 30 mW. Thus, the density of calculated photo-excited free carriers is about 10 18 /cm 3 according to equation (67) in Section 3.1.2 which is 10 4 times smaller than the doped carriers. Also, the minimum free carrier density that can be observed in our setup is in the order of ~10 19 /cm 3 . As a result, the transmitted THz signal through ITO thin film should stay constant with and without the UV pump in the OPTP experiment. And this explanation has been proved by our experimental results, ΔTTHz stays at ~0 value. It could be possible to perform the OPTP experiment on this ITO sample if the UV pump power reaches ~300 mW in our experimental frame.

CHAPTER CONCLUSION

In this chapter, by using the OPTP system, we successfully recorded the carrier excitation and recombination in <100>, <110>, and <111> GaAs wafers. The carrier decay curve was fitted by a double exponential formula which gives a long and a short lifetime. We noticed a peak, whose amplitude is 2~3 times greater than outside resonance, in both lifetimes when GaAs samples are pumped at 2.6 eV. Moreover, the peak amplitude rises strongly when the laser power density is increased. We tried to explain this carrier lifetime peak with the theory of inter-band and intervalley excitation and scattering, or excitation of surface states. But this effect couldn't be explained perfectly with either of these hypotheses, since the carrier dynamics isn't produced by one single physical phenomenon, especially at higher photon energy.

Secondly, we performed ITO nano-thin film characterization with UV-VIS spectrometer, THz-TDS, and we also try the possibility of OPTP techniques. The bandgap of ITO is firstly determined to be 3.6 eV which is in good agreement with previously published values. Then, selfdesigned silicon (quartz) grating was employed to enhance the interaction between THz pulse and ITO samples. The optical parameter of ITO was then measured by THz-TDS and it turned out that the ITO samples are a super lossy material due to the highly complex refractive index in the THz region. Nevertheless, the results are in the same order as the previously published studies. Finally, the carrier density that could be reached by pumping our ITO sample with the maximum UV pump power was estimated. This value is 10 4 times less than the doped carriers and lower than the system response resolution which means the ΔTTHz equals 0 with and without UV pump. We predicted that there is a possibility for an ITO pump/probe experiment if the sample is 10 4 times less doped in Sn 4+ and if the pump power is 10 times higher than in our system.

CHAPTER 4. OPTICAL RECTIFICATION TERAHERTZ

GENERATION

In this chapter, the optical rectification THz generation theory is developed by taking care of the nonlinear susceptibilities of material and the phase-matching effect. Then, we performed OR/THz generation in ZnTe, GaSe, and KTP/RKTP optically pumped from UV to infrared (above and below the crystal bandgap) and a careful analysis of THz emission efficiency versus photon energies is demonstrated, as well.

DEVELOPMENT OF OR/THZ THEORY

We first explain THz OR generation in crystals, far from resonances (phonon, polaritons…) and the bandgap. The optical response of such crystals is well described by the Lorentz (also known as the Drude-Lorentz model) oscillator model [START_REF] Lorentz | The theory of electrons and its applications to the phenomena of light and radiant heat[END_REF]. This model is based on a classical description of the outer electron/atom interaction through a spring-like force. It has been extended to nonlinear optical effects by N. Bloembergen and his team in the framework of a perturbation theory (the nonlinear effect remains weak as compared to the linear one) [START_REF] Armstrong | Interactions between light waves in a nonlinear dielectric[END_REF]. Let us notice that a quantum mechanics treatment of the linear and nonlinear response of a crystal leads to results similar to the simple classical model ones. In the case of a quantum mechanics study, the laser field at the atom is weak as compared to the electron-nucleus field, so a semi-classical treatment is valid, as proposed by Klein [START_REF] Dirac | The quantum theory of the electron[END_REF] and applied to the optical response of matter by Kramers [START_REF] Kramers | The foundations of quantum theory[END_REF]. In this framework, the light-electron interaction Hamiltonian writes:

2 2 1 2  =   = - -        inter k k k k k e e H A p A A mc mc (88)
Where the sum is performed over all the involved outer electrons, k A is the vector potential of the incident laser beam as "seen" by electron k, k p is the dipole momentum, and m is the mass of electrons. The first term of the Hamiltonian describes the linear response, while the second one, quadratic in k A , corresponds to second-order nonlinear effects.

The Lorentz model

Here, let us begin with the harmonic oscillator of the Lorentz model for the optical linear response of dielectrics. At rest, the electron is at position equil r . i.e. at a minimum of the interaction potential ( ) Vr . Then it encounters the electrical force due to the laser illumination at pulsation ω.

Because this force is much smaller than the intra-atomic one, the electron moves in the close vicinity of its resting position, i.e. in a region 1 - equil rr where ( )

Vr can be developed into Taylor's series:

( ) ( ) ( ) ( ) ( ) ( ) 1 1 1 : : !   = =  = + - = + -    equil k k k equil equil equil k equil k k k r V r V r V r r r V r a r r k r ( 89 
)
where

( ) ( )  =  V r V r r
and the symbol ":" denotes the tensorial product. We limit this development to the 3 first terms:

( ) ( ) ( ) ( ) ( ) 2 3 1 2 3 
:

: = +  - + - + - equil equil equil equil V r V r a r r a r r a r r (90) 
The first coefficient is null because the potential is minimum at o r . The interaction force is derived from equation ( 89):

( ) ( ) ( ) ( ) 2 : : = - = - - - - intra equil equil F r V r a r r b r r (91)
The whole force that is applied to the electron is the Coulomb force due to the incoming laser field plus the interaction force: (

: 

  = - + = - - - - - j t

Linear susceptibility

Here we keep only the first term of the interaction force, as the second one is negligible at low laser intensity. We simplify the writing by defining the 0 position in equil r and we neglect anisotropy, i.e.

( )

: :  - = =
equil a r r a r r . The equation of the motion is:

2 2 jt laser r r m eE e r t t      = - --   (93) 
Here the last term is a damping one. We simplify this equation by dividing it by the mass m:

2 2 2 2
, ,

j t o laser o r r e r E e t m m m t        +  + = -  = =   (94)
The solution is harmonic:

2 2 j t o o o o o laser e r r e r j r r E m     =  - +  + = - 2 2 o laser o e m r E j     = - - (95) 
From the displacement, we determine the polarization and the linear susceptibility: 

( ) ( ) 2 
           = = - = - = -- (96)
Therefore, the linear susceptibility is defined by: ( )

2 2 2
1 .

L o o o laser o r N e N e m E j        = - = - - - (97) 
Finally, the dielectric constant is:

( ) 2 2 2 1 1 1 L o o Ne m j         = + = - -- (98) 
Contributions of other origins of the polarization are included in a term   :

2 2 2 1 o o Ne m j         = - - - (99) 
Note that, in anisotropic materials, the displacement of the electrons, and thus the polarization, are not collinear with the exciting field. The susceptibility is a tensor and expressions (96) writes:

( ) : L o laser P E     = (100) 

Nonlinear susceptibility

In the nonlinear Lorentz model with an anharmonic oscillator, the dynamic equation is the same as ( 93) or ( 94) but now there is a nonlinear term, which is the second term of the development in series of the linking force: :

        +  + + +  +   - -      jt o o laser r r r r e r r E e b r r t t m t t ( 102 
)
Here we have neglected the nonlinear terms induced by r  as this term and b are small. We get:

2 2 2 :      +  +   -    o r r r b r r t t (103)
To generate a THz signal, we deal with optical frequency difference. Due to its short pulse duration, the laser spectrum is broad. We select two frequencies, namely  and +, in this spectrum. In this framework, the nonlinear term is the product of linear displacements at both  and +, and writes: 

( ) ( ) ( ) ( ) * * *
           + -    =  =  - +  +  - - +     - +  ( 104 
)
Here Ω is the pulsation that results from the difference between two frequencies of the spectrum of the pumping pulsed laser beam, and Ω belongs to the THz domain. Therefore, the solution is: 

j t o r r e   = (105) ( ) ( ) 22 
o laser laser o o em r b E E j     -     - +  + - +  (106) 
We determine the nonlinear susceptibility: 

( ) ( ) ( ) ( ) 2 
              = = - = -   -- - +   = -  =    -- - +  ( ) 2 2 2 2 2 , NL o o o N e a e m j j           = -      - - - -   (107) 
We introduce the linear susceptibilities determined in the first paragraph:

( ) ( ) ( ) 2 2 2 3 
,

NL L L o m b N e        =  (108) 
Let us notice that the nonlinear susceptibility depends on both pump and generated frequencies.

OR THz generation: solution of the nonlinear propagation

The second-order nonlinear equation of propagation of an electromagnetic field is here adapted to THz generation through optical frequency difference. From a pedagogical point of view, let us determine this nonlinear equation. We start from Maxwell's equations and the constitutive equations, with a nonlinear polarization contribution: , , ,

NL o o t t                 = -   = = + =   B D E H D E P B H (109) 
We derive the curl of the E-field:

o j j t         = - =  =   B E B H ( 110 
)
Then we use the double curl:

( ) ( ) 2 2 NL o o o o o j j t                  =    =  =  =  +  D E H D E P (111) 
We enter the expression of the nonlinear polarization:

( ) ( ) ( ) 2 2 2 * 2 : o o c            +      =    - = +  E E E E E E (112) 
We suppose that anisotropy does not contribute so much (and it does not contribute in the case of cubic crystals), so the E-and D-field are collinear:

( )

0 0 o o             = =   =      = D E E E ( ) 2 2 2 2 * 2 2 2 : , k k c c        +       + = - = E E E E (113) 
E is a field that depends on both time and position, thus  E and  E are respectively the fields at THz and optical frequencies. The values with a tilde are complex. *  E is the complex conjugate of the laser field that is requested to obtain frequency difference. 2 k  is the square of the wavevector at THz frequency in the crystal. r is the position vector. The exciting laser field is supposed to be a plane wave (here we forget about reflections and rebounds of both the laser and THz beams inside the sample, namely the Fabry-Pé rot effect at both frequencies):

jk r j t E e e      - = E (114)
We do not know about the space-dependence of the THz field, so we simply write it as:

( ) j t E r e -   = E (115) 
Using these definitions ( 114) and ( 115), the propagation equation becomes:

( ) ( ) ( ) ( ) 2 2 2 * 2 : j k k r E r k E r E E e c      + -     +   + = - (116) 
In order to simplify the calculation, we will treat only the 1D-case (normal incidence), i.e. r x i → :

( ) ( ) ( ) ( ) 2 2 2 2 * 2 2 0 : 0 j k k x x E x r k E x E E e x c      + -    +     =  + = -     (117)
Because of the right-side term in this differential equation, the solution is the sum of free and forced terms:

( ) ( ) 2 , 2 , 2 0 free free E x k E x x     + =  (118) ( ) , jk x free E x Ae    = (119) ( ) ( ) ( ) ( ) 2 * 2 , 2 2 2 
: ,

j k k x forced E E E x B e B c k k k        + - +   +  = = - - - (120) 
( ) ( ) ( ) ( ) ( ) ( ) 2 * 2 , , 2 2 2 
:

j k k x jk x free forced EE E x E x E x Ae e c k k k        +  - +     +   = + = - - - (121) 
The unknown term A is obtained by setting1 that the THz field is null at the entrance face of the crystal, i.e. at 0:

x = ( ) ( ) ( ) 2 * 2 2 2 2 : 0 0 E E E A c k k k      +   +  =  = - - ( ) ( ) ( ) ( ) 2 2 * 2 2 2 : j k k x jk x e e E x E E c k k k        +  -  +  +  - = - - (122) 
Let us treat the denominator term in the case of THz generation, i.e.    :

k k k n n c c       + + +   -= - (123) 
We use a development in series of n  + : , .

n n n n n n k k k n n n c c c c c                   + +   +         +      = -= +   +  = +        (124) n n      +  is the group index: , G n n n       = +  (125) 
Therefore:

, G k n c    = (126) 
Let us now examine precisely the real and imaginary parts of k  :

( ) ( ) , k n j n j n n j c c c c c c                   + + + + +  +  +     = + - - = - + +     , 2 G k n j c c         + (127) 
This is due to the fact that we add the imaginary part, so we can neglect their weak dispersion. The final expression of the THz field is:

( ) ( ) ( ) 2 2 * 2 2 2 
:

jk x j k x e e E x E E c k k       +   - = - ( 128 
)
The denominator is a difference of squared terms, so it can be written as the product of the sum and difference of these terms:

( ) ( ) ( ) 2 2 * 2 1 : jk x j k x e e E x E E c k k k k       +    - = +  - (129) 
The THz field is maximized when the difference term at the denominator is minimized:

0 k k k k   - =  =  (130) 
This is the phase-matching condition, which can also be written as:

, 2 , G n n        = =  (131)
When phase-matching occurs, the denominator is null, but the numerator is also null. So, the ratio of both does not take an infinite value. Let us determine the field under phase-matching conditions. We

set 0 k k   - = → : 1 1 1 jk x j k x j x e e e j x jx k k        - - + - = → = - ( ) ( ) ( ) 2 * , : j k x G jxe E x E E c n n       +     + ( 132 
)
We can easily derive the modulus and phase of the THz field (129) by developing the complex terms in real and imaginary parts:

( ) ( ) ( ) , 2 2 2 * 2 2 2 , : . 2 G j n x x j n x x c c c c G e e e e E x E E c n j n j c c c c                   - -  +    - =        + - +         ( 133 
)
This expression is simplified by using the coefficients of absorption:

2 , 2 . c c           = = (134) 
We get:

( ) ( ) ( ) , 2 2 2 * 2 2 2 , : . 2 G j n x j n x x x c c G e e e e E x E E c n j n j c c                - -  +    - =       + - +         (135) 
This is exactly the expression published by Schneider et al [START_REF] Schneider | Generation of terahertz pulses through optical rectification in organic DAST crystals: theory and experiment[END_REF]. (differences are due to the choice of the temporal phase ( j t

 instead of jt  -
) and to the notation (ω is the THz frequency in Schneider's paper). It's modulus:

( ) ( ) , 2 2 2 * 2 2 2 , : . 2 G j n x j n x x x c c G e e e e E x E E c n j n j c c                - -  +   -  =       + - +         (136) 
We treat: 

                          - - - - - -   - - -   -             = + - -                             = - + -                 ( ) ( ) 2 
                    -   - +   - -      - + -   -                   = + - -          = - + -         (137) 
And

( ) ( ) 2 2 2 , 2 2 2 2 2 , , 2 2 2 2 2 2 2 2 , , 2 
2 2 2 2 G G G G G n j n j c c n j n n j n c c c c n n n n c c                         + - +                   = + - - - +                       = - - + + -                   (138) 
Finally, we get:

( ) ( ) ( ) ( ) ( ) 2 2 2 2 , 2 2 * 2 2 2 2 2 2 2 2 2 , , 4 sin 2 : 
.

2 2 x x x G G G e e e n n x c E x E E c n n n n c c                       -+ -   -     +          - + -          =          - - + + -                 (139) 
Schneider et al. [START_REF] Schneider | Generation of terahertz pulses through optical rectification in organic DAST crystals: theory and experiment[END_REF] and previously van der Valk et al. [START_REF] Van Der Valk N C J, Planken | Influence of pump wavelength and crystal length on the phase matching of optical rectification[END_REF] have noticed that this square root term in equation ( 139) has the unit of a length named the effective generation length Lgen:

  - + -   -          - + -   -          - + -         =           - - + + -                        - + -         =  - x x x G gen G G x x x G gen G e e e n n x c L n n n n c c e e e n n x c c L n n 2 2 2 2 2 , 1 2 2 2                    - + + -                 G n n ( 140 
)
First minimum of the generation length:

( ) ( ) ( ) ( ) 2 , , 2 ,1 2 2 2 2 2 2 2 2 , , sin 0 2 2 2 2                  - -         - =  - =     - =           - - + + -                   G G x x gen G G n n x n n x c c e e L n n n n c c ( 141 
)
In transparent crystals 

0    = , ( ) ( ) ( ) ( ) ( ) ( ) 2 * 
           +  +       -         = = -   + -   G G G G n n x E E c E x E E x n n x c n n c n n (142) ( ) ( ) ( ) ( ) , , 2 2 2 , , 2sin sinc 2 2               - -         = =     + -     G G
( ) ( ) , , sinc 2 c c gen G G x x L c L L n n n n c             =  =   - + (144) 
The THz field varies as the sinus cardinal of the phase difference times the propagation length x.

When phase-matching is realized, ,  = G n n , the THz field varies linearly with the propagation length:

( ) ( ) 2 * , : sinc 1     +    = = + G E E E x x c n n ( 145 
)
The relation of generated THz field and crystal thickness is plotted in 
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And with phase-matching

, G n n   = ( ) ( ) 2 2 2 * 2 2 2 2 2 1 :
16

x e E x E E c n c        -  +     -   =      + (147)
Here the signal bandwidth is narrower only if αΩ increases with THz frequency Ω (which is the case for numerous materials, like for example LiNbO3).

THZ GENERATION IN ZNTE CRYSTAL

THz generation optically pumped from UV to IR

When using common Ti:Sapphire mode-locked lasers emitting at 0.8-µm wavelength, ZnTe is an excellent material [START_REF] Wu | Design and characterization of traveling-wave electrooptic terahertz sensors[END_REF] [149], because phase-matching is almost realized, losses are rather weak, and the birefringence issue is ignored because the crystal is cubic, even if its nonlinear coefficients are quite small as compared to the ones of other employed crystals (LiNbO3, LiTaO3…) [START_REF] Boyd | Nonlinear optics[END_REF]. Making larger the nonlinear coefficients is possible by tuning the laser pump wavelength closer to the bandgap [START_REF] Fong | Theoretical studies on the dispersion of the nonlinear optical susceptibilities in GaAs, InAs, and InSb[END_REF] [START_REF] Zhang | Resonant nonlinear susceptibility near the GaAs band gap[END_REF]. However, optical losses and THz losses increase as well, to other nonlinear generations, like SHG. Pumping close to the bandgap energy creates free carriers that strongly absorb the THz signal. The question is to know which phenomenon is the predominant one, i.e. enhanced nonlinearity or enhanced THz absorption, in other words, should we observe an increase or a decrease of the THz generated signal when the crystal is pumped in the vicinity of its bandgap energy. Thus, we performed THz emission from a ZnTe crystal excited by optical pulses delivered by an optical parametric amplifier, whose wavelength is tuned from 800 nm down to 476 nm, corresponding to photon energy varying from 1.55 eV to 2.60 eV, that is below and above the ZnTe bandgap. When the pumping photon energy is larger than the bandgap (2.3 eV), excitation of free carriers in the conduction band of ZnTe occurs. It is well known that excitation of free carriers at a semiconductor surface leads to a strong THz generation through the different diffusion of electrons and holes towards the inner region of the semiconductor (the so-called photo-Dember effect) [START_REF] Allakhverdiev K R | Effective nonlinear GaSe crystal. Optical properties and applications[END_REF] [151] [START_REF] Krotkus | Semiconductors for terahertz photonics applications[END_REF]. However, under normal incidence, the electron-hole induced dipole is normal to the surface and thus these free carriers do not contribute to the THz generation. Therefore, in the present study, the observed THz signal is always emitted by bound electrons.

The ZnTe wafer is 1.52-mm thick and <111> oriented. It serves as an emitting THz antenna in a common THz time-domain setup. The THz signal is collected by two parabolic mirrors and directed towards an electrooptic detection system, which includes a 0.5-mm <110> ZnTe crystal. A part of the laser beam feeds an OPA that delivers 50-fs pulses whose wavelength is presently tuned from 476 to 800 nm (i.e. from 2.60 to 1.55 eV). The OPA output beam is mechanically chopped and excites the ZnTe emitter under normal incidence, more details can be found in Figure 2.11. The experiment is performed in dehydrated air (8% humidity) and at room temperature. At the crystal, the focused spot diameter is 2 mm. Due to the limitation of nonlinear efficiency in OPA, its average power is 10 mW in the range 1.55-2.60 eV (peak power density 6.37 GW/cm 2 ). After the ZnTe emitter, a Teflon plate blocks the remaining OPA light. The exciting laser beam is linearly polarized along the 110   axis of the crystal and thus the generated THz beam is also linearly polarized along the same direction [START_REF] Sanjuan | Full electro-optic terahertz time-domain spectrometer for polarimetric studies[END_REF]. Figure 4.2 shows the THz waveforms recorded for different pumping photon energies. For the sake of visibility, each waveform is vertically shifted by 1 as compared to the neighbor curve below. The respective pumping photon energy is given on the right side. For energies below the bandgap, the waveform curves exhibit the typical THz dipolar pulse due to the mismatch between the THz and optical velocities, followed by damped oscillations originating in dispersion at THz frequencies [START_REF] Schneider | Theory of terahertz pulse generation through optical rectification in a nonlinear optical material with a finite size[END_REF]. The penetration depth is greater than the crystal thickness (3.2 mm at 1.55 eV or 1.6 mm at 1.84 eV for example). Near the bandgap, the penetration depth shortens to a few hundreds of micrometers (330 µm at 2.30 eV, 160 µm at 2.33 eV for example), and over the bandgap, its value is down to a few hundred nanometers. The oscillations are erased as the optical pulse no more propagates in the crystal. The corresponding spectra are depicted in Figure 4.3. For the sake of legibility, only the spectra obtained for pumping energies of 1.55, 1.91, 2.26, and 2.30 eV are plotted. In the transparency range of ZnTe, the spectra are limited to 1~3 THz because of the rather large thickness of the ZnTe sample that serves as a THz emitter. Typically, this bandwidth slightly decreases when the pump photon energy gets closer to the bandgap energy. Above the bandgap energy, the spectra shape changes. At these energies, the penetration depth is short. The THz signal is generated only at the input surface of the crystal since the pump beam is strongly absorbed. The THz wave, as it propagates, is then absorbed all along the crystal. The absorption is quite small for the lowest energies. However, as the absorption increases with the frequency, the highest frequencies vanish from the emitted spectrum. 

THz emission enhancement near ZnTe bandgap

Plotting (Figure 4.4) the experimental data for a given THz frequency versus the pumping photon energy reveals some amazing results. When the photon energy increases from 1.5 eV up to 2.2 eV (range of transparency of ZnTe), the THz signal decreases whatever is the THz frequency (except the 1.55-eV value at 0.36 THz. Let us notice that the experimental uncertainty is quite large at 0.36 THz and smaller frequencies, because of the weak generated signalsee Figure 4.3). A strong peak is observed at 2.3 eV for THz frequencies up to 1.5 THz, over which this peak disappears. Its spectral width is about 0.15 eV. At larger photon energies, the THz signal strongly declines. This is clearly seen for the 0.8-THz case, for which the peak is well contrasted as compared to the baseline. At higher THz frequencies, the peak can no longer be distinguished. This can be explained by the fact that absorption is stronger for high THz frequencies. The possible enhancement is then canceled by this absorption. Figure 4.5 allows the comparison between the enhancement peak and the crystal absorption between 2 eV and 2.4 eV. Absorption was extracted from spectroscopic measurements with a Shimadzu UV-2600 spectrometer in transmission and reflection thanks to the formula [START_REF] Gervais | Mesure du coewicient d'absorption optique dans le silicium multicristallin de type P pour photopiles solaires[END_REF]:

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) 2 4 2 2 2 1 1 4 1 ln 2 R R T R d TR         -- + - +   =-       ( 148 
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where λ is the wavelength, d is the crystal thickness, ( ) We can see in Figure 4.5 that the peak position corresponds to the beginning of the absorption edge. For higher photon energies, the THz signal decreases rapidly. This could be due to THz absorption by the photo-generated free carriers. The density of free carriers is within the order of 10 19 cm -3 calculated with equation ( 67), which will lead to a ~20% THz signal decrease. Indeed, the pump fluence here is 0.3 mJ/cm 2 , well below the saturation threshold of free carriers in ZnTe measured by Ku et al. [START_REF] Ku | Saturation of the free carrier absorption in ZnTe crystals[END_REF]. Also, the penetration depth decreases rapidly at high photon energies, only a small part of the crystal length is used for the THz generation. Finally, the optical photons used to generate free carriers do not contribute to the nonlinear optical process of THz conversion, limiting the efficiency. In the transparency range of ZnTe, i.e. below the bandgap, THz generation originates in OR. The expression of the amplitude of the THz field radiated outside the crystal of thickness x is given by equation ( 139) which is valid for plane waves and within the hypothesis of neglecting rebounds of both THz and optical beams inside the crystal. The spectral features of the THz field amplitude are also strongly governed by the ones of the nonlinear tensor, as given by expression [START_REF] Němec | Methodology of an optical pump-terahertz probe experiment: An analytical frequency-domain approach[END_REF].

We compute the THz field strength outside the crystal using expressions [START_REF] Makuła | How to correctly determine the band gap energy of modified semiconductor photocatalysts based on UV-Vis spectra[END_REF] and [START_REF] Němec | Methodology of an optical pump-terahertz probe experiment: An analytical frequency-domain approach[END_REF]. The requested refractive indices and absorption coefficients of ZnTe are taken from Marple [START_REF] Marple | Refractive index of ZnSe, ZnTe, and CdTe[END_REF] (nω), Horikoshi et al. [START_REF] Horikoshi | Optical Absorption Due to Acceptor Levels in Undoped ZnTe[END_REF] (αω), and Gallot et al. [START_REF] Gallot | Measurements of the THz absorption and dispersion of ZnTe and their relevance to the electro-optic detection of THz radiation[END_REF] (nΩ and αΩ). No adjustable parameter is used in the calculation, except the optical absorption αω that strongly depends on the ZnTe growth process [START_REF] Horikoshi | Optical Absorption Due to Acceptor Levels in Undoped ZnTe[END_REF] and is known to change from a sample to another one. However, its value remains almost constant [START_REF] Horikoshi | Optical Absorption Due to Acceptor Levels in Undoped ZnTe[END_REF] from 1.5 up to 2.2~2.3 eV whatever is the sample. Thus, we state it, in the calculation, as a constant independent of the optical frequency and we only adjust its value to get the best fits. The results of the calculation are plotted as continuous lines in Figure 4.4. The fits of the experimental data, whatever is the THz frequency, are quite good up to ~2.2 eV. For information, we plot the curves as dotted lines above 2.2 eV, i.e. in the absorption range of ZnTe, where the calculation is no more valid. We also plot the calculated curve for the 2.15-eV case with exactly the same parameters as for the fits of Figure 4.4. Here again, the model matches with rather good accuracy the measured data.

The best fits for all the plots are obtained for 60

  = cm -1
, which is about 6 times larger than reported by Horikoshi et al. [START_REF] Horikoshi | Optical Absorption Due to Acceptor Levels in Undoped ZnTe[END_REF]. This discrepancy may be explained by a two-photon absorption effect, because, as stated above, the peak power density of the pumping laser beam is quite high (6.37 GW/cm 2 ). According to Schall and Uhd-Jepsen [START_REF] Schall | Above-band gap two-photon absorption and its influence on ultrafast carrier dynamics in ZnTe and CdTe[END_REF], the TPA coefficient of ZnTe is 5.5   cm/GW when the crystal is pumped at 800 nm at a temperature of 10 K. This leads to a TPA-induced absorption equal to 35-40 cm -1 , which is added to the measured intrinsic absorption of about 5-10 cm -1 in the range 0.5~2 eV, gives a total absorption of 40-50 cm -1 . This is of the order of magnitude of the 60 cm -1 value deduced from the fits of Figure 4.4. The higher experimental value is certainly due to the fact that we perform the experiment at room temperature, at which β is larger than at cryogenic temperatures [START_REF] Krishnamurthy | Temperature-and wavelength-dependent twophoton and free-carrier absorption in GaAs, InP, GaInAs, and InAsP[END_REF].

The model reveals that the decline of the THz signal from 1.5 eV up to 2.2 eV is due to a diminution of gen L as its denominator increases because of a larger optical dispersion closer to the bandgap. This calculation, performed again without any adjustable variable, allows us to fit rather well the experimental THz spectra for photon energy below the bandgap (see Figure 4.6).

To our knowledge, (

+  -→  has never been theoretically addressed in semiconductors near or above the bandgap energy, but the dispersion of the second harmonic generation (SHG) tensor

( ) ( ) 2 2     + →
was subject to intense researches [START_REF] Fong | Theoretical studies on the dispersion of the nonlinear optical susceptibilities in GaAs, InAs, and InSb[END_REF] [162] [START_REF] Bell | Frequency dependence of Miller's Rule for nonlinear susceptibilities[END_REF].

Second-order perturbation calculation describes fairly well the experimental SHG records for zincblende semiconductors [START_REF] Bethune | Dispersion of nonlinear optical susceptibilities of InAs, InSb, and GaAs in the visible region[END_REF], even if the experimental data are scarce [START_REF] Hughes | Calculation of second-order optical response in semiconductors[END_REF]. Moreover, when the interband transition between the highest levels of the valence band and the lowest levels of the conduction band is the major photo-excitation process, the SHG tensor can be approximated as a combination of the linear susceptibilities at ω and 2ω [START_REF] Chang | Dispersion of the optical nonlinearity in semiconductors[END_REF]. Thus, the measured dispersion of ( ) ( )

2 14 2     +→
in InAs and InSb [START_REF] Parsons | Measurement of the nonlinear susceptibility dispersion by dye lasers[END_REF] exhibits a shape very similar to the one of the THz signal presented here (for example Figure 4.4 at 0.8 THz), with a decrease with photon energy in the range below the bandgap, and a pronounced peak at the bandgap. Therefore, because of the similar physical origin of SHG and OR phenomena, it is likely that the THz peak at 2.3 eV originates in the resonant nonlinearity. The lessening of the peak at higher THz frequencies may be explained by the larger losses at these frequencies, which dump the resonance effect. As compared to SHG, excitation of ZnTe above the bandgap creates free carriers that interact strongly with the generated THz beam. Especially, carriers generated by the first coming part of the laser pulse absorb the THz radiation. All these hypotheses must be confirmed by a theoretical study.

Another explanation for the peak observed at 2.3 eV could be phase-matching. Phasematching occurs in lossy materials when both equalities

, G n n   = and 2     =
are fulfilled. Let us notice that phase-matching cannot be realized when the optical beam is strongly absorbed, because of inter-band transitions, since the optical decay length becomes shorter than the THz wavelength. Therefore phase-matching effect is expected to be observed in the transparency range of ZnTe, or in the very proximate vicinity of the bandgap energy. To check this hypothesis, we use, in the transparency range, ZnTe parameters from Marple [START_REF] Marple | Refractive index of ZnSe, ZnTe, and CdTe[END_REF] and Horikoshi et al. [START_REF] Horikoshi | Optical Absorption Due to Acceptor Levels in Undoped ZnTe[END_REF] as explained above. In the absorption range, i.e. above the bandgap, data from Sato et al. [START_REF] Sato | Optical properties of ZnTe[END_REF] are very reliable. Again, we employ THz data from Gallot et al. [START_REF] Gallot | Measurements of the THz absorption and dispersion of ZnTe and their relevance to the electro-optic detection of THz radiation[END_REF]. Phase-matching with 2.3-eV photon energy is calculated to be achieved around 5 THz, see Figure 4.7. For all the photon energies addressed during the current measurement (from 1.55 eV to 2.56 eV), phase-matching is calculated to appear outside the ~3-THz bandwidth allowed by the 1.52-mm thickness of the sample, and thus its effect cannot be observed. In conclusion, THz emission through optical rectification in ZnTe exhibits a contrasted peak when the pumping photon energy is of the order the ZnTe bandgap energy, and for THz frequencies within the range of weak absorption of the crystal. It is probable that this peak results from the bandgap resonance of the ZnTe nonlinear susceptibility. This hypothesis must be confirmed by theoretical works.

THz generation in reflection

Since we observe a pronounced THz emission peak in transmission pumped near its bandgap, the corresponding spectrum is quite narrow due to the THz absorption by the rest of the ZnTe crystal. In this section, we, therefore, propose to investigate the THz generation efficiency in reflection. Thus, one can get rid of the THz absorption loss, the phase-matching effect since the irradiated THz signal will be reflected by the crystal surface and doesn't propagate into the crystal. So, we can expect a broader THz spectrum whose amplitude is only governed by the crystal nonlinear susceptibility itself.

OR in reflection has been reported in a very few papers, published by the teams of A. Krotkus in Lithuania [START_REF] Norkus | Terahertz emission from a bulk GaSe crystal excited by above bandgap photons[END_REF] [99] [START_REF] Urbanowicz | Terahertz emission from femtosecond laser excited Ge surfaces due to the electrical field-induced optical rectification[END_REF] [165] and of R. Lewis in Australia [START_REF] Radhanpura | Bulk and surface field-induced optical rectification from (11 N) zincblende crystals in a quasireflection geometry[END_REF] [167] [START_REF] Radhanpura | The role of optical rectification in the generation of terahertz radiation from GaBiAs[END_REF]. In these papers, the authors are mainly interested of discriminating the contribution of bounds electrons from the one of free electrons. These last ones contribute through their acceleration at the sample surface due to the native surface field and the difference of mobility's of the holes and electrons, which the nonlinear bound electrons response is described in terms of a nonlinear polarization, as already explained in the first chapter of this thesis. These two effects are clearly separated when performing polarimetric studies, i.e. by varying the polarization of the laser beam, the orientation of the crystal or/and the THz beam polarization detection sensitivity. Also, these authors pointed out a different nonlinear polarization at the surface, when this last one is modified by adsorbed molecules due to oxidation effects, or because of third order nonlinear effects thanks to the additional effect of the native electrical field.

Here we are looking only at the pure dielectric nonlinear response. We will show theoretically that a reflected THz beam is always generated at the crystal surface, without involving any surface effect. It is based on solving the nonlinear propagation equation, with the nonlinear polarization as source term. The solution is a sum of free and forced waves in the crystal, and is a free backward-propagating wave in the surrounding medium. This latter one is always neglected in most publications. Here its magnitude is found by solving the boundary conditions at the surface. To the best of our knowledge, OR in reflection has never been published. This study is extra poled to the THz domain from pioneering papers on SHG [START_REF] Bloembergen | Light waves at the boundary of nonlinear media[END_REF] [START_REF] Shen | chapter 6[END_REF]. However, in most of the SHG as well as OR studies, the reflected signal is neglected because it is very weak.

Here we will give first a theoretical treatment of OR in reflection, and then a preliminary experimental validation. This study has been made in collaboration with an internship Ph.D. student Mathias Hedegaard Kristensen from Aalborg University, Denmark visiting us from 06/2021-10/2021. We built up a THz generation setup in reflection configuration with normal incidence. Finally, due to the limitation of collaboration time, some troubles with the OPA pump power, and low OR THz emission efficiency, we only tried THz generation (reflection type) in ZnTe crystal pumped at 800 nm where the generated power is sufficient for detection.

Nonlinear plane wave model

As explained above, in most nonlinear optical frequency generation, one states that the generated field is null at the entrance of the crystal, which implies no backward propagation in the surrounding medium. Here we will take into account this reflected field. The general solution under oblique incidence and with anisotropic crystals has been calculated in our research group and leads to very complicated expressions. For the sake of simplicity, and because I only worked on it, I will give here the description of the simplified "normal incidence" case.

The referential laboratory is (x, y, z) as shown in Figure 4.8 and here we only deal with the normal incidence. The pump laser is in TE mode and along z-direction. We suppose that the exciting laser beam is a plane wave, with two spectral components at 𝜔 and  +  ( and  are respectively the optical and THz angular frequencies). Thus, the pump beam electrical field in air can be defined as:
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Thus, inside the crystal, the laser field transforms into: , 0, ( )
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Where tω is the coefficient of transmission at the crystal surface. We neglect the rebound of the laser beam inside the crystal, as well as the one of the THz field. In other words, we suppose that the crystal thickness is infinite or that one can time-window the detected signal in a THz time-domain measurement, in order to reject the reflections inside the crystal. The nonlinear propagation equation in TE case can be deduced from Maxwell equations: (
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The nonlinear source terms vary as:
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Note that, because we forget about the rebounds, we do not look at the backward propagating field, which varies as
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. Therefore, the nonlinear propagation equation can be written as:
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Where we set ( )
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 . In the crystal, the solution is the sum of free (without the nonlinear term) and forced (with the nonlinear term) waves: ( )
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In air, the propagation equation of the THz field is the same as ( 153), but there is no source term. The solution could be either forward or backward propagating. However, because we do not illuminate the crystal with a THz beam, the forward term in air does not exist. So the reflected THz field propagates backward in air and writes:
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The expression of the reflected THz field is obtained by solving the boundary equations at the surface in z = 0. The tangential components of both the electric and magnetic fields are conserved, which leads to:
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I would like to point out that all the published papers, related to THz OR, solve (

. Under normal incidence cases, normally the TE and TM polarization cases are not differentiated. This is true in linear optics, but not in nonlinear optics, where the distinction arises from the anisotropy of the nonlinear source term. In TE case, the solution is:
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Let us comment about the reflected THz OR field. Because we have always ,
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the denominator in (158)(158)(158)( 158) is never null, so the reflected field takes always finite values. However, it is maximum when 0 k = , i.e. when phase-matching is realized. It is useful to compare it with the transmitted field that is commonly produced and measured. Let us determine the ratio of both: (
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This expression is quite huge. We can simplify it by considering crystals in which phase-matching is realized:
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Here again, the number of parameters is quite large. Let us consider first a crystal that is transparent in the THz range:
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The largest ratio is 1 and is obtained for
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It follows that for a crystal transparent in the THz range, the reflected signal is weaker than the transmitted one, except for a precise thickness for which both signals are equal. Typically, for f = 1 THz, z = 1 mm,   = 1 cm -1 , and

3 n  = , we get ,, , 1 160 Ry y 
E E   
. The reflected field is much weaker than the transmitted one.

For a crystal that is opaque at THz frequencies, we get:
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Here, it is obvious that the reflected signal is larger than the transmitted one, since this latter is null.

Experimental setup in reflection configuration

The experimental system in reflection configuration, as presented in Figure 4.9, is based on the setup demonstrated in Chapter 2. A 45-fs laser pulse at 800 nm delivered by OPA with 1 kHz repetition rate is focused on a 1.52-mm thick emission crystal ZnTe <111>-oriented. The pump beam is mechanical chopped and its polarization is controlled by a half-wave plate. The irradiated THz pulse is then delivered by four parabolic mirrors in a humidity chamber and collected by EO detection which contains a 1-mm thick <111>-cut ZnTe detection crystal. The probe beam is delivered by a beam splitter with <1 mW and mechanically delayed. On the emission crystal, the optical beam is 50 mW with 1-mm diameter under normal incidence. Let's notice that there is a hole in the 1 st parabolic mirror that allows optical beam pass through, and a Teflon filter is placed on the THz path to block the reflected optical beam. All the experiments are performed in room temperature and under 5% relative humidity. 

THz emission results

The THz emission results are plotted in Figure 4.10. As shown in the time window THz signal. We record two THz pulses and separated by Δt ≈ 32.2 ps, the first pulse R is generated from the entrance of ZnTe crystal in reflection and the second pulse is generated all along the crystal in transmission and reflected by its exit face. The time delay can be fitted by calculated the time difference that THz beam travels inside the crystal, i.e.

2

/ 32.4

  = = t d n c
ps, which is in good agreement with the measurement. Here, nΩ = 3.2 is the refractive index at THz frequency, d = 1.52 mm is the crystal thickness, c is the velocity of light in vacuum. The SNR of the THz waveform is not that good because of the weakness of the signals, but some oscillations are still evident after the transmission peak (46 ps -60 ps) which is due to the velocity mismatch between the optical and THz beam. The expected THz spectrum of R should be broader than that for T signal because the THz absorption damped the transmission THz signal, especially at higher frequencies. As seen in Figure 4.10 (lower panel), the reflection signal spectrum is evidently broader than the transmission one, but the effect is not so huge because of the lacking of SNR.

Finally, we can apply the THz emission efficiency with the OR reflection model. In the transparent range of ZnTe crystal at optical and THz frequency, we can assume that reason could be that the transmission THz signal reflected at the exit face is damped by free carrier absorption since the optical peak power density is super high ~126 GW/cm 2 . and free carrier generated by the forward propagation laser pulse could be still alive in the crystal when the THz pulse propagates backward. This hypothesis could be validated in the future by varying the laser pump beam power that drives both the THz amplitude and the free-carrier THz loss. 
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Rz E    [START_REF] Gaborit | Second order nonlinear optical processes in [111] cubic crystals for terahertz optoelectronics[END_REF] where φ is the laser polarization angle. The fitting is good even if the recorded signal is quite noisy. In conclusion, we we demonstrate for the first time THz generation in a reflection configuration at 800 nm with <111>-cut ZnTe crystal. To validate our research, we developed OR generation theory and experimental setup in reflection type. Let us notice that these results are very preliminary, and they merit additional experimental works that are presently continued by Matthias Pedersen in Denmark.

THZ GENERATION IN GASE CRYSTAL

Study of effective THz generation length pumped at 800 nm

Gallium selenide (GaSe) is a famous nonlinear crystal for OR THz generation [START_REF] Allakhverdiev K R | Effective nonlinear GaSe crystal. Optical properties and applications[END_REF], combining a large nonlinear coefficient [START_REF] Siegel | Terahertz technology in biology and medicine[END_REF] [START_REF] Kim | Coherent control of terahertz supercontinuum generation in ultrafast laser-gas interactions[END_REF] d = pm/V [START_REF] Shi | Efficient, tunable, and coherent 0.18-5.27-THz source based on GaSe crystal[END_REF] and a high damage threshold, which makes it an outstanding material for THz applications. An efficient and coherent THz source based on GaSe crystal was demonstrated by Wei Shi et al., in which phase-matching produces an output power of 69.4 W at 1.53 THz [START_REF] Shi | Efficient, tunable, and coherent 0.18-5.27-THz source based on GaSe crystal[END_REF]. Also, high power and tunable THz sources in the 0.5-3 THz frequency range are reported by Sergei Ya et al. [START_REF] Tochitsky | High-power tunable, 0.5-3 THz radiation source based on nonlinear difference frequency mixing of CO 2 laser lines[END_REF]. To enrich the parametric study of GaSe crystals, their optical constants and their nonlinear properties have been investigated by many researchers [START_REF] Yu | Terahertz studies of the dielectric response and secondorder phonons in a GaSe crystal[END_REF] [175] [START_REF] Singh | Properties of nonlinear optical crystals in the terahertz wavelength region[END_REF]. Later on, an efficient THz generation study was published by Nazarov et al. [START_REF] Nazarov | Efficient terahertz generation in GaSe via eee-interaction type[END_REF]: they performed THz emission versus the incidence angle and recorded a better phasematching condition for a broader THz spectrum when pumped at 63 deg incidence.

However, the study on the effective generation length, which is a prime parameter for efficient THz generation and is mainly governed by the propagation effect, has not been addressed yet. As a result, a better understanding of the phase-matching condition of GaSe with different crystal thicknesses is essential for developing its utilities at THz frequency. In this section, we performed THz OR emission in GaSe crystals of different thicknesses, first pumped at 800 nm. In the second part of this study, we vary the pump wavelength.

GaSe is a hexagonal anisotropic crystal, belonging to the 6m2 point group with a refractive index of ne = 2.85 and no = 2.50 [START_REF] Vodopyanov | New dispersion relationships for GaSe in the 0.65-18 μm spectral region[END_REF]. In this study, all the crystals are cut along the z-axis, and the thicknesses are 0.02, 0.1, 1, and 2.37 mm. Firstly, we performed a THz-TDS characterization of the samples to obtain the spectra of the GaSe refractive index and absorption (see Figure 4.12). The refractive index is almost constant (n ~3.2-3.4) over the THz range. The absorption increases with frequency, certainly because of the huge infrared absorption peak at 40~50 µm [START_REF] Chen | Generation properties of coherent infrared radiation in the optical absorption region of GaSe crystal[END_REF]. The strong phonon peak at 0.59 THz is clearly seen, as well as the well-known bump around 1 THz. The crystals serve as a THz emitter in the THz system that is described in Figure 2.11. The THz beam is collected by four parabolic mirrors and finally focused onto the detection crystal, which is 0.5-mm <110> ZnTe crystal. Then the probe beam is detected by auto-balanced photodiodes and read by a lock-in amplifier. The pump beam is supplied by an OPA whose wavelength is set at 800 nm with 50-fs pulse duration and 1 kHz repetition rate. The OPA output beam is mechanically chopped and then hits the GaSe crystal with a 4-mm diameter spot in normal incidence. At the crystal, the average power is fixed at 100 mW (peak power density 63.7 GW/cm 2 ), which is below the saturation level of OR in GaSe. The experiment is carried out at room temperature and the humidity in the room is 8%. As shown in Figure 4.13, the THz waveforms are recorded for different GaSe thicknesses. In this figure, to have better readability, each waveform is horizontally synchronized and vertically shifted by 1 as compared to the one below. The value of sample thicknesses is listed on the right side. All the waveforms show a typical dipolar shape and followed by some oscillations. Here, taking into account the crystal thickness, we can calculate the time delay of the first THz echo reflected by the crystal itself. The time delays between the main THz peak and the 1 st echo is 45, 19, 1.9, and 0.38 ps, respectively. Therefore, the 1 st THz rebound has not been measured in the experimental time window for sample thicknesses of 2.37 mm and 1 mm. So, the oscillations for these two samples are due to the effect of velocity mismatch of the THz and 800-nm beams [START_REF] Vodopyanov | New dispersion relationships for GaSe in the 0.65-18 μm spectral region[END_REF] [START_REF] Piccioli | Refractive index of GaSe between 0.45 μm and 330 μm[END_REF]. In the third waveform (0.1 mm case), thanks to the strong THz main signal, the first rebound can be seen at 6.9 ps. In this case, higher-order rebounds are buried in the remaining long-duration signal. As a result, the oscillations after the THz peak are the contribution of the phase mismatch effect and THz echoes. Whereas, in the 0.02 mm crystal, the velocity mismatch effect is much less. The after-pulse signal is dominated by the THz rebounds.

To compare the THz emission efficiency under the same pump power, we plot in Figure 4.14 the peak value of THz waveform for different thicknesses. The black dots are experimental data, the dashed curve is a trend line which reveals the optical/THz conversion efficiency versus crystal thickness. The crystal thickness shows a negative influence on the THz field when it becomes larger than an optimum value. Above, the THz emission efficiency is mainly damped by crystal absorption at THz and optical frequencies, as well as velocity mismatch. This is validated by modelling using expression [START_REF] Makuła | How to correctly determine the band gap energy of modified semiconductor photocatalysts based on UV-Vis spectra[END_REF]. Here we calculated the radiated field value at the 0.75 THz frequency (nearby the maximum of emission) when the crystal is pumped at 0.8-µm laser wavelength. The calculated curve (normalized to the experimental data at 1-mm thickness) is the continuous line in Figure 4.14). Even if calculated at a single frequency while experimental data correspond to the peak of the waveforms, the modeling renders well for the tendency of emission efficiency versus the crystal thickness. We move to the frequency domain in Figure 4.15. The corresponding spectra are plotted with the same scale, which is required to compare the emission efficiency versus crystal thickness from 0.1 THz to 3 THz. In this frequency range, the THz emission is almost proportional to the crystal thickness for the 0.1-mm and 0.02-mm samples. The spectra are modulated, especially at the higher frequencies, by phase mismatch and absorption when the thickness reaches 1 mm. The typical GaSe absorption line at 0.6 THz is constant for all the samples [START_REF] Chen | Optical properties and potential applications of ɛ-GaSe at terahertz frequencies[END_REF]. Here the 0.6-THz peak is due to the enhancement of the nonlinearity by the phonon in GaSe. 15 reveals that at high frequencies (typically above 1.5 THz) the thinner crystals generate equal or higher THz power than the thicker crystals. As already explained, this behavior resuts from both the absorptions at optical and THz frequencies. Below, the signal could be enhanced by phase-matching effect, and thus the 1-mm crystal radiates the strongest signal that peaks at 0.6 THz.

Further, we plot the ratios of THz generation versus frequency in Figure 4.16, in which we normalized all the THz spectra (Figure 4.15) to the one with 1-mm thickness. Therefore, the emission curves reveal the THz electrical field outside the crystal without the interference from the spectral shape of THz which could be induced by the setup (pump laser pulse and EO detection). In Figure 4.16, the red circle represents the experimental results, the solid curves are calculated using equation [START_REF] Makuła | How to correctly determine the band gap energy of modified semiconductor photocatalysts based on UV-Vis spectra[END_REF], which helps to compute the ratio of THz electrical fields emitted outside of the GaSe crystal. The emitted THz electrical field is calculated by the formula (139), the refractive index and the absorption coefficients of GaSe crystal are taken from the literature [178] [181]. The fitting results in Figure 4.16 look quite good, the baseline and the peaks are retrieved (let us notice that the vertical scales are different). We can see the two peaks taht are induced by the propagation effect (minima) in the 1-mm thick GaSe crystal spectrum. In the third figure, the THz loss in 2.37-mm crystal is huge especially at the higher frequency, making the signal weaker and strongly disturbed For each pump photon energy, the full THz waveforms are recorded, as shown in Figure 4.18. Each of the plot is vertically shifted by 1 as compared to the one below. For a good visibility, some of the generation curves are not plotted here because of the lacking of SNR. When pumped around the crystal bandgap energy, the THz efficiency is higher in 0.02-mm thick sample. With the 0.1-mm one, the OR/THz conversion efficiency decreases in the transparent range then rises up near the bandgap photon energy. Whereas, the THz amplitude is much stronger below the bandgap in the 1-mm thickness crystal. For all the recorded THz waveforms, we apply the fast Fourier transform to get the corresponding spectra. To get better figure readability and to give sufficient information, by taking into account the signal to noise ratio, we decide to pick the THz spectrum when pumped at 1.77 eV (0.1 mm) and at 1.70, 1.77, 1.90, and 1.99 eV (1 mm). The 5 spectrums are normalized to the 1.55 eV (1 mm) one to get rid of any artefact caused by the experimental setup. In Figure 4.20, all the curves are plotted in log scale and each curve is vertically shifted by a multiplication factor of 10 4 as compared to the one below. The black circles are experimental data, the solid lines are calculated using equation [START_REF] Makuła | How to correctly determine the band gap energy of modified semiconductor photocatalysts based on UV-Vis spectra[END_REF] without any adjustable parameter. We can see the fitting is nice, the data show a little bit fluctuation at higher frequency because of the signals are weak due to the THz absorption. With the 1-mm thick crystal, the amplitude of spectra at 1.70 eV and 1.77 eV are stronger than those at 1.91 eV and 1.99 eV, thanks to the phase-matching effect. Moreover, the THz field amplitude at 1.99 eV (1 mm) is comparable to the one at 1.77 eV (0.1 mm). We deduce from these observations that, when pumping the GaSe crystal in its transparent range, the optical/THz efficiency is mainly governed by the phase-matching condition and thus the emission peak at 1.77 eV is for sure due to a better velocity matching. When the pump photon energy reaches to the GaSe bandgap, the phase-matching effect no more occurs because the optical beam does not propagate into the crystal. The crystal nonlinear susceptibility also plays a significant role in OR THz generation [START_REF] Lu | Giant enhancement of THz-frequency optical nonlinearity by phonon polariton in ionic crystals[END_REF]. The nonlinearity resonance effect has been observed for years in SHG and OR THz generation, as demonstrated in our previous chapter. When pumping the crystal with a photon energy that matches its bandgap, the nonlinear susceptibility could show a huge increase that can potentially enhance the THz emission, but one has to consider the absorption at THz frequency (The density of free carriers is within the order of 10 17 cm -3 when calculated with equation ( 67)). To estimate the contribution of THz absorption, we compare the spectra emitted by the 0.02-mm and 0.1-mm thick samples. The similarity of their shapes, but not their magnitudes, could be explained with a simple model in which we attribute the difference between the two records to the effect of absorption at THz frequencies, i.e. the difference between the THz signals from the two samples is due to the loss in the thicker sample (0.1 mm) when the THz beam crosses it. Let us write again expression (139) of the generated THz field:
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For two crystals of different thicknesses x1 and x2, the ratio of the generated fields writes:
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x The 0.1-mm spectrum calculated with (169), i.e. corrected from the THz loss, should resemble the 0.02-mm spectrum. Below 1.5 THz, this is verified. Over, the corrected spectrum is weaker than the measured 0.02-mm one. The reason for this discrepancy is unknown. Apart different growing conditions at the crystal supplier, or some geometrical defects (sample faces not parallel), the only difference in the samples is their thicknesses. In the thicker one, this could give more diffusion of the photo-carriers, leading to a stronger absorption at higher frequencies, as observed in Figure 4.21. This hypothesis merits a validation.

In this work, we performed THz generation though optical rectification in GaSe crystals (1, 0.1, and 0.02-mm thickness) optically pumped from 1.55 eV to 2.34 eV which is below and around the crystal bandgap (2.27 eV). In the transparent range, we firstly record a THz emission peak at 1.77 eV, this is due to the phase-matching effect of optical and THz beam which is well fitted by OR THz generation model from two points of view, i.e. crystal thickness and pump wavelength. To our knowledge, this is the very initial work that address the phase-matching effect in GaSe crystal through OR process, experimentally and theoretically. A second peak is recorded at the crystal bandgap which is likely due to the nonlinearity resonance at crystal bandgap. Moreover, at the bandgap, a broader and more intense THz spectra is recorded in thinner crystal. When the pump photon energy reaches its bandgap, no more propagation of optical beam, THz only generated from the entrance of the crystal (penetration depth) and then suffer THz absorption all along the crystal, especially at higher frequency. This effect reveals a potential of broader and intense THz spectra emission in thin film crystal pumped around its bandgap.

THZ GENERATION IN KTP/RKTP CRYSTAL

Potassium titanyl phosphate (KTP) and its isomorph RKTP (KTP doped with Rubidium) are is one of the most widely used nonlinear optical crystals. They are orthorhombic crystals, belonging to the mm2 point group, and Pna21 space group. Its structure consists of chains of connected rigid PO4 tetrahedra and TiO6 octahedra with alternating long and short Ti-O bonds that are responsible for its nonlinear properties [START_REF] Sorokina | Structure and properties of crystals in the potassium titanyl phosphate family: A review[END_REF]. In this section, the second order nonlinearity is studied by OR/THz conversion pumped with fs-laser. The non-zero elements of the nonlinear second-order tensor in KTP crystal are d31, d32, d33, d24, and d15. For SHG, the values of these coefficients are respectively 6.5, 5.0, 13.7, 6.1 and 7.6 pm/V [START_REF] Bierlein | Potassium titanyl phosphate: properties and new applications[END_REF]. Because OR is closely related to the electro-optic (EO) effect (assuming the THz frequency Ω is very small as compared to the optical frequency, ω, of the pump), the OR tensor is related to the EO tensor, whose non-null elements are r13=8.8, r23=13.8, r33=35, r42=8.8, and r51=6.9 pm/V [START_REF] Bierlein | Potassium titanyl phosphate: properties and new applications[END_REF]. Thus, firstly we plan to determine its corresponding second nonlinear susceptibility by performing OR THz generation and recording the laser/THz polarization. Secondly, since KTP is an excellent nonlinear crystal for THz generation. Thus, we decide to pump the crystals with the OPA whose wavelength can be tuned from 1.55 -4.5 eV which is below and above the KTP(RKTP) bandgap (~3.6 eV) and investigate the THz emission efficiency. Therefore, one can study its nonlinearity versus photon energies.

Study of KTP nonlinear coefficient

The non-null coefficients of the second-order tensor in KTP crystal is xzx, xxz, yyz, yzy, zxx, zyy, and zzz. Here, we take the usual contracted description of the tensor, namely: : 11 [START_REF] Siegel | Terahertz technology in biology and medicine[END_REF] ,,,,0 d d d d d  . Moreover, if the Kleinman's conditions apply (no absorption peak in the studied frequency range, i.e. from optics to THz), we have: 

We will see that for KTP, the Kleinman's relation is not fully verified, certainly due to absorption in the spectral domain in between visible and THz. And (2) 2 eff d  =

. Thus, the nonlinear polarization for OR THz generation: The experimental parameters are given in Figure 4.22 for the 3 studied crystal cuts. In the crystal frame x,y,z, the laser polarization angle is ψ and thus the laser field is:
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Here the factor * o EE   + is omitted for sake of simplicity. It follows that the nonlinear polarization writes: 
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In the laboratory referential, these vectors are multiplied by the rotation matrix and write: Finally, the polarizer selects the polarization along the θ-angle direction:
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It has to be noted that the EO detector is also sensitive along a direction defined by angle θdet. So, the detected polarization is:

( ) ,, cos NL NL det det polar PP   =- (184) 
In a series of measurements, the following parameters are chosen and the resulting detected polarization is: The fits (Figure 4.23) are excellent, the absolute value of the angle ψ is not known due to a half waveplate orientation and thus must adjusted by -88° for data 1 and -76° for data 3. The fitting coefficients (in m/V units) are 
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If we assume that 15 0   as deduced above, we have: 
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Because det  is small, this expression is mostly dominated by the cos sin sin 2

    behavior. The fit is also good in Figure 4.24. Again, the absolute value of the angle θ is not known and thus must adjusted by -106.6°. Here the best fit is obtained for ψ =112°, while we used the We performed the same study with the x-cut crystal. The experiments and the corresponding results are listed in Table 4.2 and the fitting curves are plotted in Figure 4.25. Here, the polarizer angle θ maintain the same value as the study above. From the polarization study, we determined the relative value of second order nonlinear susceptibility in x and y-cuts. The values of the nonlinear coefficients found in the literature are compared in the table below with the ones obtained here In Table 4.3, the nonlinear optical (dij) and the electrooptic coefficient (rij) are taken from the reference, the OR nonlinear susceptibility (χij) is determined from our experiments and they are normalized to d33, r33, and χ33, respectively. The relative value of 31  and  32 , as compared to 33  , we obtain here is very close to the relative one of 31 r and 32 r . This could be expected as the electrooptic effect ( 0  += ) and optical rectification ( 0  -=) obey to the same nonlinear susceptibility if losses are null or weak (i.e. if Kleinman's symmetry rules apply). Let us notice, the χ51 and χ42 are recorded as 0. This could be due to the crystal structure [START_REF] Bierlein | Potassium titanyl phosphate: properties and new applications[END_REF] and needs more research to validate it.

THz emission optically pumped from UV to IR

109 KTP is a widely used nonlinear crystal in applications such as sum [START_REF] Haiyong | Multi-watt power blue light generation by intracavity sum-frequency-mixing in KTiOPO 4 crystal[END_REF] and difference [START_REF] Bhar | Highly efficient difference-frequency generation in KTP[END_REF] frequency generation (SFG and DFG), second harmonic generation (SHG) [START_REF] Zheng | Influence of thermal effect on KTP type-II phase-matching second-harmonic generation[END_REF], optical parametric oscillation/generation (OPO/OPG) and amplification (OPA) [START_REF] Tang | Dual-wavelength single-crystal double-pass KTP optical parametric oscillator and its application in terahertz wave generation[END_REF]. And it has been proved its applications for THz generation [START_REF] Wu | Terahertz parametric generation and amplification from potassium titanyl phosphate in comparison with lithium niobate and lithium tantalate[END_REF]. KTP shows the advantages over LiNbO3 of a better transparency at higher THz frequency and of a much higher damage threshold, even if its involved nonlinear coefficient is weaker: the figure of merit η for THz generation through OR, is 1100 and 740 (pm/V) 2 respectively for LiNbO3 and KTP [START_REF] Tian | µJ-level multi-cycle terahertz generation in a periodically poled Rb: KTP crystal[END_REF] ( wavelengths). To enhance this conversion efficiency, it is preferable to excite the crystal nearby a resonance. In KTP, studies are usually focused on the 5.9-THz frequency, at which a polariton is excited, leading to a larger nonlinearity [START_REF] Jang | Control of forward stimulated polariton scattering in periodically-poled KTP crystals[END_REF]. Another way of benefiting of a larger nonlinearity is to perform OR nearby the KTP bandgap energy. At the vicinity of the bandgap energy, the nonlinearity is strongly enhanced, as we discussed in SHG [78] [93].

In this section, we study on the efficiency of THz generation in bulk x, y-cut KTP/RKTP crystals versus the pump laser wavelength, which is tuned from the near IR to the UV range. We study samples of both KTP and rubidium-doped KTP (RKTP), which are either <100>, <010>, or <001> oriented. As expected from our preceding study on ZnTe, we observe a peak at the bandgap energy (3.55 eV) but also an even more intense signal around half-the-bandgap that originates in a two-photon absorption (TPA) enhanced nonlinearity. To the best of our knowledge, this is the first report of a half-the-bandgap enhanced nonlinear effect on THz generation. Moreover, contrary to what was previously thought based on theoretical considerations, we show that KTP(RKTP) optically behaves as an indirect bandgap crystal. Here the samples are excited under normal incidence by a single laser beam. It follows, from the symmetry of the nonlinear tensor, that no THz signal is radiated by the <001> samples, while the nonlinear polarization at frequency Ω in the <100> and <010> samples writes: 
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Iω is the intensity of the pump laser beam, ψ is the polarization angle of the laser E-field, χij is an element of the nonlinear susceptibility tensor using conventional contracted index notation, and x, y, z is the crystal coordinate frame (see Figure 4.26), corresponding to the crystal axes a, b, c, respectively. In the present study, the laser polarization is horizontal (i.e. along the y-axis for the <100> orientation or along the x-axis for the <010> case) and the detected THz signal polarization is aligned along the z axis (ψ=0 in equation ( 187)). Therefore, the detected THz field is proportional to χ32 for the <100> sample and to χ31 for the <010> one.

When pumped above the bandgap, photo-carriers are generated in the crystals. However, they do not contribute to the THz generation, as they move from and perpendicularly to the crystal surface, and, moreover, they absorb the THz wave generated in the bulk. Therefore, at any pump wavelength, only the response of excited bound electrons is a source of THz radiation. All the studied KTP and RKTP samples used here are 0.3-mm thick and double-side polished. Our experimental setup is the same as previously described. The samples served as THz emitter at which the pump spot diameter was 2 mm.

The average power was 10 mW in the ranges 1.55-2.73 eV and 3.40-4.00 eV (peak power density 6.37 GW/cm 2 ). Around 413 nm (3 eV), the output power of the OPA was too weak to allow us to record any THz signal. The experiment was performed in dehydrated air (8% humidity) at room temperature.

Figure 4.27 shows the THz waveforms generated by the x, y-cut KTP/RKTP samples and recorded for different photon pump energies whose values are listed on the right side. For the sake of legibility, each curve has been shifted vertically. For excitation below the bandgap, i.e. in the spectral region of transparency of KTP/RKTP, THz generation occurs only at the two sample surfaces, due to the lack of phase-matching [START_REF] Bierlein | Potassium titanyl phosphate: properties and new applications[END_REF]. The first peak at time 0 = t ps is produced by the exit interface, while the second one at about 1.8 = t ps comes from the entrance interface. Because the THz wave propagates slower than the optical wave in KTP (RKTP), the entrance interface peak is detected after the exit one. The delay τ1 between the two peaks is given by: ( ) n is calculated from data published by Kato and Takaoka [START_REF] Kato | Sellmeier and thermo-optic dispersion formulas for KTP[END_REF]. Above the bandgap, the laser beam is completely absorbed before reaching the second face of the sample. Therefore, no THz signal is generated at this face, and thus we see on Figure 4.27 only the peak produced at the entrance face of the crystal. Also, the weak oscillations observed below the bandgap in the time window 3~7 ps (see for example curve 2.07-eV in Figure 4.27) disappear above the bandgap, because the laser beam does no more propagate in the material (theses oscillations are due to both the dispersion of the refractive index in the THz range and to the lack of phase-matching [START_REF] Schneider | Theory of terahertz pulse generation through optical rectification in a nonlinear optical material with a finite size[END_REF]). Selected spectra of the THz waveforms are depicted in Figure 4.29. For the sake of legibility, we chose only 3 spectra corresponding to a laser pump energy below the bandgap (2.26 eV), at the bandgap (3.54 eV) and above the bandgap (3.65 eV). Below the bandgap, the spectrum shows oscillations due to the two peaks in the waveform. Typically, the spectrum spreads up to 2.5 THz, and its maximum is 26 dB over the noise level. Above the bandgap, the spectrum does not exhibit the oscillations, and it is narrower (2 THz maximum), but with the same dynamic range (26 dB). The THz bandwidth shrinkage is clearly explained by the Fourier transform of a single pulse (above bandgap) as compared to the one of a double bipolar pulse (below bandgap). At the bandgap, the spectrum width is smaller than 2 THz, and its dynamic range is lowest (20 dB). 
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THz emission enhancement near KTP half-bandgap

Apart from the phase-mismatch oscillations below the bandgap excitation, the THz spectra recorded at different pump photon energies are rather similar. This allows us to plot the magnitude of the peaks of the waveforms depicted in Figure 4.27 without worrying about dispersion effects at THz frequencies. The data are shown versus the pump photon energy in Figure 4.30 for the <100> (x-cut) and <010> (y-cut) KTP and RKTP samples. For both samples, we depict the maximum values of the first peak at 0 = t ps (entrance face) and of the second one at 1.8 = t ps (exit face).

The signal from the entrance face of the <100> crystal shows a peak around the bandgap energy at ~3.55 eV, and a second but weaker bump around 2 eV, i.e. just above the half-bandgap energy (1.77 eV). As expected, the signal from the exit face is detected only for photon energies below the bandgap, i.e. in the region of transparency of KTP (RKTP). It exhibits also a big bump around 2 eV, about 3.7 times stronger than observed from the entrance face. Whatever the generating crystal face, these bumps are about 1-eV broad, and when multiplied by 3.7, the exit data superimpose nicely with the entrance ones. The records are almost similar for the y-cut sample, but the signals are slightly weaker, and mostly the entrance signal is larger than the exit one, which is opposite to what was observed with the x-cut sample. Around 3 eV, our setup sensitivity is not high enough to allow us to record a THz signal that is quite weak. Indeed, it is known that the OR THz generation efficiency decreases when increasing the pump photon energy below the bandgap, due to both the increases of the refractive index and absorption coefficient (see for example Figure 4.4). Here a similar behavior occurs as validated by calculation, but this tendency is hidden by the TPA resonant feature. Similar but weaker signals were recorded with the <010> KTP (RKTP) sample can be explained by the fact that in this sample, OR involves the d31 nonlinear coefficient instead of d32 for the <100> sample. d31 is smaller than d32 if these coefficients behave as the electrooptic ones [START_REF] Bierlein | Potassium titanyl phosphate: properties and new applications[END_REF]. This value was confirmed by polarimetric studies, i.e. Table 4.3. Let us also notice that we did not observe any difference between signals generated in KTP and RKTP.

The THz signals generated at the entrance and exit faces encounter different losses in the KTP material. The entrance signal ent S suffers THz loss through the sample, while the exit signal exit S is generated by the laser beam that has been attenuated through the sample. Thus, we write: Io is the laser beam intensity. The factor ½ in the exponent of the expression of ent S is due to the fact that ent S is proportional to the detected THz field, while in the expression of exit S , one takes into account the attenuation of the laser intensity, so the factor ½ disappears. The experimental ratio R is equal to 3.7 for the x-cut crystal and to 0.65 for the y-cut one. Let us notice that the exit signal is larger than the entrance one for x-cut crystal, while it is the opposite for the y-cut crystal. This is explained by the difference of THz absorption in these two crystals. As the measured THz absorption coefficient, averaged over the range 0.2-2 THz, is equal to 45 cm -1 and 11 cm -1 for respectively the xcut and y-cut crystals, this leads, using [START_REF] Wu | Terahertz parametric generation and amplification from potassium titanyl phosphate in comparison with lithium niobate and lithium tantalate[END_REF], to 10   laser cm -1 . This is larger than the known value of absorption: , 0.01 0.03  = o laser cm -1 [START_REF] Hansson | Transmission measurements in KTP and isomorphic compounds[END_REF].
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Finally, from the above explanation, we can now qualitatively comment on the strong decrease of the THz signal generated at the entrance face when pumped around the bandgap wavelength (see Figure 4.27). Below the bandgap, i.e. in the range of transparency of KTP, the laser pump beam is weakly absorbed and the photo-carrier density in the crystal is negligible. Thus, the THz field generated at the entrance face suffers almost no free carrier absorption and therefore the detected THz signal is strong. Above the bandgap, the laser beam is absorbed within a few microns at the entrance face of the crystal. The THz field, generated in this photo-excited layer, is not attenuated by free carriers inside the crystal, as the laser beam does not propagate in the crystal. Again, the detected THz signal is strong. Near the bandgap, the laser beam penetrates the whole crystal, and creates free carriers all along the crystal thickness. As the THz beam propagates slower than the laser beam, the THz signal generated at the entrance face is attenuated by these alreadyexcited carriers all along the crystal thickness. Thus, the THz beam suffers a strong free carrier attenuation and the detected THz signal is weak. A possible explanation of the discrepancy between the absorption  laser at the laser frequency determined here and the published values [START_REF] Hansson | Transmission measurements in KTP and isomorphic compounds[END_REF] is linked to a two-photon absorption (TPA) phenomenon, which leads to a nonlinear increase of the absorption coefficient:

,    = + laser o laser laser I (190) 
Here, with 10   laser cm -1 and I = 6.4 GW/cm 2 , we obtain 1.56  = cm/GW at 2 eV. In KTP, a TPA coefficient value cm/GW was initially determined by DeSalvo et al. [START_REF] Desalvo | Infrared to ultraviolet measurements of two-photon absorption and n/sub 2/in wide bandgap solids[END_REF]. Later, Maslov et al. [START_REF] Maslov | Nonlinear absorption in KTP crystals[END_REF] reported a 10-times larger value, i.e.



cm/GW at 532 nm when the laser beam is polarized perpendicularly to the crystal z-axis.

Because of this big discrepancy, we decided to measure the TPA coefficient in KTP versus the pump photon energy, in view of validating the value we determined from the analysis of the THz signal. We used the same setup as described above for the THz generation study, but now a powermeter is located just after the THz emitting crystal and it serves to measure the coefficient of transmission of this crystal. The impinging OPA beam power is adjusted with a variable neutral optical density filter (Thorlab). As expected in Figure 4.31, the transmitted peak power decreases linearly with the power density of the exciting OPA beam whatever the pump photon energy was, which is the signature of a TPA phenomenon. The slope of the fitting linear plot is equal to the TPA coefficient β.

The TPA coefficient β is plotted versus the photon energy on Figure 4.32 (open circles) for the x-cut sample. We retrieve the same results as Maslov et al. [START_REF] Maslov | Nonlinear absorption in KTP crystals[END_REF] (grey squares in This similarity between the THz peak curve and the TPA one, versus the pump photon energy, confirms that the bump of the THz signal around half-the-bandgap is definitively related to a two-photon inter-band carrier excitation, and hence to the related enhanced nonlinearity. We did not find in the literature any theoretical paper that describes qualitatively this effect. However, a simple analysis in terms of energy levels diagram (see for example paragraph 3.2.4 in [START_REF] Boyd | Nonlinear optics[END_REF]) may help to understand the resonant behavior of THz generation at half the bandgap, and thus its relation to the TPA phenomenon. Let us assume that TPA occurs first through the excitation from the ground state a (top of valence band at energy 0 = E ) of a virtual energy level b at [START_REF] Kato | Sellmeier and thermo-optic dispersion formulas for KTP[END_REF] where the  l mn ( ,, = l i j k ; , , , = m n a b c ) are the electric dipole transition moments. In expression [START_REF] Kato | Sellmeier and thermo-optic dispersion formulas for KTP[END_REF], resonances at both the bandgap and half-the-bandgap energies clearly contribute to the nonlinearity. Note that TPA could be treated by the same formalism and exhibits similar resonances (chapter 12.5.3 in [START_REF] Boyd | Nonlinear optics[END_REF]). TPA means that free carriers are excited in KTP, which are known to strongly absorb any THz wave. With the TPA coefficient ~1  cm/GW and the parameters of our experiment, the TPA-induced free carrier density, averaged over the sample thickness, is about 10 5 ~10 6 cm -3 . Using a Drude model, the resulting THz absorption is about 10 -10 cm -1 for a freecarrier collision time 1  equal to 1 ps and even weaker for longer collision times, i.e. it is fully negligible. We validated this hypothesis on the small number of free carriers created by TPA by performing an optical pump -THz probe experiment. The THz signal transmission of the crystal is the same with and without the optical pump pulse. Therefore, we would like to point out that the observed half-the-bandwidth THz peak is only due to the effect of TPA on the nonlinear susceptibility of KTP.
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Let us now look again at the relative magnitudes of the x-cut and y-cut signals, which are respectively proportional to the d32 and d31 nonlinear coefficients. As previously explained, we get: . This is comparable with both the electro-optics coefficients ratio 32 13 1.57 = r r and the SHG one ratio 32 31 1.72 = d d published in [184] [196]. This value was confirmed by polarimetric studies, see Several theoretical papers have been published on modelling the TPA coefficient β in semiconductors [START_REF] Weiler | Nonparabolicity and exciton effects in two-photon absorption in zincblende semiconductors[END_REF][START_REF] Lee | Two-photon absorption with exciton effect for degenerate valence bands[END_REF][START_REF] Pidgeon | Two-photon absorption in zinc-blende semiconductors[END_REF][START_REF] Wherrett | Scaling rules for multiphoton interband absorption in semiconductors[END_REF][START_REF] Sheik-Bahae | Dispersion of bound electron nonlinear refraction in solids[END_REF][START_REF] Balu | Dispersion of nonlinear refraction and two-photon absorption using a white-light continuum Z-scan[END_REF][START_REF] Garcia | Phonon-assisted two-photon absorption in the presence of a dcfield: the nonlinear Franz-Keldysh effect in indirect gap semiconductors[END_REF]. The expression of β for direct bandgap semiconductors, derived from band calculations including exciton effects and band non-parabolicity [START_REF] Pidgeon | Two-photon absorption in zinc-blende semiconductors[END_REF][START_REF] Wherrett | Scaling rules for multiphoton interband absorption in semiconductors[END_REF][START_REF] Sheik-Bahae | Dispersion of bound electron nonlinear refraction in solids[END_REF][START_REF] Balu | Dispersion of nonlinear refraction and two-photon absorption using a white-light continuum Z-scan[END_REF], is [START_REF] Garcia | Phonon-assisted two-photon absorption in the presence of a dcfield: the nonlinear Franz-Keldysh effect in indirect gap semiconductors[END_REF]:
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x [START_REF] Desalvo | Infrared to ultraviolet measurements of two-photon absorption and n/sub 2/in wide bandgap solids[END_REF] where K = 1940 (when β is given in cm/GW), eV), expression [START_REF] Desalvo | Infrared to ultraviolet measurements of two-photon absorption and n/sub 2/in wide bandgap solids[END_REF] simply writes:
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The curve calculated with [START_REF] Maslov | Nonlinear absorption in KTP crystals[END_REF] is shown as a continuous line on Figure 4.32. The magnitude, with 2 0.54  f , and the shape of the calculated curve correspond nicely to the experimental data, but the calculated curve is shifted towards higher photon energies as compared to the measured values. A better fit would have been achieved by taking eV. Let us notice that such a shift has not been reported [START_REF] Sun | Two-photon absorption study of GaN[END_REF] for another large bandgap crystal, namely GaN, which is a direct bandgap semiconductor.

This discrepancy could be due to the theory that is not appropriate to KTP, or to a bandgap energy which is shifted as compared to published data. To check the bandgap energy value of our samples, we measured their transmission in the visible-UV range using a Shimadzu UV-2600 spectrometer that delivers an unpolarized light beam. For both samples, the absorption starts to increase around 3.4~3.5 eV (see inset of Figure 4.33) due to intra-band transitions, and the curves cannot be fitted with direct bandgap absorption expression, but with indirect intra-band absorption, namely [START_REF] Makuła | How to correctly determine the band gap energy of modified semiconductor photocatalysts based on UV-Vis spectra[END_REF] [204]:
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For such an absorption behavior, it is worthwhile to plot the spectrum of the square-root of ( )  , which varies linearly with the difference g E . The results are presented in Figure 4.32 for both the x-cut and y-cut samples. Above 3.75 eV, the transmitted beam is too weak to be measured, and thus the observed plateau is an artifact. For the y-cut sample, the measured data are well fitted by expression [START_REF] Garcia | Phonon-assisted two-photon absorption in the presence of a dcfield: the nonlinear Franz-Keldysh effect in indirect gap semiconductors[END_REF], with 3.5 0.05 =  g E eV. The x-cut sample follows the same law, but the agreement is not perfect: the experimental data show a pronounced tail below the bandgap, which can be fitted by [START_REF] Dresselhaus | Solid State Physics, part II: Optical Properties of Solids[END_REF]: The above observation of an indirect intra-band absorption was not expected since KTP is known as being a direct bandgap semiconductor [START_REF] Xu | Band structure and linear optical properties of KTiOPO4[END_REF] [210] [START_REF] Neufeld | Potassium titanyl phosphate (KTP) quasiparticle energies and optical response[END_REF]. However, the calculated band structure of KTP is very complex and its valence and conduction bands in the reciprocal space are almost flat [START_REF] Xu | Band structure and linear optical properties of KTiOPO4[END_REF] [210] [START_REF] Neufeld | Potassium titanyl phosphate (KTP) quasiparticle energies and optical response[END_REF]. Another explanation for the absorption tail below the bandgap energy for the x-cut sample could be the Urbach rule [START_REF] Studenyak | Urbach rule in solid state physics[END_REF]. However, this Urbach tail appears likely in disordered crystals (structural or composition disorder) or crystals exhibiting defects, and it should be seen for both x-cut and y-cut samples (except if these crystals were differently grown). As our samples are of high crystallographic quality, this explanation is unlikely. Nevertheless, this should be confirmed by recording the absorption spectrum versus temperature.

In conclusion, performing THz generation in KTP and RKTP through OR, with a pump laser beam whose photon energy is tuned from 1.55 to 4 eV, permits us to observe a peak of the THz signal at the bandgap energy but also around half the bandgap. This later signal increase is definitively due to a TPA enhanced nonlinearity, which is validated by the amazing similarity of the TPA coefficient and THz peak amplitude data versus the pump photon energy. Our determination of the TPA coefficient of KTP, over the range 1.55-2.73 eV, is in agreement with and completes data published by Maslov et al. [START_REF] Maslov | Nonlinear absorption in KTP crystals[END_REF]. A careful analysis of the KTP (RKTP) sample absorption spectral dependence nearby the bandgap demonstrates that KTP (RKTP) is an indirect bandgap crystal. Just below the bandgap, absorption involves the emission of a phonon, which likely corresponds to a symmetric Ti-O stretching vibration. The indirect bandgap behavior must be validated by complementary works, for example by measuring the near bandgap absorption versus temperature. As well, the TPA enhancement of the nonlinearity merits to be described and explained with a complete theory.

CHAPTER CONCLUSION

In this chapter, we firstly model OR THz generation by taking into account the second-order nonlinear susceptibility and phase-matching effect. It has been confirmed in the calculation the nonlinear susceptibility depends on both pump and generated frequencies which helps us to understand the recorded THz emission enhancement phenomena. Besides, we give a formula of THz generation which renders for the propagation effects, especially the phase-matching process and this formula is valid for plane waves and within the hypothesis of neglecting rebounds of both THz and optical beams inside the crystal. And this formula has been validated to fit the experimental results very well.

Secondly, we performed THz emission through optical rectification in ZnTe crystal. A contrasted peak was recorded when the pumping photon energy is of the order the ZnTe bandgap energy, and for THz frequencies within the range of weak absorption of the crystal. Probably, this peak results from the bandgap resonance of the ZnTe nonlinear susceptibility since massive evidence can be found in SHG, experimentally and theoretically. But this hypothesis must be confirmed by theoretical works in OR/THz conversion. Besides, we give the explanation of the narrower THz spectrum at the bandgap, which is due to the THz absorption by the rest of the ZnTe crystal. What's more, the THz generation results pumped below its bandgap are well fitted by our model which is mainly determined by the phase-matching effect. Further, we explore the possibility to generate THz pulse by reflection configuration and developed OR reflection generation theory and experimental setup in reflection type. The electrical field ratio between reflection generation and reflected transmission THz pulse is much smaller than the results from our model. This could be explained by free carrier absorption at THz frequency. Finally, we studied the reflection THz emission versus pump beam polarization which can be well-fitted by the calculation.

Then, we performed OR/THz generation in GaSe crystal. In this study, we firstly investigate the effective generation length with 4 different thicknesses pumped at 800 nm. As expected, within the maximum generation length, the THz amplitude is stronger in thicker crystals. Whereas, when the thickness exceeds this limit, the optical/THz conversion efficiency drops down rapidly which is due to the velocity mismatch of optical and THz pulse, as well as the increased THz absorption especially at the higher frequencies. Besides, the emitted THz electric field can reach the maximum at the optimum thickness (less than 1 mm) but not the broadest spectrum, in this case, we can deduce the widest spectrum can be recorded in the crystal thickness between 0.1 mm to 1 mm. What's more, we performed THz generation in GaSe crystals versus pump photon energy which is below and around the crystal bandgap (2.27 eV). In the transparent range, we firstly record a THz emission peak at 1.77 eV, this is for sure due to the phase-matching effect and is well-fitted by OR THz generation model, either the crystal thickness or pump wavelength. This is the very initial work that addresses the phase-matching effect in GaSe crystal through the OR process, experimentally and theoretically. A second peak is recorded at the crystal bandgap which is likely due to the nonlinearity resonance at the crystal bandgap as we did with the ZnTe crystal. But the bandgap emission is less in GaSe. Moreover, a broader and more intense THz spectrum is recorded in the thinner crystal at the energy gap, which could be validated by crystal absorption at THz frequency. As we proposed in the ZnTe study, when the pump photon energy reaches its bandgap, no more propagation of optical beam, THz only generated from the entrance of the crystal (penetration depth) and then suffer THz absorption all along with the crystal, especially at the higher frequencies. This effect reveals the potential of broader THz spectra emission in thin-film crystal pumped around its bandgap.

Lastly, we carried out a complete study on the nonlinear coefficient of KTP crystals. By polarimetric calculation, we conclude that the nonlinear susceptibilities for OR THz generation are comparable to the one of electrooptic. Further, we performed THz generation in KTP and RKTP through OR pumped from 1.55 to 4 eV and observed a peak of the THz signal at the bandgap energy but also around half the bandgap. The first bump is the same as our previous study, which is near the crystal bandgap, and its THz amplitude is very small and this could be due to the THz absorption by the free carriers as well as the response of nonlinearity resonance. This later signal increase is definitively due to a TPA enhanced nonlinearity, which is validated by the amazing similarity of the TPA coefficient and THz peak amplitude data versus the pump photon energy. Besides, a careful analysis of the KTP sample absorption spectral dependence nearby the bandgap demonstrates that KTP is an indirect bandgap crystal. Just below the bandgap, absorption involves the emission of a phonon, which likely corresponds to a symmetric Ti-O stretching vibration.

CHAPTER 5. GENERAL CONCLUSION AND PERSPECTIVE

In this thesis, we target improving the THz emission efficiency by nonlinearity resonance in the OR process, as well as the characterization of semiconductors. We employ a homemade THz system that allows us to perform THz-TDS, OPTP, and OR/THz generation experiments. The optical pump beam covers from 280 nm to 800 nm (4.43 eV to 1.55 eV) that is above and below the bandgap of the different crystals studied here (ZnTe, GaSe, KTP/RKTP, GaAs, ITO).

We firstly performed OPTP measurements on GaAs samples with <100>, <110>, and <111> orientations. We have observed the early rising time of photoexcited carriers and after that, a long steady carrier decay time is also recorded which is >200 ps which is due to photoexcitation at energies above the X valley minima in GaAs leads to increased scattering out of the Γ valley and longer return times. And, for the first time, a peak at 2.6 eV of the photo-carrier lifetime was recorded in GaAs crystals oriented with <100>, <110>, and <111>. The carrier lifetime at this peak is 650~900 ps (±150 fs) which is 2~3 times longer than outside resonance and it rises strongly with the laser power density. We tried to explain this carrier lifetime peak with either the theory of interband and intervalley excitation and scattering, or excitation of surface states or Auger recombination. But neither of these hypotheses could explain perfectly this effect. Thus, it could be interesting to perform time-resolved resistivity measurement to know about the free carrier mobility, crystal surface modification to verify if the peak moves or exists, and so on.

Secondly, we employ the grating-assisted THz-TDS setup to precisely characterize the ITO nano-thin film. The bandgap of ITO film is measured by UV-VIS spectrometer and it turns out that the bandgap of 3.6 eV is in good agreement with published values. Then, with careful analysis of the THz transmission spectra of grating with and without ITO sample, we extracted the real and imaginary part of the refractive index of ITO thin film which is quite close to the database, and silicon grating shows a better performance in this study. Further, we evaluated the possibility to study the carrier behavior in ITO thin film by calculating the density of dopants and the maximum free carrier that can be excited. For this kind of experiment on 10% Sn 4+ doped ITO samples, quartz substrate must be considered and a UV pump power greater than 300 mW is required. Also, it could be possible to study the carrier dynamics using undoped ITO (TiO2) or intrinsic materials, like GaN.

Then, to better understand the OR/THz process theory, we model OR THz generation by taking into account the second-order nonlinear susceptibility and phase-matching effect. From the model, we can confirm that the OR/THz nonlinear susceptibility depends on both pump and generated frequencies. To our knowledge, this is the first time to address the nonlinear susceptibility in OR/THz process below and above the crystal bandgap. Besides, we give a formula of THz generation which renders for the propagation effects, especially the phase-matching process and this formula is valid for plane waves and within the hypothesis of neglecting rebounds of both THz and optical beams inside the crystal. And this formula allowed us to very well fit the ZnTe and GaSe experimental results.

The OR/THz generation experiments are performed in ZnTe, GaSe, KTP/RKTP crystals by pumping the crystals below and around their bandgap energies. We record an emission peak around the crystal bandgap (ZnTe, GaSe, KTP/RKTP). We believe that this peak is due to the bandgap resonance of the nonlinear susceptibility since massive evidence can be found in SHG, experimentally and theoretically and phase-matching theory cannot explain this phenomenon. But this hypothesis must be confirmed by investigation of dispersion of nonlinearity theories in OR/THz conversion. Due to the free carrier absorption at THz frequency, it could be a topic to study the free carrier behavior when pumping the crystal at its bandgap.

Besides, another THz emission enhancement is recorded near the half-bandgap of the KTP/RKTP crystal, which is for sure the TPA enhanced nonlinearity and has been validated by measuring the TPA coefficient. In this case, we can predict that this effect should be more pronounced with crystals exhibiting a large TPA efficiency. The TPA coefficient is known to vary inversely to the third power of the bandgap energy (see equation [START_REF] Desalvo | Infrared to ultraviolet measurements of two-photon absorption and n/sub 2/in wide bandgap solids[END_REF] [START_REF] Pidgeon | Two-photon absorption in zinc-blende semiconductors[END_REF][START_REF] Wherrett | Scaling rules for multiphoton interband absorption in semiconductors[END_REF][START_REF] Sheik-Bahae | Dispersion of bound electron nonlinear refraction in solids[END_REF][START_REF] Balu | Dispersion of nonlinear refraction and two-photon absorption using a white-light continuum Z-scan[END_REF], and thus GaAs (β = 23 cm/GW) or CdTe (β = 22 cm/GW) [START_REF] Studenyak | Urbach rule in solid state physics[END_REF] should show a strong TPA enhancement of the OR nonlinearity. A careful analysis of the KTP sample absorption spectral indicates that KTP is an indirect bandgap crystal, also a phonon emission of symmetric Ti-O stretching vibration is recorded just below the bandgap. Further, comprehensive polarimetric measurements and calculations demonstrated that the OR/THz nonlinear susceptibilities of KTP crystal are comparable to the one of electrooptic.

What's more, we observed that when pumping the crystal near its bandgap, a thinner crystal could irradiate a broader THz spectrum (let us notice this is not related to the phase-matching effect) since the generated THz pulse can get rid of the THz absorption throughout the crystal, especially at higher frequencies. This effect has been validated in ZnTe and GaSe crystals. Lastly, we explore the OR/THz reflection theory, and experimentally we recorded THz generation signals, i.e. reflection generation and reflected transmission THz pulse in ZnTe crystal. The OR reflection generation is much smaller than the calculation which could be due to the free carrier absorption at THz frequency. But, the study of THz emission versus pump beam polarization can be well-fitted by the calculation. This study provides a guide for future THz generation research (reflection type) which is intended to investigate the THz emission efficiency pumped near the crystal bandgap since one can get rid of the THz absorption inside the crystal, we, therefore, expect a broader and intense THz emission. [START_REF] Berkovits | Optical transitions on GaAs [110] surface[END_REF] 
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 11 Figure 1.1: the electromagnetic spectrum [1] (the THz range is in red).
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 12 Figure 1.2: (a) Isometric view of a typical THz PCA device mounted on an HRFZ Si lens. (b) Full top view of the THz PCA and (c) expanded top view of the centrally located THz dipole structure only showing gap dimension G and dipole length D [66]

  a photon of frequency idler  and a photon of frequency polariton  are simultaneously generated. For resonant THz generation, one has polariton  =.
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 13 Figure 1.3: the normalized nonlinear susceptibility versus photon energy in GaAs, InSb, and InAs crystals extracted from [78]. Dash curves are experimental results, solid curves are the corresponding normalized Miller's coefficient.

  the inverse reduced masses of a band pair. We assume that the products of the three matrix elements of the linear momentum operator PP'Q between the p-like 15v  valence band and the s-like 1  conduction band ( over the entire BZ. Equation (27) fits very well the experimental results, in Figure 1.4, even the resonance structures. Whereas, some deviations between theory and experimental results are attributed to the simplified consideration of only one valence band, and two top conduction bands, and neglecting the Coulomb interaction between the electron and hole.
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 14 Figure 1.4: Experimentally observed dispersion of the SHG coefficient (black circle) in ZnS as a function of the photon energy. The solid line is calculated dispersion curve using equation (27). [92]

,

  fE is the Fermi-Dirac distribution function. The summation is over band indices, and the integration extends over the Brillouin zone (BZ). ' () ll Pk are suitable reduced-momentum matrix elements.

  to be slowly varying functions of k. The quantities ' () ll Qkwhich involve a summation over intermediate states are real and independent of frequency.

  energy separation between the conduction band c and the valance band v at k in the Brillouin zone and Pvc is the corresponding momentum matrix element along the <111> direction. In this equation, we notice that there are two types of resonances, i.e., single resonances, when
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 15 Figure 1.5: The calculated (solid line) dispersion of the second-order nonlinear optical coefficient of GaP and the measured values (black circle). [95]
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 16 Figure 1.6: Illustration of OPTP process: optical pump (in red) excite the sample and THz pulse (in purple) after a delay Δt is here to probe the process.
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 1 7 shows the recorded waveforms that are transmitted by a 0.5 mm thick intrinsic GaAs wafer. The excited sample curve is measured at 2.67 ps after the excitation of the wafer by an 80fs laser pulse at 800 nm. The difference between the excited and non-excited waveforms corresponds to
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 17 Figure 1.7: THz waveforms transmitted by a 0.5-mm thick GaAs wafer, which is pumped by an 800 nm laser (continuous line) with 2.67 ps time delay compared to the THz probe pulse. The dotted line is the THz transmission waveform when the sample is without the pump. The bold line is the difference between samples with and without the pump.

Figure 1

 1 for different delays τ for the same intrinsic GaAs wafer. At τ = 0 ps (note that the delay time origin is arbitrarily chosen), the optical pulse impinges the sample after the THz probe pulse, so this probe pulse does not encounter any effect of optical excitation of the sample. Therefore, the ( , ) rec S   curve is null. When τ increases, the temporal overlapping of the pump and probe pulses is bigger as well, and thus the pronounced pulse feature.
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 18 Figure 1.8: Differential THz waveforms transmitted by a 500 μm thick GaAs wafer, which is pumped by a laser beam at λ = 800 nm. Each curve corresponds to a different value of the time delay τ between the optical excitation and the THz probe. For the sake of legibility, each curve is vertically shifted by 1.
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 21 Figure 2.1: the sketch of a multi-functional THz system. Red/purple arrows indicate the beam direction. The references of the optical components with the number are in the table below.
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 23 Figure 2.3: the sketch of THz-TDS configuration

  Figure 2.4 (a) shows the recorded THz time waveform with a time window of 12 ps and the zoom-in figure is here to give a better view of the background noise in the time window 0-2 ps. The oscillation from 6 ps to 12 ps is due to the phase-mismatch [107]. (b) is the dynamic range of the corresponding spectrum, the red dash line indicates the noise level, the red dash arrow shows the validated dynamic range. Let us notice that the THz crystal is 0.2-mm thick for emission and 0.5-mm for detection. Both crystals are ZnTe <110> oriented and all measurements are performed in dried air.
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 24 Figure 2.4: (a) terahertz waveform generated in ZnTe crystal and the insert figure shows the noise level in the time window of 0 -2 ps. (b) the corresponding THz spectrum dynamic range
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 25 Figure 2.5: (a) 10 measurements of terahertz waveforms (which are almost overlapped with each other) (b) the zoomed-in view of red circle part of (a), 10 curves with different colors represent 10 measurements.
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 26 Figure 2.6: the sketch of Optical-pump/THz-probe configuration This OPTP setup can perform diverse pump/probe experiments by carefully playing with two delay lines and choppers. With chopper 1 and delay 2 active (1 st mode), the system will detect only the peak value of THz waveform versus pump delay time, as shown in Figure 2.7 (a). For
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 27 Figure 2.7: (a) the THz peak value and (b) the variation of THz peak value versus pump delay
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 28 Figure 2.8: the average output power of OPA in the range of 1.5 eV to 4.5 eV (SHS: second harmonic of signal, SFI: idler and pump sum-frequency, SFS: signal and pump sumfrequency, FHI: fourth harmonic of the idler, FHS: fourth harmonic of signal)
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 29 Figure 2.9: the spectra of OPA pump beam, red circle (experiment data), black solid line (fitting curve)

Figure 2 .

 2 Figure 2.10: the OPA output beam spectra bandwidth versus photon energy
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 2 Figure 2.11: the sketch of OR THz generation pumped with OPA beam
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 31 Figure 3.1: Laser pulse energy that leads to a given variation of THz transmission versus the laser wavelength. Circles are experiment data, the continuous line is calculated with expression (68).
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 32 Figure 3.2: Left: Variation ΔT of the THz transmission versus the pump-probe delay for different pump wavelengths at early excitation times; Right: comparison of experimental results and references [113] [117]
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 33 Figure 3.3: The free carrier recombination process recorded by Beard et al [113] (red circle) and our data (gray circle) pumped at 800 nm

  A1 and A2 represent the contribution amplitude and τ1, τ2 are carrier time decay. The fits are represented by the continuous lines in Figure 3.4.
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 34 Figure 3.4: Variation of the transmitted peak value of the THz waveforms versus the time delay between the pumping laser pulse and the THz probe pulse at the <100> (upper left), <110> (upper right), <111> (lower case) GaAs samples. Recorded data are grey points, while the continuous black lines are a double-exponential fit.
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 35 Figure 3.5: Decay times τ1 (left panel) and τ2 (right panel) versus the pumping photon energy for the <100>, <110> and <111> samples
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 36 Figure 3.6: The average decay times τ1 and τ2 versus the pumping photon energy (top), the average value of A1 and A2 versus pump photon energy (bottom).
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 37 Figure 3.7: The decay times τ1 and τ2 versus the pump laser power at 1.55 eV and 2.6 eV
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 38 Figure 3.8: The band structure of GaAs structure, the vertical solid lines indicate the possibility for a 2.6 eV transition A graphical solution for the transitions valence band (VB) + 2.6 eV → conduction band (CB) is depicted in Figure 3.9. The solutions are given by the points at which the valence bands plus 2.6 eV (continuous lines) cross with the conduction band (dashed line).
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 39 Figure 3.9: The schematic diagram of VB + 2.6 eV (continuous lines) cross with the conduction band (dashed line)

  we derive the carrier velocity (Figure 3.10 left). Data computed from the ones extracted from the band structure (Figure 3.8) are plotted as full circles (transitions occurring on the right side of the Γ valley, i.e. the 100 direction), and open circles (111 direction), for all the HH, LH and SO bands. In the bottom of the Γ valley, i.e. up to 1the two sides of the valley exhibit the same behavior for the transitions from the HH and LH bands, that is the velocity of the carriers is the same. It is nicely fitted with a power function: with v in m/s and Ephot in eV, respectively for the HH, LH and SO bands.

Figure 3 . 10 :

 310 Figure 3.10: (left) The carrier velocity in SO, LH, HH bands and (right) the experimental data τ1 and the fitting curve using SRH model Thus, from this expression of the velocity and from the SRH expression of τ, with a constant cross-section coefficient σ, we can plot τ versus the photon energy Ephot for carriers excited in the Γ valley. The result is shown in Figure 3.10 right (continuous lines) together with the experimental data, and with EG = 1.5 eV and σ = 3×10 23 cm 2 . The calculated curves do not fit well the experimental results at low photon energy (<2.5 eV) if we treat it without surface effects.
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 311 Figure 3.11: The photon-carrier excitation ratio in the surface (red) and in the bulk (black).
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 312 Figure 3.12: Absorption, Auger recombination and free carrier absorption.

3 

 3 is known as the Auger recombination coefficient. It has been calculated and measured for GaAs by several authors. The following Table3.1 gives the published measured values.
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 313 Figure 3.13: Left) Band structure of GaAs extracted from Luo et al. [129]; Right) Possible energy scheme of the excitation of CB2 through an Auger process.

  variations of THz transmission (our measurements, in blue), of optical reflectivity (McLean, black circles) and calculated with expression (74) (continuous grey line, calculated with the above parameters). Our experimental data are in excellent agreement with the ones by McLean. However, the model gives a too long decay tail.
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 314 Figure 3.14: Photocarrier dynamics in GaAs (blue dots: our experimental data, black dots: McLean; grey line: calculated with (74)).
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 1 are not fine).
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 315 Figure 3.15: Photocarrier decay in GaAs, our experimental data (blue line) and curves (black lines) calculated with (75) with different values: left) of 2  (in unit of 10 -10 cm 2 /s) for 19 2.3 10 o N =

  coefficient  is the inverse of the free carrier collision time, which is of the order of 50~100 fs [/s. Therefore, we get:
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 316 Figure 3.16: Scheme of the grating device with the main geometrical parameters. Images are EBM pictures of (a) the grating and (b) the section of a groove [137].
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 317 Figure 3.17: The calculated m-lines response with single variable parameter, (a) grating period, (b) device thickness, (c) the groove depth
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 320 Figure 3.20: The (αhv) 2 versus photon energy calculated with the data from ITO film, 300 nmthick (black), 15 nm-thick (red). The red/black solid line indicates the energy gap.
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 321 Figure 3.21: The transmission and optical thickness of silicon (upper) and quartz (lower) grating, circles are experiment data, red solid line is the fitting curve.
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 322 Figure 3.22: The scheme and real experimental parameters of ITO film and silicon (quartz) grating

Figure 3 . 23 :

 323 Figure 3.23: The transmission and optical thickness of grating silicon (upper) and quartz (lower) with 300 nm thick ITO layer, circles are experiment data, solid line is the fitting curve.
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 324 Figure 3.24: The real part (solid line) and imaginary part (dash curve) of the refractive index of ITO film, experimental results (red), reference [141] (black)
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 325 Figure 3.25: The real part of conductivity of ITO thin film. The fitting curve is calculated from the Drude-Smith model, the data is deduced from Figure 3.24 by equation (87)

  one employs a perturbation technique. Let the solution be NL r r r = +  . r is the linear solution and rr   :

  we define the coherence length as follows:

  Figure 4.1.
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 41145 Figure 4.1: The generated THz field versus crystal thicknesses, the results are calculated by equation (145) If it's transparent in optics but absorption at THz.
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 42 Figure 4.2: THz waveforms recorded for different pumping photon energies (values given on the right side). For the sake of legibility, each plot is vertically shifted by 1 as compared to the neighbor one below.
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 43 Figure 4.3: Spectra of the THz waveforms plotted in Figure 4.2, recorded for different pumping photon energies (values given on the right side). For the sake of legibility, each plot is vertically shifted by 1 decade as compared to the neighbor one below.
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  are respectively the measured reflectance and transmittance. The absorption edge of ZnTe is clearly seen on the absorption spectrum. Over 2.3 eV, the absorption plateau at about 65 cm -1 is due to the lack of transmitted signal, which makes ( )  T substituted by noise in[START_REF] Wu | Design and characterization of traveling-wave electrooptic terahertz sensors[END_REF].

Figure 4 . 4 :

 44 Figure 4.4: THz field magnitude at 0.36, 0.8, 1, and 1.93 THz versus the pumping photon energy. Full circles are experimental data. The lines are calculated with expression (139) and are continuous in the range of validity (1.5-2.2 eV). For information, they are plotted as dashed lines over 2.2 eV, even if the calculation is no more valid. The dotted line is a guide to the eyes that emphasizes the 2.3-eV peak.

Figure 4 . 5 :

 45 Figure 4.5: THz field magnitude at 1 THz and crystal absorption versus the pumping photon energy. Full circles are experimental data. The dotted line is a lead to the eye.

Figure 4 .

 4 Figure 4.6 presents the THz field magnitude versus the THz frequency for different photon energies below the bandgap (1.95 and 2.15 eV), at the bandgap (2.28 eV), and above the bandgap (2.5 eV). These values are normalized to the one at 1.55 eV, in order to get rid of the spectral shape of the THz signal due to both the laser pulse duration and the detection bandwidth. Below the bandgap (1.95 and 2.15 eV), the normalized signal slightly decreases with the THz frequency. Above 1.5~1.7 THz, it becomes noisy due to the weakness of the recorded signals. At the bandgap, the result is very different as compared to below the bandgap: a peak clearly appears around 0.55 THz. At higher frequencies, the signal gently decreases. At 2.53 eV, another behavior is observed: the signal decreases gradually and monotonously with the frequency, without any peak.

Figure 4 . 6 :

 46 Figure 4.6: THz field magnitude normalized to the 1.84-eV value versus THz frequency, for photon energies below the bandgap (1.95 and 2.15 eV), at the bandgap (2.28 eV), and above the bandgap (2.53 eV). The dashed line is a fit of 2.15-eV data using expressions (108) (139).

Figure 4 . 7 :

 47 Figure 4.7: Generated THz field in 1.52-mm <111>-oriented ZnTe crystal pumped at 2.3 eV using expressions (139)

Figure 4 . 8 :

 48 Figure 4.8: the referential laboratory: incidence beam, crystal brief and irradiated THz pulse

Figure 4 . 9 :

 49 Figure 4.9: The experimental setup in reflection configuration

at 1

 1 THz and this value is absolutely not what we recorded. The

Figure 4 . 10 :

 410 Figure 4.10: The recorded THz waveform(upper) and its corresponding spectrum below. Signal R (generation in reflection), T (generation in transmission and reflected by the crystal) Further, to validate again that the first THz pulse is generated from reflection, we performed THz emission efficiency versus pump beam polarization by rotating the half waveplate in front of the crystal. The results are plotted in Figure 4.11, and the fitting curve is calculated by ,, sin(2 )

Figure 4 . 11 :

 411 Figure 4.11: The THz generation efficiency in reflection type versus pump beam polarization, black dots are experimental data, dot line is data guideline, dash curve is the calculation result

Figure 4 . 12 :

 412 Figure 4.12: The refractive index and absorption coefficient of GaSe crystal measured by THz-TDS, the sample thickness is 1 mm.

Figure 4 . 13 :

 413 Figure 4.13: THz waveforms recorded for different crystal thicknesses (values given on the right side). For the sake of legibility, each plot is vertically shifted by 1 as compared to the neighbor one below.

Figure 4 . 14 :

 414 Figure 4.14: The peak value of THz waveforms recorded for different crystal thicknesses (square). The solid curve is calculated with equation (139).

Figure 4 . 15 :

 415 Figure 4.15: The spectra of THz waveforms are plotted in Figure 4.13. The thickness and the corresponding colors are presented on the upper right side.

Figure 4 .

 4 Figure 4.15 reveals that at high frequencies (typically above 1.5 THz) the thinner crystals generate equal or higher THz power than the thicker crystals. As already explained, this behavior resuts from both the absorptions at optical and THz frequencies. Below, the signal could be enhanced by phase-matching effect, and thus the 1-mm crystal radiates the strongest signal that peaks at 0.6 THz.

Figure 4 . 16 :

 416 Figure 4.16: The exponential ratio of THz spectra plotted in Figure 4.15 which are normalized to the one of 1-mm sample. The experimental results are plotted in the red circle, the solid lines represent the calculation from equation (139).

Figure 4 . 18 :

 418 Figure 4.18: THz waveforms from GaSe 0.02-mm (left), 0.1-mm (middle), 1-mm (right), crystals recorded for different pump photon energies. Let us notice that no THz emission in 1mm thick GaSe above 2.02 eV.

Figure 4 . 19 :

 419 Figure 4.19: The normalized (left) and real (right) peak values of THz waveforms (circles) versus pump photon energies, the dash curve gives the profile of the data, the vertical solid line indicates the crystal bandgap. The corresponding crystal thickness is listed on the right side of each plot.

Figure 4 . 20 :

 420 Figure 4.20: The generated THz field (normalized to 1.55 eV) versus THz frequency. Circle represents experimental result and solid line is fitting curve. The top curve from 0.1-mm thick crystal, the other 4 curves from 1-mm thick crystal.

  energy, nG=3.4 at 2.26 eV, n=3.2). We performed the measurement and calculation of the ratio (169) with samples of thicknesses x1=0.1 mm and x2=0.02 mm. In the calculation,  is taken from Figure4.12. ω is extracted from Figure4.17, and ω ~ 50 cm -1 at 2.26 eV.

Figure 4 . 21 :

 421 Figure 4.21: THz spectrum from the 0.1-mm (dashed blue line) and 0.02-mm (red line) thick GaSe crystals pumped at 2.26 eV. The continuous blue curve is calculated using equation (169).

Figure 4 . 22 :

 422 Figure 4.22: Scheme of the crystal orientation and involved polarization and detection angles.

Table 4 . 1 :

 41 THz generation experimental results (y-cut) for the given angle 4 in the above table obey to the same expression but with sin det  and cos det  respectively, the lacking signal cannot be explained by the polarization sensitivity of the EO detector, and thus the only possibility is a weak  15 coefficient. Data 1 and 3 should show the same ψ dependence, but again weighted by sin det  and cos det  , as it is shown inFigure4.23.

Figure 4 . 23 :

 423 Figure 4.23: Peak of the THz waveform generated by the y-cut sample versus the azimuthal angle ψ. Circles are experimental data, continuous lines are calculated.

31 33 ,

 3133  , 𝜃 𝑑𝑒𝑡 , values determined above.

Figure 4 . 24 :

 424 Figure 4.24: Peak of the THz waveform generated by the y-cut sample versus the angle θ. of the polarizer axis. Circles are experimental data, the continuous curve is calculated.

Figure 4 Figure 4 . 25

 4425 Figure 4.25

Figure 4 . 25 :

 425 Figure 4.25: Peak of the THz waveform generated by the x-cut sample versus the azimuthal angle ψ. Circles are experimental data, continuous lines are calculated.

  indices at respectively the THz and laser

Figure 4 . 26 :

 426 Figure 4.26: Left: general orientation of the laser and THz beam polarizations; center: present experimental parameters in the <100> crystal case; right: idem for <010> case.

  )where d is the sample thickness,  G n and  G n are the group indices at THz and optical frequencies, and c is the velocity of light in vacuum. The group index at THz frequencies is determined by looking at the THz rebound occurring around 9.5 ps (see for example the 3.65-eV waveform). This is the peak generated at the entrance face that is reflected by the exit face back inside the crystal, and then reflected by the entrance face towards the receiver. It is hence detected with a delay τ2, as compared to the second peak of the waveform at 1. The measured value of τ2, averaged over all the waveforms, is equal to 7.54 ps, leading to 3

Figure 4 . 27 :

 427 Figure 4.27: THz waveforms from KTP x-cut (top left), y-cut (top right), RKTP x-cut (bottom left), y-cut (bottom right) crystals recorded for different pump photon energies. The thicker curve is recorded for a pump photon energy (3.54 eV) corresponding nearly to the one of the KTP bandgap (3.55 eV).

Figure 4 .

 4 Figure 4.28 presents the experimental delay τ1, extracted from Figure 4.27 together with the curve calculated with (188). Here there are no adjustable parameters.  G n is the value determined

Figure 4 . 28 : 4 . 27 .

 428427 Figure 4.28: Delay time τ2 between the 2 first pulses of the recorded THz waveforms of Figure 4.27. The continuous line is calculated using expression (188).

Figure 4 . 29 :

 429 Figure 4.29: Spectra (modulus) of the waveforms plotted in Figure 4.27 x-cut KTP for pump photon energies 2.26, 3.54 and 3.65 eV. The 3.54 and 3.65-eV curves are vertically shifted for the sake of legibility.

Figure 4 . 30 :

 430 Figure 4.30: The corresponding peak values of the THz waveforms (Figure 4.27) versus the pump photon energy. The left plot is for KTP (upper)/RKTP (lower) x-cut crystal, the right one for KTP (upper)/RKTP (lower) y-cut one. The full (open) circles are signal generated at the entrance (exit) face. In the upper plot, crosses are the entrance face data multiplied by 3.7. The vertical continuous and dotted lines indicate the bandgap and half-the-bandgap energies respectively. The dashed curves are a guide to the eyes.

Figure 4 . 31 :

 431 Figure 4.31: Transmission coefficient of the x-cut KTP crystal versus the peak power density of the OPA beam, for 3 different values of the pump photon energy. The lines are linear fits of the experimental data.

Figure 4 .

 4 [START_REF] Koenig | Wireless sub-THz communication system with high data rate[END_REF]. In agreement with them, we also obtain the same β values for the y-cut sample. Our experimental β values exhibit a similar behavior versus pump photon energy as the one of the THz peak values (i.e. the 2-eV bump of Figure4.30) that are plotted again for comparison. Note that we plot here only the THz signal generated at the exit face, and thus we divide the measured waveform peak value by the transmission (intensity) of the crystal at the optical frequencies, in order to normalize the THz signals to the pump laser intensity at the exit face.

Figure 4 . 32 :

 432 Figure 4.32: TPA nonlinear coefficient β (open circles) versus pump photon energy. Grey squares are values published by Maslov et al. [194]. The THz peak values (Figure 4.30), divided by the crystal optical transmission, are plotted again for comparison (black circles, given here in arbitrary units). The continuous line is calculated with the model of ref. [195]. The dashed line indicates half-the-bandgap.

  from b to the energy level c (bottom of the conduction band at g E ). The expression of the nonlinear susceptibility writes (equation 3.2.27 in[START_REF] Boyd | Nonlinear optics[END_REF] adapted to optical rectification):

Figure 4 . 33 :

 433 Figure 4.33: Square-root of the measured coefficient of absorption for KTP (x-cut sample: full circles; y-cut sample: open circles) versus the photon energy. The continuous line is calculated with (195) and Eg=3.5 eV, and the dashed line with (196) and Ephonon=173 meV. The inset shows the measured absorption versus the photon energy on a linear scale diagram.
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									Pk  is expressed as:
									cv
	P	111  =	(	P	x	y + + P	P	z	) / 3
	cv		cv	cv	cv	

Table 2 .1: the reference of optical component

 2 

	1) Femtosecond laser	8) Quarter waveplate
	2) Chopper	9) Half waveplate
	3) Half waveplate + polarizer	10) Wollaston prism
	4) Focal lens	11) Auto-balanced photodiodes
	5) Nonlinear crystal	12) Optical delay line
	6) Teflon slab	13) Optical parametric amplifier
	7) Off-axis parabolic mirror	14) Air chamber

Table 2 .2: the reference of OPA spectra bandwidth

 2 

hν (eV) 1.55 1.77 1.91 2.07 2.39 2.48 2.76 3.45 3.65 3.88 4.14 4.35 Δν(eV) 0.042 0.052 0.071 0.026 0.061 0.060 0.108 0.082 0.050 0.051 0.045 0.045 hν: pump photon energy; Δν: spectral bandwidth

Table 3 .1: the reference of the Auger recombination coefficient

 3 

	cm 6 /s	7 × 10 -31	10 -31	1.6 × 10 -29	7 × 10 -30
	Auger process	eeh	hhe at 77K	eeh	eeh+hhe
	Reference	[125]	[126]	[127]	[128]

Table 3 .2: the description of samples and experiments ITO Substrate

 3 

		Without ITO	15 nm thick ITO	300 nm thick ITO
	Quartz	UV-VIS spectrometer	UV-VIS spectrometer	UV-VIS spectrometer

    + is omitted. By combining the two last calculations, we obtain:

				NL	NL		NL					NL	NL		NL	
				P	P		P					P	P		P	cos
				X	y		z					X	x		z	
				NL	NL		NL					NL	NL		NL	
	x	cut		P	P	sin	P	cos	,	y	cut	P	P	cos	P	sin	,
				Y	y		z					Y	x		z	
				NL	NL							NL	NL			
				Zx PP							Zy PP				(177)
	z	cut	      	cos cos PP NL x P P  sin NL y  -NL NL , , sin y x   NL X P P = NL , Y = ,, NL NL Zz PP								
	Here the factor															

* o EE

Table 4 .2: THz generation experimental results (x-cut) for the given angle x-cut

 4 

	Data				, NL det  P		o	* E  E +	Signal
	1	0	0			24 cos		det	 sin 2	0
	2	 / 2	0	sin	(   det	32	cos	2	  +	33	sin	2		)

Table 4 .3: The comparison of the nonlinear coefficient of electrooptic, optical, and optical rectification

 4 

		ij	31	32	33	51	42
	Ref. [184]	dij (pm/V) -SHG	6.5	5.0	13.7	6.1	7.6
	table 1	dij / d33	0.47	0.37	1	0.45	0.56
	Ref. [184]	rij (pm/V)	8.8	13.8	35	6.9	8.8
	table 3	rij / r33	0.25	0.39	1	0.20	0.25
	Our present	χij (A. U.)	136	213	572	0	0
	study	χij / χ33	0.24	0.37	1	0	0

Table 4 .

 4 3. 

  matrix elements and that can serve as an adjustable parameter. n0 is the refractive index of the crystal and Eg is the bandgap energy. Using the parameters of KTP (

	E	p		21	eV, and 2 1  f	is a factor that depends on the
	inter-band 1.8  o n	,	=	3.55

g E



This is not rigorously true, as we will see in the chapter dedicated to THz generation in reflection. However, as the THz reflected field is weak, this approximation is valid in most experimental cases.
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CHAPTER CONCLUSION

In this chapter, the THz system with 3 configurations is illustrated and characterized by proper means, including the classic THz-TDS, optical-pump/THz-probe technique, and OR THz generation setup. The methods on how to use the equipment and how to switch between three configurations are demonstrated. Typically, the system can be used as the classic THz-TDS for material characterization when the 800 nm laser pulse is active and therefore one can take advantage of the high pump power capacity (up to 1 W) which leads to a nice THz signal of 6 THz bandwidth, an SNR 1000:1 and a dynamic range of 65dB at 0.6 THz. Additionally, an optical delay line with a precision of 5.8 fs (174nm optical thickness) makes it possible for nano-thin film characterization. Secondly, when combining the OPA source, classic THz-TDS, and two delay lines, the OPTP function is available. Besides, 3 modes can be active by playing with the position of the chopper which allows us to study the carrier dynamics and to characterize the response of the system regarding the free carrier density. Lastly, using the OPA beam as an OR THz generation beam will allow us to study the THz emission efficiency versus different pump photon energy or THz generation versus pump beam polarization as well as the THz emission in transmission and reflection. The THz-TDS, OPTP experimental results, and data analysis will be written in Chapter 3 and the OR THz generation study will be demonstrated in Chapter 4. by the noise. Therefore, the peak around 2.7 THz barely vanishes, but the phonon absorption line at 0.6 THz is still clearly seen and modeled.

THz emission optically pumped from UV to IR

The dispersion of the GaSe nonlinearity has been studied experimentally and theoretically by Molloy [START_REF] Molloy | Dispersion equations for the entire transparency range of GaSe[END_REF] and Vodopyanov [START_REF] Vodopyanov | New dispersion relationships for GaSe in the 0.65-18 μm spectral region[END_REF], using three-wave interaction (SHG, SFG, etc.). As mentioned in the previous section, several studies have been carried out with GaSe crystal for THz generation. R. Norkus et al. pumped GaSe crystals with above bandgap optical pulse, and they recorded a high THz enhancement due to the photon-excited free carriers [START_REF] Norkus | Terahertz emission from a bulk GaSe crystal excited by above bandgap photons[END_REF]. But, to our knowledge, no research has been focused on the dispersion of the OR second order nonlinear susceptibility of GaSe through THz generation, which involves the phase-matching effect.

In this part, the experiment is carried out in a classic THz-TDS system. The GaSe crystal is pumped by OPA with output wavelength from 800 nm down to 540 nm which is below and above the GaSe bandgap (2.27 eV) which is known to exhibit a direct band structure [START_REF] Boyd | Nonlinear optics[END_REF]. We measured the absorption coefficient with a UV-VIS spectrometer and fitted it with a direct bandgap equation ( 84) [START_REF] Makuła | How to correctly determine the band gap energy of modified semiconductor photocatalysts based on UV-Vis spectra[END_REF]. The results are plotted in Figure 4.17 Then we turned to the THz emission measurement. The optical pump beam is focused onto the samples with the spot diameter of 2 mm and under normal incidence. The average power of the OPA pump beam is 10 mW (peak power density 6.37 GW/cm 2 ). The studied GaSe crystals are <001>-cut and display 3 different thicknesses (1, 0.1, and 0.02 mm). Here, we did not pick the 2.37mm thick crystal for sake of a better SNR, based on the previous study on effective generation length.