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The understanding of the stars life cycle in the interstellar medium and its role in the galaxy evolution has been possible with the continuous increase in sensitivity and spectral resolution of the far-infrared (FIR) and sub-millimetre heterodyne receivers in observatories such as the Hershel Space Observatory, the Stratospheric Observatory for Infrared Astronomy (SOFIA) or the Atacama Large Millimetre/submilimetre Large Array (ALMA). Further studies in the 1.2 Ωae 5 Terahertz (THz) frequency range (⁄ =2 5 0-6 0µm) are however required, especially for the molecular spectroscopy of the rotational transition lines HD, NH 3 and H 2 . The first key element of a heterodyne receiver is its non-linear mixer (detector) that down converts the THz signal of interest into a much lower frequency range. Superconducting hot electron bolometers (HEB) are good candidates for detecting weak signals in the THz frequency range. Such heterodyne detectors require radiant power from a local oscillator (LO)-the second key element -to achieve the mixing process in the frequency range of observations. The THz LO signals are overlaid with the signal of interest (RF) and coupled to the mixer using a diplexer or a beam-splitter. THz quantum cascade lasers (QCL) are promising semiconductor laser sources operating above 1 THz with mW of output power available. The combination of a QCL as LO and a HEB as mixer is an ideal THz heterodyne detection system that is currently employed by on-board missions for astrophysical observations. Further developments are however necessary to improve the integrations of QCL-based LOs with HEBs for future space missions, in terms of compactness, DC power dissipation of the QCL and quasi-optical coupling of the LO signal with the HEB. This work has put the emphasis on the development of a suitable LO for a compact and ultra sensitive heterodyne receiver in the THz frequency range. To meet the required specification of THz heterodyne applications, we have successfully developed a 3 rd -order DFB THz QCL with single mode operation at 2.7 THz with less than 200 mW of power dissipation. The 3 rd -order DFB approach has proven to be extremely competitive as devices can be made very small, and hence require low power, without compromising the output beam quality. The beam pattern divergence was measured with a FWHM of 10 ¶ ◊10 ¶ . The output power (≥1 mW) was sufficient to fully pump the HEB into its i

normal resistive state. These characteristics made the fabricated devices suitable for a compact integration with the mixer in a heterodyne receiver.

A difficulty, however, remains in obtaining a precisely pre-defined emission frequency and an optimal output beam pattern simultaneously, as both are determined by the same parameter: the grating duty cycle. The optimal far-field beam profile is obtained when the effective index of the lasing mode is exactly n ef f =3. If one departs from this phase matching condition, for which there is perfect constructive interference in the far-field, the output beam profile will be degraded. Therefore, we have proposed a practical technique to re-shape the far-field emission pattern of THz frequency 3 rd -order DFB lasers into almost perfect Gaussian beams independently of the quality of the laser output beam profile. The technique is based on the use of dielectric hollow waveguides (HWs). This technique reliably increases the laser beam directivity up to 55 dBi. The 3 rd -order QCL coupled to a HW enables almost perfect Gaussian far-field emission profiles to be created with full-width-at-half-maximum values of 5 ¶ ◊5 ¶ .
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Introduction

The interstellar medium (ISM), the space which lays between the stars in a galaxy, plays a major role in the galaxy evolution. The ISM is not void but is constituted with dust and gas gatherd in large molecular clouds. During their life cycle, the stars reject materials into the ISM through stellar winds, supernova explosions and new stars are being formed by gravitational collapse of the clouds. The galaxy evolution is then characterised by this constant recycling and associated material enrichment between the stars and the ISM. To understand the star formations and the star life-cycle and further the galaxy evolution, the physical processes of the ISM must be studied. Due to the enhancement of the sensitivity and the resolution of the far-infrared (FIR) and submillimeter observatories such as the Herschel Space Observatory [START_REF] Harwit | The herschel mission[END_REF], Stratospheric Observatory for Infrared Astronomy (SOFIA) [10] and Millimetre/submilimetre Large Array (ALMA), high spectral and spatial resolution spectroscopic observations of interstellar molecular clouds have been possible. Thanks to these observations, it is now possible to study the physical chemistry that determines the formation and destruction of interstellar molecules, the star formation and their interaction with their surrounding ISM. More than 190 interstellar molecules have been discovered over the past 80 years in the ISM and in circumstellar sources [11].

Although, this list is not complete yet. This progress has been possible thanks to the continous developpement of highly sensitive spectrometers in the field of laboratory spectroscopy as the detection of new molecules in the ISM starts, most of the time, from getting high-spectral resolution laboratory spectra of molecules. Finding the molecules spectral signatures help to their precise identification in the molecular clouds [12]. The majority of the molecules in the ISM contains carbon and organic substances, for which their detections are made in the microwave and submilimeter regime via their characteristic rotational transition frequencies. This latter point represents a real challenge as this frequency band is mostly absorbed by the Earth atmosphere due to the presence of water vapor. The atmosphere has a number of "windows," in which the absorption is neverthe-

Direct vs Heterodyne detection

The direct detectors are widely used for spectroscopy measurements and imaging in the infrared, far-infrared, visible and ultraviolet frequency regime. In the sub≠mm and mm frequency regime for instance, Golay cells and pyroelectronic detectors are employed for direct detection at room temperature for reasonable sensitivity and time response (usually • ƒ 10 ≠2 ≠ 10 ≠3 s). A figure of merit for the sensitivity of sub-mm and mm detectors is the noise equivalent power (NEP) which expresses the minimum detectable power per square root bandwidth which can be written, for direct detectors, NEP =

Û 2h‹ ÷ W B (in W/ Ô Hz)
where W B represents the background radiation power and ÷ the detector quantum efficiency. Lower is the NEP and more the detector is sensitive. The noise equivalent power for room temperature detectors is typically from 10 ≠10 ≠ 10 ≠9 W/ Ô Hz. Bolometer and micro-bolometer cooled down to cryogenic temperatures (liquid nitrogen or liquid helium) allows much better sensitivity. Niobium (Nb) bolometer cooled down to 4K can achieve NEPAE 10 ≠11 W/ Ô Hz. A review of the different incoherent sub-mm and mm detectors can be found in [14] and [START_REF] Nicolas | Optoélectronique térahertz[END_REF]. Lenses and mirrors are used to focus the incoming radiations on the detector and most of the time, a filter is employed to reduce the background radiations other than the signal of interest. Lock-in amplifier can be used to have a higher signal to noise ratio.

On the other hand, coherent detectors need a local oscillator (LO) to be phase sensitive and operate a mixing: the THz or RF signal at ‹ RF is down≠converted to an intermediate frequency (IF) ‹ IF =| ‹ RF ≠ ‹ LO |. The IF signal conserves the phase and amplitude information of the original signal around ‹ LO and is then further amplified and analysed on a spectrometer. The instantaneous spectral range of ‹ RF around ‹ LO is limited and depends on the type of mixer used (cf section 1.2): it is generally referred as the IF bandwidth. Figure 1.2 schematically illustrates the heterodyne down-conversion system. This kind of detection is especially employed when high spectral resolution ( ‹ ∆‹ ƒ 10 6 ) is required. The key element in heterodyne receiver is the detector which performs the non-linear mixing. The RF and LO signal are usually overlaid with diplexers or beam splitter to operate the beating of the two signals. The main advantage of the heterodyne detection is that the frequency and phase information of the RF signal ‹ RF in the THz frequency range are down converted at much lower frequency ‹ IF , for which amplifiers, spectrum analysers are available.

Common mixers for heterodyne are devices with a strong quadratic nonlinearity: schottky diodes, superconductor≠insulator≠superconductor (SIS), superconducting hot electron bolometer (HEB). The sensitivity of a heterodyne detector is usually expressed in terms of single side band (SSB) or double side band (DSB) noise temperature (DSB noise temperatures being two times smaller than the SSB noise) and can be correlated 

Schottky Mixers

Schottky mixers have a broad operating frequency range up to several THz. They can be operated at room temperature which makes them extremely attractive for spaceborne observatory where cryogenic liquid reservoirs used to cool down usual superconducting detectors are limited. However they need high LO power to reach their highly sensitive state (≥3-8 mW [START_REF] Mann | First results for a 2.5 thz schottky diode waveguide mixer[END_REF]) and their performances are degraded for frequencies above 1 THz: A double-side-band (DSB) noise temperature T rec of ≥8000 K at 2.5 THz was measured in [19]. A DSB T rec was measured at 1500 K for frequencies ranging from 520 to 622 GHz [20][21] at room temperature. Their sensitivity also increases at lower temperature. Nevertheless, the bandwidth of a Schottky mixer can be large, up to 50 GHz. A SEM picture of Schottky diodes is shown in figure 1.4

SIS Junctions

Below 1 THz the SIS junctions are extrelemely sensitive mixers (near the quantum noise limit) with recorded equivalent noise temperature of 30 K at 100 GHz [START_REF] Carter | The emir multi-band mm-wave receiver for the iram 30-m telescope[END_REF] and 85 K at 500 GHz [START_REF] Chattopadhyay | Development of multi-pixel heterodyne array instruments at submillimeter wavelengths[END_REF]. Delorme et al. [START_REF] Delorme | Space-qualified sis mixers for herschel space observatory's hifi band 1 instrument[END_REF] have demonstrated SIS mixers for Herschel-HIFI band 1, covering the frequency range 480 to 640 GHz with a noise temperature of ≥ 50 K, (few times of quantum limit). The maximum operating frequency of the SIS mixers is determined by the frequency gap of the superconducting material: for niobium nitride mixers, this frequency is about 1.4 THz. Their main advantage is that they require a relatively low LO power on the order of a few µW. SIS mixer with 11 GHz of bandwidth has been reported in [START_REF] Liu | Characterization of the if bandwidth of an all-nbn superconductor-insulator-superconductor mixer[END_REF].

Hot Electron Bolometer

So far, HEB mixers are the most sensitive mxiers for frequencies above 2 THz. They rely on a bolometric effect and contrary to the SIS juntions, the HEBs have not a upper frequency limit. Their superconductor bridge needs to be cooled down at temperatures lower than critical temparture of the superconducting bridge (T C around 9 K for NbN HEB) and their IF bandwidth can reach 3 to 4 GHz but they typically require a few hundred nanowatt of LO power to operate heterodyne measurements. HEBs are the preferred mixer for frequencies above 1.5 THz and have already been used up to 1.9 THz in Herschel observatory with the Heterodyne Instrument for the Far-Infrared (HIFI) [26] and at 2.5 THz on SOFIA GREAT [START_REF] Stutzki | First supra-thz heterodyne array receivers for astronomy with the sofia observatory[END_REF] and upGREAT [28]. Below 2 THz, waveguides HEB and quasi-optical HEB have relatively similar performances. Currently, the majority of mixers above 2 THz are made with quasi-optical technology since the manufacturing of the waveguides becomes increasingly difficult at very high frequencies. Nobium Nitride (NbN) HEB fabricated at LERMA and C2N have been demonstrated extremely high sensitivity with a recorded DSB noise temperature of T rec = 790 K at 2.5 THz [29]. NbN HEB is the first building block of our THz heterodyne receiver and this technology will be further investigated in the chapter 6. Therefore, the next section will present few LO available in the THz frequency range.

Local Oscillator

Local Oscillator

Heterodyne mixers down-convert the frequency of the RF signal by superimposing it with a frequency of reference, the LO signal. The LO has to generate a single and stable frequency with enough output power to pump the mixer into its sensitive state. The emitted frequency needs to be close to the frequency of interest.

Backward wave oscillators

The Backward wave oscillators (BWO) are vacuum tubes used to generate microwaves and terahertz signal. BWOs are composed of a gun which forms an electron beam that traverses an RF circuit. The slow wave structure imposes modulation on the beam that creates an RF wave that travels from the collector end of the circuit back toward the electron gun. The RF power is coupled out through a waveguide at the gun end of the circuit. The main features of a BWO include the high polarization and monochromatic radiation degree, and the tunability of the output frequency (≥ 100 GHz), which depends on the high-applied voltage. BWO can operate from few dozens of GHz up to THz range with mWs of output power. Nevertheless, those THz sources are relatively heavy, consume a lot of power (> 100 W) and require water cooling.

Optically pumped lasers Optically Pumped Terahertz Lasers (OPTL) use a CO 2 laser to excite the roto-vibrational levels of gas molecules at pressures in the sub-mbar range. The most widely used gas is methanol, which has an emission line at 118 µm. OPTL can provide up to several hundreds of milliwatts output power, working in CW, and covering a large range of frequencies. More recently, it has been shown that an OPTL with a NH 3 gas medium, can be pumped by a mid-infrared Quantum Cascade Laser (QCL) which operates in CW at room temeprature arround 1 THz with dozens of µW s of output power [START_REF] Pagies | Low-threshold terahertz molecular laser optically pumped by a quantum cascade laser[END_REF].

Amplifier Multiplier Chain Above 1 THz, only a few sources are available. The most widely used LO is the Amplifier Multiplier Chain (AMC) which emits several dozens of µW at 1 THz but its output power falls down to only few µW above 2 THz. The AMC multiplies an input signal in the tens of GHz frequency range and then amplifies to reach the THz frequency regime. Crowe et al. [START_REF] Tw Crowe | Solid-state lo sources for greater than 2thz[END_REF] have measured peak power in the range of 3 µW at 2.7THz. AMC output frequency can be tuned by 10% to 20%.

Quantum Cascade Laser

The quantum cascade lasers (QCL) are promising alternative THz sources which can provide several mW of output power for frequencies above 2 THz. The QCL used as LO is the second building block of our THz heterodyne receiver and will be discussed in the chapter 2. The state of the art performances of the THz Wavelength Tuning

• 1.6-3.5 THz in CW mode using difference-frequency generation (DFG-QCLs) [START_REF] Fujita | Development of thz light sources based on qcl technology[END_REF] Conversion efficiency of 0.6 mW/W 2 Peak power of nearly 1mW at room temperature, • 240 GHz around 3.8 THz of single-mode continuous electronic tuning using MEMS at 4K [START_REF] Han | Broadband all-electronically tunable mems terahertz quantum cascade lasers[END_REF] Table 1.2 -THz QCL state of the art.

QCL are reported in table 1.2. Although QCLs have large output power compared to the frequency multiplier chains, pumping of a HEB mixer is not a straightforward task since the beam of the QCL has to be coupled with the one of the HEB. Single mode operation and output beam quality can be addressed by a variety of approaches including through the use of photonic crystals [START_REF] Chassagneux | Photonique pour les lasers à cascade quantique térahertz[END_REF], surface-emitting distributed feedback lasers [33] and 3 rd -order DFB QCL [START_REF] Mi Amanti | Low-divergence singlemode terahertz quantum cascade laser[END_REF]. This work has focused on this latter solution as it has been proven to have a fairly good beam quality and could be made very small, then requiring less electrical power. The theory, design and simulations of this structure can be found in chapter 3. The experimental measurements of our 3 rd -order DFB QCL is presented in chapter 4.

QCL used as LO in THz Heterodyne Receiver

Previous groups have reported successful use of the THz QCL as LO in a heterodyne receiver. Gao et al. have reported in [START_REF] Gao | Terahertz heterodyne receiver based on a quantum cascade laser and a superconducting bolometer[END_REF] double sideband receiver noise temperature of 1400 K at 2.8 THz and 4.2 K using a HEB and free running QCL. Later, Richter integrated the QCL with the HEB into the same pulse-tube cooler which leaded to a noise temperature of 2000 K at 2.5 THz [START_REF] Richter | 2.5-thz heterodyne receiver with quantum cascade laser and hot electron bolometer mixer in a pulse tube cooler[END_REF]. In this experiment, they extracted the THz QCL light from a first dewar window and re-injected it through a second window using lenses for the optical coupling with the HEB, as the QCL had a high thermal dissipation. It was a step-forward into the development of a compact THz heterodyne receiver as only one dewar was used on the experimental set-up. More recently, the H-channel on the GREAT (German REceiver for Astronomy at Terahertz frequencies) heterodyne ). This result is very similar to the one obtained at the same frequency by Kloosterman et al. in [START_REF] Jenna L Kloosterman | Hot electron bolometer heterodyne receiver with a 4.7-thz quantum cascade laser as a local oscillator[END_REF] but using a 3 rd -order DFB QCL. Each time, the challenge for a QCL to operate as local oscillators is to combine the high-output power, single-mode, and continuous-wave operation of the QC laser within a targeted frequency while having an efficient optical coupling with the mixer and a sufficiently low heat dissipation for an integration of the laser in a compact receiver.

QCL Requirements

The aim of this thesis is to develop a compact and ultra sensitive heterodyne receiver at 2.7 THz with a QCL as local oscillator and a NbN HEB as mixer. The QCL LO needs to fulfil a number of requirements which are listed in table 1.2. The first of them is the available output power. As it will be discussed in the chapter 6, the HEB needs to be pumped to its sensitive state. The power required for our HEB is about 270 nW and is mostly depending on the dimensions of the HEB micro-bridge. If we roughly estimate the power losses due to absorption, Mylar beam splitter efficiency, coupling mismatch between the QCL beam and the HEB's antenna at -20 dB (99% of losses, including a safety margin), this translates into a required QCL output power of 100µW. The QCL power instability is an important issue for heterodyne receiver as it might reduce the sensitivity but it can be settled by using a proportional-integral-derivative (PID) feedback loop to stabilize the QCL output power as in [START_REF] Jenna L Kloosterman | Hot electron bolometer heterodyne receiver with a 4.7-thz quantum cascade laser as a local oscillator[END_REF]. For a compact integration of the QCL with the HEB into the heterodyne receiver, a relatively low DC power dissipation of the QCL operating after threshold is required. For a compact integration of the QCL, the laser chip will need to Chapter 1. Introduction be mounted on the same cold stage plate as the HEB which needs to stay at temperatures below the superconducting material critical temperature all the time of the measurements.

Our pulsed tube generator used in chapter 6 can dissipate ≥450 mW at 4 K. While the cryo amplifier for the IF signal dissipate only few milliwatt, the 300 K radiation coming through the dewar window and the electrical wiring decrease the available cooling power of the cryo-pulser. The QCL power dissipation needs to be much below 500 mW for optimal operation of the heterodyne receiver. Another important consideration is the frequency emission of the QCL. We are interested into the investigation of the strong ground-state line of deuterated molecular hydrogen, HD at 112 µm (2.677THz). The IF -3 dB bandwidth of our HEB mixer is approximately 3 GHz. The cryo amplifier of the IF channel has a cut-off frequency at 4 GHz with a low-frequency cut-on of 500 MHz. The frequency of the LO should be within 4 GHz frequency offset from the line of interest. The tunability of the QCL is mostly required for astronomical observations of sources in our galaxy with a Doppler shift of about 100 km/s, which corresponds to 1.0 GHz at 2.7 THz [39]. The intrinsic QCL linewidth has also to be considered. Without phase lock loop system, the LO linewidth should be at least ten times less than the linewidth of the line of the observed source. A LO linewidth in the order of 1 MHz would allow the observation of several molecular lines. The frequency stability of course has to be on the order of 1 MHz. For comparison, the HIFI instrument on Herschel Observatory had a spectral resolution of 1.14 MHz which corresponds to a velocity resolution of 0.27 km/s. Then a LO linewidth of about 1 MHz would provide a similar velocity resolution at 2.7 THz. Finally, the beam profile of our HEB mixer is determined by the planar antenna coupled to the silicon lens and has a HPBW (half power beam width) of the main lobe around 2.4 ¶ [START_REF] Miao | Investigation of hot electron bolometer mixers for submillimeter multipixel receiver applications[END_REF]. The profile at 2.7 THz is Gaussian shaped. The QCL output beam has to match the antenna beam in order to have an optimal quasi-optical coupling with the HEB.

Thesis Overview

This thesis is focused on the development of a compact and ultra sensitive terahertz heterodyne receiver based on quantum cascade lasers and hot electron bolometers. This work puts the emphasis onto the compact integration of the QCL used as LO. The characteristic required for the LO has been addressed in the introduction. Chapter 1 introduces the basic operation of a THz QCL. The structure that has been used all along this work is also presented. Chapter 2 presents the distributed feedback (DFB) mechanism. The calculation of the coupling coefficient for laterally corrugated waveguide is shown. The simulations and the designs of two DFB structures are presented. Chapter 3 gives the experimental measurements on the THz QCL with the designs previously simulated.

Thesis Overview

Chapter 4 describes the use of dielectric hollow core waveguides to shape the beam of THz QCL into a nearly Gaussian beam with high directivity. Chapter 5 introduces the operation principles of hot electrons bolometers. Chapter 6 gives the heterodyne experimental measurements and presents the novel concept used for our compact and ultra sensitive heterodyne receiver.

Chapter 2

Basic Operating Principles of THz QCLs

Most of the THz QCLs, and as it will be shown later in this manuscript including the heterostructures used in this work, are composed of a succession of wells and barriers of planar GaAs/Al x Ga 1≠x As grown with Molecular Beam Epitaxy (MBE) on a GaAs substrate. The heterostructure gives rise to a two dimensional confinement of the carriers and electronic levels quantization in the growth direction of the energy level. The artificially engineered subbands within the conduction band allow a controlled emission wavelength of the photonic transition in the well with the width and the height of the wells and the barriers. The following over-view of the inter-subband and QCL theory has been inspired by refs [START_REF] Kumar | Development of terahertz quantum-cascade lasers[END_REF][ 42] and [START_REF] Chassagneux | Photonique pour les lasers à cascade quantique térahertz[END_REF]. The heterostructures used for this work and presented below have been previously designed and measured by Wienold et al. [START_REF] Wienold | Lowvoltage terahertz quantum-cascade lasers based on lo-phonon-assisted interminiband transitions[END_REF] 

Intersubband Transitions & THz Quantum Cascade Lasers

In quantum mechanics, the particle is described by the wavefunction Ψ(r,t). The Schroedinger equation to determine the wavefunction Ψ(r,t) is written:

≠ ~2 2m Ò 2 Ψ(r,t)+V Ψ(r,t)=i~ˆΨ (r,t) ˆt (2.1)
where ~is the Planck constant h divided by 2fi and m is the mass of the particle. V is the potential energy function. After applying the separation of variables Ψ = Ψ(r)"(t), the time-independent Schroedinger equation is given by:

≠ ~2 2m Ò 2 Ψ(r)+V Ψ(r)=EΨ(r) (2.2)
Chapter 2. Basic Operating Principles of THz QCLs

We consider a heterostructure composed of GaAs wells and Al x Ga 1≠x As barriers, where x is the percentage of the aluminium content. As layers of semiconductor material with different band gap are deposited with a very thin thickness in the order of a few nm, the electrons are confined in the growth direction. When alternating material layers with different bandgap, the conduction band splits into a series of subbands. In the envelope function approximation, the wavefunction is a result of the slowly varying envelope function, ψ(r), modulating the Bloch wavefunction u(r): Ψ(r)=ψ(r)u(r). As the electrons are confined in the growth plane (xy plane), a separation of variables on the envelope function can be applied ψ(r)=ψ Î ψ z with the component of the wavefunction along the growth plane being

ψ Î = 1 Ò S xy e ik Î .r Î
where k Î is the in-plane wavevector and S xy is the cross-sectional surface of the quantum-well layers. One takes into account for the interaction of the electron with the periodic potential of the GaAs crystal by multiplying the electron mass by a coefficient equal to 0.067 for GaAs which corresponds to the effective mass of the electron m ú e =0.067m 0 . The effective mass is used to describe the conduction band curvature. To take into account the band discontinuities at the hetero-junction, a spatially varying effective mass m ú e (z) is used. ψ z has to satisfy the following Schroedinger equation:

≠ ~2 2m ú e (z) ∂ 2 ψ z ∂z 2 + V c (z)ψ z + V el (z)ψ z = Eψ z (2.3)
where V c (z) represents the conduction band offset energy profile of the hetero-junction and V el (z) the electrical potential due to an external applied electrical field. The engineered levels are controlled by the Al content in the barriers and the well/barrier thickness.

Light Matter Interaction

This section deals with the generation of photons in the heterostructure from the transition of an electron between two sub-bands. This will help to determine the optical gain of the QCL. The rate of radiative transitions, its lifetime, can be evaluated by the Fermi's Golden Rule. Considering only the stimulated emission, the time dependant harmonic perturbation H Õ is added to the time-independent Hamiltonian in [START_REF] Schneider | Quantum well infrared photodetectors[END_REF].

H = H 0 + H Õ (2.4)
where

H 0 = ≠ ~2 2m ú " 2 +V c (z)+V el (z) (2.5)
and

H Õ = ≠eE.r (2.6)

Light Matter Interaction

The Hamiltonian for the light-matter interaction is described usually using a Coulomb gauge, in which the vector potential A(r, t) satisfy Ò.A =0 . The electric field is determined from A by:

E = ≠ ˆA ˆt (2.7)
The time-harmonic electric field is then given by:

E = uE 0 [≠ie ≠i(k.r≠ωt) + ie i(k.r≠ωt )] = 2uE 0 sin(k.r ≠ Êt) (2.8)
where k is the wave vector, Ê is the pulsation, and u is the unit vector colinear to the direction of the optical electric field. The rate of transitions induced between two quantum-mechanical electronic states of H Õ , | i>and the final | f>is then [START_REF] Shun | Physics of optoelectronic devices[END_REF]:

W i≠ae f (k i ,k f )= 2fi ~|<f | V Õ | i>| 2 "(E f (k f ) ≠ E i (k i ) ± ~Ê) (2.9)
The transition rate depends on the optical matrix element

V Õ fi =<f | V Õ | i>which is related to the perturbed Hamiltonian by H Õ = V Õ e ±ωt .
The optical matrix element gives a measure of the interaction between the final and initial states with the perturbation. From equations (2.8) and (2.6), the optical matrix element becomes:

V Õ ± (f,k Î,f )(i,k Î,i ) = ieE 0 u <f,k Î,f | e ±k.r .r | i, k Î,i > (2.10)
with k Î,f /i is the in-plane wavevector of an electron in the final or initial subband. Within the electric-dipole approximation e k.r ≥ 1 and <f ,k

f,Î | r | i, k i,Î >= zz fi " kr (k Î,f , k Î,i ),
the equation (2.10) is rewritten:

V Õ ± (f,k Î,f )(i,k Î,i ) = ±ieE 0 u.zz fi " kr (k Î,f , k Î,i ) (2.11)
where the Kronecker delta function " kr denotes the conservation of the in-plane momentum and z fi =<ψ j | z | ψ i > is the dipole matrix element between the z component and the wavefunctions. Only the z polarization of the electromagnetic field couples the electronic states. The dipole-matrix element is written by:

z fi =<f | i>= ⁄ +OE ≠OE ψ ú f (z)zψ i (z)dz (2.12)
From equation (2.9), a mode of wavevector k, the transition rate from state i to state f is given by:

W ± (i,k Î,i )≠ae (f,k Î,f ) = |u.z| 2 2π ~e2 E 2 0 |z fi | 2 δ(E f ≠ E i ± ~ω)δ kr (k Î,f ≠ k Î,i ) (2.13)
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The notation ± in (2.13) denotes that the transition between the two electronic states of the unperturbed Hamiltonian H 0 is either an absorption or a stimulated. The Dirac function represents then the linewidth of the transition, which can be replaced by a Lorentzian function to account for broadening of the linewidth. The net optical transition rate per unit active region volume V between the initial state i and final state f, while factoring in the quasi-Fermi distribution, can then be deduced for stimulated emission and absorption processes by summing the rate over all the in-plane wavevector:

W em≠abs i≠ae f,k = 2 V ÿ k f ÿ k i {W + (i,k Î,i )≠ae (f,k Î,f ) f (E i,k Î ,i )(1 ≠ f (E f,k Î ,f ) ≠ W ≠ (f,k Î,f )≠ae (i,k Î,i ) f (E f,k Î ,f )(1 ≠ f (E i,k Î ,i )} = |u.z| 2 2fi ~e2 E 2 0 |z fi | 2 "(E f ≠ E i + ~Ê) 2 V ÿ k f ÿ k i {" kr (k Î,f ≠ k Î,i )}(f (E i,k Î ,i ) ≠ f (E f,k Î ,f )) = |u.z| 2 2fi ~e2 E 2 0 |z fi | 2 "(E f ≠ E i + ~Ê)(N i ≠ N f ) (2.14) where f (E n,k Î,n
) is he the Fermi function which determines the occupation probability of an electronic state in the n th subband. N i and N f are the number of electrons in the initial and final subbands. The rate transition equation (2.19) has been derived from the equation (2.13).

The above equation z ij is related to the oscillator strength f ij by:

f ji = 2m ú Ê ~|z ji | 2 (2.15)
f ij in (2.15
) is the relative strength of the optical emission from the state i to j. f ij fulfills the sum rule

q j f ij =1.

Miniband electronic transport

The resonant tunnelling transport mechanism is critical to QCLs operation. The elastic scattering, i.e. electron-electron scattering and electron impurity scattering can be treated in the Hartree approximation but this latter scattering mechanism rate has been difficult to evaluate and to measure. A numercial approach using the non-equilibrium Green's function theory has been proposed to calculate the intra-subband and inter-subband quantum transport [START_REF] Jurgen | Intrawell and interwell intersubband transitions in multiple quantum wells for far-infrared sources[END_REF]. In a superlattice structure, the electronic transport can be treated in the limit of miniband transport. Kleinert and Bryksin in [START_REF] Kleinert | Theoretical study of carrier transport in two-band semiconductor superlattices[END_REF] have studied the non equilibrium carrier kinetics by an equation-of-motion analysis of the density matrix from which they have identified the contribution of semiclassical intraband and quantum-mechanical 2.4. Rate equations tunneling. At vanishing electric field, the supperlattice is described by two minibands whose dispersion relation is expressed by:

E 1 (k)= ~2k 2 Î 2m + -1 2 (1 ≠ cos(k z d)) E 2 (k)= ~2k 2 Î 2m + E gap + -2 2 (1 ≠ cos(k z d)) (2.16)
where ∆ i for i =1, 2 are the widths of the minibands and E gap is the gap between the minibands. d denotes the superlattice periods and k xy is the in-plane wave-vector. The current density along the superlattice axis is then determined from two-time miniband transport model [START_REF] Wacker | Gain in quantum cascade lasers and superlattices: A quantum transport theory[END_REF]:

J(F )=qn d∆ 2~I 1 (∆/2k B T ) I 0 (∆/2k B T ) eF d~/• e (eF d) 2 + ~2/• e • m (2.17)
Where F is the external electrical field applied to the superlattice (the electric field is applied perpendicularly to the superlattice layers), ∆ the miniband width, d the period of the superlattice, I 1 and I 0 are the modified Bessel functions. Here qF d ~is the Bloch frequency. • e and • m are the intraminiband scattering time. The current density in equation (2.17) depends on the width of the miniband and the electron temperature. In the case of a vanishing miniband width (decoupled quantum wells with wide barriers), the scattering-induced current, but also the tunnelling current vanishes. Chirped superlattice and bound-to-continuum heterostructures were among the first design to show a lasing effect in the THz where the radiative transition occurs between minibands where the miniband gap is determined by the well width and the miniband width by the barriers thickness.

Rate equations

The QCL active regions can be well described by a rather simple rate-equation model with constant scattering times [START_REF] Shun | Physics of photonic devices[END_REF]. The gain region of a QCL can be described by a three level system where the photonic transition takes place between the states n=3 and n=2 with respective population densities n 3 and n 2 . The injection efficiency into the level i is noted ÷ i .
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dn 3 dt = ÷ 3 J q ≠ n 3 • 3 ≠ SΓ p v g g c (n 3 ≠ n 2 ) dn 2 dt = ÷ 2 J q + n 3 • 32 ≠ n 2 • 2 + SΓ p v g g c (n 3 ≠ n 2 ) dS dt =Γv g g c (n 3 ≠ n 2 )S ≠ S • p + β n 3 τ sp (2.18)
where τ 3 and τ 2 are the total lifetimes of the electrons in the upper and the lower laser level g c is the gain and is a function of the population inversion, S the photon density and τ p the photon lifetime. β is the the spontaneous emission coupling coefficient. Γ is the confinement factor in the active region and Γ p the confinement factor per periods. v g = c n g is the group velocity, g c the gain cross section. The rate equations can be easily solved in the steady state case for dn i dt =0 . Below the threshold, the photon density is negligible and the solutions are obtained by setting the derivatives and S = 0 in (2.19):

∆n = n 3 ≠ n 2 = Jτ 3 q (1 ≠ τ 2 τ 3 ) (2.19)
The gain cross section g c is estimated from the intersubband gain and the confinement factor Γ according to [START_REF] Liu | Intersubband transitions in quantum wells: Physics and device applications[END_REF]:

g c =Γ 4πq 2 n r ε 0 λ z 2 32 2γ 32 L p (2.20)
where n r is the refractive index, z 32 is the dipole matrix element and γ 32 denotes the half width at half maximum of the transition, L p the period length and λ the wavelength. At threshold, the photon density is negligible (

dn i (t) dt =0
) and the modal gain g c ∆n is equal to the total losses α tot = α w + α m where α w are the waveguide losses and α m the mirror losses. With equation (2.20), the threshold current density is then written:

J th = q (α w + α m )/g c τ 3 (1 ≠ τ 32 τ 3 ) = 1 τ 3 (1 ≠ τ 2 τ 32 ) 2ε 0 nL p λγ 32 4πqΓz 2 32 (α w + α m ) (2.21)
From (2.21), J th decreases when the dipole matrix element z 32 increases and when γ 32 decreases. From (2.19) below thresold ( dS dt = S =0 ), in order to achieve a population inversion (n 3 ≠ n 2 ), it is mandatory to have a large η 3 τ 3 while keeping η 2 τ 2 low. One method to achieve the latter condition is depopulation via longitudinal optical phonon scattering [START_REF] Benjamin S Williams | 3.4-thz quantum cascade laser based on longitudinal-optical-phonon scattering for depopulation[END_REF]. These strategies have been used to optimise the lifetime and depopulation 2.5. L1395 laser design time in different QCL structures. In the L series heterostructures by Xu [START_REF] Xu | Development of intersubband terahertz lasers using multiple quantum well structures[END_REF], the radiative transition takes place inbetween anticrossed states which make the optical transition vertical (which maximizes z 32 ). In diagonal designs as in the M series design from Xu [START_REF] Xu | Electrically pumped tunable terahertz emitter based on intersubband transition[END_REF], the upper and lower levels of the photonic transition are located in different wells (diagonal transition) which results in a higher population of the upper laser level and also allows to decrease the parasitic injection into the lower laser level. For this design, the energy separation is very sensitive to the applied electric field. For most of the THz QCL design, the injection into the upper laser level is achieved by resonant tunnelling from the collector/injector state into the upper radiative state. However, resonant coupling can also result in negative differential resistance, which eventually limits the operational range of most THz QCLs. For the bound-to-continuum design, the depopulation mechanisms of the lower radiative level relies on the extraction miniband. The efficiency of depopulation is higher for broader minibands because of the reduced thermal backfilling and enhanced electronic transport (discussed in the previous section). On other designs, the depopulation mechanism is assisted with a LO-phonon transition. The LO phonon energy in GaAs is 36 meV (radiative transitions in the THz are only 5-15meV) which allows to reduce the thermal backfilling onto the lower radiative level and insures a fast depopulation channel from the upper to the lower radiative level.

The slope efficiency dP dI can also be obtained from the rate equation. It is linear after threshold as the gain is clamped. Setting again dS dt = 0, the slope efficiency is:

dP dI = 1 2 N p ~‹-m dS dJ = 1 2 N p ~‹ q -m -m + -w • 3 (1 ≠ • 32 • 3 ) • 3 (1 ≠ • 32 • 3 )+• 2 (2.22)
N p the number of periods in the heterostructure. The slope efficiency is inversely proportional to the threshold current density and is maximised for ÷ 3 =1 (unity injection efficiency) and decreases for parasitic injection into the lower laser level (0<÷ 3 <1).

L1395 laser design

The design of the heterostructure used in this work (L1395) is adapted from a bound-tocontinuum design with resonant phonon assisted depopulation mechanisms. The idea is to use the fast relaxation mechanism of the optical longitudinal phonon which prevents a parallel thermal injection of carriers onto the lower radiative level. Contrary to the first THz QCL design based on chirped superlattice (CSL) design and the Bound-to-Continuum desings from Scalari et al. [START_REF] Scalari | Terahertz bound-to-continuum quantum-cascade lasers based on optical-phonon scattering extraction[END_REF] , the structure proposed by Williams [START_REF] Benjamin S Williams | 3.4-thz quantum cascade laser based on longitudinal-optical-phonon scattering for depopulation[END_REF] uses 2.1 -Calculated parameters of the structure L1395 where ~Ê is the photon energy, z the dipole matrix element, f the oscillator strength and f Õ the normalized oscillator strength, ∆ the miniband width, F the electrical field strength at the anti-crossing and • the upper lasing state lifetime. squared moduli of the wavefunctions are shown in figure 2.2 with an applied electrical field of 4.4 kV/cm, which corresponds on a processed device of 6,6 V (the threshold has been measured experimentally to be around voltage 5.5 V). The upper level of the radiative transition is either the level 3 or level 2 while the lower level is within the miniband. The extraction from the lower radiative transition is made from the miniband which is aligned resonantly with the states 2 or 3 of a large coupled quantum well. Also, the larger number of wells allows to isolate the phonon well from the injector which reduces the parasitic current channel. The alignment condition is also somehow relaxed thanks to the width of the miniband ∆. In this way, the threshold voltage is also reduced. The oscillator strength is concentrated mainly on the transition between the 2 or 3 and levels in the lower miniband of the active region. The normalised oscillator strength f Õ = m ú .f is ranging from 0.34 to 0.36 (cf table 2.1).

The L1395 heterostructure was grown with 136 modules and a 15µm thick active region. The MBE growth was performed on semi-insulating GaAs holder substrates. The structure consists of a 300nm-thick GaAs buffer layer, 700 nm-thick highly doped GaAs layer followed by 136 periods of the active region and an 80 nm-thick doped GaAs contact layer. One period of the heterostructure consists of: 3/8.6/3/9.5/3/11.8/2/12.9/1/16.2/0.5/10.1/4/14.5/3/17/3/8.6, where the thickness is given in nanometres, and the Al 0.15 Ga 0.85 As barriers are indicated in bold. This device was first fabricated in a single-plasmon waveguide and then for the following work in metal-metal waveguide using Au-Au thermo compression bonding. For the single-plasmon device, the lower contact is a 700 nm thick doped layer with a doping of 1.9.10 18 cm ≠3 . Fabry-Pérot emission spectra for a 4 mm long and 150 µm wide waveguide is shown in figure 2.3. At low temperatures, the laser emits at threshold within the range of 0.1 THz around a central frequency of 2.7 THz.

Waveguides for the THz QCLs

The design of the laser cavity is of main importance for the realization of high performance THz lasers. The resonators used for the THz QCLs are in a way similar to what the radio- [START_REF] Hr Philipp | Handbook of optical constants of solids[END_REF] and [START_REF] Kohen | Electromagnetic modeling of terahertz quantum cascade laser waveguides and resonators[END_REF].

into higher order modes; The mirror reflectivity in metal-metal waveguide is ranging from R MM ≥ 0.7 to 0.9 [START_REF] Kohen | Electromagnetic modeling of terahertz quantum cascade laser waveguides and resonators[END_REF]. Another consequence of the strong confinement in THz QCLs with M-M waveguides is the very wide and highly divergent beam emission due to the high confinement of the optical mode inside the cavity and the impedance mismatch of the mode with the free space propagation. The emission pattern of a MM waveguide is not ideal for application which requires quasi-optical coupling with detectors and highly collimated beam. Three-dimensional finite element simulations have been carried out with commercial solver for the calculation of the effective index, the confinement factor and the waveguide/modal losses. The waveguide material was modeled as bulk lossless GaAs while the free-carrier contribution to the complex relative permittivity of the metal claddings has been taken into account by choosing a complex ε r using the Drude-Lorentz approximation. According to the Drude model in [START_REF] Neil | Solid state physics (holt, rinehart and winston, new york[END_REF] , the complex relative permittivity of a medium can be calculated with:

ε r = ε core + ine 2 τ ε 0 ωm ú (1 ≠ iωτ ) = ε core A 1 ≠ ω 2 p τ 2 1+ω 2 τ 2 + i ω 2 p τ ω(1 + ω 2 τ 2 ) B (2.26)
where ε core is the relative permittivity of the material, m ú the effective mass of the electron, n the electron density, ω the frequency of the mode, ω p = Û ne 2 ε 0 ε core m ú the plasma frequency in the material and τ the effective scattering time for the electron. For the Au claddings, ω p /2π ≥ 2000 THz and below this frequency, the real part of ε r is negative and a surface plasmon mode can propagate at the GaAs-Metal interface (exponential decay of the mode in the metal). The material parameters used for the simulations are shown in table 2.2. The conductivity of the metal through the Drude model is given by Figure 2.6 shows FEM simulations of the effect of the M-M waveguides ridge width on the modal losses, the confinement factor and the mode effective index for the fundamental transverse magnetic mode TM 00 and first higher order mode TM 01 . For waveguide's 2.7. Intrinsic linewidth of QCLs top and bottom metallic claddings. Figure 2.6c presents the variation of the effective refractive index of a M-M waveguide calculated at 2.7 THz for different waveguide width: for TM 00 mode, the n ef f = 3.0 when the ridge width is 13 µm and n ef f = 3.25 for a ridge width of 30 µm. Of course, the mode effective index has also a strong dependence on the mode frequency and especially for narrow waveguide. The confinement factor Γ of TM 00 mode increases from Γ = 0.66 at 2.7 THz for a waveguide width of 10 µm to Γ = 0.95 for width superior to 40 µm. It is important to note that the Fabry-Pérot cavity can be made much narrower than the wavelength in the material without increasing much the modal losses while the confinement factor stays up to 60% for waveguide width of 10 µm. As a matter of fact, a smaller volume of active region would require less electrical bias and would enhance the CW operation as the DC thermal heating would be reduced, features which are interesting for a compact integration of the QCL.

σ = ne 2 τ m ú (1 + ω 2 τ 2 ) [45]. Figures 2.5a

Intrinsic linewidth of QCLs

The linewidth of a laser diode is an important parameter for applications which require a long coherent length and high spectral resolution. It depends mostly on the spontaneous emission and the fluctuation of the refractive index. The Schawlow-Townes equation gives the FWHM linewidth ∆‹ of a single mode laser diode [START_REF] Svelto | Principles of lasers[END_REF][58]:

∆‹ = h‹‹ g (-i + -m )-m n SP 8fiP out (1 + -2 H ) (2.27)
with h the Planck constant, ‹ is the laser frequency, ‹ g the group velocity of the optical mode inside the active region,i the intrinsic loss of the material,m the mirror losses, n SP the population inversion factor, P out the output power andh is the "Henry linewidth enhancement factor." Schalow-Townes determined the very "limitation" for the linewidth of a laser to be infinitely narrow with the above formulation (2.27) the spontaneous emissions in the active region are limiting the sharpness of the linewidth as the spontaneous emission is adding up a random phase contribution to the electromagnetic field inside the cavity. The equation (2.27) shows that the linewidth is inversely proportional to the cavity length and the output power of the laser. Yamanishi et al. theory [START_REF] Yamanishi | Theory of the intrinsic linewidth of quantum-cascade lasers: Hidden reason for the narrow linewidth and line-broadening by thermal photons[END_REF] predicts an intrinsic linewidth for QCLs below the Schawlow-Townes limit. QCLs in the mid-infrared regime have been reported with linewidth as narrow as few hundred Hertz [START_REF] Barkan | Linewidth and tuning characteristics of terahertz quantum cascade lasers[END_REF] and THz regime, sub-Hz linewidth [START_REF] Barbieri | Phase-locking of a 2.7-thz quantum cascade laser to a mode-locked erbium-doped fibre laser[END_REF] when the QCL is stabilised with a phase lock loop system. DFB and DBR laser diodes have narrower linewidth than Fabry-Pérot cavity as shown in [START_REF] Kojima | Analysis of the spectral linewidth of distributed feedback laser diodes[END_REF]: the DFB's linewidth differs the Schawlow-Townes formulation in the expression of the cavity loss (threshold gain), which is lower for DFB than for Fabry-Pérot thanks to the Chapter 3. Third Order Distributed Feedback Lasers this diffracting grating in a semiconductor laser. To obtain a constructive interference between two following grating corrugations as presented in figure 3.1b, the total optical path must be, in radians, an integer multiple of 2fi. This condition can be expressed, with the wavelength inside the waveguide ⁄ i and outside the medium ⁄ d .

Λsin(◊ i ) ⁄ i ≠ Λsin(◊ d ) ⁄ d = M (3.2)
The equation (3.2) shows also that the propagating mode in the DFB laser waveguide cannot have an angle of incidence smaller than the critical angle for total internal reflection [START_REF] Yariv | Quantum electronics[END_REF] sin

(◊ i ) Ø n d n i
. Combining (3.1) with the condition on the critical angle limit:

sin(◊ d ) Ø ⁄ m M Λ ≠ 1= 2M p ≠ 1 (3.3)
With ⁄ m the effective wavelength in the waveguide and p = 2Λ ⁄ m the order of the grating.

Usually it is required that for a DFB waveguide laser with gratings all along the waveguide to have

◊ d = ◊ i = fi/2.
In that case, the order p is equal to the order M of diffraction.

With the grating periodicity Λ, the optimum free-space wavelength ⁄ B which is most strongly reflected is called the Bragg wavelength and satisfies the Bragg condition:

M ⁄ B 2n ef f =Λ (3.4)
But gratings can be found also with a diffracted emission angle ◊ d =0or sin(◊ d ) π 1 so that the diffracted wave can couple outside of the waveguide, for example for the second order of gratings p =2 : in this case, the light couples out of the laser into the perpendicular directions of the waveguide. Table 3.1 presents the influence of grating order p and diffraction order M on the feedback and out-coupling mechanisms experienced by a propagating mode. A third order grating couples the light outside of the waveguide in the first and second diffraction orders at symmetrical angles within the normal of the waveguide, but provides the feedback in the third diffraction order. Actually, it can be noticed that the feedback is obtained in the N ≠ th diffracting order for a grating of order N and the N-1 other orders are diffracted and represent the optical losses of the grating.

For a DFB grating at diffraction order M =3and period Λ, the vacuum Bragg with p still the grating order. With the continuity of the electromagnetic field at the boundary condition, the parallel propagation vector k Î must be conserved:

wavelength is ⁄ B = 2n ef f Λ M . The
sin(◊ d )=n ef f ≠ ⁄ 0 Λ p (3.5)
For the third order of diffraction, it can be noted that if the effective refractive index inside the cavity is kept at n ef f =3 , the emission angle of the diffracted mode will occur at ◊ d =0 . This property is of main importance for the THz MM QCLs with 3 rd order DFB to improve the out-coupling of light from the semiconductor into the free space.

Overview of the coupled modes analysis

The coupled mode analysis has proved to be a powerful tool for the understanding of DFB lasers. Many text books have already presented this theory. Only a small insight of the theory will be given below, and this discussion has been widely inspired by [START_REF] Shun | Physics of photonic devices[END_REF]o r [START_REF] Carroll | Distributed feedback semiconductor lasers[END_REF].

The index coupled DFBs are here studied but gain coupled DFB structures are solved in a similar way.

Let's consider a uniform periodical grating implemented along the z-axis of a waveguide. The dielectric constant of the waveguide is then changed along z and unchanged in the xy plane. We consider a TE wave propagating along the z-axis so k x = k y =0and E x = E z =0and E y , 0. E y verifies the equation:

( ˆ2 ˆx2 + ˆ2 ˆz2 + k 2 0 n 2 (x, z))E y (x, z)=0 (3.6)
As an infinite structure is considered, the dielectric function of the waveguide ε can be Chapter 3. Third Order Distributed Feedback Lasers expanded in Fourier series as following.

n 2 (x, z)= +OE ÿ m=≠OE A m (x)e 2ifimz Λ (3.7) with A m (x)= 1 Λ ⁄ Λ 0 n 2 (x, z)e ≠2ifimz Λ dz (3.8)
The electrical field in the cavity considered can be decomposed in the sum of the propagating A and counter-propagating B waves in the waveguide and E y can be written:

E y (x, z)=A(z)e ≠iβ A z E A (x)+B(z)e iβ B z E B (x) (3.9)
with A and B the respective amplitude of the propagating and counter-propagating mode and β A,B the Bragg propagation constants along z for the corresponding modes and E A,B (x) are the two propagating and counter-propagating mode's amplitude, solutions of the two dimensional waveguide for the reference waveguide. Supposing that the amplitude A and B are slowly varying along z, ∂A 2 ∂ 2 z and ∂B 2 ∂ 2 z can be neglected. Then:

∂ 2 E y (x, z) ∂x 2 = Ë ≠2iA Õ (z)β A ≠ β 2 A A(z) È e ≠iβ A z E A (x)+ Ë ≠2iB Õ (z)β B ≠ β 2 B B(z) È e iβ A z E B (x)
(3.10) Replacing (3.7)( 3.8)( 3.9) in (3.6) results in:

∂ 2 E A (x) ∂x 2 A(z)e (≠iβ A z) + ∂ 2 E B (x) ∂x 2 B(z)e (≠iβ B z) + Ë ≠2iA Õ (z)β A ≠ β 2 A A(z) È e ≠iβ A z E A (x)+ Ë ≠2iB Õ (z)β B ≠ β 2 B B(z) È e iβ B z E B (x) +k 2 0 S U n 2 0 (x)+ +OE ÿ m=≠OE,m,0 A m (x)e 2iπmz Λ T V (A(z)E A (x)e (≠iβ A z) +B(z)E B (x, y)e (≠iβ B z) )=0 (3.11) (3.11
) is organized in a system of two equations as following:

Y _ _ _ _ _ _ ] _ _ _ _ _ _ [ ∂ 2 E A (x) ∂x 2 A(z)+[≠2iA Õ (z)β A ≠ β 2 A A(z)] E A (x)+k 2 0 [n 2 (x)A(z)E A (x)+A ≠m (B(z)E B (x)] = 0 ∂ 2 E B (x) ∂x 2 B(z)+[≠2iB Õ (z)β B ≠ β 2 B B(z)] E B (x)+k 2 0 [n 2 (x)B(z)E B (x)+A m A(z)E A (x)] = 0 (3.12)

Overview of the coupled modes analysis

The condition for the forward and backward modes to interact in the waveguide is then:

β A + β B = 2πm Λ (3.13)
This condition is known as the Bragg condition. E A,B are also solutions of the equation:

( ∂ 2 ∂x 2 + k 2 0 n 2 (x)+ β2 A,B )E A,B =0 (3.14)
where βA,B are the propagation constants of the non-perturbed field in the cavity. For a weak coupling, and supposing that the periodical grating is not changing much the electrical field so that (3.14) is conserved, the coupled mode equations are written:

Y _ ] _ [ (≠2iβ A A Õ (z)+ Ë β2 A ≠ β 2 A )A(z) È E A (x)+k 2 0 A ≠m B(z)E B (x)=0 (≠2iβ B B Õ (z)+ Ë βÕ 2 B ≠ β 2 B )B(z) È E B (x)+k 2 0 A m A(z)E A (x)=0 (3.15)
We define the detuning number δ A,B = βA,B ≠ β A,B . For small perturbation, we assume

β A,B ≥ βA,B and β2 A,B ≠ β 2 A,B ≥ 2β 2 A,B δ A,B .F r o m( 3.15)
, we have:

Y _ _ _ ] _ _ _ [ (≠A Õ (z) ≠ iδ A βA(z))E A (x)= ik 2 0 2β A A ≠m B(z)E B (x) (≠B Õ (z) ≠ iδ B βB(z))E B (x)= ik 2 0 2β B A m A(z)E A (x) (3.16)
If E A and E B are two eigenmodes of the cavity, they are orthogonal and their scalar product is nil:

⁄ +OE ≠OE E A E ú B = δ A,B ú (3.17)
Multiplying (3.16)b yE ú A , the only solution different to zero is obtained for E A = E B . We further simplify the notation with

E A = E B =E,δ A = δ B = δ and β A = β B = β Bragg .
The equation (3.13) defines the Bragg wave vector as:

β Bragg = mπ Λ ∆ λ B = 2n ef f Λ m (3.18)
Chapter 3. Third Order Distributed Feedback Lasers Finally, the coupled wave equation is obtained:

Y _ _ _ _ _ _ ] _ _ _ _ _ _ [ ≠ ˆA(z) ˆz ≠ i"β i A(z)=iκB(z) ≠ ∂B(z) ∂z ≠ iδβ r B(z)=iκA(z) (3.19)
with κ the coupling coefficient defined as:

κ = k 2 0 2β B | ! cell ∆n 2 (x, z)|E y (x) 2 || s OE ≠OE |E(x)| 2 (3.20)
The grating induces periodical changes in the effective index of the waveguide and the constant κ represent the intensity of the coupling between the propagating and counterpropagating modes. The next section will deal with the calculation of this constant for different designs.

Calculation of the coupling coefficient for lateral DFB gratings

The coupling constant, as found in the section 3.2, is an important parameter of distributed feedback laser: it measures the intensity of the coupling between the propagating and the counter-propagating modes inside the cavity. Being able to evaluate κ from electromagnetic simulations or through analytical studies is an interesting assets for the design of DFBs with single mode emission features.

As discussed later in this report, the approach chosen for the 3 rd DFB QC lasers is to use laterally-corrugated ridge-waveguide gratings. There are several advantages in the use of lateral corrugation for our application. The first of them is that there is a limited interaction between the corrugation and the carriers unlike with the usual gratings on the top metallisation [START_REF] Laakso | Optical modeling of laterally-corrugated ridge-waveguide gratings[END_REF]. The second advantage, which will be further discussed later in the chapter, is that the deep lateral corrugation can be used to lower down the effective index of the laser cavity, as it is mandatory to obtain, for a 3 rd order DFB, a favourable phase coupling between the propagating mode and counter propagating mode. The previous section gave an expression for the coupling coefficient in a distributed feedback laser. Nevertheless, κ is slightly underestimated for the situation where lateral corrugations are used [START_REF] Laakso | Optical modeling of laterally-corrugated ridge-waveguide gratings[END_REF]. A calculation method of the coupling coefficient for the distributed feedback QC lasers with lateral corrugations will be presented in this section. It will further allow to select the right κL-product where κ is the coupling constant and L the length of the DFB laser cavity. It has been experimentally shown that an optimal value for κLf o ra 3.3. Calculation of the coupling coefficient for lateral DFB gratings DFB laser is in the range of 1.0-2.0 [START_REF] Shun | Physics of photonic devices[END_REF]. When the ŸL value is too low, there is no mode selection and on the contrary when ŸL is too high, the strong longitudinal variation of the field inside the cavity cause spatial hole burning.

Since ∆ε is periodic along z with the grating period Λ, it can be expanded in a Fourier series:

∆ε(x, y, z)= ÿ m,0 ε m (x, y)e ≠im 2π Λ z (3.21)
From equation (3.21), the Fourier coefficient ε m (x, y, z) for the mth-order Bragg diffraction is given as [START_REF] Nk Dutta | Semiconductor lasers[END_REF]:

∆ε m (x, y, z)= 1 Λ Λ ⁄ 0 ∆ε(x, y, z)e ≠2iπmz Λ dz =(n 2 (x, y) 2 ≠ n 1 (x, y) 2 ) sin(πmγ) πm (3.22)
where n 1 and n 2 are the transverse refractive index in the different dielectric slab of the grating, m is the grating order, and γ is the grating duty cycle, defined as the ratio between the length of the waveguide's section with effective refractive index n 1 within the waveguide's section of index n 2 . For deep etched corrugation, the top metal layer is also corrugated and the effective refractive index changes need to be taken into account for the calculation of the coupling coefficient. The coupling coefficient κ of the rectangular grating can be written as:

κ = k 0 2n ef f { | ss grating |n 2 (x, y) 2 E y (x, y) 2 | ss OE ≠OE |E y (x, y)| 2 ≠ | ss grating |n 2 1 (x, y)E y (x, y) 2 | ss OE ≠OE |E y (x, y)| 2 } sin(mπγ) mπ (3.23)
where n 1 (x, y) and n 2 (x, y) are the transverse refractive index distributions for wide-ridge and narrow-ridge sections. This approach can be applied for the conventional DFB for which the grating corrugations are embedded. The refractive index of the different section of semiconductor materials are close to the effective index of the propagating mode in the cavity.

However, for the laterally corrugated waveguides, where the lateral mode profiles change between the wide and narrow sections of the waveguide, this standard formula underestimates κ compared to experimental results (shorter photonic band-gap, multimodal behaviours of the laser). Following [START_REF] Shun | Physics of photonic devices[END_REF], we rewrite the coupled mode equation Chapter 3. Third Order Distributed Feedback Lasers obtained in the precedent section by:

d dz Q a A(z) B(z) R b = i Q a ∆βκ ≠κ ú ≠∆β R b Q a A(z) B(z) R b (3.24)
Where we have defined ∆β = β 0 ≠ β Bragg and β 0 = ωn ef f c . The general solution of the coupled mode equation are then:

Q a A(z) B(z) R b = C 1 Q a ≠κ ∆β ≠ is R b e iqz + C 2 Q a ≠κ ∆β + is R b e ≠iqz (3.25)
where s is the eigenvalue define as:

s = Ò |κ| 2 ≠ ∆β 2 = ≠iq (3.26)
From the equation (3.9), the dispersion relation of the propagating and counter-propagating mode inside the cavity is now:

ω ± (q)= c n ( π Λ ± Ò q 2 + |k| 2 ) (3.27)
The situation where q =0correspond to the eigen-modes propagating at the γ point of the Brillouin zone of a one-dimensional photonic crystal. With κ = K + iK g , the complex frequencies of the band edge modes are:

ω ± (0) = c n ( π Λ ± k)= c n ( π Λ ± K + iK g ) (3.28)
The coupling coefficient is then:

| K + iK g |= n g 2c (ω + ≠ ω ≠ ) (3.29)
with n g the refractive index of the reference waveguide. The coupling coefficient is now obtained through the calculation of the frequencies of the eigenmode at the Bragg wavevector. The calculation of the coupling coefficient through the two methods proposed has been investigated: the method for conventional DFB with embedded grating and the second one assuming the DFB as a 1-D photonic crystal and using the dispersion relation.

For the first method, evaluating κ using equation (3.23), we have used a commercially available finite element software which solves for the eigenmode to determine separately

Engineering the Distributed Feedback Structure

It will be discussed in this section the different parameters in the design of DFB cavity which will help to obtain the desired specification, i.e. a single mode operation at targeted frequency. The coupling factor dependence on the filling factor of the grating is analysed here. The filling factor affects the optical confinement factor in the grating region and the effective refractive index values. These supplementary influences result from the fact that the longitudinally transverse refractive index distribution changes with the filling factor according to equation 3.23 and the optical field distribution (x, y) changes correspondingly, influencing the optical confinement factor in the grating region. The dependence of the coupling coefficient Ÿ with the grating duty cycle has been analysed using only the formula which take into account the eigen-frenquency of the propagating modes (equation (3.29)) as it gives a better approximation for DFB with lateral corrugations. Figure 3.3c illustrates a calculated coupling coefficient in function of the grating filling factor. The calculation has been made on an infinitely long waveguide (periodical boundary condition) for waveguides with deep lateral corrugations. The width of the waveguide is 15µm at the wide section and 5µm at the narrow section. The parameters used for the materials in the simulation have been summed up in table 2.2 in chapter 2 (page 23).

Coupling coefficient values up to 100 cm ≠1 can be obtained with laterally corrugated ridge waveguides due to the big refractive index difference between the grating region and the non-corrugated region (figure 3.3). Smaller ridge cavity can then be designed in order to obtain a reasonable ŸL value. This also can be done by increasing the width of the wide section of the ridge W wide or by decreasing the width of the narrow section of the ridge W narrow . The highest coupling coefficient is obtained for a grating duty cycle of DC =2 1 .5%, DC =5 7 %and DC =8 6 .5%. As the simulation is solving for the eigen-modes with a complex eigen-frequency Ê, the out-coupling losses of the waveguides can be evaluated with Im(Ê)= -c n where -are the optical losses. The losses of the symmetrical modes at the Γ-point of the photonic band structure are shown in figure 3.3.

The two band edge modes of the 1-D photonic structure will be present in the spectrum of the laser emission as they both exhibit low optical losses and can lase along the currentvoltage range of the gain amplification structure. The mode lower than the band gap is called the dielectric mode for which its energy is concentrated in the high-ε regions (figure 3.5c). The mode above the band gap is called the air mode and has a larger fraction of its energy (not necessarily a majority) in the low-ε regions (figure 3.5d). A way to prevent one the band edge mode to lase is to ingeniously adapt the grating duty cycle and the depth of the lateral corrugations. As depicted in the figure 3.3b, it is possible to increase the lasing threshold of one mode by increasing the optical losses of Chapter 3. Third Order Distributed Feedback Lasers the opposite mode in order to obtain the desired single mode operation. The losses of the two band edge modes change with the grating duty cycle: the grating duty cycle fixes the waveguide length of the narrow region and modifies the confinement of the air mode. It is possible then to obtain more than 200 cm ≠1 of optical losses for the lower band mode while the upper band mode has optical losses lower than 10 cm ≠1 , which will lead to an increased lasing threshold for the lower band mode compared to the upper band mode one. Another aspect of the laser specification for heterodyne application implied to obtain single mode operation at a desired frequency, of special interest in the THz frequency range lies the rotational transition of the HD molecule at 2.7 THz (90 cm ≠1 ). The figure 3.4 shows the frequency of the band edge modes in function of the grating duty cycle. The HD rotational transition is reachable with the configuration of a 3 rd -order DFB cavity approximately for DC =4.5% with the lower band edge mode and for DC = 29% with the upper-band edge mode. On the other hand, a grating DC of 4.5% would lead to slits width smaller than 3 µm which would have been difficult to fabricate. We have therefore modified the initial design of 3 rd -order DFB cavity so the lower band mode of the photonic structure is reached with a higher DC. The figure 3.5b presents the band structure of our second 3 rd -order DFB cavity design: the width of the waveguide is 20µm at the wide section and 5 µm at the narrow section. The frequency of interest is reached for a grating DC of 12%. Both of these designs have been investigated experimentally. The figure 3.5 represents the simulated loss of an infinite cavity (periodical boundary condition). At the Γ point of the band gap (edges band), the eigenmode of the upper band edge branch (figure 3.5d) corresponds to modes where the energy density is more localized in the air with consequently higher losses, while for the solutions at lower band edge branch (figure 3.5c ) the energy is more localized in the semiconductor region with lower losses.

Emission

The beam profiles of a 3 rd Order THz DFB QC laser have been oftenly described by the antenna model and more precisely by the model of an end-fire antenna array. Within this model, the grating slits are considered as a dipole array and the resulting far-field is given by the calculation of the far-field emission of one dipole mutliplied by an array factor [START_REF] Ee Orlova | Antenna model for wire lasers[END_REF]. Amanti et al. in [START_REF] Maria I Amanti | Low divergence terahertz photonic-wire laser[END_REF] have shown a good agreement between the calculated beam of the 3 rd -order DFB using the antenna theory and the experimental measurements. A 2 nd method for the calculation of the beam pattern of such devices is to calculate the electromagnetic field distribution using a finite element method (FEM) solver and then to obtain the farfield beam pattern using a Fourier transformation of the nearfield. This method has the disadvantage to require the calculation of the electric and magnetic field distribution inside the laser cavity, implying heavy calculations. Simulations of beampattern in far-field regime of 3 rd -order DFB QCL using the two different methods are presented: the first one using the antennas theory and the second using the Fourier transform. These simulations are extremely useful as they allow fast designing of devices which require specific characteristics such as narrow beam emissions.

Antenna model

As it is well described in the Antenna Theory [START_REF] Balanis | Antenna theory analysis and design[END_REF], the total field of an array is determined by the vector addition of the fields radiated by the individual elements. To obtain a narrow emission beam, it is mandatory that the fields from all elements of the array interfere constructively in the desired directions and interfere destructively in the remaining space. In figure 3.7a is represented the equivalent dipole model of the 3 rd -order DFB cavity: the radiation coming from each corrugation of the DFB is represented by a dipole of a length equal to the waveguide width (figure 3.6) according to [START_REF] Cui | Beam and phase distributions of a terahertz quantum cascade wire laser[END_REF]. The array of dipoles is represented over an infinite metallic ground, which is taken into account in the calculation of the far-field. All the elements are considered to have similar amplitudes of the electrical field and an emission of an aperture antenna as presented on figure 3.6. The dipoles are all linearly spaced so the phase shift between each neighboring dipoles is uniform along the array and is always 3fi. Using the coordinate defined in the figure 3.7a, the emission of one emitter is, according to [START_REF] Balanis | Antenna theory analysis and design[END_REF] 

E θ = j w 2 kE 0 e ≠jkr 2fir sin(")| sin(X) X 2 | (3.30) with X: X = kw 2 sin(◊)cos(") (3.31)
where w is the width of the dipole, k the wavevector, E 0 a constant and r the distance from the origin to the observation point. To obtain the overall radiation of the antenna array, this term has to be multiplied by the array factor of the system:

(AF ) N = sin( NÏ) 2 N sin( Ï 2 ) (3.32)
where Ï the geometric phase shift between each corrugation:

Ï = kΛsin(◊)cos(") (3.33)
plotted beam area and the remaining energy is diffracted.

The simulations show that the control of the effective index of the waveguide is a crucial parameter in realizing a single-lobed narrow beam. The number of periods in the array also plays an important role into the beam emission: for longer devices, the emissions constructively add up and create narrower beam patterns when the perfectly phase-matching condition is obtained (Figure 3.8). On the contrary, it is evident that destructive superposition happens under the mismatched condition and the total output power will decrease as the number of periods is increased as seen on figure 3.9.

Finite Element Method Simulations

Finite Element Method (FEM) simulations have also been conducted in order to further analyse the emissions pattern of the waveguide structure investigated using a Fourier transform calculation. The characterisctics of the waveguide investigated with the FEM simulations have been discribed in the section 3.4. Defining a surface S which extends over the surface of the 3 rd -order DFB waveguide cavity and the ground plane, the equivalent electric and magnetic currents J S and M S flowing tangentially on the surface S are then considered as source of secondary waves which produce distant wavefronts, according to Huygens principle. Knowing the electric and magnetic E and H fields tangential to the aperture, we can replace the original fields by equivalent electric and magnetic surface currents J and M:

J S = n • H = ≠H z x + H x y M S = n • E = E z x ≠ E x y (3.35)
where n is a normal to the surface S. The far-field is therefore arising from the equivalent current at the surface S. Following the treatment of Balanis [START_REF] Balanis | Antenna theory analysis and design[END_REF], the magnetic potential vector induced by the electric current J S and F the electric potential vector induced by the magnetic current M S can be expressed by:

A = µ 4fi " S J S e ≠jkR R dS ƒ µe ≠jkr 4fir N (3.36) F = ' 4fi " S M S e ≠jkR R dS ƒ 'e ≠jkr 4fir L (3.37)
with N = ! S J S e jk.r Õ dS and L = ! S M S e jk.r Õ dS which are the Fourier transform of the current densities. R is the distance between the observations point M and a point on the surface S (as on figure 3.7a). The E field components in the far-field can then be written the propagating mode is different from phase matching condition (n ef f , 3), diffraction patterns arise in the beam patterns and the emission angle is tilted toward the normal of the waveguide (figures 3.10c and 3.10d). The FWHM is then > 40 ¶ ◊ 30 ¶ . Upon these later simulations, the next chapter is dealing on the experimental results for the 3 rd -order DFB QCLs and the implemented design explored in the last sections.

Chapter 4 Third Order distributed feedback: results

This chapter presents the results on the 3 rd -order DFB obtained with the designs that have been investigated in chapter 3. The interests with the 3 rd -order DFB waveguides is that they can not only achieve single mode operation at a specified target frequency but also have a low DC power consumption compared to what is usually known for the metal-metal QCL waveguide and a low divergence beam emission. The last property of this design is crucial for quasi-optical coupling with other opto-electronic devices and especially detectors as for instance in heterodyne receiver. All the devices which will be presented in this chapter have been built in the clean room facility of C2N and a new etching process has been required to obtain smooth side walls and highly defined corrugations on waveguides.

Results on similar devices in the literature

The use of photonic structures with THz QCL has drawn a lot of interest in the past few years to solve the problem of beam shaping. Laser applications typically require also stable and single-mode emission at a precisely defined frequency. DFB structures and photonic crystals have been reported with features such as single mode emission, narrow and low divergence beam emission, that make these QCLs usable in various applications such as spectroscopy and imaging. DFB gratings are implemented by slits in the top metallization of the laser ridge as in [START_REF] Mahler | High-performance operation of single-mode terahertz quantum cascade lasers with metallic gratings[END_REF] and [START_REF] Mahler | High-power surface emission from terahertz distributed feedback lasers with a dual-slit unit cell[END_REF]: the top metallisation slits provide a strong feedback due to modal refractive-index modulation. 2 nd -order DFB THz QCL have been demonstrated with surface emission and single mode operation and the grated photonic structures yield surface emission with a record high peak power superior to 100mW and with single-lobed emission patterns [33]. Lateral corrugations have been more recently used on 1 st -order and 3 rd -order DFB waveguides [START_REF] Wienold | Lateral distributed-feedback gratings for single-mode, high-power terahertz quantum-cascade lasers[END_REF] [START_REF] Wienold | High-temperature, continuous-wave operation of terahertz quantumcascade lasers with metal-metal waveguides and third-order distributed feedback[END_REF]. Each time, the teams report single mode emission and narrow beam emission. The particular work of Amanti et al. in [START_REF] Mi Amanti | Low-divergence singlemode terahertz quantum cascade laser[END_REF] has made a breach through the usual photonic structures with a DFB design of a MM waveguide QCL that features a grating resonant with the thirdorder Bragg condition: the improved extraction efficiency into a narrow beam with a divergence lower than 10 ¶ ◊ 10 ¶ , the control of the emission wavelength and an enhanced output power compared to a similar MM Fabry-Pérot waveguide.

The fabrication of the THz QCLs with lateral DFB grating is similar to that of MM waveguide THz QCLs except for the contact pad for the electrical contacting as it is very difficult to wire-bond on a 15µm wide waveguide. In the first step, an insulating layer of SiO x prior to the top-metallisation is deposited to avoid electrical pumping of the active region beneath the contact pad. The top Ti/Au metallisation is then patterned on the active region with Plassys processes and lift-off. The top metallisation process is followed by the dry etching of the ridges with a ICP-DRIE (Inductive Coupled Plasma-Deep Reactive Ion Etching with a STS Surface Technology System) tool. An investigation of the parameters for an anisotropic and directive etching has been carried out. This work is more detailed in [START_REF] Pb Vigneron | Advanced and reliable gaas/algaas icp-drie etching for optoelectronic, microelectronic and microsystem applications[END_REF]. The detailed fabrication steps of the devices are reported in appendix A. Once the ridges are defined, the GaAs substrate beneath the heterostructure is polished to reduce its thickness After processing, laser chips are soldered with indium to copper mount and contacted by wire bonding.

Experimental measurements

Prior to the DFB fabrication, standard single plasmon QCLs with 150 µm width and 4 mm long were fabricated on the L1395 structure by wet etching and Ti/Au top metallisation. Figure 4.2 shows the light-current-voltage (L-I-V) characteristics of the SP QCL in pulsed operation for different temperature. Lasing was observed up to 90 K in pulsed operation. The threshold current density is 210 A.cm ≠2 at 10K, increasing to 400 A.cm ≠2 at 90K, with a total electrical driving power in the range of 5W-25W. The Fabry-Pérot SP QCL although exhibits multi-modal spectrum as seen on figure 4.4c

As presented in the previous chapter 3, two different designs have been implemented for the realization of 3 rd -order DFB waveguides. In this section the results for the structures with the deeply etched lateral corrugations are presented. The SEM pictures of the devices are presented on figure 4.1a and figure 4.1b. A specially tailored lithographic mask has been realised where the grating duty cycle and the grating periodicity have been varied in order to ensure that the target frequency is reached in one running batch. The waveguides include 15 periods with a grating periodicity of Λ=55µm, so the overall length of the waveguides are ≥800 µm. The wide part of the waveguide is kept at 15µm for the first design and 20 µm for the second one, while in the narrow section, for the 4.2. Experimental measurements lowest temperature, a maximum output power of 850 µW measured in CW with a absolute power meter Thomas Keating (the QCL output power hasn't been corrected for the collecting efficiency or the absorption of the dewar window). Lasing was observed up to 77K but the output power decreases down to 400 µW at liquid nitrogen temperature. Due to misalignments between the top metallisation and the dry etching of the lateral corrugations, it is difficult to ensure that the predicted design by simulations has similar experimental behaviour once processed. A specially customized lithographic mask has been designed where the grating periodicity and grating duty cycle are slightly changed between each laser so that the desired target frequency is obtained on at least one device. The tunability of the grating duty-cycle (not presented) of 0.2 % between each laser for a fixed frequency showed only small changes in the lasers spectra and L-I-V. In figure 4.3a and 4.3b, typical lasing spectra measured in pulsed operation at 77K of both design are shown for different grating periods. The grating periodicity has been varied from Λ =5 4 µm to 56 µm with ∆Λ = 0.2 µm. For the second design, a finer tuning of 0.1 µm has been chosen in order to have a better control on the frequency emission. The objective here wasn't to study the tunability of the 3 rd -order DFB structure as in [START_REF] Kumar | Recent progress in terahertz quantum cascade lasers[END_REF], rather was to calibrate the grating periodicity Λ for a specific duty cycle (12% and 28% respectively for the first and second design) and therefore obtaining the perfect phase matching condition in one running batch. The spectra contain only one or two lasing modes, typical signature of DFB structures, which can be identified as the Ê + or Ê ≠ of the band edge modes of the photonic band structure presented in figure 3.5. The corresponding band gap width is about respectively for the first design 10 cm ≠1 and 9.1 cm ≠1 for the second design, which is in a good agreement with the simulated photonic band structure of the fundamental TM 00 mode (cf figures 3.5a and 3.5b page 39). Single-mode operation is observed for both designs for a respective first and second design grating periodicity of 55 µm and 54.6 µm. Generally, these lasers operate in single mode operation just after threshold, while a second mode appears for higher driving current, which can be explained by the higher lasing threshold of the opposite band edge modes as it has been explained in the chapter 3. For grating periods outside the range of 54.6µm-55.0µm, the spectra also contain an additional mode, which can be explained by a better overlap of the band edge modes with the gain range. For the first design of DFB, the spectra presented on 4.3a show lasers with modes inside the photonic gap, or laser modes with small frequency spacing, which can be explained by the optical coupling of the DFB waveguide with the contact pad: the longitudinal propagating fundamental TM 00 mode of the DFB could couple to the cavity beneath the contact pad and gives rise to other resonances.

Single mode emission at the target frequency

Single mode emission at the target frequency

Of particular interest for the heterodyne detector are the lasers that exhibit single mode emission at the targeted frequency, or with high side modes suppression ratio. The corresponding emission spectrum of such device for the first design of 3 rd -order DFB is presented in figure 4.4b in continuous operation at 4K and 4.4c in pulsed operation at 77K. The latter spectrum is compared with the emission spectrum in same operating condion of a SP waveguide. While the SP QCL exhibits a typical multi-modal Fabry-Pérot spectrum in the range of 2.5THz and 2.75THz at 77K in pulsed operation, the single mode operation at the target frequency has been obtained for a device with a grating periodicity of 55µm and a grating duty cycle DC =28.8% (figures 4.4b and 4.4c). As for the second design, the target frequency is reached with a grating periodicity of 54.8µm and a duty cycle DC =12%but the spectrum presents a second lasing mode as it is shown in figure 4.5d. 4.5e show the measured emission spectra and the corresponding beam profiles for both the 3 rd -order DFB design. Both of the presented lasers show the main lasing mode at the target frequency with an effective refractive index respectively for the laser in figure 4.5b n ef f =3.02 and n ef f =3.05 for the laser in figure 4.5d. The condition n ef f =3is then called the perfect phase matching as the EM waves from each corrugation "adding up" at both end of the waveguide, in a similar way to an end-fire antenna array as depicted in chapter 3. In the first design configuration, the laser exhibits a single lobe, rather narrow oblong emission diagram with a full width at half maximum (FWHM) of 30 ¶ ◊ 20 ¶ . The second one presents two lasing modes but the main one is lasing at the targeted frequency. The second mode is nevertheless 10 dB less powerful than the main lasing mode and the farfield emission measured in figure 4.5e is mostly attributed to the Ê + mode.The measured far-field exhibits a circular Gaussian like emission with a FWHM divergence of 10 ¶ ◊ 10 ¶ . To evaluate the farfield quality of the3 rd -order DFB, the directivity coefficient D, from antenna theory, can be used as described in [START_REF] Yu | Smalldivergence semiconductor lasers by plasmonic collimation[END_REF] and [START_REF] Yu | Quantum cascade lasers with integrated plasmonic antenna-array collimators[END_REF].

Far-field emission of 3 rd -order DFB lasers

The directivity is defined as D =1 0 log 10 (4fi

I max I tot
) where I max is the maximum intensity measured in farfield bring back to the elementary solid angle of the measurements (W/sr) and I tot the total intensity (W). The first design measured directivity is 9 dBi while for the second design the directivity is 20 dBi.

Fairly good laser performances have been shown for third order devices with single lobe beam emission at the target frequency. The optimal far-field beam profile is obtained 4.5. 3 rd -order DFB on L1390 when the effective refractive index of the lasing mode is exactly or the nearest possible n ef f = 3. If one departs from this phase matching condition, for which there is perfect constructive interference in the far-field, the out-put beam will present diffraction patterns and high divergence angles. In figure 4.6 and 4.7 and is presented 3 rd -order DFB QCL for which the so called phase matching conditions is not reached. The influence of the effective refractive index n ef f on the beam emission, as shown in the later chapter 3 with the antenna theory, has been experimentally verified.

3 rd -order DFB on L1390

The same 3 rd -order waveguide process has been applied on the heterostructure L1390 which is a Bound To Continuum heterostructure that presents interesting features for the heterodyne application with a low current density threshold at low temperature thanks to the phonon assisted depopulation mechanism of the lower level of the photonic transition. The first design of 3 rd -order has been implemented. The L1390 structure has been first tested with a Fabry-Pérot waveguide 80µm wide and 1mm long in pulsed operation at 4K. The lasing threshold is as low as 155A.cm ≠2 and shows a characteristic spectrum with a dominant mode around 86 cm ≠1 and lower energy modes with a spacing of 1.6 cm ≠1 that corresponds to the resonator length of 1 mm. The 3 rd -order DFB waveguide on the same structure shows single mode operation at the desired target frequency (90 cm ≠1 ). The electrical characteristic shows a low driving current at lasing threshold but the threshold current density, which is the intensity of the current driving the laser divided by the surface of the top-metallisation is much higher than for the MM waveguide with same heterostructure (figure 4.8b). The DFB structure seems to deteriorate the normal laser operation. It is probably caused by the mode frequency selection which is not at the maximum gain frequency of the heterostructure. The output power of the DFB on L1390, which has not been measured with a absolute power meter, nevertheless appears to be much less than for the standard DFB fabricated on L1395. The measured far-field (figure 4.9) presents similar characteristics to the one obtained on figure 4.5c with an oblong single lobe and an emission angle at 20 degree above the laser ridge. This experience shows that to obtain the desired target frequency with a 3 rd -order DFB structure and an optimal lasing operation, the selection of the laser heterostructure is of main importance and the maximum gain frequency band must include the target frequency.

4.6. Broad Band Extractor 5 µm. The grating duty cycle was 45% which relaxes the Bragg condition. The extractor section is then coupled independently to different 1 st -order DFB waveguides. We have performed Finite Element simulations on FEKO to estimate the beam divergence of the design for various frequencies between 2.5 THz and 2.8 THz. The calculation of the extractor farfield at different frequencies are presented in figures 4.10b, 4.10c, 4.10d and 4.10e. For the frequency range of 2.5 THz to 2.8 THz, the extractor farfield presents a central lobe with a FWHM 35 ¶ ◊ 25 ¶ but presents pronounced side lobes at 2.5 THz and 2.8 THz. The proposed extractor design was first investigated coupled with a standard Fabry-Pérot waveguide. Figure 4.12a presents the spectra measured in pulsed operation at 10 K at different voltage bias. Far after threshold, the spectrum shows discrete comb like features with a frequency range from 75 cm ≠1 to 91.6 cm ≠1 , which is broader than the cleaved facets Fabry-Pérot waveguide's spectrum. The corresponding far-field however represented in figure 4.12b shows a wide beam pattern with a peak power at emission angle ◊ =2 5 ¶ and ≠10 ¶ <Ï<12 ¶ . The different frequencies composing the spectrum at higher bias seem to radiate at different angles which broaden the beam emission of the QCL, similar to a non-phase matched 3 rd -order DFB.

The extractor design has been on a second time investigated when coupled to a 1 storder DFB for which the grating periodicity, i.e. the mode frequency selection, has been tuned from 2.5 THz to 3 THz. Quasi-CW operation (DC ≥ 98%) spectra taken at high injection current at a heat-sink temperature of 77 K from two devices with the 1 st -order DFB section with grating periodicity Λ = 15.2 µm and 16 µm are shown in figures 4.13a and 4.13c. These devices lased predominantly at 2.49 THz and 2.72 THz which scales well with the grating period. As the bias was increased far beyond threshold, most devices lased on additional modes due to spatial hole burning but with an amplitude reduced by 10 dB compared to the main mode. A longer device would have had a more robust single-mode operation. The far-field patterns were recorded for these devices. The lasers were driven close to their maximal operation point in quasi-CW operation. The QMC pyroelectronic detector (cf appendix A) was scanned around the laser facets with the angle reference sketch in figure 4.10a. The measured far-field are presented in figures 4.13b and 4.13d. Both lasers have a central lobe with a FWHM of approximately 30 ¶ ◊ 25 ¶ . A secondary lobe is observed on the figure 4.13d which could be attributed to the secondary lasing mode. The measured farfield are in good agreement with the simulated one on FEKO software using Fourier transform for farfield calculation. With a single broad extractor design, light could be extracted in fairly narrow beam from a 1 st -order DFB waveguide. The beam diagram is much narrower than for standard Fabry-Pérot waveguide. This could be an asset for the fast designing of LO sources at different frequencies while keeping a narrow beam diagram as only the grating periodicity of the 1 st -order DFB section needs Chapter 5

Dielectric hollow core waveguides

Hollow core waveguides (HW) are composed of a highly reflective wall with an inner central hole. We will study especially in this section the HW with a circular cross section with inner walls made of Pyrex and the core filled with vacuum. These waveguides can transmit a broad range of wavelengths with low losses. They are also of particular interest for the transmission of THz light where it is difficult to find materials that have low optical losses required for the propagation in a solid core fiber as used in the telecommunication frequeny range. We have also explored the use of this type of waveguide as a way to perform the beam shaping of our 3 rd order distributed feedback quantum cascade lasers. A transverse cross-section of the hollow core waveguide is shown in figure 5.2. It has a large air-core with a radius a and a ring cladding with thickness t. The medium outside the cladding is also air. The material of the cladding, Pyrex glass for our application, is assumed to be dielectric with a non-dispersive refractive index n =1 . [START_REF] Mahler | High-power surface emission from terahertz distributed feedback lasers with a dual-slit unit cell[END_REF]. The first theoretical work on hollow core waveguide (HW) has been made by Marcatili and Schmeltzer [START_REF] Enrique | Hollow metallic and dielectric waveguides for long distance optical transmission and lasers[END_REF]. They solved the Maxwell-Gauss equation for electromagnetic propagation in an air filled core cylindrical waveguide. Under the assumption that the bore diameter is much higher than the wavelength, the propagation constant β is equal to the wavevector k. The optical loss of the transverse electrical modes, transverse magnetic mode and hybrid modes depend on the complex refractive index ν n of the waveguide wall. The attenuation can be written as:

α nm =( u nm 2π ) 2 λ 2 a 3 Y _ _ _ _ _ _ _ _ ] _ _ _ _ _ _ _ _ [ 1 Ô ν 2 ≠ 1 , for TE 0m modes (n=0) ν 2 Ô ν 2 ≠ 1 , for TM 0m modes (n=0) (ν 2 +1) 2 Ô ν 2 ≠ 1 , for EH nm modes (n=0) (5.1)
Where λ is the wavelength, 2.a the bore diameter of the hollow core waveguide, and Chapter 5. Dielectric hollow core waveguides u nm the m th roots of the J n≠1 (x) Bessel function:

J nm (u nm )=0 (5.2)
The important consequences of (5.1) is that the attenuation constants are proportional to ⁄ 2 /a 3 [START_REF] John J Degnan | The waveguide laser: A review[END_REF]: the losses can be made small by choosing the radius of the hollow core sufficiently large compared to the wavelength ⁄. The other implication is that the lowest loss is obtained for the lowest order modes (for which the value of u nm are small): for a fixed value of n, the attenuation increased with m. The refractive index is also affecting the 3 types of modes. For the TE 0m modes, the higher the refractive index is, the lower is the attenuation. This is especially true for hollow core metallic waveguides. For TM 0m , if the refractive index of the tube material is close to unity, the attenuation is high while the minimum of attenuation occurs for ‹ = Ô 2. For the hybrid modes HE nm , the attenuation nm has mixed dependance on ‹ between the TE 0m and TM 0m . The value that minimizes the attenuation for hybrid modes is ‹ =1 .73. Modal intensity distributions of the first lowest modes are shown in figure 5.1. The fields E r and E ϕ are both complex. The fundamental mode of the pipe waveguide is labeled as the HE 11 mode for which its electric field distribution of the fundamental hybrid mode is very similar to that of the fundamental free space TEM 00 mode. Modal intensity distributions of the TM 01 , TE 01 and HE 21 modes are identical. Nevertheless, their imaginary parts are much different which lead to different attenuation constants. The attenuation constant of mode TE 01 is smaller than that for TM 01 while the attenuation constant of mode HE 21 is in-between TE 01 and TM 01 due to its mixed nature of TE and TM modes.

Ray optics model for Hollow Waveguide

Ray optical analysis as proposed by Miyagi in [START_REF] Miyagi | Waveguide loss evaluation by the rayoptics method[END_REF][ 86] of the modal loss in HW is far less complex than the electromagnetic approach cited above but yet provides with the modal loss characteristics of any HW. This simple technique allows to solution the propagation losses of core modes in the pipe waveguides and for more complicated designs of hollow core such as the hollow bragg fiber. This approach is used here as it can clarify the understanding of the propagation in the hollow core fibers and later the coupling efficiency of the QCL with the HW. The approach of Miyagi et. al. is to characterise the incidence angles of all modes in the HW corresponding to their propagation constants. This method necessitates to calculate the reflectivity of the waveguide's cladding for each mode's polarisation and grazing angle. The attenuation loss of each mode can then be determined given the number of reflections of the wavelets propagating inside the HW

Ray optics model for Hollow Waveguide

TM or HE considered but also depends on the propagation angle. When the orientation of the electric field of the light ray is parallel to the propagation plane, the ray is said to be p-polarised and the wall reflectance is then called R p . When the orientation of the electric field is perpendicular to the direction of the propagation, the ray is said to be s-polarised and the reflectivity is then called R s . When the light is not polarised, then an average reflectivity is used

R avg = R p + R s 2 .
For the TE modes, the reflectivity is R s while for the TM modes the reflectivity R p is used. R = R avg for the hybrid modes HE mn . ◊ z and R need to be defined for each mode to evaluate the modal losses. For a HW of given bore size, the corresponding propagation angle for a given propagating mode of a specific wavelength is approximated by [START_REF] Miyagi | Waveguide loss evaluation by the rayoptics method[END_REF]:

◊ nm = cos ≠1 ( ⁄ 0 u nm 2fin 0 a ) (5.5)
where n 0 is the refractive index of the waveguide's wall, ⁄ 0 the free space wavelength, the mode parameter u nm which is the m th roots of the J n≠1 (x) Bessel function. The lower ◊ nm is (and then lower the mode order), the lowerm will be. In figure 5.3, the HE 11 , HE 12 and HE 13 angle is plotted for ⁄ 0 = 110 µm.

The task then is to calculate the reflection coefficient of the HW's wall. The calculation of the reflectivity of an incident wave on a material can be treated as well as with the wave-theory or with the ray optic theory: the incident wave excites the charges on the material which acts as a secondary radiating source and is called the reflected wave. The superimposition of the incident wave and the reflected wave is called the transmitted wave. In the case of two half infinite spaces separated by an interface, the calculation of the reflectivity at the interface can be achieved by resolving the differential equations verified by the fields at the boundary conditions. The explanation of these calculus can be found in the Electromagnetic Waves of D.H. Staelin [START_REF] David H Staelin | Electromagnetic waves[END_REF]. The reflection coefficients of a plane wave incident at the air-dielectric interface are different for TE (electric field in the x-z plane) and TM (electric field in the y-z plane) polarizations, and are given by:

r TE = Ò 1 ≠ sin 2 (◊ N ) ≠ Û 1 ≠ sin 2 ( ◊ N n 2 2 ) Ò 1 ≠ sin 2 (◊ N )+ Û 1 ≠ sin 2 ( ◊ N n 2 2 ) r TM = Ò 1 ≠ sin 2 (◊ N ) ≠ Û 1 ≠ sin 2 ( ◊ N n 2 2 ) Ò 1 ≠ sin 2 (◊ N )+ Û 1 ≠ sin 2 ( ◊ N n 3 2 ) (5.6)
5.2. Launch condition of the lowest order hybrid mode a longer distance while the total loss will be much less compared to the small bore diameter waveguides. It could be noticed also that the propagation losses are the lowest for grazing angle which correspond to the lower order modes. The losses are therefore increasing as the propagation angle increases from the optimal angles of propagation in HW 85 ¶ <◊ N < 90 ¶ .

Launch condition of the lowest order hybrid mode

The modal losses have been determined in the previous section through the ray optics formulation. To determine the coupling efficiency to the HE nm modes of a HW with an incoming Gaussian beam, it is easier this time to use the electromagnetic formulation from Marcatili and Schmeltzer in [START_REF] Enrique | Hollow metallic and dielectric waveguides for long distance optical transmission and lasers[END_REF]. As shown in [START_REF] Rick | Launch conditions and mode coupling in hollow-glass waveguides[END_REF], it is important to know well the launching conditions to couple as much as possible a THz beam with the lowest hybrid mode HE 11 of the HW as it is the mode with the lowest theoretical loss. The electrical field repartition profiles of the HE nm hybrid modes can be expressed by [START_REF] Enrique | Hollow metallic and dielectric waveguides for long distance optical transmission and lasers[END_REF].

E ϕ = J n≠1 ( u nm r a )cos(nÏ) E r = J n≠1 ( u nm r a )sin(nÏ) Z _ _ \ e i(kz≠ωt) (5.9)
with k the propagation constant. Considering the HE 1m modes, their field profile can The power coupling efficiency from the incident beam to the HE 1m waveguide hybrid modes is evaluated by the expression proposed in [START_REF] Rick | Launch conditions and mode coupling in hollow-glass waveguides[END_REF]:

÷ m = | a s 0 e ≠ r 2 Ê 2 J 0 ( u m r a )dr 2 | 2 OE s 0 e ≠ 2r 2 Ê 2 rdr a s 0 J 2 0 ( u m r a )rdr
(5.12) Using (7.13), the coupling efficiency from a TEM 00 mode with a waist Ê to the lowest order hybrid mode HE 11 of a HW with bore diameter (figure 5.5) is maximum when the ratio beam waist/bore diameter Ê a 0.64. Within these conditions, the coupling efficiency is nearly 98.07%. The figure 5.5 shows the coupling efficiency of the first orders hybrid modes. 

Total loss in hollow core waveguide

Total loss in hollow core waveguide

To estimate the total loss induced by the transmission through a HW, both the modal attenuation and coupling efficiency for each mode need to be taken into account. For a HW and a transmission in a length L, the power loss can be expressed by:

P L = ÿ m ÷ m e ≠2αmL (5.13)
where 2m is the power attenuation coefficient and ÷ m the power coupling efficiency of the incident beam with the hybrid modes of the HW. As many higher order modes can be excited at the same time for poor launching conditions, the power transmission through the HW is the sum of all the possible modes coupling efficiency multiplied by their respective modal losses. Figure 5.6 shows the power transmission through a 10 cm long HW with a bore diameter of a = 4 mm, 3 mm, 2 mm and 750 µm of a Gaussian TEM 00 mode with ⁄ =1 1 0⁄µm. For the calculation, only the contributions of HE 11 , HE 12 and HE 13 modes have been taken into account. The maximum transmission occurs for a smaller value Ê a than for optimum coupling to the HE 11 mode obtained in previous section as the transmission is made also through the higher order modes. As the bore diameter is increased, the maximal transmission through the HW is obtained for a higher Ê a ratio.

Coupling of a 3 rd order DFB QCL to a HW

As it has been shown in the precedent section, one can couple with nearly 100% of efficiency a THz TEM 00 Gaussian beam into the hollow core glass waveguide lowest order hybrid mode HE 11 . The main condition is to adapt the incoming beam waist with the bore diameter of the HW. The other advantage with the use of HW is the small output beam divergence. The divergence angle depends on the mode propagating in the HW [START_REF] Andriy A Danylov | Transformation of the multimode terahertz quantum cascade laser beam into a gaussian, using a hollow dielectric waveguide[END_REF].

The approach which has been studied first is a monolithic copper mount where a 3 rd order DFB QCL is "butt" coupled to a HW as shown on figure 5.7a. The HW has a bore diameter a = 4 mm, and the optical losses for the lowest order hybrid mode HE 11 are estimated to be 0.1dB/m according to the wave-optics based formula proposed by Degnan [START_REF] John J Degnan | The waveguide laser: A review[END_REF]. The first transverse electric mode TE 01 has lower losses than the HE 11 for the HW with bore diameter of 4 mm. Nevertheless, as the 3 rd -oder DFB QCL is linearly polarised as the HE 11 mode, this mode is preferentially excited. The TM 01 mode has much higher attenuation and is not linearly polarised so the coupling efficiency of QCL with this mode is very low. It is expected that HE 11 is the main mode for the propagation inside the HW but as the QCL is not optimally coupled to the HW, coupling to higher order lossy modes is possible and is inducting losses. We measured the output of a 3 rd -order DFB laser both with, and without, the dielectric HW. The light-current (LI) characteristics are shown in 5.7b, for three cases: no HW, with a 20-mm-long HW, and with a 30-mm-long HW. Although the laser threshold current is not affected by the presence of the HW, the output power drops to 15% of its initial value (8.2 dB loss), from s 650µW to s 100µW , with the HW present. However, as this is almost independent of the HW length, this confirms that the coupling losses are the dominant factor.

The advantage of the dielectric HW lies in its beam shaping ability. Figures 5.8c and 5.8d show the far-fields emission patterns of the same two 3 rd -order DFB lasers, whose natural emission patterns are shown in figures 5.8a and 5.8b, once a 4-mmbore-diameter dielectric HW is positioned at the laser facet. The beam pattern of the phase-matched device 5.8a is qualitatively improved over the situation with no HW: it has a more symmetric Gaussian shape, and its FWHM is reduced to 5 ¶ ◊ 5 ¶ . However, the significant benefit is found in the case of the oblong and diverging QCL beam: the dielectric HW dramatically reshapes the non-ideal far-field profile into a Gaussian beam with a 5 ¶ ◊ 5 ¶ divergence (figure 5.8d). The directivity of the beam pattern in both cases is greatly enhanced to 55 dBi. Furthermore, the beam direction is now more predictable (along the HW direction) and so the optical alignment with other components such as mixers or detectors in-situ is simplified.

Further Developments: Diagonal Dielectric Horn Antenna

Below we shortly present an investigation on a design of dielectric diagonal horn THz antenna for the shaping of the QCL beam pattern. The original idea and first design have been proposed by Haotian Zhu [START_REF] Zhu | THz Dielectric Transmission Lines: Design, Fabrication and Measurement[END_REF] and have been further adapted to work with M-M QCL waveguides at 2.7 THz. It consists of a HR-silicon based substrate integrated image guide (SIIG)as demonstrated in [START_REF] Patrovsky | Substrate integrated image guide (siig)-a planar dielectric waveguide technology for millimeter-wave applications[END_REF] coupled to a diagonal horn antenna in silicon as it is depicted on figure 5.12b. It is in some ways similar to the work of Lee et al. in [START_REF] Kumar | High-power and high-temperature thz quantum-cascade lasers based on lens-coupled metalmetal waveguides[END_REF]. They fixed a hemispherical high resisitivity silicon lens to a facet of the M-M waveguide QC-laser and have shown a measured collection efficiency 16 times more than the collection efficiency of a bare facet THz M-M waveguide. They also measured FWHM of ≥ 4 ¶ ◊ 4 ¶ .

Design and simulation In our case, the QCL M-M is coupled through its facet to the SIIG line of the horn antenna which has the same cross-section as the QCL waveguide (cf 5.12a). The horn antenna structure needs to lay on a metallic surface. The design of the horn antenna consists of 7 pyramidal grades of ≥ 25 µm each. The total height of the antenna is 164 µm. The SIIG is 15 µm thick and 80 µm wide which yields to losses of ≥ 0.02 dB/mm at 2.7 THz. The loss induced by the SIIG is then relatively low considering its small dimension (length ≥ 240 µm). The structure around the antenna is used to ease the handling of the antenna after its fabrication for the final assembly with the QCL. As the silicon effective refractive index is close to the index of GaAs, the reflection at the interface between the QCL end facet and the SIIG is small: the transmission from the QCL to the SIIG is attenuated by -0.32 dB. The highly confined TM 00 mode of the QCL couples to the E y 11 mode of the SIIG and propagates to the silicon horn antenna where the mode is gradually adapted to the propagation in free space. FEM simulations have been conducted for the horn antenna. The beam diagram of the horn antenna presented on figure 5.12c) has a FWHM of ≥ 15 ¶ ◊ 20 ¶ with a near Gaussian shape. The simulations have been optimised for a single TM 0 mode at 2.7 THz. Ideally, the dielectric horn antenna would be coupled to a M-M waveguide with a facet emission and 1 st -order DFB grating which provide the mode selection at 2.7 THz.

Fabrication process

The 2 main steps for the process of this structure is the lithography patterning of the antennas and the transfer of the resist patterns on silicon using dry etching techniques. The complex 3D pattern and the relatively important dimensions of the diagonal horn antenna make its processing impossible with standard photo-lithography or electron-beam lithography. Instead, we used two-photon lithography with the commer- cialized "nanoscribe" machine. The 2-photons lithography is based on direct laser writing process, i.e. a non-linear two-photon absorption process. The resist polymerized when two photons of near-infrared light are absorbed simultaneously. The high light intensity is provided by a femtosecond laser. Dominique Decanini processed the horn antenna on the Nanoscribe machine. First, a perfect 1:1 photo resist (PR) mask in resist SU-8, as shown in figure 5.13 is built. The deep reactive ion etching (DRIE) is then performed to transfer the mask to HR-silicon wafer. The work on the ICP was made with the help of Etienne Herth. At the time where this manuscript was written, the work was still in progress to obtain an ICP etching recipe on silicon which could achieve highly vertical side-walls on the whole height of the horn antenna (164 µm). The combination of complex patterning with 2-photons lithography and transferring these patterns on silicon with a dry etching process is a great asset for designs applied in the THz where a precision in the µm range is required which cannot be achieved with standard micro-machining techniques.

Chapter 6

Superconduction Hot Electron Bolometer Mixer

Introduction

In this thesis, hot electron bolometers (HEB) based on niobium nitride (NbN) on thick silicon substrate have been used as mixers for heterodyne experiments. The realisation of the THz HEB mixer, as used in the experimentations whose results are presented in the next chapter, is relatively complex requirering special means and skills in nano-fabrication processes, mechanical engineering and quasi-optical system. Considering the time allowed for the completion of the thesis, no works have been done specifically on the HEB itself. HEB mixers developped at LERMA during previous R&D projects [START_REF] Gay | Mélangeurs à bolomètres à électrons chauds sur membranes fonctionnant au-delà du térahertz pour l'instrument post-herschel[END_REF] [START_REF] Miao | Investigation of hot electron bolometer mixers for submillimeter multipixel receiver applications[END_REF] have been used in this thesis. Nevertheless, a good understanding of the physics and the theory of this kind of devices is mandatory to elaborate a compact heterodyne receiver for future space-borne missions. The goal of this chapter is to present a short introduction but rather exhaustive on the HEB basic working principles, and to describe the HEB used in this work.

Bolometer effects

A bolometer is a type of detector which is sensitive to the heat it absorbs. Bolometers are composed of a thermal absorber with a thermal capacity C which is connected to a heat sink through a temperature dependant resistor (figure 6.1). The absorber is heated up by the incoming radiation power and is cooled down to an equilibrium temperature, balanced with the heat transfer to the cold temperature reservoir across the resistor. Knowing the heat capacity of the absorber C and the thermal conductance G th = 1 R th , the thermal relaxation time is defined as:

• th = C G th (6.1)

Heterodyne mixing with Hot Electron Bolometer

The phase information of an incoming signal can be measured using a heterodyne detection scheme. The heterodyne principle gets involved a local oscillator signal (LO) and a RF signal of interest. These two signals are overlaid with a diplexer or beam-splitter and further coupled on the heterodyne mixer. The RF signal is mixed with the LO and is downconverted to frequencies (intermediate frequency) accessible with standard electronics systems (amplifiers, spectrum analyser..). The RF spectral range which is accessible with the heterodyne measurements mostly depends on the LO frequency and the intermediate frequency (IF) bandwidth. HEBs used as heterodyne mixer have an IF bandwidth of several GHz, allowing measurements on a large spectral range. For the mixing, the HEB is DC biased and kept in a bath temperature below the superconducting bridge's critical temperature. The LO is also used to optically pump the HEB to its resistive state. The combination of LO power and DC bias leads to the formation of a hot spot. When the RF and LO signals are close in frequency, the hot-spot length variates at the intermediate frequency. The power dissipated by the bolometer through the thermal resistance is written:

P (t)= V (t) 2 R = 1 R (V LO cos(Ê LO t)+V RF cos(Ê RF t)) 2 = 1 R (V 2 LO cos 2 (Ê LO t)+V 2 RF cos 2 (Ê RF t)+2V LO V RF cos(Ê RF t)cos(Ê LO t)) = P LO + P RF + 1 R (V RF V LO cos((Ê RF ≠ Ê LO )t)+V RF V LO cos((Ê LO + Ê RF )t) (6.4 
) where V LO and V RF are the voltage of the LO and RF signals, R the resistance of the HEB and Ê LO/RF the pulsation. P LO and P RF are respectively the power dissipated at frequencies Ê LO and Ê RF and are determined by:

P LO = s V 2 LO cos 2 (Ê LO t) R = V 2 LO 2R P RF = s V 2 RF cos 2 (Ê RF t) R = V 2 RF 2R (6.5) 
The RF signal is much weaker than the LO signal so P RF can be neglected from the total dissipated power and the signal components at frequencies 2Ê LO , 2Ê RF and Ê LO +Ê RF are much higher than the roll-off frequency of the bolometer and only the signal Ê RF ≠ Ê LO is dominating. The average power dissipation in the HEB is then written:

P (t) ¥ P LO + V LO .V RF .cos(| Ê RF ≠ Ê LO | t) R (6.6)

Superconducting Hot Electron Bolometer

The frequency band above Ê LO is called the upper side-band and the band underneath Ê LO the lower side-band. The intermediate frequency (IF) oscillation ‹ IF =| ‹ RF ≠ ‹ LO | leads to temperature oscillations only if the IF is the range of the ‹ roll≠of f . The responsivity of a superconducting hot electron bolometer as expressed in [START_REF] Daniel | Superconducting terahertz mixer using a transition-edge microbolometer[END_REF], which has been found using a lumped element model, gives the bolometer voltage compared to the absorbed energy. It is expressed in V/W and is written:

R V = ∆V ∆P = ∆RI bias ∆TG th 1 Ò 1+(2fif• th ) 2 (6.7) 
Where I bias is the bias current of the bolometer. The voltage responsivity due to the temperature variation for a heterodyne mixing is therefore written:

V IF = R V,IF ∆P = R V,IF Ô P LO P RF = ∆RI bias ∆TG th Ô P LO P RF Ò 1+(2fif• th ) 2 (6.8) 
The mixer conversion gain can be estimated by evaluating the ratio between the incoming RF power and the IF power response through a resistive load R L . P IF is expressed by:

P IF = V 2 IF 2R L =( ∆RI bias ∆TG th ) 2 P LO P RF 2R L (1 + (2fif• th ) 2 ) (6.9)
The mixing gain conversion for a single side band mixer is:

÷ SSB mix = P IF P RF =( ∆RI bias ∆TG th ) 2 P LO 2R L (1 + (2fif• th ) 2 ) (6.10)
From (6.10), ÷ SSB mix is proportional to the LO radiant power but is clamped to the saturation level of the bolometer: if the LO radiant power heat up all the superconducting bridge to its normal state, there will be no mixing possible.

Current-Voltage Characteristics of the Superconducting HEBs

The temperature at which the resistivity of the material disappears is called the critical temperature and is noted T C . The most used superconducting materials for bolometers or HEB are the nobium (Nb), niobium nitride (NbN) or MgB 2 with a respective T C of 6 K, 9.2 K and 39 K (ultra thin layers). When below T C , the superconductor allows a current to flow through it without any resistance until attaining a critical current where 6.3. Superconducting Hot Electron Bolometer pates DC power and a stable state is reached where usually the HEB is the most sensitive. A further increase in the bias voltage destroys completely the superconductivity and the material becomes normal. A Meissner state region is also found on the I-V curve for very small bias voltage [START_REF] Merkel | A large signal model for phonon-cooled hot-electron bolometric mixers for thz frequency applications[END_REF] which is decreased when the RF radiant power is increased. The oscillation region becomes smaller as the RF power on the HEB is increased until the oscillations are completely suppressed by the RF heating. Another model of the I-V characteristic of NbN based mixer has been further proposed in [START_REF] Zhuang | Bistability in nbn heb mixer devices[END_REF] which used the Joule-self heating mechanism to describe the HEB bi-stability. The bi-stability of the mixer means that two different states can co-exist on the bridge: the normal resistance hot-spot and the superconducting state. Oscillations are observed from the superconducting state and resistive state when the critical current is reached due to the Joule sustained self heating: the Joule heat released by the hot-spot becomes sufficient to raise the temperature of the bridge. The critical current decreases as the temperature is increasing in this region and a larger part of the bridge would have a normal resistivity and dissipate power. With this simple model, the self-heating mechanism would be sufficient to heat-up the whole bridge above the T C . Actually, the bistable region has not enough power available to sustain a stable hot spot which will eventually shrink, reducing the self-heating; the current subsequently increases which leads to the hot-spot oscillating back and forth until the device goes superconducting, etc..

Cooling mechanism in HEBs

There are two dominant cooling mechanisms in superconducting HEB. The first is the phonon cooled mechanism: the non-equilibrium electrons loose energy to the lattice by interactions with phonon. The second is the diffusion cooled: the energy is removed by diffusion of hot electrons to the normal metal pad heat sinks. This later mechanism is only efficient for small dimension bridges. Depending on the HEB configuration and the superconducting material of the bridge, either the phonon cooling or the diffusion cooling will dominate the cooling mechanism in the HEB.

Phonon Cooling

Hot electrons in the superconducting bridge interact with the lattice phonons which then escape into the substrate. The electron-phonon interaction time • ep has been observed in different materials including composite materials to be proportional to à T ≠1.6 e [START_REF] Yu P Gousev | Broadband ultrafast superconducting nbn detector for electromagnetic radiation[END_REF]. For NbN for instance, • ep = 13 ps at 4.2 K for a 5 nm thick film [START_REF] Boris S Karasik | Optimal choice of material for heb superconducting mixers[END_REF]. The thermal constant as defined in the section 6.2 depends also on the escape time of the phonon into Chapter 6. Superconduction Hot Electron Bolometer Mixer the substrate • esc and the electron and lattice phonon heat capacities C e , C ph [START_REF] Cherednichenko | Large bandwidth of nbn phonon-cooled hot-electron bolometer mixers on sapphire substrates[END_REF] •

th = • ep + • esc C e C ph (6.11)
To avoid any back-filling of energy in the electron gas, • esc , which depends on the film thickness, needs to be much smaller than the phonon-electron time. Some approaches to enhance the IF bandwidth have been proposed using buffering layers of MgO beneath the superconducting layer to improve the accoustic matching [START_REF] Gay | Mélangeurs à bolomètres à électrons chauds sur membranes fonctionnant au-delà du térahertz pour l'instrument post-herschel[END_REF].

Electron Diffusion

Electron diffusion as cooling mechanism has been proposed in [START_REF] Daniel | Superconducting terahertz mixer using a transition-edge microbolometer[END_REF] for transition edge micro-bolometer for nano-scale bridges. The thermal time constant depends then on the electron diffusion constant D and the length of the micro-bridge L. It can be written by [START_REF] John | High frequency electron dynamics in thin film superconductors and applications to fast, sensitive THz detectors[END_REF] • th = L 2 fi 2 D (6.12)

If the bridge length L is inferior to the characteristic length Ò D• ep , the out-diffusion of the hot electrons into the normal metal pads dominates over the phonon diffusion cooling mechanism [START_REF] Ekström | Gain and noise bandwidth of nbn hot-electron bolometric mixers[END_REF][ 98].

Hot Spot Model

Several models have been studied in the literature to determine the characteristic of the HEBs. The first of them, the lumped model, was used to describe niobium and YBa 2 Cu 3 O 7 superconducting mixers [START_REF] Em Gershenzon | Millimeter and submillimeter range mixer based on electronic heating of superconducting films in the resistive state[END_REF] and could predict the conversion efficiency of the heterodyne mixers, their noise temperature and fluctuation sensitivity. In [START_REF] Bs Karasik | Noise temperature limit of a superconducting hotelectron bolometer mixer[END_REF] Karasik et al. used another simplified model, the broken-line transition model, to estimate the mixer gain and its noise performances. The approach which will be discussed in this section is the hot spot model. The following discussion has been widely inspired by the work of J. Baubert et al. [START_REF] Baubert | A hot spot model for membrane-based heb mixer[END_REF], W. Floet [START_REF] Wilms | Hotspot mixing: A framework for heterodyne mixing in superconducting hot-electron bolometers[END_REF] and H. Merkel [110] which dealt with superconducting micro-bridges and their applications for HEBs employed for heterodyne mixer. They explain that the hot-spot formation by a thermal heating in the center of the superconducting bridge by absorption of LO signal and DC bias power.The hotspot model assumes that the electron temperature in the microbridge is not uniform but instead follows a gradient of temperature along the bridge length (see figure 6.5 b).

The Andreev reflection has an important effect on the hot electrons (fig 6.5) as it confines them in the center of the superconducting bridge and limits their diffusions. The Chapter 6. Superconduction Hot Electron Bolometer Mixer effects of Andreev reflection have been more deeply treated in [111]. In the hot spot model, the highest electron temperature is in the center of the superconducting bridge. When the temperature is higher than the critical temperature of the superconductor, the bridge has locally a normal resistance. The bolometer resistance is proportional to the length of the hot-spot. While the DC current going through the bridge can only dissipate energy at the part of the bridge with normal resistance, the incident radiant power from the local oscillator P LO (t) can bring enough energy to break the electron Cooper pairs. The hot-spot size will depends on the bias current of the HEB and the incident radiant power P RF : its size is varying at the beat frequency IF. In the hot-spot model, where the lowest temperature is near the heat sink gold pads where T e is equal to the heat sink temperature and the hottest temperature is in the center of the bridge. One-dimensional heat balance equations for electrons and phonons can be solved to obtain the electron temperature profile in the bridge.

dT dx (⁄ e d dx T e ) ≠ C e n• ep T n e (T n e ≠ T n p )+P (t)+j 2 fl N =0 (6.13) dT dx (⁄ p d dx T p ) ≠ C p m• esc T m≠1 p (T m p ≠ T m p )+ C e n• ep T n e (T n e ≠ T n p )= 0 (6.14) 
where ⁄ e/p is the thermal conductance of the electrons and phonons, • ep is the electronphonon relaxation time and • esc is the escape time of the phonon in the superconductor bridge into the substrate, C e/p are the electron/phonon heat capacity and n is chosen to be equal to 3,6 for the NbN and m = 4 in agreement with [112]. Subscript e and p denote electron and phonon parameters respectively. The DC bias dissipation energy is represented by the term j 2 fl N where j is the current density and the fl N the normal resistance of the hot-spot. The first terms in (6.13) and (6.14) represent the thermal conduction in the direction of the microbridge while the second term in (6.14) stands for power per unit length flowing from electrons to phonons. In (6.13), the power per unit length is flowing from electrons to phonons (cooling mechanism) while in (6.14), the phonons are heated up by electron phonon interaction while the last term in (6.14) describes phonon escape to the substrate. The incoming radiant power P(t) resulting of the superimposition of the local oscillator and the RF power, causing a change in the superconducting film resistance is expressed as following

P (t)=P LO +2 Ò P LO P RF cos(Ê IF t) (6.15)
The LO power is assumed to be absorbed uniformly over all the length L of the bridge while the DC current is only absorbed by the hot spot. Solving these equations for electron frequency tuned to obtain an IF signal. The relative mixer gain versus the IF frequency is presented in figure 6.6 which has been obtained using (6.16) for a NbN film with a thickness of 4 nm on Si at bath temperature of 6 K.

Noise in HEBs

The noise mechanisms in superconducting HEB have been widely studied in [114] and [START_REF] John | Bolometer noise: nonequilibrium theory[END_REF]. The major noise sources in HEB mixer are known to be the Johnson noise and thermal fluctuation noise. There are uncorrelated noise sources due to electrical bias power. The quantum noise T QN has also an unvoidable contribution to the mixer noise, even though the mixer is at 0K: it is called the zero-point fluctuation and its value is h‹ 2k B for a double side band mixer. This is the quantum limit of the noise temperature for a heterodyne system when performing measurements in DSB. The quantum noise depends on the frequency and becomes important in the THz frequency range. An extended study of the quantum noise is reported in [START_REF] Erik | Quantum-noise theory for terahertz hot electron bolometer mixers[END_REF]: the quantum noise takes over the classical noise at 5 THz. The aim here is to find the equivalent mixer input noise temperature defined by T in noise =

T out noise G mixer with T out noise the output noise temperature of the mixer and G mixer the mixer gain.

Johnson Noise

Johnson noise describes the emitted noise by a resistor R which is caused by thermal agitations of charge carriers. The Johnson noise equivalent voltage V in in a bandwidth B can be expressed by:

<V 2 JN >=4k B T e RB (6 .17) 
The equivalent noise temperature at the output of the HEB due to the Johnson noise is [START_REF] Bs Karasik | Noise temperature limit of a superconducting hotelectron bolometer mixer[END_REF]:

T out JN = 4R L R 0 T e (R L + R 0 ) 2 (1 ≠ I 2 0 C DC R L ≠ R 0 R L + R 0 ) 2 (6.18)
The equivalent noise temperature from the Johnson noise at the input of the HEB mixer can be obtained by dividing (6.18) by the conversion gain (6.16). 

T in JN = R 0 T e I 2 0 C 2 RF P LO (1 + Ê 2 IF • 2 mix ) ( 6 

Thermal Fluctuation Noise

Thermal fluctuation is the largest noise contribution below ‹ roll≠of f in a bolometer. It is caused by random energy exchanges between electrons, phonons in the bolometer and the heat sink. This fluctuation leads to a variation in the electrons temperature and further to a change of the bolometer resistance, therefore implying a variation in the output noise power. The thermal fluctuation equivalent input noise can be written as:

T in FL = 2T 2 e • θ C e VC 2 RF P LO A ˆR ˆT B 2 1+Ê 2 IF • 2 mix 1+Ê 2 IF • 2 th (6.20)
C e is the electron heat capacity and V the volume of the bolometer. The mixer time constant • mix is usually close to the value of the electron thermal time constant • th .The thermal fluctuation noise is proportional to the square of the electron temperature (contrary to the Johnson noise which varies with T e ) but is independent of the intermediate frequency.

Noise Bandwidth

The gain bandwidth of a HEB has been treated in the section 6.3.4 and refers to the points where the conversion efficiency is reduced from its maximum by 3 dB. The noise bandwidth, in contrary, is defined as the points where the noise temperature is increased by a factor 2. The noise bandwidth is usually larger than the gain bandwidth and mostly due to the Johnson noise which is frequency independent [START_REF] Ekström | Gain and noise bandwidth of nbn hot-electron bolometric mixers[END_REF]. In [START_REF] Prober | A large signal model for phononcooled hot-electron bolometric mixers for thz frequency applications[END_REF] the authors have determined experimentally that the noise bandwidth is 1.7 times larger than the gain bandwidth for a diffusion cooled HEB in Nb. For a heterodyne receiver, the noise contribution of the IF chain T IF needs to be taken into account. The equivalent input noise temperature of the receiver including the IF amplifier noise contribution is plotted on figure 6.6 and has been deduced with the fact that T out noise = T in noise .G mixer and with equations (6.16), (6.19) and (6.20). The parameters used for the plots in 6.6 have been chosen with measured typical mixer properties: T C = 9.5 K, ∆T C = 1.5 K, R L =50Ω(IF amplifier), R 0 is around 80Ω. The Johnson output noise is small but constant. On the contrary T FL is large at low IF frequency and decreases in for high IF. An approximation of 6.5. LO requirements the superconductor material and the film thickness used have a large influence on the HEB characteristics: relaxation time, IF bandwidth, critical temperature. The cooling mechanism in a HEB, as treated in a previous section, is performed by either phonon transfer or electron diffusion from the hot-spot to the heat sink. The electron-phonon interaction time • ep , phonon-electron time constant • pe and the phonon escape time • esc , the time that the non-equilibrium phonon escape to the substrate, are primordial parameters for phonon cooled HEB and depend on the type of superconducting material used. To have a fast response mixer, • esc must be very short and the film thickness must be very thin in order to evacuate the heat to the substrate for phonon cooled HEB. To avoid a back-exchange of energy to the electrons, it is mandatory to have

• esc <• pe .
Considering the non-equilibrium electron diffusion to the normal metal and • dif f being proportional to the length of the device, the design of the HEB bridge needs to be in the sub-micron dimension to exploit also the electron diffusion to the heat sink as cooling mechanism. A device length in the order of 200-300 nm was first reported with a bandwidth of 2 GHz [START_REF] Daniel | Superconducting terahertz mixer using a transition-edge microbolometer[END_REF]. Both electron diffusion and phonon cooling mechanism can cohabit, so the IF bandwidth can be further increased. These later characteristics need to be traded for an optimum configuration of the HEB used as heterodyne mixer. NbN as superconducting material has been widely used for HEB because of its short • ep (13 ps) and its high T c (9.2 K) which correspond to an IF bandwidth of 10 GHz. The phonon escape time • esc is 40 ps and the electron diffusion coefficient of the NbN is in the order of D = 0.5 cm 2 .s ≠1 . The dominant cooling mechanism on our NbN HEB with a micro-bridge length of 200 nm is phonon cooling.

LO requirements

For the compact integration of the HEBs in a heterodyne receiver for space-borne mission, the LO output power required needs to be taken into account. Several types of LO are available today in the THz with frequency dependant output power (cf chapter 1). For frequencies below 1.8 THz, Schottky diode based chains provide dozens of µW of output power [START_REF] Tw Crowe | Development and characterization of a 2.7 thz lo source[END_REF] which is plenty to fully pump a single pixel HEB. The maximum output power from the Amplifier Multiplier Chain (AMC) VDI 390 for a frequency range of 1310 GHz and 1380 GHz is about 60 µW . The output power of an AMC is nevertheless greatly decreased for frequency above 2 THz. FIR gas lasers as used in [29] and backward wave oscillator (BWO) can be used for frequencies above 1 THz but the limited available power and space in a satellite make them difficult for integration in an embedded heterodyne receiver. The QCLs stand out to be a good trade-off between the available output power and compactness. Nonetheless, the LO output power require to pump the HEB needs to be defined to elaborate the specification of the LO. The LO radiation as mentioned in 6.3.1 is used to bring the HEB into the region on the I-V curve where the detector reaches its highest sensitivity, that is to say where the mixer conversion gain is the highest and the equivalent noise temperature is the lowest. A less pumped I-V curve would give a higher receiver equivalent noise temperature but as a trade-off would require less LO power. The factor which sizes the LO power requirements is the dimension of the HEB bridge. Another factor is the critical current of the superconducting material I c . With a higher I c , more energy is required to break the Cooper pairs into quasi-particles to have an optimum temperature distribution in the HEB [119]. The LO power requirement can be summarised by [120]:

P LO = "V (T n c ≠ T n 0 ≠ nT n≠1 c ∆T c ) n• th T n≠2 c (6.22)
where " is the Sommerfeld constant, T 0 is the bath temperature, • th the thermal time constant ≥35 ps and n = 3.6 for NbN as determined experimentally [112]. The bath temperature plays an important role in the LO power requirements. A lower T 0 would require a higher LO output power (20% increase of LO power is required when T 0 is changed from 4 K to 3 K) but at the same time the equivalent receiver noise temperature would be decreased. Of course, another important factor for the LO power requirement is the efficiency of optical coupling between the LO and the mixer. The beam pattern of the LO needs to overlap without "spill-over" with the receiver's beam diagram. A way to determine the absorption of LO optical power by the HEB using the isothermal technique is presented in [START_REF] Gay | Mélangeurs à bolomètres à électrons chauds sur membranes fonctionnant au-delà du térahertz pour l'instrument post-herschel[END_REF]. Typically for the NbN HEB mixer used in LERMA with a bridge size of 2 x 0.2 µm 2 x 3.5 nm and a critical current of 260 µA, the LO power required is about 270 nW.

Coupling to the HEB

Several ways are available to couple the HEB to the LO and RF signals for the heterodyne measurements. A classic way which has been used in several instruments [121] [START_REF] Büchel | 4.7-thz superconducting hot electron bolometer waveguide mixer[END_REF] is to use a waveguide probe for the coupling with the HEB. The RF signal is overlaid with the LO signal and is led through the waveguide with a horn antenna. The waveguide itself is coupled to the HEB mixer. Usually, rectangular hollow core metallic waveguides are employed and are designed to have very low optical losses and low divergence even for THz frequency range. It has been also demonstrated [START_REF] Pedro | Fabrication and characterization of phonon-cooled hot-electron bolometers on freestanding 2-µm silicon nitride membranes for thz applications[END_REF] an integration of a free-standing thin membrane HEB in waveguide. The waveguide horn antenna shapes the incoming RF beam and transform the free space wave mode into a waveguide mode . Despite the 6.6. Coupling to the HEB difficulties to construct waveguides adapted to the sub-mm wavelength, the waveguide horn allows a quasi perfect coupling efficiency (98%) with an incoming Gaussian beam (the telescope signal for instance) and acts as a filter for frequencies below the cut-off frequency of the waveguide. Another technique is the quasi-optical coupling and it is this later technique which has been employed for this work. Contrary to the visible optics, sub-mm signal propagation can't be approximated with the usual geometrical optic theory. A quasi-optical approach as described in [START_REF] Paul | Quasioptical systems[END_REF] needs to be employed. The critical point for this technique is the coupling of the incoming signals to the HEB. It can be done by using focusing mirrors or lenses. One concept widely used in quasi-optical HEB mixer is to use the HEB's substrate (silicon in our case) lens with an integrated planar antenna. The silicon lens is an attractive solution as this material offers extremely low losses in the THz frequency range and the effective refractive index of the lens can be matched with the one of the HEB substrate, avoiding interface reflection. This section will be focused on this latter quasi-optical technique as it is the one used in the experimental heterodyne set-up in LERMA.

Planar Antennas on dielectric substrate

Planar antenna is a key element for the coupling of RF/LO signals to the superconducting bridge. Main characteristics of planar antennas deposited on a dielectric substrate have been described in [START_REF] Button | Chapter 10 of infrared and milimeter waves[END_REF]. The modes of the antennas can be as well as considered backward or forward using the reciprocity theorem [START_REF] Paul | Quasioptical systems[END_REF] [START_REF] Kraus | [END_REF]. A planar antenna laying on a dielectric substrate radiates most of its power into the dielectric side in contrary to a planar antenna in free space which radiates symmetrically. Considering a simple slot or dipole antenna, the power radiated from a slot antenna into the dielectric is proportional to ε 3/2 or for a dipole the radiated power is proportional to Ô ε r [START_REF] Cr Brewitt-Taylor | Planar antennas on a dielectric surface[END_REF]. They have experienced that for ε r > 1, the radiation field in the interface plane drops discontinuously to zero when ε r increases and strong maxima appear at the critical angle in the dielectric. Actually, for ε r > 8, the antenna beam diagram in the dielectric approximates to a cone with a semi angle of 45 ¶ . The antennas on dielectric being more sensitive from the substrate side, it is easier to couple the incoming signal to the HEB from this side. In their Schottky diode based receiver at 110 GHz, Clifton et al. [START_REF] Bj Clifton | High-performance quasioptical gaas monolithic mixer at 110 ghz[END_REF] proposed to mount the mixer at the aperture of a hollow-metallic waveguide; the incoming signal couples through the dielectric substrates to the coupling antennas. They measured a DSB noise temperature of 339K at 110 GHz. A similar coupling scheme has been used with SIS junction mixer reported in [START_REF] Delorme | Space-qualified sis mixers for herschel space observatory's hifi band 1 instrument[END_REF]. The solution which has been widely explored by the HEB mixer community is to mount the planar antenna on a dielectric lens. Engheta et al. in [START_REF] Engheta | Radiation patterns of interfacial dipole antennas[END_REF] proposed a way to calculate the radiation pattern of an infinitesimal dipole laying at the interface of two dielectric half spaces. They found that in the upper half space for which the dielectric refractive index is lower than for the lower half space, the diagram is constituted with a single lobe which has a maximum at the normal of the interface while the side with higher index of refraction, the pattern is formed by 3 lobes. Most importantly, they found that the power distribution in the upper half space (n upper <n lower ) is decreasing as the refractive effective index of the lower half space is increased.

An estimation of the proportion of the antenna gain repartition between the air side and the dielectric side has been obtained using the finite element solver FEKO. In figure 6.7, it is clear that for the case of the planar antenna surrounded by free space (6.7a), the antenna's gain is symmetrical along the antenna's plan and shows two single lobes at ◊ =0 ¶ and ◊ =1 8 0 ¶ : this situation is representative of the HEB on membrane when there is no back-short mirror. As the refractive effective index of the lower half space is increased from 1 (6.7b and 6.7c), the antenna's gain in the air side is reduced while the gain in the dielectric side is increased. When the planar antenna is lying on silicon, the gain distribution in the air is ten times smaller than on the dielectric side (10 dB of difference). This simulation doesn't take into account the effect of the lens on the beam diagram of the planar antenna. Simulation of an integrated log-spiral antenna with a hemi-spherical silicon lens have been already conducted but at 600 GHz [111]. The dimension of the lens (1 cm in diameter) compared to the wavelength at 2.7 THz makes it complicated to do similar simulations. In the case of a convex lens in silicon, the directivity of the antenna is greatly increased.

Quasi-optical Coupling

As it has been mentioned earlier, an efficient solution to focus the incoming signal onto the HEB is the use of lenses in the same material as the HEB substrate (usually high resistivity silicon). Attaching a lens on the antenna substrate will increase the antenna gain on the dielectric side. The HEB substrate is glued to the flat side of the hemispherical lens. The dielectric lenses can be hemispherical, hyper-hemispherical, or ellipsoidal. The extended hemispherical lens system with a double-slot antenna, for instance, shows an increase of 10 dBi in directivity of the planar antenna [START_REF] Daniel F Filipovic | Double-slot antennas on extended hemispherical and elliptical silicon dielectric lenses[END_REF] [111]. At the crossing of two different optical or electromagnetic approach, the effect of the lens on the incoming signal can be seen through the ray optic formulation: the RF incoming signal is concentrated/focused on the antenna: it is mandatory that the antenna is carefully placed at the focus point of the lens to get an optimal coupling, a precision of few dozen µm is required. Raytracing techniques are used to compute the characteristic of the integrated lens antenna Chapter 7

Heterodyne measurements

This chapter presents the heterodyne measurements with QCLs as local oscillators (LO) operating at 2.7 THz and the NbN HEB presented in the previous chapter for the mixing. A large number of measurements have been performed to characterise the receiver noise temperature using the Y-factor method. We also performed beat measurements between QCL and an amplifier-multiplier chain in order to characterise the signal emitted by the QCL. This chapter will conclude with the demonstration of an original solution to integrate the QCL as LO in a heterodyne detection system. A novel optical coupling scheme is demonstrated where the LO signal is coupled through the air side of the planar HEB antenna, while the signal to be detected is still coupled through the lens. In this way, there is no use of diplexers to overlay the RF and LO signal as it is usually employed in conventional heterodyne detection system. A very low double side band receiver noise temperature below 1000 K at 2.7 THz has been obtained thus confirming the potential for ultra-high sensitive heterodyne detection of this scheme.

Sensitivity of a heterodyne receiver system

The minimum difference of temperature ∆T which can be detected in an integration time • is expressed with the radiometer equation (7.1). ∆T is function of the receiver equivalent noise temperature, the integration time • and the IF bandwidth ∆‹ IF [START_REF] Rohlfs | Tools of Radio Astronomy[END_REF]:

∆T = T rec Ô ∆‹ IF • (7.1)
From the equation above, • is proportional to T 2 rec for a fixed ∆T , hence one needs to reduce the receiver equivalent noise temperature to reduce the observation time.

The overall equivalent noise temperature of the heterodyne detector system can be evaluated by summing the noise contribution of all its elements. In this model, every component of the detection chain is modelled by a noise-less amplifier with a noise at its input. For an incoming signal power P in and P i ,G i the input noise and gain for the i component so an input signal is amplified to P out = G(P in + P noise ), the output power of the overall receiver is written:

P out = P in ◊ G 1 ◊ G 2 ... ◊ G n + P 1 ◊ G 2 ... ◊ G n + P 2 ◊ G 3 ... ◊ G n + ... + P n≠1 ◊ G n (7.2)
With two known incoming signal's powers and the corresponding output power from the heterodyne receiver, as the noise contribution from each element is independent from the input signal, it is possible to deduce the receiver gain G sys but also the noise's power contribution of the receiver P noise . The calibration of the receiver sensitivity is performed by measuring the IF output power while 2 black bodies are applied alternatively as RF signal sources at the input of the receiver: a cold load at liquid nitrogen temperature 77 K and a hot load at room temperature 300 K. The IF output power is then for the cold or hot load:

P hot/cold IF = G sys (P in,hot/cold + P noise ) (7.3) 
From (7.3), the unknown parameters in the measurements of the IF output power are G sys and P noise . The consecutive measurements of P hot IF and P cold IF are then sufficient to evaluate P noise . This calibration method is known as the Y-factor method. The Y-factor is defined as the ratio between the IF output power when the hot and the cold blackbody are presented at the input of the receiver:

Y = P hot out P cold out = G sys (P hot in + P noise ) G sys (P cold in + P noise ) P noise = P hot in ≠ Y.P cold in Y ≠ 1 (7.4)
The radiant power emitted per mode over a bandwidth B from the hot and cold load can be calculated with Planck's law formula:

P Planck (‹, T phys )= h‹ B e h‹ k B T phys ≠ 1 (7.5)
where k B is the Boltzmann constant, h the Planck constant, T phys the physical temperature of the black body and ‹ the frequency. When h‹ << k B T the radiant power per mode of the black body can be approximated by the Rayleigh-Jeans approximation. The radiant power emitted per mode over a bandwidth B is then written P RJ = k B TB. For the frequency range of 2 to 5 THz, h‹ is in the order of magnitude of k B T for temperature range of 10 K -300 K. It has been shown in [START_REF] Anthony R Kerr | Receiver noise temperature, the quantum noise limit, and the role of the zero-point fluctuations[END_REF], when using 77K and 300K black bodies for the measurements of the Y-factor above 1 THz, the Planck law (eq. (7.5)), for the hot and cold load equivalent power calculation, is inappropriate, and results in receiver noise temperatures higher by half a photon energy h‹ 2 . The dissipation-fluctuation theorem given by Callen and Welton ( [START_REF] Herbert | Irreversibility and generalized noise[END_REF]) takes into account this noise fluctuation and is written:

P CW (‹, T phys )=k B TB h‹ k B T e hν k B T phys ≠ 1 + h‹B 2 (7.6)
Using (7.6), an effective Callen and Welton temperature can be determined by

T CW = P CW k B B
, where k B is the Boltzmann's constant. T CW is further written:

T CW == T h‹ k B T 1 e h‹ k B T phys ≠ 1 + h‹ 2k B ( 7.7) 
The noise temperature can be deduced from the noise power transformation to Callen & Welton temperature (7.7),

T noise = T hot CW ≠ Y.T cold CW Y ≠ 1 (7.8)
The different noise temperatures for a black-body radiator at 2.7 THz are presented in figure (7.1). The Y-factor method is also used for the calibration before and during astronomical observations.

The overall heterodyne receiver noise temperature is the sum of all the noise contribution coming from mixer, from the optics and from the amplifier of the IF channel. T DSB receiver is written by:

T DSB receiver = T optics + T mixer G optics + T IF G optics G mixer (7.9)
In figure 7.2 the schematic of the signal path with the gains and noise contributions of the receiver components is presented.

where G optics is the gain of the optical components that connect the superconducting bolometer to the input of the receiver respectively at room temperature and at 4 K including the beam splitter, the dewar windows, the IR filter, etc. To get the intrinsic noise temperature of the mixer, the measured receiver noise temperature using the Y-factor 7.1. Sensitivity of a heterodyne receiver system method needs to be corrected from the noise temperature contributions of all optical components and the IF chain. G i of each optical element can be determined experimentally using a Fourier Transform Spectrometer (FTS) at room temperature. In this way also the total G opt is determined, multiplying all individually measured optics losses. Once the gain G i is known, the equivalent input noise temperature of passive components, for example optics and filters, can be calculated by:

T optics = 1 ≠ G G .T phys (7.10)
where T phys is the physical temperature or the Callen and Welton temperature T CW of the optical components. We have investigated through electromagnetic simulations on FEKO software the transmission and reflectivity of Mylar film with different thickness used as beam splitter which is presented later in this section. The transmission spectra of high-density polyethylene (HDPE) used for the dewar windows or Zitex used as infra-red filter can be found in [START_REF] Js Tydex | thz materials[END_REF]o r [START_REF] Benford | Optical properties of zitex in the infrared to submillimeter[END_REF].

Beam splitter Beam splitters are used to split an incident beam into two output beams and are crucial elements for heterodyne measurements, most of interferometers or time domain spectrometers. There are different kinds of beam splitters according to the needs of the experiments. For heterodyne measurements in the THz frequency range, the beam splitter is usually constituted with a dielectric material with high transmission coefficient in the THz frequency regime, as silicon or mylar films for example. Beam splitter could be obtained with a wide band beam polariser constituted of thin metallic parallel wires in similar way as it is used for the Martin-Puplett interferometer diplexer [START_REF] Defrance | Instrumentation of a 2.6 THz heterodyne receiver. Theses[END_REF]. Other beam splitters are formed by a thin layer of conductors deposited on a dielectric substrate. All the above techniques of beam splitters show on the other hand different characteristics depending on the polarisation of the incoming beam either in the plane perpendicular or in the plane parallel to the plane of incidence. The figures 7.3a, 7.3b, 7.3c and 7.3d show the simulated reflection and transmission coefficient for radiation parallel to the plane of incidence (E P ) or perpendicular to the plane of incidence (E S ) with an incidence angle of 45 ¶ and for a Mylar film (refractive effective index n =1 .8 at 2 THz) with a thickness of 50µm and 13µm. The transmission and reflexivity is calculated with the Fresnel coefficient and the imaginary part of the effective refractive index of the material. Reflectivity and transmission of plane waves on the beam splitter depend a lot on the incidence angle. The thickness of the film is also critical as the presence of two interfaced air-dielectric and dielectric-air produce constructive and destructive interferences: figure 7.3 shows that transmission and reflectivity are dramatically changed depending on the thickness of the Mylar and the frequency either for the E S and E P polarised beams.

Direct detection with the HEB

The HEB mixer can also be used as a direct detector. This is an issue for the heterodyne receiver calibration as the input radiant power is changed from the hot and cold blackbody load for a constant LO radiant power (cf Y-factor method). Due to the high sensitivity of the HEB, as the mixer gain is a function of the bias current, a change in the I-V characteristic of the HEB between the hot and cold load will modify the IF output power: with the hot load, the bias current of the HEB is smaller (the HEB is better pumped) than with the cold load which affects the mixer gain, and then the IF's output power with the hot load. A clear evidence of the direct detection is shown on the voltagecurrent measurements on a HEB pumped with a LO and with a cold (77 K) and hot (300 K) blackbody at the input of the mixer in figure 7.4.

The direct detection effect may falsely decrease the equivalent noise temperature using the Y-factor method. The change of the bias current leads to a change in the mixer gain and falsely reduces T rec . The direct detection can be compensated by adjusting the LO power level when changing the loads to keep the DC-bias current identical for each load input. The intensity of the direct detection depends on the temperature of the black body used for the calibration and on the bandwidth of the HEB mixer.

Linewidth characteristics of THz QCL

The work presented in this section is focused on the study of the intrinsic linewidth of a free running QCL and is a step forward to achieve the phase locking of the QCL with a frequency reference. The THz QCLs used for this experimentation have been presented in chapter 4, that is to say a 3 rd -order DFB QCL which shows single mode operation characteristics in continuous wave operation at 4K. The THz QCL produces ≥1 mW at 2.7 THz at 4K. The threshold current of the QCL is approximately 30 mA for a voltage of 5.5 V leading to a DC power dissipation lower than 200 mW which allowed a compact integration of the QCL with the superconducting detector in the same cryostat. The testing scheme used is based on the heterodyne principle to down-convert the THz radiation of the QCL under study to the intermediate frequency by the mixing with a precisely known frequency. The mixer (the detector) used here is the hot electron bolometer as presented in chapter 6 and the local oscillator an Amplifier Multiplier Chain (AMC) from Virginia Diode Inc. (VDI), a solid state source based on a microwave 7.4. Noise temperature measurements the time this work was done, the laboratory is developing the system in order to operate a phase lock loop of the QCL beat note with the AMC.

Noise temperature measurements

The experiment described below allows the characterisation of the double side band noise temperature of the receiver T DSB,rec in LO frequency range ‹ LO of 2.7 THz . The receiver is composed of the HEB for the mixing and the QCL as LO. The test set-up for measuring noise temperature T rec is presented in figure 7.9. The QCL was mounted in continuous flux liquid helium dewar at 4K. An elliptical metallic mirror with one focal length of 45 cm and a second focal length of 7 cm is used to focus the QCL beam onto the HEB mixer. The QCL used here was a surface emitting QCL with graded heterostructure resonator demonstrated by Xu et al. [33]. The electro-optic characteristic of the 2 nd -order DFB QCL is shown in figure 7.8. The laser was operating in CW mode and presented a single mode operation at 2.7 THz with an output power in the mW range. The other specificity of this 2 nd -order DFB is its single-lobed far-field beam patterns, which allows a nicer quasioptical coupling with the HEB. The NbN HEB (T C 9.2 K) was mounted on a separate dewar at 4 K and was similar to the HEB used for the heterodyne measurements reported in [29] where the state of the art receiver noise temperature was obtained at 2.5 THz. The mixer consists of a double helix log spiral gold patch antenna with a superconducting NbN HEB processed on a silicon substrate. The NbN micro bridge was 2 µm long and 200 nm wide. The silicon substrate with the HEB and its antenna was glued at the back of a hyper-hemispherical silicon lens with an anti-reflection coating designed for 2.5 THz. The low-noise cryogenic amplifier is directly attached to the IF output of the HEB, on the same cold plate in the dewar. The first and second stage amplifier at room temperature have an amplification gain of 43 dB for the 0.5-4 GHz frequency band. The out-put power of the IF is measured with a power-meter. In addition to the optical elements, loss was induced by the optical path under atmosphere conditions from the RF sources to the mixer cryostat window. In our test setup, the distance between the cold blackbody and the mixer was about 25 cm and the distance between the LO and the mixer was about 55 cm. The noise contributions of the different optical elements and the optical path are summed up in the table 7.1.

The dewar window in HDPE was made with a thickness of 2 mm. The RF and LO signals were overlaid using a beam splitter in mylar with a thickness of 25 µm. The QCL maximum output power was about 2 mW but due to the atmosphere absorption and Mylar reflection of TM polarisation, only a fraction of this available power is actually coupled to the superconducting bridge. We can adjust the LO power coupled to the HEB 7.4. Noise temperature measurements by a fine tuning of the optical alignement between the QCL and the HEB or directly by tunning the bias current of the QCL (figure 7.10a). The isothermal method [START_REF] Gay | Mélangeurs à bolomètres à électrons chauds sur membranes fonctionnant au-delà du térahertz pour l'instrument post-herschel[END_REF] allows to estimate that ≥ 270 nW is actually absorbed by the HEB when it is pumped to its optimum sensitive state. The receiver sensitivity is measured using the Y-factor method which has been presented in 7.1. The Callen-Welton temperatures of the black body at 2.7 THz are T cold = 91 K and T hot =2 9 5K( T phys =7 7 K and 300K respectively). The intermediate frequency output power was swept as a function of the bias voltage of the HEB while the QCL was driven in continuous wave operation. The sweep step is 0.01 mV from -5 to 5 mV. At every bias point the DC current through the HEB and the IF power at the receiver output are measured. The radiant output power of the LO was then fixed but with small fluctuations due to the free running, not stabilized operation of the QCL. As mentioned in the section 7.1, the direct detection effect between the hot black and cold body induces an error on the Y-factor measurement. The bias current has to be the same for the hot and cold load to compensate this effect. Experimentally, the QCL output power needs to be slightly tuned down when measuring the hot black body, i.e. by adjusting the QCL bias voltage so that the I-V curves for the hot load and cold load were super-imposed. The I-V curves of the HEB at 4K with and without the LO are presented in figure 7.10a and the noise temperature measurements together with the IF output power responding to the hot and cold load are shown in 7.10b. The best noise temperature T K was found to be 2000 K for a bias voltage around 0.5 mV. A mixer noise temperature with a similar HEB mixer for the frequency range of 2.5 THz has been measured to be T mixer =7 9 0K[ 29] where the LO source was an optically pumped far infrared laser adjusted at 2.5 THz and its output optical power was regulated by a rotating wire grid. The optical path was also purged. We can further apply corrections of optical losses summed up in 7.1. We can re-write equation (7.9) into:

T mixer = G optics (T DSB receiver ≠ T IF G mix G optics ≠ T optics ) (7.11)
T DSB receiver , G optics , G mixer are known and T IF has been measured to be ≥6 K. We can then determine the mixer noise temperature T mixer . T optics have been estimated at ≥200 K. Using (7.11), we find T mixer ≥ 900 K which is near the previously established result cited above. This measurement proved that a free running THz QCL could be experimentally used as a LO for a heterodyne measurement with HEB and provide with fairly good performances compared to the FIR pumped gas laser set-up with much more compact features. The last result ( receiver noise of 2000 K at 2.7 THz) is not optimised and could be improved: the cold and hot load could be integrated into the mixer dewar to avoid optical losses, the beam splitter used could be thinner (3 µm) to favour the transmission of the RF signal.

Heterodyne measurements with a novel quasi-optical coupling system

The planar antenna presented in chapter 6 shows a non-symmetrical radiation pattern depending on the effective refractive index of the antenna's substrate. For a substrate in HR-Si substrate (n = 3.42), the antenna's gain in the air side is 10 dB lower than on the dielectric side. The use of silicon lenses enhances the directivity of the antenna through the dielectric. Nevertheless, we have investigated the possibility to couple the LO power to the planar antenna through the air side to avoid using the beam-splitter with the aim of achieving highly compact receiver configurations for future embedded observation missions. This study was motivated by the results obtained with the 3 rd order DFB QCL coupled to a HW, giving a collimated nearly Gaussian beam with a directivity of 55 dBi and by the low power dissipation of the newly developed QCL. This section presents a novel quasi-optical concept where the LO and RF signals are coupled to the HEB from both sides of the planar antenna: LO from the air side and RF from the silicon lens. Due to the poor coupling efficiency to the antenna through the air side, it is important to estimate the optimal beam shape of the LO.

Quasi-Optical Coupling with the Planar Antenna

Another key parameter of the double-helix log-spiral planar antenna needs to be taken into account to optimize the quasi-optical coupling the LO and RF signals on the HEB: the effective aperture A ef f . The antenna's aperture is the surface through which the power is radiated or received.This parameter is important when determining the waist dimension of the incoming Gaussian beam which needs to be coupled to the antenna. The effective aperture of an antenna is given by [START_REF] Balanis | Antenna theory analysis and design[END_REF].

A ef f = ⁄ 2 4fi G (7.12)
where G is the directional antenna gain considered. The aperture efficiency of an antenna determines the amplitude of the power received by the antenna which depends on both the distribution of the energy radiated by the source and the beam pattern of the receiving antenna. For an extended source of energy, and especially if the angular dispersion of the beam is larger than the main lobe of the antenna, the coupling efficiency of the incoming beam to the antenna needs to be optimised. The coupling efficiency can be calculated using a normalized inner product between the antenna beam pattern and the incoming 7.5. Heterodyne measurements with a novel quasi-optical coupling system radiation pattern resolved in the angular domain [START_REF] Paul | Quasioptical systems[END_REF][ 138] and is expressed by:

÷ coupling =| Ψ antenna Ψ beam | (7.13)
where Ψ antenna and Ψ beam are the normalised patterns of the planar antenna and the incoming beam. This calculation is similar to the one presented in chapter 5 for the coupling efficiency between an incoming Gaussian beam and a HW. Following the calculus in [START_REF] Rj Wylde | Millimetre-wave gaussian beam-mode optics and corrugated feed horns[END_REF] and introducing the aperture radius a and the beam waist Ê, the optimal ratio to get the maximum coupling efficiency is when Ê a = 0.6435 which gives ÷ coupling = 0.9792. The later result is only true at the aperture as the beam may diverge and will not preserve the properties of a Gaussian beam. Nemoto et al. [START_REF] Nemoto | Nonparaxial gaussian beams[END_REF] verified that for the ratio Ê m ⁄ > 0.9003 where Ê m is the beam waist at the aperture and ⁄ the wavelength, the Gaussian beam preserves its properties and the above relations can be used. The beam waist of the 3 rd -DFB QCL coupled to the HW has been estimated in the chapter 5 with Ê x = 5.32 mm and Ê y = 5.28 mm. The planar antenna's gain on its air side was estimated through FEM calculation at 0.71 dB which gives an effective area of 0.7 mm 2 using the equation (7.12) for the antenna's aperture calculation in its focal plane. Since our beam area is 35 time wider, alignment is relatively easy, but the signal to noise could be significantly improved with a more focused beam pattern. For the ease of the alignment inside the cryostat, we first focus the QCL in the HW following the optical scheme found in chapter 5 and further adapt the end aperture of the HW to the HEB: the wide bore diameter (4 mm) of the HW allows to easily cover completely the HEB antenna's radiation beam and doesn't require a precise alignment.

The heterodyne experimental set-up for the double-side band noise temperature T DSB measurement is shown in figure 7.11. The coupling of the RF radiant power to the HEB was made with standard technique using a hyper-hemispherical HR-Si lens with an antireflection coating designed for 2,5 THz. The QCL with HW and the HEB is then mounted in a pulsed tube cryo-cooler operating at 4 K. In this way, the beam splitter to overlay the RF and LO signals on the HEB wasn't used, the signals were directly coupled to the mixer. Despite the low DC power dissipation of the 3 rd -order DFB QCL, the cooling capacity of the pulsed tube wasn't sufficient for the cold plate of the dewar to remain at 4 K with the QCL switched on and biased at sufficient voltage to pump the HEB. Therefore, the QCL copper block was physically mounted on the 4 K cold plate with the HEB but was thermally decoupled from it with pieces of HDPE beneath the QCL block for the thermal insulation. We have used the cooling capacity of the 50 K stage of the cryo-cooler instead to cool down the QCL using a specially designed cold finger: the QCL was operating at nearly 60 K for the whole experimentation. Despite our effort, when the 125 7.5. Heterodyne measurements with a novel quasi-optical coupling system the response of the HEB is reduced (lower IF output power figure 7.13b). The equivalent receiver noise temperature is between 1000 K-200K for the voltage bias range from 0.5 to 1.0 mV and rapidly increased beyond the bias voltage of 2 mV. Similar behaviour on the T rec is observed for the situation of the under pumped level. The minimum low noise temperature at 2.7 THz has been recorded for the optimal pumping level with receiver noise temperature T rec ≥ 900K for HEB bias voltage around 0.6 mV (figure 7.14b). For a wide bias range from 0.5 to 2 mV a nearly constant T rec can be achieved which is typical of NbN mixers. This uncorrected noise temperature is relatively close to the state of the art in [29]. To account for the optical losses, only the 2 mm thick HDPE dewar window, the zitex infrared filtar and the optical path of only few cm have to be taken into account which give T mix similar to the one in [29] (790 K). Nevertheless, this experimental set-up is much compact as the LO and mixer were integrated in the same dewar, without the use of beam splitter.

In conclusion, we have introduced an original optical scheme to realize THz heterodyne measurements. The LO is a 3 rd -order DFB THz QCL, and the mixer is a HEB without using a beam splitter. A receiver noise temperature T rec as low as 881 K has been obtained. The result could be further enhanced with a better cooled HEB as all the above measurements where performed at 6.49 K, better sensitivity could be expected for a HEB temperature kept at 4K as the mixer noise should be reduced. These results open a new horizon for THz coherent compact and sensitive imagery in future space missions.

Chapter 8 Conclusion and Future Work

Conclusion

In this thesis, we have developed a compact and ultra sensitive heterodyne receiver. The first building block of our heterodyne receiver is the QCL used as local oscillator. We have first worked on the design and the fabrication of 3 rd -order DFB THz QCL. We have obtained devices with single mode operation at the targeted frequency with hundreds of µW of output power in continuous wave operation. The devices have a DC power dissipation lower than 200 mW which make them suitable for a compact integration in a cryogenic dewar. Furthermore, we have achieved 3 rd -order DFBs with a perfectly phase matching and their beam patterns have a FWHM ≥ 10 ¶ ◊ 10 ¶ .

In a second time, we have worked on the beam shaping of THz QCLs using dielectric hollow core waveguides. We have designed a specially customized copper block mount to adapt the QCL facet at the rear aperture of a hollow core glass waveuide with a bore diameter of 4 mm. The beam patterns of the phase-matched and non phase-matched 3 rd -order DFB QCL are significantly improved with the HW. The resulting beams had a more symmetric and near Gaussian shape with a FWHM reduced to ≥ 5 ¶ ◊ 5 ¶ . We have also studied different ways to couple the QCL beam into the HW. When the optimal ratio between QCL beam waist and HW bore diameter is reached, the QCL light is coupled to the lowest order hybrid mode of the HW and can propagate with low losses. Furthermore, the beam direction is now more predictable (along the HW direction) and so the optical alignment with other components such as mixers or detectors in-situ is simplified.

We have then implemented our 3 rd -order DFB QCL into a compact heterodyne receiver. The low power dissipation of the device permits its integration in the same dewar as the HEB. Upon the sufficient QCL output power, the high directivity of the beam with the use of HW, we have proposed a novel coupling scheme for the heterodyne measurements where the QCL signal is coupled through the rear side of the HEB while the RF Chapter 8. Conclusion and Future Work signal is still coupled through the HEB silicon lens. This permits to avoid the use of a beam splitter to overlay the LO and RF signals. Receiver noise temperature as low as 881 K has been recorded. This LO coupling method doesn't reduce the performance of our mixer. On the contrary, it suppresses the equivalent noise temperature brought by the beam splitter and simplifies the heterodyne measurement scheme. The compactness is also much increased.

Future Work

A lot of work still needs to be done. HEB receivers are extremely sensitive to instabilities in the received LO power, it is mandatory to stabilise the QCL phase with a phase lock loop (PLL) or amplitude stabilisation systems in order to enhance the receiver sensitivity and spectral resolution. One idea which could be explored for the phase locking of the QCL would be to divide the IF channel in two parts. The first IF channel would be used to perform the heterodyne measurements (spectroscopy measurements, black body calibration...) while the second IF channel would be used to recover the beat note between the LO and an ultra-stable AMC source. The resulting beat note could be used as input in a phase lock loop system. Also we could further use a voice coil attenuator with a proportional-integral-derivative (PID) feed-back loop to stabilize the power output of the QCL.

Another challenge for HEB heterodyne receiver is to have a multi-pixel receiver. Up to now, only a modest number of pixels (7 or 14 pixels for SOFIA) have been developed. HEB receivers with large number of pixels are complicated above 2 THz because of the lack of sufficiently powerful LO to pump the array and efficient techniques for quasi-optical coupling between LO and HEB array. The development of a nano-fabrication process using silicon dry etching techniques would further help to obtain special structures for THz phase-gratings (beam dividers) where the standard micro-machining techniques can't give the sufficient precision.

For very large arrays (128 pixels or more), the development of THz dielectric transmission line with T-junction power splitters could be an attractive solution for the LO power coupling between QCL and HEB mixers. Õ .
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Abstract

We demonstrate an ultra-compact Terahertz (THz) heterodyne detection system based on a quantum cascade laser (QCL) as local oscillator and a hot electron bolometer (HEB) for the mixing. It relies on a new optical coupling scheme where the local oscillator signal is coupled through the air side of the planar HEB antenna, while the signal to be detected is coupled to the HEB through the lens. This technique allows us to suppress the beam splitter usually employed for heterodyne measurements. The mixer is a Niobium Nitride HEB with a log-spiral planar antenna on silicon and mounted on the back of a plano-convex silicon lens. We have developed a low power consumption and low beam divergence 3 rd -order distributed feedback laser with single mode emission at the target frequency of 2.7 THz to be used as local oscillator for the heterodyne receiver. The coupling between the QC laser and the the HEB has been further optimized, using a dielectric hollow waveguide that reliably increases the laser beam directivity up to 55 dBi. Upon the high beam quality, sufficient output power in a single mode at the targeted frequency and low power dissipation of our local oscillator, we have built an ultra compact THz heterodyne receiver with sensitivity close to the state of the art at 2.7 THz.
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  and 2.5b show the plots of the real and imaginary parts of gold (Au) over the THz frequency range calculated using the Drude models.
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 4 Figures 4.5cand 4.5e show the measured emission spectra and the corresponding beam profiles for both the 3 rd -order DFB design. Both of the presented lasers show the main lasing mode at the target frequency with an effective refractive index respectively for the laser in figure4.5b n ef f =3.02 and n ef f =3.05 for the laser in figure 4.5d. The condition n ef f =3is then called the perfect phase matching as the EM waves from each corrugation "adding up" at both end of the waveguide, in a similar way to an end-fire antenna array as depicted in chapter 3. In the first design configuration, the laser exhibits a single lobe, rather narrow oblong emission diagram with a full width at half maximum (FWHM) of 30 ¶ ◊ 20 ¶ . The second one presents two lasing modes but the main one is lasing at the targeted frequency. The second mode is nevertheless 10 dB less powerful than the main lasing mode and the farfield emission measured in figure4.5e is mostly attributed to the Ê + mode.The measured far-field exhibits a circular Gaussian like emission with a FWHM divergence of 10 ¶ ◊ 10 ¶ . To evaluate the farfield quality of the3 rd -order DFB, the directivity coefficient D, from antenna theory, can be used as described in[START_REF] Yu | Smalldivergence semiconductor lasers by plasmonic collimation[END_REF] and[START_REF] Yu | Quantum cascade lasers with integrated plasmonic antenna-array collimators[END_REF].

  Figures 4.5cand 4.5e show the measured emission spectra and the corresponding beam profiles for both the 3 rd -order DFB design. Both of the presented lasers show the main lasing mode at the target frequency with an effective refractive index respectively for the laser in figure4.5b n ef f =3.02 and n ef f =3.05 for the laser in figure 4.5d. The condition n ef f =3is then called the perfect phase matching as the EM waves from each corrugation "adding up" at both end of the waveguide, in a similar way to an end-fire antenna array as depicted in chapter 3. In the first design configuration, the laser exhibits a single lobe, rather narrow oblong emission diagram with a full width at half maximum (FWHM) of 30 ¶ ◊ 20 ¶ . The second one presents two lasing modes but the main one is lasing at the targeted frequency. The second mode is nevertheless 10 dB less powerful than the main lasing mode and the farfield emission measured in figure4.5e is mostly attributed to the Ê + mode.The measured far-field exhibits a circular Gaussian like emission with a FWHM divergence of 10 ¶ ◊ 10 ¶ . To evaluate the farfield quality of the3 rd -order DFB, the directivity coefficient D, from antenna theory, can be used as described in[START_REF] Yu | Smalldivergence semiconductor lasers by plasmonic collimation[END_REF] and[START_REF] Yu | Quantum cascade lasers with integrated plasmonic antenna-array collimators[END_REF].
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 54 Figure 5.4 -Calculated attenuation coefficients for the first four hybrid modes in a Pyrex HW.
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 55 Figure 5.5 -Calculated coupling coefficients for a HW with a bore diameter of 4 mm and ⁄ 0 =110µm
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 56 Figure 5.6 -Transmission of a HW in Pyrex with different core diameter for ⁄ 0 =110µm and a waveguide length of L =10cm in function of the waist size

Figure 5 .

 5 Figure 5.13 -SEM picture of the SU-8 model of the horn antenna processed with a 2-photons lithography from Nanoscribe (courtesy of Dominique Decanini, C2N).
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 4 Development MF319 15 ÕÕ (check under the microscope) • Plasma O 2 3 SiN deposition for insulation of the contact pad • Plasma O 2 3

  Scanning electron microscope pictures of a niobium nitride (NbN) HEB on silicon substrate. Picture a) shows the double helix log spiral antenna and picture b) shows the micro-bridge with a passivation layer on the top. (photos from Roland Lefevre) .........................105 7.1 Noise temperature as a function of the physical temperature for a black body radiator at 2.7 THz, according to the Planck, Rayleigh-Jeans and Callen-Welton formulas. ............................110 7.2 Block diagram of the heterodyne receiver showing the various noise contributions and gain of the optics guiding the RF signal, the mixer which down-converts the RF signal to the intermediate frequency and the IF chain.110 Schematic picture of the measurement setup for the ultra compact heterodyne receiver with QCL as LO and HEB as mixer. Notice the absence of beam diplexer for the overlaying of the RF and LO signals. The incoming signals are symmetrically coupled on the HEB bridge and the QCL can be compactly integrated into the cryostat with the mixer block. ........124 7.12 HEB current versus voltage characteristics with different level of LO pumping. The HEB's temperature was 6.1 K without QCL and was 6.49 K when the QCL was switched on. ..........................125 7.13 HEB mixer for two different pumping levels: under pumped and over pumped. In a) IF output power in µW as a function of the bias Voltage, the red curves correspond to the measurements of the hot and the blue curves of the cold blackbody. Few molecular and atomic fine structure emission lines in the THz ..... 1.2 Summary of the LO most important required parameters ..........
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Table 2 .

 2 2.6. Waveguides for the THz QCLs 2 -List of the M-M waveguide material parameters used for the simulation. The Drude relaxation times are found in

	Layer	Thickness	n	• Drude	ε core	m ú
	Top/Bottom Au	300 nm	5.9x10 22 cm ≠3 120 fs at 77 K	1	1
	Active Region	14 µm	2.0x10 15 cm ≠3 500 fs at 77 K 12.96 0.067

  .19) 6.3. Superconducting Hot Electron Bolometer From (6.19), the Johnson noise depends on the intermediate frequency: T in JN increases for higher ‹ IF and lower G.

  RIE plasma O 2 4 Back side polishing by polishing of the sample after bonded to a glass slide 8. Back side deposition Ti/Au = 5/250nm 9. Sample cleaning 10. RIE plasma O 2 4
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Appendix A

Metal-Metal Waveguides Fabrication Process

This process was used in the fabrication processes of the M-M QCL.

Wafer-bonding step

• Cleaning the sample (aceton+isopropanol+N2 dry).

• Plasma O 2 during 15 minutes.

• Desoxidation: HCl:H 2 O= 1:4 during 40

ÕÕ .

• Evaporation of Ti/Au = 5 or 8 /500nm.

• Waferbonding.

• Dicing.

Substrate removal

• Substrate polishing.

• Removal substrate : acid citric etching.

• Stop layer etching : RIESTS O 2 plasma for 10

3. Wet etching of the doped layer

• Shallow etch mask : Etching of the doped layer

-Spin coating: HMDS+ Shipley S1805.

-Bake 3 Õ at 110 ¶ C.

-Lithography for edge resist removal : soft contact 20