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Dedications

Introduction

Interest in nitride-based semiconductors for optoelectronics has constantly grown over the years. This success is due to the remarkable properties of the material: (i) direct bandgap structure used for optical devices based on (Al,In,Ga)N alloys, which allows for a spectrum of applications from visible to ultraviolet in emission and detection [START_REF] Morgan Pattison | LED lighting efficacy: Status and directions[END_REF]; (ii) significant excitonic binding energies and oscillator strengths, leading to a relative robustness of excitons at high temperature [START_REF] Mallet | Influence of excitonic oscillator strengths on the optical properties of GaN and ZnO[END_REF]; (iii) well controlled doping and growth [START_REF] Zúñiga-Pérez | Polarity in GaN and ZnO: Theory, measurement, growth, and devices[END_REF]. The fabrication of devices such as light emitting diodes (LEDs) and lasers have made it the first III-V material in terms of industrial share in a wide range of wavelengths (white, green, blue, and ultra-violet).

Historically, the GaN material is known for its high hardness and its very high melting point making it a good candidate for electronic devices operating at high temperatures and high frequencies. Unfortunately, the large amount of crystalline defects and the difficulties to grow this material associated with the p-doping barrier that had yet to be overcame, had blocked the understanding of the physical phenomena involved in this semiconductor and delayed the realization of electronic devices.

The work of Amano et al lead to the development of the first light-emitting diode (LED) [START_REF] Amano | P-Type Conduction in Mg-Doped GaN Treated with Low-Energy Electron Beam Irradiation (LEEBI)[END_REF] and its implementation by Nakamura et al. a few years later [START_REF] Nakamura | Candela-class high-brightness InGaN/AlGaN doubleheterostructure blue-light-emitting diodes[END_REF] have largely contributed to the development of research related to nitrides and especially GaN-based components such as GaN, InGaN, AlGaN. It is in this historical context that the development of the industrialization of nitrides and the research related to the knowledge of the fundamental physical properties of this material is set. Since then, the market for optoelectronic components in the blue to near-ultraviolet wavelengths has grown steadily for over a decade. Since then, the development of high quality microcavities, based on the development of vertical cavity surface emitting laser diodes (VCSELs), has allowed the emergence of a new candidate for the realization of low threshold high efficiency lasers: the microcavity exciton-polariton (also called polariton).

Exciton-polaritons result from the strong coupling between the first excited states of solids (excitons) and photons. Due to their bosonic character, a gain mechanism based on stimulated relaxation by final-state occupation can trigger polariton condensation and, thus, coherent light emission, at particle densities below those conventionally encountered in edge-emitting and vertical-cavity surface emitting lasers [START_REF] Bajoni | Polariton lasers. Hybrid light-matter lasers without inversion[END_REF]. In the context of coherent light emission from GaN-based devices, a potential way to reduce the laser threshold is to use exciton-polaritons within the strong light-matter coupling regime [START_REF] Imamoglu | Nonequilibrium condensates and lasers without inversion: Exciton-polariton lasers[END_REF]. The polaritonic states however are not permanent; by increasing the excitation density the number of carriers injected into the valence band increases. In the case of a bulk semiconductor, it is commonly accepted that the energy of the excitonic transition remains constant up to the Mott density, the renormalization of the band gap energy being compensated by the reduction of the binding energy of the exciton. This Mott density constitutes a critical threshold beyond which the strong coupling is lost. Polaritons progressively lose their bosonic character when their density becomes too high, and they have relatively short lifetimes. These two particularities have been a major obstacle to the establishment of a Bose-Einstein condensate of excitons.

As stated before, the research on GaN lasers, and in particular on polariton lasers, requires an in-depth and reliable knowledge of the GaN electronic properties: as excitons may have a substantial role in lowering the laser threshold, it is thus essential to investigate the conditions, in terms of particle density and temperature, under which GaN excitons can exist. This in turn will determine the possible laser gain mechanisms which may involve polaritonic relaxation stimulated by the final state occupation [START_REF] Bajoni | Polariton lasers. Hybrid light-matter lasers without inversion[END_REF], P-band exciton interaction scattering processes [START_REF] Hönerlage | Spontaneous emission due to exciton-electron scattering in semiconductors[END_REF], or standard degenerate electron-hole plasma [START_REF] Mohs | On the gain mechanism in GaN based laser diodes[END_REF]. This in-depth research is in line with the recurrent trend in the development of optoelectronic components aiming towards the lowest energy consumption and the best photonic confinement, thus opening perspectives for the realization of non-conventional optoelectronic components. As a reminder, "conventional" lasers and luminescent components such as LEDs operate in a weak coupling regime between light and matter. The advantage of the strong coupling regime is that coherent energy is exchanged between the cavity photons and the excitons of a semiconductor material. For very low scale components (below the µm), it then becomes possible to convert an electrical signal into an optical signal in order to accelerate signal and energy transmissions, allowing an all-optical processing of information.

All this history justifies the elaboration of nanowires as a new geometry designed in the aim of reducing the defects of cavities and bulk layers: good crystalline quality, reduction of dislocation densities and the use of the nanowire facets as cavity without the need of highly-reflective UV distributed Bragg reflector (DBRs) are all arguments that facilitate the use of GaN-based nanowires in the realization of polariton lasers. Moreover, structured nanowires can also be considered for the realization of devices under electric injection: to date, the growth and doping of the core-shell structure is well controlled [START_REF] Trichet | From strong to weak coupling regime in a single GaN microwire up to room temperature[END_REF][START_REF] Bajoni | Polariton lasers. Hybrid light-matter lasers without inversion[END_REF]. However, improvements of the structures are to be considered to optimize the p-n junction but technological and spectroscopic investigations are necessary to better consider the electrical injection in the nanowires. Consequently, the objectives of this work are divided into two main axes:

-Spectroscopy of undoped bulk GaN under optical excitation in order to experimentally evidence the Mott density at low temperature and to measure the exciton optical transitions in a reference sample. The temperature and power studies will be done with several types of optical excitation (continuous and pulsed) and will be complemented by an extensive time-resolved spectroscopy campaign to effectively measure the carrier lifetimes in an undoped bulk GaN layer.

-Spectroscopy of nanowires under optical excitation. The aim is to study in detail the gain mechanisms involving excitons or polaritons via the exciton-photonic mode coupling. This point requires the study of the optical modes in different nanowire structure. These processes will be analyzed as a function of temperature and for various optical excitation intensities in order to precisely identify the appearance of the electron/hole plasma and the associated gain mechanism. The power densities at the laser threshold will be measured for each type of process identified: excitonic gain, polaritonic gain or via electron/hole pair recombination mechanisms.

All those objectives are essential to further understand the electrical injection, which would be the following step, performed in a first step in pulsed regime at low temperature. The polariton laser effect under continuous injection will be the ultimate goal of this work.

In the first chapter, the theoretical context presenting the structural, electronic and optical properties of GaN will be established, allowing to lay the foundation of this work necessary for the realization and the interpretation of experimental campaigns.

The second chapter will be dedicated to the presentation of the experimental techniques used during this thesis. The optical spectroscopy will be discussed in its generality and details will be provided for photoluminescence and time-resolved photoluminescence in order to proceed to the analysis and interpretation of results.

The third chapter will be dedicated to the results of different campaigns performed on a non intentionally doped bulk GaN reference sample. Micro-photoluminescence and time-resolved photoluminescence studies at temperatures ranging from 5K to 300K have been performed to characterize the optical properties of our sample. The objective of these campaigns is double, first an in depth experimental work has been done in order to establish the Mott transition and determine the domain of existence of excitons in bulk GaN and second the complete characterization of a reference sample allows to experimentally verify with updated techniques the intrinsic properties of GaN.

Finally, the fourth and last chapter will be devoted to the spectroscopy of single core-shell nanowires as a function of temperature and excitation power density. These single-wire campaigns are the result of multiple improvements of our experimental methodology allowing the realization of time-resolved photoluminescence; those results are essential in the study of gain mechanisms in nanowires for electrical injection.

Chapter I Gallium nitride I.1 A brief history of gallium nitride

Since the realization of the first transistor based on a double p-n junction in 1948 and with the development of electronics in the 1970s, scientific and industrial interest in semiconductors has grown exponentially. Initially largely dominated by the silicon industry (integrated circuits and microprocessors), the semiconductor market left more and more space to optoelectronics. Golden age of nitride based devices began fifty years ago as in 1971 Pankove et al. published the first Gallium Nitride (GaN)-based light-emitting diode (LED) [START_REF] Pankove | GaN electroluminescent diodes[END_REF][START_REF] Pankove | Photoemission from GaN[END_REF]. Nitride based devices then went through different revolution both fundamental and industrial, culminating in 2014 with the Nobel Prize in Physics for the invention of efficient blue light-emitting diodes which has enabled bright and energy-saving white light sources, from Isamu Akasaki, Hiroshi Amano and Shuji Nakamura [START_REF] Nakamura | Background story of the invention of efficient blue InGaN light emitting diodes (Nobel Lecture)[END_REF]. GaN is a III-V wide bandgap semiconductor typically used for devices requiring fast carrier transport with a high breakdown voltage and is used in a wide range of applications. This material is especially known in Light Emitting Diodes (LEDs), as well as in Field Effect Transistors (FETs) and also as the base material in AlGaN/GaN Hetero-junction Bipolar Transistors (HEBTs) [START_REF] Monier | Simulation of npn and pnp AlGaN/GaN heterojunction bipolar transistors performances: limiting factors and optimum design[END_REF].

I.2 Crystallographic properties

GaN is a semiconductor which belongs to the III-V group. It can crystallize in two stable phases: wurtzite (WZ) and zinc blende (ZB). The group III atom (Ga) is surrounded by four nitrogen atoms. This coordination is characteristic of a sp 3 hybridization and thus of a bond with a strong covalent character [START_REF] Caroff | Crystal Phases in III-V Nanowires: From Random Toward Engineered Polytypism[END_REF]. However, the ionic character of the bond cannot be neglected because of the high electronegativity of nitrogen. The most common phase found at room temperature is the wurtzite structure as it is the most thermodynamically stable.

The WZ structure belongs to the P 6 3 mc space group in Hermann-Mauguin notation (or C 4 6 v in Schoenflies notation). The ideal crystal is made of two hexagonal lattices: one containing the gallium atoms (Ga) and the other the nitrogen atoms (N), interpenetrated and shifted along the c axis of 3/8th of the unit cell. The wurtzite stacking sequences along [0001] can be described as: ...ABAB... for mono-layer or ...AaBbAaBb... for bi-layers as shown on figure I.1.

The WZ structure is characterized by the lattice parameters a and c. In an ideal wurtzite crystal the ratio c a = 8 3 ≈ 1.633 but this value obviously changes when measured in a real structure. The main values for WZ GaN are given in the table I. Table I.1 -Lattice parameters if GaN in WZ Structure [START_REF] Vurgaftman | Band parameters for nitrogen-containing semiconductors[END_REF] As WZ structure does not have inversion center, the orientations ⃗ c = [0001] and -⃗ c = [000 1] are not equivalent regarding the crystal orientation. We define the polarity of the layer as Ga-polar if it is grown along ⃗ c meaning the metal-nitride bond face the surface and as N-polar if it is grown along the -⃗ c) direction. The figure I.2 illustrate both metal and nitride polarities. Due to this crystalline anisotropy, the optical properties of wurtzite-type nitrides are anisotropic . This results in a uniaxial birefringence of these materials.

I.3 Growth

As the wurtzite phase is the most thermodynamically stable, this hexagonal structure represents the majority of the nitride based epitaxy. The growth is essentially performed along the c-axis, in the [0001] plane however it is possible to grow along the a [11 20] and m [1 100] planes which are parallel Figure I.1 -Crystalline structures wurtzite from [START_REF] Stampfl | Density-functional calculations for III-V nitrides using the local-density approximation and the generalized gradient approximation[END_REF] and [START_REF] Caroff | Crystal Phases in III-V Nanowires: From Random Toward Engineered Polytypism[END_REF] Metal The properties of these last two planes differ from those of the c plane (optical transitions, index ...) and allow the realization of non-polar heterostructures. Nitride based semiconductors are mainly grown by heteroepitaxy techniques as the fabrication of gallium nitride wafers requires drastic conditions. The heteroepitaxy is made from a substrate of different nature : those substrates often feature different thermal expansion coefficient and induce lattice mismatches which are detrimental to the quality of the materials during the growth. At the end of the growth process, the crystal relaxes plastically and get high dislocation density. The main substrates used in epitaxy are presented in table I.2. The lattice mismatch is calculated with ∆a a = ( as-a l a l )×100 with a l and a s being the lattice parameters of the epitaxied layer and the substrate. The thermal expansion coefficient between two temperatures as function of the lattice parameter a is calculated with α a = 2[a(T 1 )-a(T 2 )] (T 2 -T 1 )[a(T 1 )+a(T 2 )] and the mismatch of coefficient of thermal expansion as ∆α α = ( α l -αs αs ) × 100 with α l and α s being the thermal expansion coefficient parameters of the epitaxied layer and the substrate. The substrate parameters are of crucial importance as they will affect the physical properties of the future sample. The most commonly used growth techniques can be classified in two categories:

-a physical deposition of matter such as molecular beam epitaxy (MBE) and physical vapor deposition (PVD). Those techniques are based on the condensation of matter on a substrate.

-a chemical deposition such as Hydride Vapour Phase Epitaxy (HVPE) and Metal Organic Vapor Phase Epitaxy (MOCVD).

MOCVD and HVPE are preferred in industry as those techniques feature good reproductibility, high growh rates and an easier maintenance. .

Substrate

a (Å) lattice mismatch (%) α(10 

-Differences in lattice parameters and thermal expansion coefficients between GaN and various substrates

There is no affordable substrate with low or no lattice mismatch with GaN. It has been seen in part I.3 that the lattice mismatch between GaN and a substrate of different nature such as AlN, InGaN or sapphire is a source of strain in the 2D heterostructures generating dislocations during the plastic relaxation. These dislocations reduce the crystalline quality of the material and degrade the optoelectronic properties of the devices by increasing the number of collisions of free carriers impacting the mobility of the carriers [START_REF] Ng | The role of dislocation scattering in n -type GaN films[END_REF] and their lifetimes. Dislocations can also contribute to a leakage current through GaN/AlN heterostructures [START_REF] Wuu | Enhanced output power of near-ultraviolet InGaN-GaN LEDs grown on patterned sapphire substrates[END_REF] and act as non-radiative recombination centers [START_REF] Sugahara | Direct Evidence that Dislocations are Non-Radiative Recombination Centers in GaN[END_REF]. However, other structures than planar layers can be grown in order to reduce growth induced dislocations. Due to stress relaxation by free surfaces, nanowires of element III -nitrides can be grown on substrates with high lattice mismatch. A growth without dislocation is therefore possible on low cost substrates such as Si [START_REF] Binet | High-excitation photoluminescence in GaN: Hotcarrier effects and the Mott transition[END_REF] [START_REF] Park | Optical properties of GaN nanorods grown by molecular-beam epitaxy; dependence on growth time[END_REF] or Si [START_REF] Pelant | Luminescence Spectroscopy of Semiconductors[END_REF] [START_REF] Cerutti | Wurtzite GaN nanocolumns grown on Si(001) by molecular beam epitaxy[END_REF].

I.4 Structural properties

The structural properties will have a direct link on the optical properties of GaN. The main structural properties that can influence the optical characterization will be detailed.

I.4.1 Elasticity and stress constants

In the elastic domain, where the deformations are not irreversible, Hooke's law allows us to relate the strain tensor [ε] to the stress tensor [σ] from the elasticity coefficients C ij . This law states that the stress is proportional to the strain meaning that, the stress components are linear functions of the strain components. Since GaN has a wurtzite-like structure featuring a C 6v symmetry group, the set of elastic modulus values reduces to a (6×6) matrix and the number of elastic constants reduces to six. Below are given the relations between strain and stress:

          σ xx σ yy σ zz σ xy σ yz σ zx           =           C 11 C 12 C 13 0 0 0 C 12 C 11 C 13 0 0 0 C 13 C 13 C 33 0 0 0 0 0 0 2C 44 0 0 0 0 0 0 2C 44 0 0 0 0 0 0 2C 66                     ε xx ε yy ε zz ε xy ε yz ε zx           (I.1)
Deformations along the normal axis are described by the normal strains ε xx ε yy and ε zz following the three orthogonal directions [1 110], [11 20], and [0001]. Shear strains ε xy ε yz and ε zx appear when the deformation is not along the three principal directions. Only normal strains are present when growing on polar or non-polar planes.

I.4.1.1 c-axis growth

When growing along the c-axis, in-plane deformations are isotropic ε xx = ε yy :

ε xx = ε yy = ϵ ∥ = a s -a a (I.2)
Perpendicular to the growth axis:

ε zz = ε ⊥ = c s -c c (I.3)
With a, c the lattice parameters of the epitaxial layer and a s , c s the lattice parameters of the substrate.

In the case of a bi-axial stress: 

         σ xx = σ yy = (C 11 + C 12 -2 C 2 13 C 33 )ε ⊥ σ zz = C 13 (ε xx + ε yy ) + C 33 ε zz = 0,

I.4.1.2 m-axis growth

When growth is performed on the m-plane [1 100], the uniaxial symmetry of the crystal changes from C 6v to C 2v . The resulting lattice mismatch will also change and the in-plane deformation become anistropic. As the surface remains stress-free, we obtain the following component for σ yy :

σ yy = C 12 ε xx + C 11 ε yy + C 13 ε zz (I.6)
We can then express the growth axis component inside the deformation tensor by:

ε yy = - C 12 ε xx + C 13 ε zz C 11 (I.7)
Experimental values for the elasticity coefficients C ij measured by the propagation speed of sound [START_REF] Schwarz | Elastic moduli of gallium nitride[END_REF] or using Brillouin scattering [START_REF] Yamaguchi | Brillouin scattering study of bulk GaN[END_REF] are summarized in the table I The strain will influence the band structure (see I.5.2) of the semiconductor and thus modify the energy of optical transitions, this subject will be further explained. Theoretical calculations using strain potentials show that the transitions are affected in GaN [START_REF] Aoudé | Continuous-wave and ultrafast coherent reflectivity studies of excitons in bulk GaN[END_REF] making the position of the excitons a good indicator of the strain state.

I.4.2 Thermal conductivity

The thermal conductivity of a material is the kinetic property determined by the contributions of the degrees of freedom of the molecules. In intrinsic semiconductors, because of the low density of conduction electrons and holes, the main contribution to heat transport is dominated by lattice vibration or phonons. Of all the thermal properties, conductivity is the most affected by structural defects: the thermal conductivity values reported in bulk GaN range from 420 to 1000 W.m -1 .K -1 .

I.4.3 Vibrational properties

Vibrational properties are directly related to phonons and are described as the energy quantum of an elastic wave. The knowledge of the vibrational properties of a material is essential as phonons have an influence in the interaction processes with other particles. Phonons can be described as oscillations of the atoms of the crystal lattice causing a series of vibration waves to propagate in the lattice.

A wurtzite structure counts 12 phonon modes:

-one acoustic longitudinal mode (LA) -two acoustic transverse modes (TA) -three optical longitudinal modes (LO) -six optical transverse modes (TO)

The vibrations can induce a relative displacement of charges, equivalent to oscillating dipoles that couple to electromagnetic waves of the same frequency. This charge displacement is how infrared radiation incident on the crystal is absorbed, its energy being used to create lattice vibrations. The energies of the optical phonons in the center of the Brillouin zone have important implications on the electronic transport properties. Their high frequencies in GaN are also indicators of the hardness of the material. Experimentally, the determination of the phonon frequencies is done by infrared or Raman spectroscopy in the center of the Brillouin zone. We will see that the vibrational properties influence the electronic and optical properties.

Temperature A 1 (TO) E 2 (TO) E high 2 E low 2 A 1 (LO) E 1 (LO)
T=6K [START_REF] Davydov | Phonon dispersion and Raman scattering in hexagonal GaN and AlN[END_REF] 533. 

-1 (1 cm -1 = 0,124 meV) Temperature A 1 (TO) E 2 (TO) E high 2 E low 2 A 1 (LO) E 1 (LO) T=300K [29] 65.9
68.9 70.4 17.9 91 91.9

Table I.5 -Phonon energies (meV) at the center of the Brillouin zone in the case of wurtzite GaN. (1 cm -1 = 0,124 meV) 

A 1 (TO) Frequency (cm -1 ) B 1 E 2 E 2 B 1 B 1 B 1 E 2 E 2 K M A H L A A 1 (TO) E 1 (TO) A 1 (LO) E 1 (LO) E 1 (LO)

I.5 Electronic properties

The study of the band structure around the first Brillouin zone, allows us to understand the influence of the electronic properties on the optical and transport properties. The piezoelectric interactions within GaN with phonons will also have effects on the optical effects on the broadening of optical transients. In order to estimate these effects, the knowledge of the spontaneous polarization and piezoelectric tensor is useful.

I.5.1 Spontaneous polarization and piezoelectricity

It has been seen in I.2 that nitride crystals are non-centrosymmetric because of their wurtzite crystalline structure. The polarity of the Ga-N bound is induced by a strong electronegativity difference between both atoms. As a consequence, electrons are more strongly attracted by nitrogen than gallium. To keep the macroscopic neutrality the tetrahedron along the c-axis are distorted to compensates the strong ionicity of the Ga-N bonds as shown in figure I.5. Physically it can be seen by a shorter Ga-N bond in the c-axis: each tetrahedron is thus distorted along the c-axis, resulting in a macroscopic polarization for layers grown along this axis. Extracted from [START_REF] Sam-Giao | Etude optique de nanofils GaN et de microcavités GaN/AIN[END_REF] Although the electronic neutrality is preserved, the distortion effect is not compensated on the first charged layer: it is the spontaneous polarization. The value of spontaneous has been evaluated by Lähnemann et al [START_REF] Lähnemann | Direct experimental determination of the spontaneous polarization of GaN[END_REF] and is around -0.022 ± 0.007 C/m 2 . It has been seen in I.3 that GaN is affected during its growth by lattice mismatch and thermal coefficients. Moreover in the case where strain is added on a polar direction, the tetrahedron will be deformed along the axis generating an additional piezoelectric polarization.

For a wurtzite type crystal, we have the following piezoelectric tensor: 

             ε xx ε yy ε zz 2ε xy 2ε yz 2ε zx           (I.8)
With P xx and P yy the piezoelectric polarizations along the direction perpendicular to the c-axis, P zz the polarization along the c axis. The values of the different components of the piezoelectric tensor e ij in the case of wurtzite GaN are given in the table I GaN (C.m -2 ) -0,33 0,65 -0,33 

I.5.2 Band Structure

The first Brillouin zone shown in figure I.6 is a region of space in the reciprocal lattice. It is determined from the crystal lattice, and is defined by a set of perpendicularly bisecting planes which cross the reciprocal lattice (RL) translation vectors (connecting the nearest neighboring RL points) at their respective mid-points. In an atom, the energy states are discrete and to each of these states we associate an orbital or an electronic wave function representing the probability of presence of the electron around the atomic nucleus. Orbitals can be seen as an electronic wave function and the electrons are distributed on the different energy levels while respecting the Pauli exclusion principle.

Atoms are periodically distributed on a lattice in a crystalline solid and when the distance between two atoms decreases, the electrostatic interaction modifies significantly the shape of the orbitals. The energy levels associated with these orbitals form two series of continuum that are represented by energy bands. The number of states in these bands depends on the number of atoms in the crystal while the filling of these states depends on the initial electronical occupation of the atomic orbitals. For GaN, the conduction band states originate in the s-type anti-bonding orbitals (4s orbitals of Ga + cations) having a zero orbital moment L. The valence band comes from 2p orbitals of N - anions having an orbital moment L = 1. In GaN the bandgap Eg is direct, the conduction and valence band extrema are located at the center Γ(k = 0) of the Brillouin zone, the conduction band is separated from the first valence band by the band gap of width Eg. Each of these bands is spin degenerated. Taking into account the spin-orbit coupling as well as the crystal field leaves the conduction band states unchanged at ⃗ k = 0 while the degeneracy of the valence states is partially lifted. More precisely, there are six representations Γ 1 to Γ 6 to which are added three additional representations taking into account the spin of electrons belonging to groups Γ 7 to Γ 9 .

At Γ point, the crystal field due to the non-cubicity of the lattice induces a degenerate lifting ∆cr (∆cr = 16 meV [START_REF] Chuang | Optical gain of strained wurtzite GaN quantum-well lasers[END_REF]) into two sub-levels called heavy holes (HH) Γ 5 , a light hole band (LH) Γ 1 in the center of the zone.Finally, a split-off band (SO) is located at a smaller energy given by the spin-orbit coupling energy ∆so (∆so = 12 meV [START_REF] Chuang | Optical gain of strained wurtzite GaN quantum-well lasers[END_REF]) of heavy holes and light holes Γ 5 and Γ 7 . The spin-orbit interaction associated to the crystal field then lifts the degeneracy of the higher energy valence band giving three non-degenerate valence bands called A, B and C bands Γ 7 (C), Γ 7 (B) and
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I.5.3 Effective masses

Figure I.9 -Band structure of GaN würtzite [START_REF] Bloom | Band Structure and Reflectivity of GaN[END_REF] An electron behavior inside the conduction band is a particle of mass m 0 and charge -e in a crystal potential V (⃗ r) formed by the action of other particles in the crystal. By introducing an effective mass m e , the electron is considered as a quasi-particle subjected only to external forces. Thus, the interactions with ions and other electrons in the crystal are taken into account through the effective mass. An electron in motion in a semiconductor, is assimilated to a particle of mass m e in vacuum subjected to an external electric force.

As shown in fig.I.9 the bands of semiconductors tend to be parabolic in the vicinity of the band extrema at the Γ point. These extrema are most important for the optical and transport properties. [START_REF] Klingshirn | Semiconductor Optics. Graduate Texts in Physics[END_REF] electron moving in a semiconductor is assimilated to a particle of mass m e in vacuum subjected to an external electric force.

⃗ F e = m e d⃗ v dt (I.9)

The kinetic energy theorem is used to express the energy E( ⃗ k) as function of the work of the electric force ⃗ F e and the group speed ⃗ v g such as: We can then calculate the acceleration ⃗ a as the derivative with respect to time of the group velocity ⃗ v g :

dE( ⃗ k) = ⃗ F e • ⃗ v g dt = ⃗ F e • 1 ℏ dE( ⃗ k) d ⃗ k dt = dE( ⃗ k) d ⃗ k d ⃗ k (I.
⃗ a = d⃗ v g dt = 1 ℏ ∂ 2 E ∂k∂t = 1 ℏ ∂ 2 E ∂k 2 d ⃗ k dt = 1 ℏ 2 ∂ 2 E ∂k 2
⃗ F e (I.12)

By analogy with the formula I.11, it is possible from I.12 to obtain the expression of the effective mass of the electron which is proportional to the inverse of the second derivative of the energy in ⃗ k space:

1 m e = 1 h 2 ∂ 2 E ∂k i ∂k i with i, j = x, y, z (I.13)
Therefore we can also state as a rule of thumb, that narrow gap semiconductors tend to have small effective masses and wide gap semiconductors tend to have carriers with larger effective masses. In the context of optical transitions we consider mainly the Γ point where the dispersion E( ⃗ k) is supposed to be parabolic, which leads to a constant effective mass m e . In the same way, it is possible to define effective masses m h for the holes, corresponding to each of the three valence bands and generally higher than for the electron. The concept of effective masses is strongly present in the analysis of optical and electronic properties, in particular during the analysis of optical transitions detailed later.

I.6 Optical properties

The structural and electronic properties previously presented can influence the optical properties of a semiconductor. The optical properties of a semiconductor are mainly due to the interactions between photons and electrons. These interactions have a considerable impact on the dielectric function when the energy of the photons is equal to the energy difference between two electronic states.

The fundamental state of a semiconductor (E = 0 and ⃗ k = 0) is defined when the valence band is fully occupied and the conduction band empty. The excitation of the material by photons of energy higher than the gap of the semiconductor will induce an absorption phenomenon: an electron will then pass into the conduction band. The electron defect in the valence band can be represented by a pseudo-particle of opposite charge to the electron, called hole as shown in fig I .11. The two quasi-particles are annihilated during the recombination process. A coulombic interaction is possible between the hole and the electron forming a composite quasi-particle seen as a system similar to the hydrogen atom: the exciton. 

I.6.1 Introduction to excitons

Excitons can be described as an N-body problem. The exciton arises from the Coulombic interaction between the N-1 electrons of the valence band and the electron of the conduction band. The crystal potential of the semiconductor includes a correlation exchange component that describes the energy that can be gained by the correlated movement of electrons between them. This potential has the effect of increasing the average distance between two electrons and thus reduces the Coulombic energy due to electron-electron interactions [START_REF] Rosencher | Optoelectronics[END_REF]. Thus, in most semiconductors, the exciton can be described, in the effective mass approximation, by the interaction of a hole of mass m h and charge +e with an electron of mass m e and charge -e. -Frenkel excitons [START_REF] Frenkel | On the Transformation of light into Heat in Solids. I[END_REF] where the electron-hole distance is comparable to the crystal lattice periodicity featuring a very strong electron-hole attraction as the exciton is located inside the elementary cell -Wannier-Mott excitons [START_REF] Wannier | The Structure of Electronic Excitation Levels in Insulating Crystals[END_REF][START_REF] Mott | Conduction in polar crystals. II. The conduction band and ultra-violet absorption of alkali-halide crystals[END_REF] which are much larger than the lattice size due to the electrostatic screening of an electron.

For most inorganic semiconductors, including GaN, the coulombic interactions are screened by the correlated motion of all other valence electrons in the valence band. The orbits of the electron and the hole around their center of masses are wider than the unit cell of the crystal lattice.

I.6.2 Hydrogen model of the Wannier-Mott exciton

The properties of this pseudo-particle can be modeled using the formalism of the hydrogenoid model in the framework of the envelope function approximation. For this purpose, we use the effective mass approximation and assume the isotropy of the valence and conduction bands.

E c ( ⃗ k) = E g + ℏk 2 2m e and E v ( ⃗ k) = - ℏk 2 2m h (I.14)
E c , E v being the conduction and valence band energies, m e , m h being the effective masses of conduction band and valence band. The envelope function of the exciton is the solution of the Schrödinger equation :

- ℏ 2 2m e ⃗ ∇ 2 ⃗ re + - ℏ 2 2m h ⃗ ∇ 2 ⃗ r h - e 2 4πϵ |⃗ r e -⃗ r h | ψ (⃗ r e , ⃗ r h ) = (E -E g ) ψ (⃗ r e , ⃗ r h ) (I.15)
The first two terms of equation I.15 correspond to the kinetic energy terms of the electron and the hole.

The third term of equation I.15 is the coulombic interaction between the electron and the hole; e is the elementary charge, ⃗ r e et ⃗ r h the positions of the electron and the hole. ϵ = ϵ 0 ϵ r is the static dielectric constant, it allows us to take into account the screening effects due to the electrons of the valence band. In order to determine the total energy of the exciton we dissociate : The movement of the center of mass, of coordinate

⃗ R = m e ⃗ r e + m h ⃗ r h m ex
The total energy of the excitons E R is then equals to :

E R = E g + ℏ 2 K 2 2m ex
where E g is the band gap energy, m ex = m e + m h is the weight of the exciton of ⃗ K wave vector.

The relative motion of the electron with respect to the hole is treated by introducing the vector ⃗ r = ⃗ r e -⃗ r h and the reduced mass µ as 1 µ = 1 me + 1 m h . This system is analogous to the one of the hydrogen atom. The energy, E r (n) is then quantized, n being the quantum number:

E r (n) = - E b n 2
where E b = 13, 6 µ/m 0 ϵ 2 r (eV) is the binding energy of the exciton in its ground state and m 0 is the mass of the electron at rest. The total energy of the exciton of quantum number n is then given by :

E n = E g + ℏ 2 K 2 2m ex - E B n 2 (I.16)
From the hydrogenoid model, it is also possible to determine the Bohr radius of the exciton a B , associated with the spatial extension of the excitonic wave function. In the case where n = 1 (1s orbital) the expression of the Bohr radius is given by the relation

a B = a H • ϵ r µ/m 0 (I.17)
with a H = 0, 529Å, the Bohr radius of the hydrogen atom.

For comparison, several binding energies have been reported in 

I.6.3 Excitons in GaN

As seen in I.5.2, GaN has three excitons A, B and C each formed from an electron of the conduction band and a hole of the valence band A, B or C. The different binding energy of excitons A, B and C are reported in the table I.8.

Bohr radii are calculated from the equation I.17 where µ is the reduced mass such as 1/µ = 1/m e + 1/m h , m e the electron mass and m h the hole mass and µ = 0.13(m 0 ) [START_REF] Chen | Fundamental optical transitions in GaN[END_REF], ε r ≈ 9, 9 and are equal to 29.3 Å, 29.4 Å, and 27.1 Å, respectively [START_REF] Kornitzer | Photoluminescence and reflectance spectroscopy of excitonic transitions in high-quality homoepitaxial GaN films[END_REF][START_REF] Barker | Infrared Lattice Vibrations and Free-Electron Dispersion in GaN[END_REF].

Experimentally not all excitonic transitions will be observed. From the symmetries of the valence bands, determined previously in part I.2, it is possible to establish selection rules governing the 

E b (X A ) E b (X B ) E b (X C ) Ref. 24, 8 ± 0,
: X A , X C GaN : X B , X C } ZnO : X B GaN : X A } ¡ 7 ¡ 7 ¡ 9 ¡ 7 ¡ 1 ¡ 1 ¡ 1 ¡ 5 ¡ 6 ¡ 2 ¡ 5
Figure I.13 -Representation of GaN and ZnO excitons [START_REF] Reynolds | Strain splitting of the Γ5 and Γ6 free excitons in GaN[END_REF] By following these rules we can predict that excitons A and B will be visible in TE polarization ( ⃗ E ⊥ ⃗ c) while exciton C will be visible only in TM polarization ( ⃗ E ∥ ⃗ c). The probability of observing the C exciton transition in TE polarization is not very high. This probability is equivalent to the oscillator strength of the considered optical transition whose properties will be stated in part I.6.4. Table I.9 shows interband transition matrix elements for GaN A, B and C excitons in GaN and table I.10 summarizes the different transitions and their respective probabilities.

Exciton ⃗ E ⊥ ⃗ c ⃗ E∥⃗ c A 0.5 0 B 0.44 0.12 C 0.06 0.77 Table I.9 -Interband transition matrix elements for GaN A, B and C excitons in GaN, normalized to the sum of the A, B and C matrix elements for TE polarization -extracted from figure 7 of [START_REF] Chuang | k.p method for strained wurtzite semiconductors[END_REF] Exciton authorized transition Polarization Probability of transition

A(Γ5) Yes ⃗ E ⊥ ⃗ c High A(Γ6) No - - B(Γ1) Yes ⃗ E ∥ ⃗ c Low B(Γ2) No - - B(Γ5) Yes ⃗ E ⊥ ⃗ c High C(Γ1) Yes ⃗ E ∥ ⃗ c High C(Γ2) No - - C(Γ5) Yes ⃗ E ⊥ ⃗ c Moderate
Table I.10 -Selection rules for strain-free c-plane bulk GaN

I.6.4 Dielectric constant and oscillator strength

The response of a material to a light excitation (electric field ⃗ E) is governed by its dielectric function ϵ(ω). In the vicinity of an excitonic resonance, the strong interaction between the exciton and the photon induces a notable variation of the dielectric constant and of the refractive index and the absorption coefficient.

The response of a semiconductor to a light excitation assimilated to an electric field ⃗ E in a system which is neutral, linear, homogeneous, isotropic and non-magnetic (µ r = 1) is represented by the electric induction field D such that :

⃗ D(ω, ⃗ k) = ϵ 0 ϵ(ω, ⃗ k) ⃗ E(ω, ⃗ k) (I.18)
ϵ 0 being the permittivity of vacuum and ϵ(ω, ⃗ k) the complex dielectric function. For energies close to the band gap energy, the response of the semiconductor to a light wave is strongly influenced by the presence of excitons but also by the band-to-band absorption. The expression of the excitonic dielectric function can be considered through the local model where the spatial dispersion is neglected or through the non local model taking into account the spatial dispersion. We will see in a last part how to add to the dielectric function the contribution of the band-to-band absorption.

I.6.4.1 Local Model

In the local model the dielectric function does not depend on the wave vector k. The excitons are assimilated to a harmonic oscillators of mass m ex , of resonance pulsation ω 0 , excited by the electric field ⃗ E = ⃗ E 0 e i(ωt-⃗ k•⃗ r) . The position of the oscillator will be marked by the vector ⃗ u characteristic of the deviation from equilibrium. The local model is based on the assumption that the response at a point in space depends only on the properties at that point. In a neutral, linear, homogeneous, isotropic and non-magnetic (µ r = 1) system, the electromagnetic wave will induce a polarization within the material such as:

⃗ P (t, ω) = -eN⃗ u = ϵ 0 χ e ⃗ E
where e is the charge of the electron and N the number of oscillating elements per unit volume. χ e is the electrical susceptibility, and is related to the dielectric function by the relation: ϵ = 1 + χ e , it is then possible to determine the electrical susceptibility from ⃗ u and based on the fundamental principle of dynamics.

m 0 d 2 ⃗ u dt 2 = -m 0 ω 2 0 ⃗ u -m 0 Γ d⃗ u dt -e ⃗ E (I.19)
where Γ corresponds to the energy absorption (fluid friction of force). The dielectric function has then the following expression :

ϵ ex (ω) = 1 + N e 2 m 0 ϵ 0 (ω 2 0 -ω 2 + iΓω) (I.20)
In the relation I.20, the term N e 2 / (m 0 ϵ 0 ) is responsible for the coupling between the electric field and matter. This term was obtained from a purely classical method. In the case of semiconductors, this term is proportional to the square of the optical matrix element. In a quantum approach, and when the transition between the excitonic |Ψ ex ⟩ state and the final |0⟩ state is allowed, the expression of this term then becomes :

|H ex | 2 = | ⟨Ψ ex |H|0⟩| 2 (I.21)
where H is the interaction Hamiltonian. The dielectric function for all optical excitonic transitions of a semiconductor is then:

ϵ ex (ω) = ϵ b + j f j ω 2 0j -ω 2 + iΓ j ω (I.22)
where ϵ b is the non-resonant dielectric function, f quantifies the coupling of an excitonic transition to the electric field, f is commonly called the oscillator strength. j refers either to the exciton A, B or C in its ground state but also their excited states. In the case of the excited states, the oscillator strength of the level n, in the case of the hydrogen model, is equal to :

f n j = f n=1 j /n 3 .
We can deduce from the expression I.21, that the energy distribution of the oscillators is a Lorentzian of width at half maximum Γ. For this reason, the Γ term is called homogeneous broadening. It is caused by the interactions of excitons with other particles like phonons, impurities, or other excitons. The density of phonons increasing with the temperature, the homogeneous broadening will also increase with the rise of the temperature. Note that due to the selection rules the value of the oscillator strengths depends on the polarization of the electromagnetic wave with respect to the c axis. Moreover, GaN is anisotropic, so the value of the off-resonance dielectric function ϵ b also depends on the polarization of the electromagnetic wave. It is then clear that the expression of the total dielectric function depends on the angle between the c axis and the polarization of the electromagnetic wave.

When the material is inhomogeneous (dislocations, thickness or stress inhomogeneities), the consideration of an inhomogeneous broadening is inevitable. In this case, we consider a Gaussian distribution of harmonic oscillators similar to those described by equation I.22, whose energy is centered on ℏω 0 and of standard deviation σ. As a reminder, the width at half maximum of a Gaussian is equal to : 2σ √ ln 4. The expression of the dielectric function is then given by :

ϵ ex (ω) = ϵ b + j 1 √ 2πσ j f j ω 2 0j -ω 2 + iΓ j ω exp - (x -ω 0j ) 2 2σ 2 j dx (I.23)
where x represents the resonance energy of the excitons. This broadening is related to the crystal quality and does not depend on the temperature. In many materials it dominates over the homogeneous broadening only at low temperature. Experimentally, measurements at 5K will be necessary to estimate σ.

I.6.4.2 Non Local Model

One of the assumptions of the model detailed in the previous section is the locality, this one leads to a model which does not take into account the spatial dispersion and thus the mass of the excitons. A non-local model can be useful to interpret experimental observations [START_REF] Sell | Polariton Reflectance and Photoluminescence in High-Purity GaAs[END_REF][START_REF] Evangelisti | Dependence of exciton reflectance on field and other surface characteristics: The case of InP[END_REF]. Hopfield and Thomas have thus developed a dispersive model [START_REF] Hopfield | Theoretical and Experimental Effects of Spatial Dispersion on the Optical Properties of Crystals[END_REF]. In the classical model used previously, to take into account the dispersive effects, it is sufficient to link the oscillators together.

The dielectric function is then expressed as :

ϵ ex (ω, k) = 1 + j f j ω 2 0j -ω 2 + B j k 2 + iΓ j ω (I.24)
The term B j has then the expression

B j = ℏω 0j
m exj where m ex is the mass of the exciton. One can note that in this case the dispersive model does not take into account the k dependence of the broadening.

I.7 Light-Matter Interaction I.7.1 Refractive index

The optical index is influenced by the presence of excitons. First, it is possible to separate the contribution of excitons, from a basic index (excluding excitonic resonances) which does not vary with temperature (except for a translation in energy related to the decrease of the band gap energy when the temperature increases). The optical index is a parameter to know when analyzing excitons. Due to the crystalline anisotropy described in the I.2 part, the optical properties of wurtzite-type nitrides are anisotropic. This results in a uniaxial birefringence of these materials. The knowledge of the refractive indices is important for the elaboration of the structures of optoelectronic devices, in particular for optical confinement. In the particular case where the material is considered as isotropic (we can consider in the case of our setup that the sample is isotropic), the complex refractive index is written as follows:

N = n -iK (I.25)
where n is the real part of the refractive index and K is the extinction coefficient which reflects the absorption. The complex index is related to the dielectric constant by the relation:

ε r = N 2 = n 2 -K 2 + 2inK (I.26) As ε r = ε 1 + iε 2 then: ε 1 = n 2 -K 2 et ε 2 = 2nK
In the transparency range, far from the band gap energy of the semiconductor, the variation of the real refractive index as a function of the wavelength is given by Sellmeier's law:

n(λ) = a + bλ 2 λ 2 -c 2 (I.27)
a, b and c are the Sellmeier's coefficients. The refractive index can be measured precisely by spectroscopic ellipsometry. Far from an excitonic resonance, the material is considered as a transparent medium and the refractive index becomes real, i.e. ε r = n 2 . For direct-gap materials, the value of the square of the absorption coefficient is linear with the photon energy above the gap energy, i.e.:

α 2 = (α 0 ) 2 (E -E g ) (I.28)
This coefficient is related to the extinction coefficient by : α = 4πK λ 0 Figure I.14 displays the α absorption coefficient of bulk GaN epitaxial on sapphire.

I.7.2 Bandgap Renormalization

The bandgap energy introduced in paragraph I.5.2 is not constant in relation to the carrier density and the temperature. The width of the bandgap depends on the total amount of interacting carriers in a semiconductor and on the critical temperature T c above which the carriers have the characteristics of a liquid-like electron-hole plasma. Experimentally, and as shown on the fig.I.15 the width of the bandgap will decrease with the increase of the density of electron-hole pairs. Concretely, inside the electron-hole plasma, we can see that the Coulomb energies attract the carriers of opposite charge and repel those of the same charge. If the distribution of carriers in the material was random, the coulomb attractions and repulsions would cancel each other exactly and would not depend on the carrier density. In reality, the carriers are not randomly distributed in the electron-hole plasma. The Pauli principle, which is a consequence of the exchange interaction of identical fermions, forbids two electrons of parallel spin to be in the same unit cell. Since this situation would occur for a random distribution, but does not occur for fermions, one can conclude that the exchange energy increases the average distance between the parallel spin and parallel spin electrons and consequently reduces their total repulsive Coulomb energy. The reduction of a repulsive energy term means a decrease in the total energy of the electron system. The same arguments apply to holes. The volume r 3 s occupied by a carrier pair in the plasma can be compared with the volume of an exciton. The dimensionless quantity r s /a B is used to describe the reduction of the bandgap ∆E g normalized by the excitonic Rydberg energy as a function of the normalized plasma density n p including the exchange correlation energy [START_REF] Zimmermann | Nonlinear Optics and the Mott Transition in Semiconductors[END_REF][START_REF] Vashishta | Universal behavior of exchange-correlation energy in electronhole liquid[END_REF].

r s = 4πa 3 B 3 n P -1/3 and ∆E g /E B = f (r s ) (I.29)
Due to the negative exponent, the volume will decreases as the carrier plasma density will increase. The renormalization is not directly temperature dependent as it relies on the binding energy of carriers. The fig I.15 also display the constant energy of the exciton as a function of n p . As the gap ∆E g decrease with increasing n p , one can expect to see a shift towards lower energy as well as the decreasing of the exciton binding energy due to the screening of the Coulomb energy which shifts the exciton closer to the gap. Those two simultaneous phenomenon compensates almost perfectly and justify the absolute energy of the exciton [START_REF] Klingshirn | Linear and nonlinear optics, dynamics, and lasing in ZnO bulk and nanostructures[END_REF]. The increase of carrier density n p will cause the decrease of oscillator-strength and the reduction of the binding energy leads to an increase of the excitonic radius and thus to a decrease of the overlap of electron and hole wavefunction. It will also have another consequences such as the screening of the coulombic interactions between electrons and holes dissociating the excitons into an electron-hole plasma. The critical carrier density is called the Mott density n M .

I.7.3 Introduction to the Mott transition

The exciton is composed of two fermions, has an integer spin, so the exciton is part of the family of bosons and meets the Bose-Einstein statistic.

An increase in carrier density is followed by an increase in the number of excitons and will gradually reduce the average distance between them. This increase has the effect of reinforcing their fermionic character through coulombic interactions and the continuous filling of the phase space. The reason for this resides in the effective screening of the Coulomb interaction between electrons and holes owing to the surrounding free carriers. The screening of Coulomb interactions cause the end of e -h pairs and the interaction potential then becomes:

U s (r) = - e 2 4πε 0 εr exp (-k s r) (I.30)
where k s = k s (n) > 0 is the so-called screening factor and n the carrier density. Alternatively, λ s = k -1 s is called the screening length. As the e -h pair density n increases, the screening length λ s get shorter until it approaches the free exciton radius a B X where the attraction between the electron and hole is destroyed. The Mott transition will partially change the carrier behaviors: a mix between an exciton gas made of bosons and described by the Bose-Einstein statistic with an electron-hole plasma (through ionization) driven by the Fermi statistics. The carrier density n thus, will be the most decisive parameter in the calculation of the Mott density. Debye-Hückel and Thomas-Fermi models relies on the screening length to determine the critical carrier density where excitons no longer exists. They will now be described.

I.7.3.1 Debye-Hückel Model

The Debye-Hückel model also state that the Mott density n M is achieved when the excitonic Bohr radius a B X becomes comparable to the screening length. The screening length λ s is given by:

λ DH = ε r ε 0 k B T e 2 n 1/2 (I.31)
The Mott density is then deduced as:

n DH M = (1.19) 2 ε r ε 0 k B T e 2 a 2 B = (1.19) 2 k B T 2a 3 B E B (I.32)
This model comes with limitation in extremum of temperature as it cannot describe the Mott density in the T → ∞ temperature limit as n DH M (T → ∞) = ∞ and will also fails to calculate the Mott density at low temperatures as the screening of excitons will automatically occur, meaning when n DH M (T → 0) = 0. The Debye-Hückel is essentially used in literature [START_REF] Kyhm | Electron-hole plasma mott transition and stimulated emission in GaN[END_REF] for intermediate temperatures. The approach followed by this model is valid as long as the exciton and carrier gases are described through the classical Maxwell-Boltzmann statistics.

The phase diagram shown in fig. I.16 describes the different phase possible for the carriers. Depending of the carrier density and screening length, carriers may transform into electron-hole plasma (EHP), Bose-Einstein condensate (BEC) or electron-hole liquid (EHL) phases. Critical point n C and the calculated Mott density from Thomas Fermi (n T F M ) as well as the Mott transition calculated from the Debye-Hückel (n DB M ) are also indicated. The areas are calculated from the Debye-Hückel model. At low temperatures, where the carrier gas is degenerate, the Thomas-Fermi screening length is more appropriate and will be described.

I.7.3.2 Thomas-Fermi Model

The Thomas-Fermi Model gives a temperature-independent value of n TF M as follow: 

n TF M a 3 B ≈ 1 (I.

I.7.3.3 Versteegh Model

In order to compute the Mott density we consider the screening of the Coulomb interaction through the Yukawa potential, as characterized by its screening length, λ s , within the approximation of static screening which is verified for GaN. The Mott density n M ott corresponds to the density at which λ s matches the exciton Bohr radius.

To compute the Mott density, we use the same approach developed by Versteegh et al. [START_REF] Versteegh | Ultrafast screening and carrier dynamics in ZnO: Theory and experiment[END_REF]. The screening of the Coulomb interaction is described through the Yukawa potential:

V (⃗ r e -⃗ r h ) = e 2 4πϵ 0 ϵ r ∥⃗ r e -⃗ r h ∥ e -∥⃗ re-⃗ r h ∥ λs
The latter is characterized by the screening length, λ s , within the approximation of static screening, which can be justified by the fact that the Fermi energies (E F,i = ℏ 2 2m i (3π 2 n) 2/3 ) are smaller than ℏ times the plasma frequency ω p = e 2 n ϵ 0 ϵrmr where m r is the reduced mass of the electron-hole pair. The ideal gaz model in which the electron density is equal to the hole density, n e = n h = n is considered for optical excitation. The Mott density n M corresponds to the density at which λ s equals the exciton Bohr radius a 0 . λ s is derived using numerical calculation of the chemical potentials as function of the carrier density n in the ideal gas approximation:

λ s,e = ϵ 0 ϵ r e 2
∂µ e ∂n and λ -1 s = λ -1 s,e + λ -1 s,h . The ideal-gas chemical potential (µ e ,µ h ) is numerically calculated from:

p = n = 1 2π 2 ( 2m i ℏ 2 ) 2/3 ∞ 0 √ ϵ 1 + exp( ϵ-µ i kT )
dϵ, with i = e or h (I.35)

The electron chemical potential µ e is measured from the conduction-band edge and the hole chemical potential µ h is measured from the valence-band edge. Note that the ideal gas approximation slightly overestimates the screening due to the weaker screening by excitons than by unbound carriers. This first approach can be refined by computing the excitonic fraction n ex /n, which represents the fraction of carriers that are bound into excitons with respect to the total carrier density n:

n = n exc + 1 2π 2 ( 2m i ℏ 2 ) 2/3 ∞ 0 √ ϵ 1 + exp( ϵ-µ i kT ) dϵ, n exc = 1 π 2 ( 2(m e + m h ) ℏ 2 ) 2/3 0 -Es ϵ + E s × f exc (ϵ) dϵ
with f exc given by Bose-Einstein statistic:

f exc (ϵ) = 1 exp ϵ-µ kT -1 and E s = (1 -a 0 /λ s ) 2 E B if λ s ≥ a 0 0 if λ s < a 0
, a B and E B being the unscreened hydrogenoid excitonic Bohr radius and binding energy respectively. By making the rough assumption that excitons do not contribute to screening at all, the excitonic fraction firstly derived from the ideal gas model is used to reevaluate the screening length and then a self-consistent calculation tends towards the new excitonic fraction and screening length. This leads that the errors in the screening length because of using the ideal gas theory are at less than 7% for GaN.

I.7.4 Strong coupling

So far, we have considered independently bulk-confined photons and excitons. The following section will detail how these two particles are linked by the light-matter coupling. Two types of coupling are possible: the weak coupling and the strong coupling. The weak coupling corresponds to the case where the interactions between the confined photons and the excitons of the semiconductor are irreversible. The light-matter coupling is treated as a perturbation and the system is described by the Fermi golden rule and the Purcell effect. When the lifetime of the photon is greater than the time necessary for its re-absorption by the excitons, the interactions are reversible and the previous treatment is no longer valid.

When exciton and photon are linked to each other in the microcavity and if the coupling force is greater than the damping losses, the strong coupling regime is reached. Polaritons are quasi-particles whose properties vary according to the excitonic (respectively photonic) fraction of its wave function and are considered as bosons. The excitonic and photonic modes give two new eigenstates: the lower polaritonic branch and the upper polaritonic branch (commonly called LPB and UPB). The corresponding quasi-particle is the exciton-polariton, simply called polariton hereafter. The strong coupling can be described with a classical model using the formalism of Maxwell's equations or using a quantum model. Both of those models will not be described in this thesis. After having described the strong coupling regime we will determine the density conditions favorable to the polariton lasing effect. Finally, a state of the art of polariton lasers will be presented.

I.7.4.1 Bose-Einstein Condensate

In this part, the properties of bosons and the phenomenon of Bose-Einstein condensation will be explained. We will see how the condensation takes place in the case of microcavity polaritons and what specific mechanisms are involved in the polariton laser effect. From a quantum point of view, it is possible to describe the polariton as a proper state resulting from the superposition of the wave functions of the photon and the exciton.

Quantum effects occur when the De Broglie wavelength λ T representing the spatial extension of the particle becomes comparable to the inter-particle distance.

λ T = 2πℏ 2 mk b T (I.36)
The above equation shows that the temperature and mass are the two parameters influencing the appearance of quantum effects. The classification of quantum particles is done according to the symmetry of their wave functions, we find two categories: fermions whose wave function is antisymmetric and bosons whose wave function is symmetric. The distribution of bosons follows the Bose-Einstein statistics through the occupation function f BE such as:

f BE ( ⃗ k, T, µ) = 1 exp E( ⃗ k)-µ k B T - 1 
(I.37)
Where E( ⃗ k) is the dispersion relation of the considered bosons and µ the chemical potential, determined from the conservation of the total number of particles N. As the occupation function f BE cannot be negative, the chemical potential must respect the condition µ < E(0) where E(0) is the energy of the fundamental level. The expression for the total number of particles is as follows:

N(T, µ) = ⃗ k f BE ( ⃗ k, T, µ) = 1 exp E(0)-µ k B T -1 + ⃗ k̸ =0 f BE ( ⃗ k, T, µ) (I.38)
In the thermodynamic limit N → ∞, L d → ∞, and n = N/L d is constant and where d represents the physical dimension of the system), the total density n is obtained by integrating the distribution in ⃗ k space :

n(T, µ) = lim L→∞ N (T, µ) L d = n 0 (T, µ) + 1 (2π) d +∞ E>E(0) f BE ( ⃗ k, T, µ)d d ⃗ k (I.39)
where n 0 ( T, µ) is the density in the ground state :

n 0 ( T, µ) = lim L→∞ 1 L d 1 exp E(0)-µ k B T - 1 
(I.40) n 0 (T, µ) is null when µ is different from E(0)
. Also, the term on the right of equation I.39 is an increasing function of µ corresponding to the density of excited states. Increasing the density of particles in the system is therefore equivalent to increasing the chemical potential. The maximum density that this term can reach is called critical density n c (T) :

n c (T) = lim µ→0 1 (2π) d +∞ E>E(0) f BE ( ⃗ k, T, µ = E(0))d d ⃗ k (I.41)
n c converges only for values of dimension d higher than 2.

Beyond the critical density, the excited states are saturated and additional particles will occupy the ground state. This phase transition to a macroscopic occupation of the lowest energy level was first proposed in 1925 by Einstein. Its density is expressed by:

n 0 (T) = n(T) -n c (T) = n(T) 1 - T T c 3/2 (I.42)
where T c is the critical temperature below which the Bose-Einstein transition occurs. Because of their photonic component, their effective mass is of the order of 10 -8 times that of atoms and 10 -3 that of excitons. However, the critical temperature T c of condensation is inversely proportional to the mass of the particle studied. In a 3D space, for an ideal Bose gas the critical temperature is equal to :

T c = 2πℏ 2 mk B n 2, 612 2/3 (I.43)
The first experimental observation of a Bose-Einstein condensate was made by Wieman and Cornell in 1995, in a system of rubidium atoms cooled down to 170 nK [START_REF] Anderson | Observation of Bose-Einstein Condensation in a Dilute Atomic Vapor[END_REF]. This extremely low temperature is required because of the high mass of these atoms. With the idea of increasing T c to more experimentally accessible temperature ranges, lighter particles are needed. Cavity polaritons, whose mass may be up to five orders of magnitude smaller than that of electrons, appear to be ideal candidates. However, the previous 3D space assumption for the critical temperature does not apply because the confinement of photons gives the system 2D characteristics. In this case, the last term of equation I.39 never converges and Bose-Einstein condensation in the strict sense is not allowed. Nevertheless, a local condensation via a transition to a superfluid state is possible (Kosterlitz-Thouless transition) [START_REF] Kosterlitz | Ordering, metastability and phase transitions in twodimensional systems[END_REF].

I.7.4.2 Polariton Lasing

The original theory of Bose-Einstein condensation was established by considering a closed, thermodynamically equilibrium, interaction-free system of bosons. Microcavity polaritons do not respect any of these three properties as they have an extremely short lifetime, of the order of a picosecond, and their equilibrium distribution is a compromise between the polaritons created by the pumping, which interact through their excitonic component to relax to the ground state, and the polaritons that escape from the cavity. The microcavity polaritons thus constitute an open system out of equilibrium. However, it is possible to bring the system relatively close to equilibrium by playing with some parameters the system relatively close to equilibrium.

In this case, the properties of the polariton quasi-condensate will be very similar to those of a Bose-Einstein condensate (macroscopic occupation of the ground state, high coherence length, etc). The first experiment demonstrating polariton Bose-Einstein condensation was performed in 2006 by Kasprzak et al. in a CdTe microcavity [START_REF] Kasprzak | Bose-Einstein condensation of exciton polaritons[END_REF]. Since then, the name polariton condensate is commonly accepted and will be used hereafter. The different steps leading to the condensation of polaritons in the lowest energy state in the typical case of a non-resonant optical excitation are summarized in the figure below: 1. The first step corresponds to the high energy optical pumping of the microcavity using a continuous or pulsed laser or pulsed laser, with energy higher than the band gap energy of the material composing the active layer.

2. In a second step, the high energy electron-hole pairs will relax in a few tens of femtoseconds towards the lowest energy states by emitting optical phonons [START_REF] Tsen | Direct measurements of electron-longitudinal optical phonon scattering rates in wurtzite GaN[END_REF]. This process is accelerated in GaN and ZnO due to the high energy of the LO phonons (92 and 72 meV) and the Fröhlich coupling between the free carriers and the optical phonons. The emission of acoustic phonons takes over once the excess energy of the carriers becomes lower than the energy of these processes lead to the formation of polaritons (with a very strong excitonic character) in the excitonic reservoir located at large wave vector (or large angle).

3. These polaritons will then enter the light cone and relax along the lower branch by emitting optical and acoustic phonons. These relaxation processes become inefficient at the level where the curvature of the LPB changes its sign: the polaritons must give up an energy and little wave Figure I.17 -Schematic representation of the processes leading to the polariton laser in a planar microcavity under non-resonant excitation. The black curve corresponds to the dispersion of the LPB from [START_REF] Bajoni | Polariton lasers. Hybrid light-matter lasers without inversion[END_REF] vector.

The polaritons will therefore accumulate in this region, called "bottleneck [START_REF] Tassone | Bottleneck effects in the relaxation and photoluminescence of microcavity polaritons[END_REF]. Moreover, as the polaritons relax, their photon fraction increases as for low k values, the LPB dispersion is strongly influenced by the photonic dispersion. Consequently, the decreases of both their lifetime and their probability to interact with other particles. This effect can be overcome by increasing the carrier density, in order to increase the population of polaritons and to favor polariton-polariton scattering processes. These processes relaxation processes allow the polaritons to reach the ground state. We will also see that relaxation can take place directly from the excitonic reservoir to the ground state of the LPB when the difference between these two levels is equal to the energy of one or two LO phonons.

4. The relaxation process comes to an end when the minimum of the lower branch at ⃗ k = 0 is reached: this state is privileged for the accumulation of polaritons and consequently for polariton lasing [START_REF] Bajoni | Polariton lasers. Hybrid light-matter lasers without inversion[END_REF].

The luminescence of the polariton condensate, also called polariton laser [START_REF] Imamoglu | Nonequilibrium condensates and lasers without inversion: Exciton-polariton lasers[END_REF], shares similar properties to those of a classical laser such as the emission of coherent and monochromatic photons. The relaxation of polaritons is "stimulated" by the occupation of the final state and not by the emission of light known in classical lasers. Therefore, and contrary to the classical laser, the polariton laser does not require any population inversion. The excitation power required to obtain polariton condensation and polariton lasing is called the laser threshold and is intrinsically linked to the efficiency of polariton relaxation from the excitonic reservoir to the bottom of the LPB.

I.7.4.3 State of the art of polariton laser

After the theoretical description of the polariton laser given by Imamoglu et al. [START_REF] Imamoglu | Nonequilibrium condensates and lasers without inversion: Exciton-polariton lasers[END_REF], the first experimental signs of stimulated ground state emission were observed by Le Si Dang et al. in 1998 in a CdTe quantum well microcavity at 5K [START_REF] Dang | Stimulation of Polariton Photoluminescence in Semiconductor Microcavity[END_REF]. These results were followed followed in 2003 by the demonstration of the polariton lasing effect by Deng et al. in a GaAs quantum well microcavity at 4K [START_REF] Weihs | Polariton lasing in a microcavity[END_REF]. Since then, the polariton laser has been observed repeatedly in both materials, either in microcavities [START_REF] Kasprzak | Bose-Einstein condensation of exciton polaritons[END_REF][START_REF] Balili | Bose-Einstein Condensation of Microcavity Polaritons in a Trap[END_REF][START_REF] Wertz | Spontaneous formation of a polariton condensate in a planar GaAs microcavity[END_REF], or in geometries allowing an increased confinement of polaritons, such as micropillars [START_REF] Bajoni | Polariton lasers. Hybrid light-matter lasers without inversion[END_REF][START_REF] Tsotsis | Lasing threshold doubling at the crossover from strong to weak coupling regime in GaAs microcavity[END_REF]. In all these publications, the macroscopic occupation of the ground state has been realized only for temperatures below 100K because of the low binding energies of the GaAs and CdTe excitons (E B ≤ 10meV).

The objective being to benefit from the advantages of the polariton laser operating at room temperature, the use of materials possessing excitons with high binding energies is essential. In inorganic materials, attention has quickly turned to semiconductors with larger band gap energies such as GaN [START_REF] Antoine-Vincent | Observation of Rabi splitting in a bulk GaN microcavity grown on silicon[END_REF][START_REF] Semond | Strong light-matter coupling at room temperature in simple geometry GaN microcavities grown on silicon[END_REF], ZnO [START_REF] Shimada | Cavity polaritons in ZnO-based hybrid microcavities[END_REF][START_REF] Faure | Relaxation and emission of Bragg-mode and cavity-mode polaritons in a ZnO microcavity at room temperature[END_REF], CuCl [START_REF] Oohata | Giant Rabi splitting in a bulk CuCl microcavity[END_REF] or ZnSe [START_REF] Pawlis | Large room temperature Rabi-splitting in a ZnSe/(Zn,Cd)Se semiconductor microcavity structure[END_REF][START_REF] Sebald | Optical polariton properties in ZnSe-based planar and pillar structured microcavities[END_REF]. Currently, even if all these materials have allowed the observation of the strong coupling regime in microcavities, the demonstration of the polariton laser at room temperature remains experimentally challenging because of the strong thermal agitation (k B T > 25meV ), the bandgap energy evolution in regard of the temperature and the low carrier lifetime at high excitation densities.

I.8 GaN based lasers and interest of nanowires

Interest in nitride-based semiconductors for optoelectronics has constantly grown over the years. This success is due to the remarkable properties of the material: (i) direct bandgap structure used for optical devices based on (Al,In,Ga)N alloys which allows for a spectrum of applications from visible to ultraviolet in emission and detection [START_REF] Morgan Pattison | LED lighting efficacy: Status and directions[END_REF]; (ii) significant excitonic binding energies and oscillator strengths, leading to a relative robustness of excitons at high temperature [START_REF] Mallet | Influence of excitonic oscillator strengths on the optical properties of GaN and ZnO[END_REF]; (iii) well controlled doping and growth [START_REF] Zúñiga-Pérez | Polarity in GaN and ZnO: Theory, measurement, growth, and devices[END_REF]. The fabrication of devices such as light emitting diodes (LEDs) and lasers have made it the first III-V material in terms of industrial share in a wide range of wavelengths (white, green, blue, and ultra-violet).

In the context of coherent light emission from GaN-based devices, a potential way to reduce the laser threshold is to use exciton-polaritons within the strong light-matter coupling regime [START_REF] Imamoglu | Nonequilibrium condensates and lasers without inversion: Exciton-polariton lasers[END_REF]. Due to the exciton-polaritons bosonic character, a gain mechanism based on stimulated relaxation by final-state occupation can trigger polariton condensation and, thus, coherent light emission, at particle densities below those conventionally encountered in edge-emitting and vertical-cavity surface emitting lasers [START_REF] Bajoni | Polariton lasers. Hybrid light-matter lasers without inversion[END_REF].

As it has been seen in Part I.3, difficulties due to heteroepitaxial growth related to structural properties are a strong limitation on the quality of GaN-based devices. Nanowires are part of a growing research effort since 30 years and represent an interesting geometry to not only overcome the defects of planar based layers but also to show promising results in a wide range of applications that will further be detailed.

The main advantages of the nanowire geometry are:

-The limitation of dislocation density through strain relaxation even on highly mismatched substrate [START_REF] Raychaudhuri | Calculation of critical dimensions for wurtzite and cubic zinc blende coaxial nanowire heterostructures[END_REF][START_REF] Glas | Critical dimensions for the plastic relaxation of strained axial heterostructures in freestanding nanowires[END_REF].

-the higher active surface compared to a planar structure thanks to the use of a core-shell structure [START_REF] Waag | The nanorod approach: GaN NanoLEDs for solid state lighting[END_REF].

-possibility to control the critical wire diameter variation, crucial for optical confinement via selective growth and the use of binary materials (In and Al) [START_REF] Sekiguchi | Emission color control from blue to red with nanocolumn diameter of InGaN/GaN nanocolumn arrays grown on same substrate[END_REF].

-the increase of the optical extraction and natural predisposition to the guidance [START_REF] Henneghien | Optical anisotropy and light extraction efficiency of MBE grown GaN nanowires epilayers[END_REF].

Nanowires are more and more often related to the creation of photonic devices such as polarization sensitive photodetectors [START_REF] Wang | Highly Polarized Photoluminescence and Photodetection from Single Indium Phosphide Nanowires[END_REF], light-emitting diodes, [START_REF] Duan | Indium phosphide nanowires as building blocks for nanoscale electronic and optoelectronic devices[END_REF][START_REF] Zhong | Synthesis of p-Type Gallium Nitride Nanowires for Electronic and Photonic Nanodevices[END_REF][START_REF] Qian | Gallium Nitride-Based Nanowire Radial Heterostructures for Nanophotonics[END_REF][START_REF] Huang | Nanowires for Integrated Multicolor Nanophotonics[END_REF], and lasers [START_REF] Huang | ChemInform Abstract: Room-Temperature Ultraviolet Nanowire Nanolasers[END_REF][START_REF] Johnson | Single gallium nitride nanowire lasers[END_REF][START_REF] Duan | Single-nanowire electrically driven lasers[END_REF][START_REF] Agarwal | Lasing in Single Cadmium Sulfide Nanowire Optical Cavities[END_REF]. It as been shown in the literature that researches tend to involve single nanowires as optical wave-guides and Fabry-Pérot cavities [START_REF] Johnson | Single gallium nitride nanowire lasers[END_REF][START_REF] Duan | Single-nanowire electrically driven lasers[END_REF], and the optical excitation of single nanowire cavities has produced stimulated emission and lasing [START_REF] Huang | ChemInform Abstract: Room-Temperature Ultraviolet Nanowire Nanolasers[END_REF][START_REF] Johnson | Single gallium nitride nanowire lasers[END_REF][START_REF] Agarwal | Lasing in Single Cadmium Sulfide Nanowire Optical Cavities[END_REF]. As the understanding of gain mechanism in nanowire lasers are yet to perfectly master, integrated applications exploiting nanowire lasers will likely involve electrical injection devices. More specifically, the research on GaN lasers, and in particular on polariton lasers, requires an in-depth and reliable knowledge of the GaN opto-electronic properties: as excitons may have a substantial role in lowering the laser threshold, it is thus essential to investigate the conditions, in terms of particle density and temperature, under which GaN excitons can exist. This will in turn determine the possible laser gain mechanisms in play that, from a general point of view, may involve polaritonic relaxation stimulated by the final state occupation [START_REF] Bajoni | Polariton lasers. Hybrid light-matter lasers without inversion[END_REF], P-band exciton interactions scattering processes [START_REF] Hönerlage | Spontaneous emission due to exciton-electron scattering in semiconductors[END_REF], or standard degenerate electron-hole plasma [START_REF] Mohs | On the gain mechanism in GaN based laser diodes[END_REF].

I.9 Conclusion

To conclude, this first part was essential to better grasp all the concepts involved with GaN based studies. It highlights the complexity and the overall connection between crystalline quality (impacted by the chosen growth technique) and the electronic or optical properties. We will introduce in the next chapter all the experimental measurements involved in the optical characterization of GaN based samples as well as their exploitation.

Chapter II Experimental techniques

This chapter is focused on the description of the experimental techniques used throughout the thesis. As the experimental results depend directly on the equipment, a precise understanding of the phenomena is required in order to fully exploit and interpret the results that are gathered through the different experimental campaigns. The first section presents the general principles of optical spectroscopy in real and Fourier space as well as in the equipment used for its realization. We will then see in more detail the principles of time-resolved optical spectroscopy and the types of results provided by these experimental techniques

II.1 Optical spectroscopy

The aim of spectroscopy is to disperse luminescence radiation into a spectrum, which is subsequently detected and recorded. In our case, optical spectroscopy is the study of the spectra of re-emitted, absorbed or transmitted radiation by a semiconductor material when it is subjected to light excitation. In the range of electromagnetic spectrum, it allows to probe for different energies the intrinsic properties (optical index, dielectric constant, energy, oscillator strength of optical transitions, lattices' interaction...) structural (thickness, alloy composition, stress...) and to a certain extent the extrinsic properties of the studied material (residual doping, defects...). The semiconductor is excited by a source (laser in the case of optical pumping) whose energy is higher than the band gap energy.

As illustrated in figure II.2, in the case of optical pumping, the absorption of photons creates electron-hole pairs with a large wave vector. The electrons can pass from an initial state of energy E i to a higher energy state of energy E f . These pairs will progressively de-excite via non-radiative processes such as phonon emission, allowing them to reach the extrema of the conduction and valence bands by a thermalization process. The de-excitation of the electrons towards their initial level is done by emission of a photon of energy E defined by the relation:

E = E f -E i = hν = hc nλ and E(eV ) = 12395.13 λ (II.1)
With h being the Planck's constant, c the speed of light, λ 0 and ν respectively the wavelength in vacuum and the frequency of the radiation associated to the photon and n the index of the air in the conditions of the experiment (n = 1.000629). Finally, the photons emitted by the radiative recombination of the thermalized electron-hole pairs are detected.

More precisely, the photoluminescence provides information on the intrinsic and especially extrinsic properties of the material (band gap energy, impurity levels, recombination mechanisms...). This measurement is done by exciting the studied semiconductor with an intense monochromatic light (laser) that have an energy higher than that of the semiconductor band gap and to analyze the reemitted light. The light sent from the excitation laser is absorbed by the semiconductor according to a process called "photo-excitation". The latter induces the transfer of electrons from a semiconductor to allowed excited states. When these electrons return to their equilibrium state, the released energy can lead to the emission of light (radiative process) or to the creation of phonons (non-radiative process).

In the case where the energy absorbed by the sample is restored in the form of luminescence, it is called photoluminescence. The intensity of the emitted light is much weaker than that of the radiation used for the excitation. The energy of the emitted light is directly related to the energy difference between the two states of the electron: the equilibrium state and the excited state. Among the applications of photoluminescence, we can mention: -the determination of the band gap energy, -the detection of impurity levels and defects, -the understanding of radiative and non-radiative recombination mechanisms, -the determination of the quality of a material from the measurement of the yield of radiative radiative recombinations.

The analysis of µPL spectra of semiconductors is rich in property information. If reflectivity gives access to intrinsic properties of materials, photoluminescence gives information on intrinsic (excitons) and extrinsic (impurities) properties. Generally, photoluminescence experiments are performed at low temperatures because of a better radiative efficiency on one hand, and to avoid line broadening due to phonon interactions on the other hand. Nevertheless, temperature-dependent experiments are sometimes necessary to identify certain lines related to impurities on which carriers or excitons (excitonic complexes) can be located.

Concretely, photoluminescence reflects low energy states and does not reflect the density of state. The sample is subjected to a light excitation and the re-emitted photons are analyzed. The light excitation leads to the creation of electron-hole pairs with large wave vector. These pairs relax by nonradiative processes, such as phonon emission to the conduction and valence band extremes where they emit photons by radiative recombination. Two types of photoluminescence can be measured, either as a function of the excitation energy with a fixed detection energy (excitation of photoluminescence), or as a function of the emission energy with a fixed excitation energy. It is this last method that we will use.
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3 -Free electron-hole recombination in a direct bandgap semiconductor from [START_REF] Pelant | Luminescence Spectroscopy of Semiconductors[END_REF] The intensity of the spontaneous emission I sp depends on f (v), the probability given by the product of the probabilities that an electron occupies a state of energy E 2 and that a hole occupies the corresponding state of energy E 1 of the same wave vector, on |P cv | 2 , the squared modulus of the optical matrix element expressing the probability of this transition and on ρ(v) the joint density of state.

I sp (hv) = f (v) |P cv | 2 ρ(v) (II.2)
Where the probability

f (v) = f (E 2 ) [1 -f (E 1 )] with f (E) = 1 1+exp E-E Fermi k b T . Assuming that E 2 -E Fermi ≈ E Fermi -E 1 ≈ Eg 2 ≫ k b T , the Fermi function of the previous equation is replaced by a Boltzmann function f (v) = exp -hv k b T
where T is the carrier temperature and E Fermi the energy of the Fermi level. The optical matrix element P cv is a term that does not depend on energy. The joint density of states ρ(v) is proportional to (hv -E g ). The approximate luminescence shape corresponding to the band-to-band transition of a direct-gap semiconductor (in the case of parabolic dispersion of valence and conduction bands as shown in figure II.3) is proportional to :

I sp (hv) ≈ D 0 (hv -E g ) 1/2 exp (-(hv -E g ) /k b T ) (II.3)
where D 0 = (2mr) 3/2 πℏ 2 τr exp (-E g /k b T ), this term does not depend on the energy. The approximate form of luminescence corresponding to the band-to-band transition of a direct-gap semiconductor is finally described by :

I sp (hv) ≡ (hv -E g ) 1 2 exp -(hv -E g ) k b T (II.4)

II.2.2 Optical recombinations

The study of photoluminescence spectra is done by analyzing the peaks, recorded during photoluminescence experiments. These peaks represent optical transitions whose origin corresponds to different processes of radiative recombination and will be detailed in this part. -The band-to-band recombination is that of an electron from the bottom of the conduction band with a hole from the top of the valence band, as previously detailed.

-The free electron-neutral acceptor (eA 0 ) and free hole-neutral donor (D 0 h) transitions correspond to the recombination of a free carrier with a carrier of opposite charge trapped on an impurity.

-Neutral donor-neutral acceptor recombinations (D 0 A 0 ) involve an electron bound to a donor D 0 = (D + , e -) and a hole bound to an acceptor A 0 = (A -, h + ).

-X represents a free exciton (electron-hole pair in coulombic interaction which can recombine).

-The free excitons can be localized on neutral impurities and form complexes with three or even two particles (notation D 0 X, A 0 X, D + X). They can also bind to isovalent centers.

-Radiative recombination processes involving deep centers are often in the minority compared to non-radiative processes involving them.

II.2.2.1 Localized level-band recombinations hν hν E g E g E k E V E V E D E A E C E C A 0 D 0 excitation E k Figure II.5 -(eA 0
) recombination (top panel) and D 0 h recombination (bottom panel) in a directbandgap semiconductor. [START_REF] Pelant | Luminescence Spectroscopy of Semiconductors[END_REF] This transition is due to the presence of an impurity in the semiconductor crystal and is mostly found as a recombination with the radiative free electron-neutral acceptor (eA 0 ) and free hole-neutral donor (D 0 h) recombinations. An impurity atom in a semiconductor, whose valence is smaller (larger) by one electron than that of the main constituent of the crystal lattice, is referred to as a shallow acceptor (donor). The additional holes or electrons induced by the impurities in the crystal are usually weakly bound and can be thermally excited in the valence band (acceptor) or in the conduction band (donor), for example in GaN shallow acceptor (donor) are magnesium [START_REF] Reynolds | Evidence for shallow acceptors in GaN[END_REF] (Oxygen or Silicon) atoms [START_REF] Wysmołek | Magnetopolaron effect on shallow donors in GaN[END_REF].

The corresponding amount of energy needed for the release of the hole or electron is referred to as the ionization (binding) energy of the acceptor E A or donor E D . The acceptor and donor states are usually represented in the band structure diagram by short segments drawn inside the bandgap, just above the maximum of the valence band or below the minimum of the conduction band.

Their lower energy thresholds are respectively :

hν = E g -E A and hν = E g -E D
The shape of the luminescence spectrum at the recombination level (eA 0 and D 0 h) is approximately given by :

I (eA 0 ) sp ≈ [hν -(E g -E A )] 1/2 exp - hν -(E g -E A ) k B T (II.5) I (hD 0 ) sp ≈ [hν -(E g -E D )] 1/2 exp - hν -(E g -E D ) k B T (II.6)

II.2.2.2 Recombination of donor-acceptor pairs

It is the recombination of an electron trapped on a donor (D + center) with with a hole trapped on an acceptor (A -center). In the initial state, the two impurities are neutral, and in the final state, after recombination, they are ionized and thus in coulombic interaction as shown in the figure II.6. This phenomenon is related to the passage of an electron belonging to a binding orbital of the donor to a vacant orbital of the acceptor. When the mobile charge carriers are recombined, the two types of ionized impurities are then in coulombic interaction. The photon produced during this transition has an energy:

hν = E g -E D -E A + e 2 4πε 0 ε r R (II.7)
The last term of the above formula is the term of coulombic interaction of the ionized donor-acceptor pair, R being the distance between a donor and an acceptor.

II.2.2.3 Bound excitons recombination

Excitons can bind to impurities and give rise to the following complexes: -exciton bound to a neutral donor or acceptor: (D 0 X) or (A 0 X) -exciton bound to an ionized donor or acceptor: (D + X) or (A -X) -exciton bound to an isovalent center (uncharged center). When the exciton recombines radiatively from one of these centers, the energy of the emitted photon is hv = E g -E X -E loc where E loc denotes the localization energy of the exciton on the impurity.

When the exciton recombines radiatively from one of these centers, the energy of the emitted photon is:

hν = E g -R ex -E loc (II.8)
R ex being the ionization energy of the free exciton in its ground state given by the following relation:

R ex = - 1 n 2 µ m 0 ε 2 r R y (II.9) R R e hν hν h r D E g E a) b) x E A E D A 0 A 0 D 0 D 0 r A excitation Figure II.6 -
The concept of luminescence arising from the recombination of donor-acceptor pairs (D 0 A 0 ): (a) in real space, (b) in the electron energy band structure as a function of the real-space coordinate x. Donor and acceptor atoms are located at different positions of the crystal lattice, separated by the distance R. [START_REF] Pelant | Luminescence Spectroscopy of Semiconductors[END_REF] In the case of excitons bound to a neutral donor or a neutral acceptor (D 0 X) or (A 0 X) the localization energy of the exciton on the impurity is related to the ionization energy of this impurity by the rule of Haynes [START_REF] Haynes | Experimental Proof of the Existence of a New Electronic Complex in Silicon[END_REF] according to which the localization energy of the exciton on a neutral impurity is an affine function of the ionization energy of the impurity. In the case of an exciton bound on a neutral donor (D 0 ) this rule is written as following:

E loc = a + bE D
The parameters a and b depend on the semiconductor. In the case of GaN, the localization energy of the exciton on the complex increases according to the inequality and thus :

E loc D + X < E loc D 0 X < E loc A 0 X II.2.

Free excitons recombination

The excitons have an energy slightly lower than that of the band gap. Once created, the electron recombines with the hole it had generated in the valence band. In general the excitons recombine at the vicinity of ⃗ k = ⃗ 0. The energy of a photon emitted during such a transition is given by:

E = E g -E X + ℏ 2 K 2 2 (m e + m h ) (II.10) E X = µ/m 0 ε 2 r × 13, 6 n 2 (eV ) (II.11)
ϵ r is the static dielectric constant (at zero frequencies) and µ is the reduced mass of the electronhole pair and n the carrier density and m 0 is the electron mass. ℏ 2 K 2 2(me=m h ) is the kinetic energy of the center of mass and finally the Bohr radius of the exciton is given by, for (n = 1) :

a exc = ε r (µ/m 0 ) a H ; a H = ε 0 h 2 e 2 πm 0 = 0, 529Å (II.12)

II.2.3 Reflectivity

Reflectivity spectroscopy constitutes the analysis of the intensity of the light reflected from the sample as a function of its wavelength. It is a classical technique complementary to photoluminescence to determine excitonic parameters, such as resonance energies, homogeneous or inhomogeneous broadening. Generally, the parameters are obtained after comparison between experimental measurements and calculated reflection spectra based on a theoretical response model.

The reflectivity of a material depends strongly on the intrinsic transitions through the dielectric function, thus being an ideal technique to characterize the excitonic properties of GaN. In addition to a very slow monotonic variation of the latter when the wavelength varies over a large range (variation of the material index due to dispersion), reflectivity spectra often show small more localized variations, as shown in the figure below, when the incident photon energy is slightly lower than the band gap energy. This phenomenon is explained by the absorption of a photon and the creation of an electron and a hole linked by their Coulombic interaction, resulting in the creation of an exciton. In the vicinity of an excitonic resonance, the interaction between the exciton and the incident photon is strong, causing significant variations in the dielectric constant, refractive index and consequently reflectivity spectra. 1. Beyond the wavelength corresponding to the band gap of GaN (around 358nm) the material is transparent and the light is partially reflected at the interface with the substrate. If the thickness of the layer is smaller than the coherence length of the light, we observe constructive interference in the form of oscillations as can be seen on II.8.

T = 5K

2. At the excitonic transitions, the reflectivity is mainly sensitive to free excitons as they have a large density of states. In a heavily doped semiconductor, a signal related to bound excitons can also be detected. The important modification of the optical index by the excitonic resonances induces a strong variation of the reflection coefficient. The shape and the amplitude of the signal corresponding to the excitons strongly depend on the broadening and the intensity of the transition (oscillator strength) as well as on the parameters of the studied structure (thickness and nature of the layers).

3. For short wavelengths (UV), GaN is strongly absorbing and the light can only probe a small thickness. The reflection spectrum presents a quasi-constant value since the real (refractive index) and imaginary (extinction coefficient) parts of the optical index do not vary significantly.

II.3 Experimental setup

The light beam, after focusing, is detected by a CCD camera coupled to a HR-640 spectrometer. A beam expander can be added in the laser path to increase the illuminated area on the objective and reform a beam of parallel rays. It allows to obtain a better focalization of the beam onto the sample.

Finally an optical density is used to attenuate the power density on the sample. For low temperature observations, the cooling of the sample is ensured by a closed loop helium circulation cryostat. This setup is also used for reflectivity since a white light can illuminate the sample through the objective. This setup is well adapted to position-dependent measurements because it is possible to finely move the sample holder laterally and vertically with a piezoelectric controller while keeping an excitation and a detection at normal incidence. The use of a diaphragm allows to select the detection angle if necessary.

II.3.1 Micro-photoluminescence

Because of its high absorption coefficient at low wavelengths (for an energy higher than the band gap energy: (α ≈ 1.5.10 5 cm -1 ), GaN is not well suited for transmission measurements. Only thin layers (of the order of less than hundred nanometers) transmit enough light for detection. This technique is therefore reserved for transparent materials such as dielectrics. It is necessary to specify that the spectroscopy techniques used for bulk and nanowires requires measurements as a function of the angle of detection (photoluminescence) or incidence (reflectivity). Finally, the study of samples at low temperature is also useful to avoid lattice vibrations (phonons) which cause an important homogeneous broadening of the optical transitions. Each experimental setup is associated with a cryostat in order to lower the temperature to 5K.

Our setup, allows to perform microphotoluminescence and micro-reflectivity experiments. The Table II.1 -Characteristics of Thorlabs and Mitutoyo objectives, in order the focal length of the objective, the numerical aperture (NA) and the resolving power (all three at 360nm), the magnification of the system by combining the objective and the collection lens (L2) and the theoretical spatial resolution obtained with the CCD (1pixel

= 26 × 26µm 2 )
The resolution power is obtained by taking the expression of an Airy function describing the intensity expression of a classical diffraction pattern and applying the Rayleigh criterion. Two diffraction spots are distinct provided that the maximum of one corresponds to the minima of the other. This leads to a resolving power ∆ x = 1.22 λ a f obj . The spatial resolution corresponds to the size of a pixel (26m) divided by the magnification of the system. In the case of the Mitutoyo, the spatial resolution of (173nm) is certainly better than that of the Thorlabs (867nm) but it is actually limited by its resolving power (only 439nm and 549nm for the Thorlabs).

II.3.1.2 Spectrometer

The spectrometer and the CCD camera are essential parts in the acquisition of our results. The spectrometer will allow us to obtain the spectral resolution on the image while the CCD camera will transform the light signal into an analog signal and make the acquisition.

The collection of the photoluminescence or reflectivity signal is focused on the entrance slit of a Jobin-Yvon spectrometer with a focal length of one meter, equipped with a 1200 or 2400 lines/mm grating (blasted at 330 nm ), associated with a CCD camera featuring 1024 × 256 pixels; the surface of each pixel is 26µm 2 . The image of the luminescence enlarged by the microscope objective is focused at the entrance slit of the spectrometer (which is of variable width to increase the amount of collected light or spectral resolution). As it is depicted in Figure II.11, one meter away, the rays are reflected on a spherical mirror which will form a beam of parallel rays to a grating. This will deflect the different wavelengths to a greater or lesser extent. Thanks to another spherical mirror, the identical wavelengths will be focused at a point at the output slit of the device. At the end of the optical path a plane mirror reflect the focused image on the CCD camera.

CCD

II.3.1.3 Laser sources

Two laser excitation sources were used for the photoluminescence experiments, a continuous and a pulsed laser, these two lasers allow to measure a wide range of power densities. These sources are listed below: -Continuous He-Cd laser emitting at 325 nm. -Q-switched Nd YAG laser, quadrupled in frequency at 266 nm, with pulses of 400 ps length and a repetition rate of 20kHz.

II.3.2 Gaussian spot size determination

The spot shape and size is essentially dependant of the objective and the excitation laser configuration. The spot surface determination is straightforward in our confocal setup as the full 2D image of the spot is measurable. However the objective is not usable in some case (the optical transmission of the confocal objective does not allow to excite at 266nm ), and excitation from the side is required. The shifted spot then takes the shape of an elliptical Gaussian spot.

In order to determine the area of a spot formed by a Gaussian beam, it is necessary to define a diameter by fixing a minimum intensity marking the edge of the spot. The two extremities of the diameter are those for which the intensity value is equal to the maximum intensity I max at the center of the Gaussian [START_REF] Self | Focusing of spherical Gaussian beams[END_REF] divided by e 2 . For a Gaussian beam propagating in a given direction, the intensity profile is given by:

I(x, y) = I max e -2x 2 w 2 x e -2y 2 w 2 y (II.13)
where w x and w y are the half-axes of the elliptical spot defined at 1 e 2 . The surface intensity is then calculated from the power P P of the beam as detected by the power meter divided by the surface S e of the excitation spot given by : where S e is the ellipse surface, i.e. S e = πW x W y .

P P = I max +∞ -∞ e -2x 2

II.3.3 Real-space imaging

The main interest of our equipment lies in its versatility, it is possible to adapt the setup at will in order to collect precise information. The luminescence emitted from the sample passes through an objective and is focused through an other lens so that the image of the sample is made on the entrance slit of the spectrometer. The collected luminescence is then dispersed by the grating and finally measured on the CCD. By using this image mode, the zero order of the grating is used thus behaving like a mirror. The measurement gotten from this setup features spatially resolved length on both axes, imaging the real space.

This technique is notably convenient to observe the surface behavior of the sample under the spot as well as to measure the size of the spot, a critical parameter that confers various physical effects such as the power density to which the sample is subjected. The maximum aperture of the entrance slit of the spectrometer is 2.24 mm and ultimately limits our observation of the sample.

Experimentally, the alignment of the detection line is carried out before the excitation line thanks to a green laser entering by a side slit of the spectrometer and emerging from the entry slit of the spectrometer, at the place where the luminescence and reflectivity beams will be focused. Whatever the detection configuration, a collecting lens of focal length f 2 = 300 mm focuses the photoluminescence or reflectivity on the entrance slits of a 1200 line/mm grating (blazed at 330nm). Thanks to a motorized support, the collection lens can be moved horizontally which allows to change of the spectrometer the zone of the sample analyzed on the slits. In the configuration presented in figure II.12, a Thorlabs objective of focal length f obj = 10 mm is used, having a numerical aperture NA = 0.4, which corresponds to an angle of detection with respect to the optical axis of the system of 23.6 • . The luminescence of the sample is collected by the same objective and then focused by the collection lens L 2 on the entrance slit of the spectrometer. The magnification G of the system is given by the following equations:

Image focal plane L obj

G = f 2 f obj (II.15)
Thus for the Mitutoyo lens and the Thorlabs lens:

G Mitutoyo = 300 2 = 150; G thorlabs = 300 10 = 30 (II.16)
As equations II. [START_REF] Stampfl | Density-functional calculations for III-V nitrides using the local-density approximation and the generalized gradient approximation[END_REF] shows, imaging with the Mitutoyo lens results in a much higher magnification.

II.3.4 Fourier imagery

Fourier imaging gives access to the angular dispersion of polaritons as a function of wavelength and thus access to the polariton dispersion relation which is rich in information on the type of coupling, the condensation of polaritons and can even be used to determine the oscillator strength at a given power. In this setup, all the rays emitted with an angle θ are focused at the same point on the vertical entrance slit of the spectrometer. In order to locate the Fourier plane, a sheet of paper is moved until the most focused light spot is observed. With the help of the collecting lens, the image of the Fourier plane is formed on the entrance slit of the spectrometer. The amplitude at the entrance slit is given by the Fourier transform of the amplitude in the Fourier plane. The focal plane image of the objective and the focal plane object of the Fourier lens are merged and form a plane called Fourier plane. For each point, one ray is emitted parallel to the optical axis and two others with an angle ±θ. The rays emitted with an angle θ whatever the point of origin are focused on the spectrometer slit at a height y f . Spatial filtering allows to select a spatial area (circle of radius OA) where point O is located on the optical axis and point A corresponds to the limiting case where the rays (in green) pass the diaphragm. The rays coming from B (in red) further away from the optical axis are blocked by the diaphragm.

In our experimental setup, the configuration, as shown in figure II.13 uses in detection a Mitutoyo objective of focal length f obj = 2 mm having a numerical aperture NA = 0.5, which detects the angles included between ±30 • with respect to the optical axis of the system. This objective will be preferred to the Thorlabs one because it allows to collect a wider range of angles. In order to access the angular distribution of the emission, a second lens, called Fourier lens, of focal length f f = 100 mm is placed between the collection lens of focal length f c = 300 mm according to a configuration respecting two conditions as illustrated on figure II.9.

II.4 Time-resolved optical spectroscopy II.4.1 Principle

In optoelectronic devices, the relaxation dynamics of the carriers plays a crucial role for the light emission effects and their efficiency. The mechanisms involved are related to radiatives and nonradiative recombination between electrons and holes, as well as to the diffusion of charges to other energy states of the system. The emission of light in a semiconductor is directly related to the lifetime of the excited state. This time, also called radiative recombination time (τ R ), can be estimated from the probability of optical transition between the excited state and fundamental level of a two-level system, for a bound state is written:

τ R = 2πε 0 m 0 c 3 ne 2 ω 2 f osc (II.17)
where f osc is the oscillator strength of the optical transition, n the refractive index of the semiconductor material, ω the energy of the optical transition. The presence of crystalline defects, makes that electrons and holes do not only recombine radiatively, but that a non-radiative path is possible. The effective decay time of the measured photoluminescence is the result of a combination of these two competing processes (τ R being the radiative lifetime, and τ N R the non-radiative lifetime) giving of global lifetime (τ ):

1 τ = 1 τ R + 1 τ N R (II.18) II.4.2 Experimental setup II.4.2.

Laser source

We have at our disposal a femtosecond chain allowing us to make time resolved photoluminescence (TRPL) experiments. In this paragraph we will only present the components of the femtosecond chain. The VERDI V10 laser can deliver pulses with a width of less than 150fs and a repetition rate of 76MHz. A sapphire crystal doped with titanium ions is used as the amplifying medium in a wide wavelength band ([700 nm, 1000 nm)]. The focusing of the beam in the crystal by non-linear effect (Kerr lens) for high peak powers allows the formation of pulses (mode locking). In order to maintain the operation in pulsed mode, it is necessary to keep the beam in phase inside the cavity. To compensate for the positive phase shift of the mirrors, a negative phase shift is introduced by the use of two prisms. The "pulsed" operation requires the contribution of an initial pulse by the starter (oscillating element). The Verdi laser is used as an optical pump of the femtosecond laser MIRA 900 F. This laser features a maximum output power of 1.5 W. The adjustment of the device requires the alignment of the different mirrors but allows to work on a large range of wavelengths without additional constraints. The beam can then be doubled or tripled in frequency thanks to a non-linear crystal to reach the UV range (ranging from 400nm to 250nm). This type of laser is useful both to probe phenomena with a short time scale (radiative de-excitations) but also to obtain high peak power with an adjustable wavelength.

II.4.2.2 Streak camera

The streak camera is a device which converts temporal information, originating in a lightemission event, to spatial information. The principle of a streak camera is shown in figure II.14. The light coming from the sample, passes through the entrance slit of the streak camera and through the optical system which forms the image of the slit on the photocathode of the streak camera tube. At the entrance of the tube, the intensity of the light signal has a temporal distribution in the direction of propagation and a spatial distribution in the direction of the slit that corresponds to the spectral decomposition of the signal. The light incident on the photocathode is then converted into a number of electrons proportional to the intensity of the light. The optical pulses on the photocathode are thus converted sequentially and proportionally to the intensity of the light into electrons, while keeping the temporal shape of the incident signal [START_REF] Pelant | Luminescence Spectroscopy of Semiconductors[END_REF].

Figure II.14 -Operation schematic of a streak camera. The light pulse passing through the entrance slit and hitting a photocathode induces emission of photoelectrons inside an evacuated tube. Photoelectrons are accelerated along the horizontal direction (i.e. the direction of the incoming light) by a voltage applied between the photocathode and a metal mesh and subsequently deflected by a high voltage in the vertical direction. Upon impinging on a phosphorescence screen, the photoelectrons produce a phosphorescent trace with spatial distribution of intensity corresponding to the temporal profile of the incoming pulse. After [START_REF] Pelant | Luminescence Spectroscopy of Semiconductors[END_REF] The electrons are accelerated in an electric field produced by the sweep electrodes. Electrons are thus deflected by a high sinusoidal voltage in the direction perpendicular to the streak camera slits. A trigger signal from a picosecond pulse laser, which produces the excitation of the sample, will trigger the application of a high voltage field on the electrodes. This deflection voltage is applied synchronously with the incoming light pulses and varies in time so that electrons arriving at different times are scattered at different angles in the vertical direction. We thus have a deflection of the electrons according to their time of arrival between the electrodes. In their way towards the phosphorescent screen, electrons undergo multiplication via secondary electron emission in the micro-channel plate, then on the cathode screen are reconverted into luminous spot. The spot on the screen corresponding to the earliest arriving optical pulse is placed in the highest position, the other spots being arranged in sequential order from top to bottom. In other words, the vertical direction on the phosphorescent screen serves as the time axis. The brightness of the various spots on the screen is proportional to the intensity of the incident optical pulses. The position in the horizontal direction of the image on the screen corresponds to the horizontal position of the incident light from the monochromator. The phosphorescence image is then recorded (e.g. by a photodiode array or a CCD detector). By calibration, we find the correspondence between the horizontal position and the wavelength. In this way, the streak camera can be used to measure the temporal and spectral characteristics of the emerging optical pulses of the samples (time resolved photoluminescence, time resolved reflectivity etc.). The limits of such a device are given by the scanning speed of the electrons in the tube (the resolution limit of our equipment is 0.9ps), by the size of the entrance slit and by the focusing optical system on the photocathode.

The temporal resolution is also directly affected by the grating used in the experiment since the optical path is deviated differently depending on the number of grooves, causing a temporal dispersion. The relationship between the temporal dispersion and the grating is given by the following equation:

δt = W c × kλ d (II.19)
with W the effective length of the grating, c the speed of light, k the order of diffraction and λ the wavelength of diffraction. We see with the previous equation that the more the grooves number (in mm) is large, the more the temporal deviation will be important. Our experimental setup is equipped with three gratings of 300, 600 and 2400 lines. The ultimate resolutions for a wavelength of 350nm are respectively 3, 6 and 13ps.

II.5 Conclusion

To conclude this chapter, the main experimental techniques were presented as well as all our equipment. This chapter introduced the micro-photoluminescence and TRPL techniques with their typical expected results (i.e. µ-PL spectra and decay time measurements): the study of the different optical recombinations on the samples will constitute the major part of the expected and studied results.

The realization of advanced spectroscopy campaigns and the processing of results in order to further increase knowledge in the optical characterization of the various samples requires a perfect control of the experimental conditions. The diameter of the spot, the type of objective and their transmission are the most important as they directly influence the zones probed in the samples and are essential parameters for the analysis of the results (power density, calculation of carrier density). It has been seen in this chapter that our equipment brings a great flexibility to the studies carried out with the possibility of imaging in real space, in Fourier space but also to study the temporal decay of the carriers thanks to the streak camera. The results of the different experimental campaigns will be presented in the next chapter and are the result of many optimizations of the spectroscopy benches whose equipment has been presented.

Chapter III Determination of the excitonic Mott density in a GaN bulk sample

III.1 Context: excitonic binding energy scaling law

To recall the introductory part on the Mott transition (I.7.3) with the increase of the excitation density several competing many-body effects need to be taken into account, as large exciton or electron-hole densities reveal the composite nature of excitons. Coulomb exchange interaction and band filling, arising from the Pauli exclusion principle, lead to a lowering of the overall electrostatic energy and a blueshift of the excitonic transition energy. Secondly, the screening of the Coulomb interaction results in a bandgap red-shift and a decrease of both exciton binding energy and oscillator strength. In the case of a 3D material with non-resonant excitation, the screening of the Coulomb interaction is the most efficient effect and the bandgap shift induced by the screening compensates nearly exactly the reduction of the exciton binding energy [START_REF] Versteegh | Room-Temperature Laser Emission of ZnO Nanowires Explained by Many-Body Theory[END_REF]. Therefore, it is observed that the exciton transition energy remains locked for densities ranging from zero up to the Mott density. The oscillator strength decreases progressively and excitons are dissociated into an electron-hole plasma [START_REF] Gay | Screening of Excitons in Semiconductors[END_REF]. This phenomenon referred as the Mott transition is not abrupt and depends upon the temperature. At the critical Mott density, excitons are no longer present in the material. [START_REF] Hess | Femtosecond exciton dynamics and the Mott transition in GaN under resonant excitation[END_REF][START_REF] Kyhm | Electron-hole plasma mott transition and stimulated emission in GaN[END_REF][START_REF] Fischer | <title>Ultrafast carrier dynamics in GaN epilayers studied by femtosecond pumpprobe spectroscopy</title>[END_REF][START_REF] Binet | High-excitation photoluminescence in GaN: Hotcarrier effects and the Mott transition[END_REF]. The reported data for GaN Mott transitions varies from 1 × 10 18 to 5 × 10 19 cm -3 . The value obtained from the current experiments is also indicated. It is interesting to establish a comparison between ZnO and GaN experimental values, as a scaling law between those two materials can be established thanks to their excitonic Bohr radii. Versteegh et al. have carefully studied the exciton screening in ZnO at 300K through pumpprobe reflectivity measurements [START_REF] Versteegh | Ultrafast screening and carrier dynamics in ZnO: Theory and experiment[END_REF]. In order to obtain an homogeneous carrier density within the penetration of the reflected probe, they induced in the material a three-photon absorption with the 800 nm laser pulses of a Ti-sapphire laser. The Mott density in ZnO deduced from the experiments is 1.5 × 10 18 cm -3 . In addition, previous work by Klingshirn et al. leads to the conclusion that the ZnO excitonic Mott density is equal to 5 × 10 17 cm -3 and displays a weak temperature dependence [START_REF] Klingshirn | Room-temperature stimulated emission of ZnO: Alternatives to excitonic lasing[END_REF].

Experimental, in cm

It thus appears that the reported values for GaN Mott transition are equal to or higher than those of ZnO. However the latter exhibits a larger excitonic binding energy in comparison with that of GaN (60 meV versus 25 meV). Furthermore, it should be noted that because of the GaN larger Bohr radius (4.2 nm for GaN versus 1.8 nm for ZnO), the excitonic Coulomb interaction screening with the increase of the excitation intensity should be more efficient in GaN than in ZnO. In view of these results, it can be concluded that the excitonic Mott density in bulk GaN needs to be revisited. This chapter will present the experimental methodology used to determine the excitonic Mott transition: first, the optical characterization is done on the reference sample with temperature and power studies campaign. A focus will be presented on the time-resolved photoluminescence campaign and the exploitation of its results in order to calculate experimental carrier concentration. Finally, the results will be discuss in regard to the literature and their physics interpretation.

III.2 Sample presentation

In the following paragraph the reference sample used in our experimental campaign is presented. A first study is shown in order to consider the different optical transitions that can be observed by photoluminescence before going into more detail in the fine optical characterization part.

III.2.1 Bulk GaN reference sample : H46-2

The sample is a 350 µm thick freestanding GaN layer, unintentionally doped, which has been grown by hydride vapor phase epitaxy (HVPE). It is of high crystalline quality, with a dislocation density between 10 6 cm -2 and 10 7 cm -2 ) [START_REF] Gogova | High-Quality 2" Bulk-Like Free-Standing GaN Grown by HydrideVapour Phase Epitaxy on a Si-doped Metal Organic Vapour Phase Epitaxial GaN Template with an Ultra Low Dislocation Density[END_REF][START_REF] Aoudé | Continuous wave and ultra-fast reflectivity studies for the determination of GaN excitonic oscillator strengths as a function of the in-plane biaxial strain[END_REF]. As it will be presented in the following chapter, this simple reference structure exhibits nicely sharp photoluminescence spectra and display neatly the free excitons optical transitions. The estimated residual donor concentration inherited from the grown process is of the order of 10 17 cm -3 [START_REF] Leroux | Luminescence and reflectivity studies of undoped, n-and p-doped GaN on (0001) sapphire[END_REF]. This sample has already been studied by Ouloum Aoudé [START_REF] Aoudé | Etude des propriétes excitoniques de GaN par spectroscopies continue et résolue en temps à l'échelle de la femtoseconde[END_REF] and figures III.1 and III.2 are taken from this work.

III.2.2 Temperature study

The temperature study allows to follow the evolution of the different optical transitions for a given power density as a function of the temperature of the sample. This study is conducted on a single identified area using by identifying a characteristic defect as a reference position in the sample, far enough to avoid any impact on the measurements. This identification is made in order to ensure that the results are effectively given from the sample and not generated from an inhomogeneity. The H46-2 sample was studied by photoluminescence as a function of the temperature between 5 and 300 K. The spectra measured are presented in the figures III.1 and III.2. The identification of the different peaks requires the superposition of the photoluminescence spectra with those of reflectivity. First the analysis of the PL spectra at low temperature is made in order to introduce the optical transitions to be finally presented with different temperatures. We observe very clearly the presence of the two excitons X n=1 A and X n=1 B , these two excitons are located around 3478.5 and 3484 meV respectively on the reflectivity and photoluminescence spectra of figure III.1. The split-off valence band exciton X n=1 C is also visible on the reflectivity spectra around 3501 meV but hardly observed on the photoluminescence spectra; its absence at low temperatures is attributed to the thermalization of excitons on the low energy states. Indeed, the PL spectra are essentially dominated by excitons bound to impurities.

On figure III.1, between 3471 and 3472 meV, two peaks S 1 and S 2 are observed. S 2 is also observed on the reflectivity spectra. By increasing the temperature, these peaks maintain an almost constant intensity ratio while attenuating compared to the X n=1 A excitonic peak. Having the same behavior, S 1 and S 2 are associated with two donors of different nature trapping X n=1 A excitons. Their identities have been discussed by several authors. They would be neutral donors attributed respectively to oxygen and silicon according to Wysmolek et al [START_REF] Wysmolek | Recombination of excitons bound to oxygen and silicon donors in freestanding GaN[END_REF] and they would be respectively an ionized donor and a neutral donor attributed to oxygen according to Freitas et al [START_REF] Freitas | Comment on "Recombination of excitons bound to oxygen and silicon donors in freestanding GaN[END_REF]. Having the A on these two impurities. We find 7 to 8 meV for S 1 and 6 to 7 meV for S 2 . Between S 2 and X n=1 A , one localizes a small peak S 3 in luminescence (around 3476 meV) which intensifies by increasing the temperature and disappears quickly starting from 50 K as shown in figure III.2; this peak is a priori a donor trapping an exciton with a localization energy of approximately 3 meV compared to X n=1

A . The identification of this peak is also discussed in the literature. It is thought to be the X n=1 B exciton trapped on a neutral D 0 X n=1 B donor according to Fischer and Pakula et al [START_REF] Pakuła | Luminescence and reflectivity in the exciton region of homoepitaxial GaN layers grown on GaN substrates[END_REF][START_REF] Fischer | Shallow donors in epitaxial GaN[END_REF], it would be the excited state of a D 0 X n=1 A according to Teisseyre et al. [START_REF] Teisseyre | Photoluminescence study on GaN homoepitaxial layers grown by molecular beam epitaxy[END_REF], and finally it would be the X n=1 A exciton trapped on a neutral surface donor D 0 X n=1 A of energy of the order of 14-19 meV according to Volm and Calle et al. [START_REF] Volm | Exciton fine structure in undoped GaN epitaxial films[END_REF][START_REF] Calle | Exciton and donor -acceptor recombination in undoped GaN on Si(111)[END_REF].

At the highest energies, we observe three peaks S 4 , S 5 and X n=2 A around 3493.6, 3495.8 and 3498 meV respectively. By increasing the temperature, the peak with the highest energy becomes wider and relatively more intense than the other two neighbors. This peak is identified with an intrinsic excited transition that is attributed to the X n=2 A exciton. On the other hand, the two other peaks S 4 and S 5 disappear progressively with temperature, this disappearance being explained by the release of bound excitons activated by temperature. Therefore, we can say that these two peaks probably correspond to neutral (or ionized) donors trapping free excitons that would be X n=2 A [START_REF] Monemar | Recombination of free and bound excitons in GaN[END_REF].

The figure III.1 also shows several peaks P 1 , P 2 ...P 6 at lower energy. They correspond to twoelectron replicas that occur when the hole and the electron of an exciton trapped on a neutral donor (D 0 X) recombine leaving the donor in an excited state. Their appearance confirms the presence of shallow donors in the material and also has been observed in GaP [START_REF] Dean | Two-Electron Transitions in the Luminescence of Excitons Bound to Neutral Donors in Gallium Phosphide[END_REF], CdS [START_REF] Reynolds | Excited States of Bound Exciton Complexes in CdS[END_REF], CdSe [START_REF] Reynolds | Excited Terminal States of Bound Exciton-Donor Complexes in CdSe[END_REF], ZnO [START_REF] Reynolds | Excited Terminal States of a Bound Exciton-Donor Complex in ZnO[END_REF] and InP [START_REF] Reynolds | Excited states of bound exciton complexes in InP[END_REF], as well as in epitaxial GaN on sapphire [START_REF] Monemar | Recombination of free and bound excitons in GaN[END_REF] and self-supported GaN [START_REF] Kornitzer | Photoluminescence and reflectance spectroscopy of excitonic transitions in high-quality homoepitaxial GaN films[END_REF][START_REF] Wysmolek | Recombination of excitons bound to oxygen and silicon donors in freestanding GaN[END_REF]. The energy of this two-electron transition is lower than that of D 0 X, as it is equal to the energy of D 0 X deduced by the energy difference between the excited state and the ground state of the neutral donor. The peaks P 1 , P 2 are respectively located around 3446.9 and 3447.7 meV, they constitute the two-electron transitions 1s-2s and 1s-2p related to S 1 (D 0 1 X A n=1 ). Their energy differences are 24.1 and 23.3 meV respectively. The peaks P 3 , P 4 are respectively located around 3449.5 and 3450.5 meV, their energy differences with S 2 (D 0 2 X A n=1 ) are 22.5 and 21.5 meV respectively. These peaks are attributed to the two-electron transitions 1s-2s and 1s-2p relative to D 0 2 X n=1 A . As for the last peaks P 5 and P 6 , they are located around 3454.2 meV and 3456.2 meV respectively. According to Wysmolek et al. [START_REF] Wysmolek | Recombination of excitons bound to oxygen and silicon donors in freestanding GaN[END_REF], P 5 must be a two-electron replica of the D 0 X n=1 B transition while P 6 would be the result of the de-excitation of free excitons trapped on undetermined donors while yielding their energy to the latter which switch to excited states. By applying the hydrogen model on neutral donors, we deduced the binding energies of the latter from the 1s-2s transition, they are 32.1 meV for S 1 and 30 meV for S 2 and these values are relative to oxygen and silicon respectively [START_REF] Wysmolek | Recombination of excitons bound to oxygen and silicon donors in freestanding GaN[END_REF].

All the mains optical transitions with their associated phonon replica are also observed on the photoluminescence spectrum of figure III.3 [START_REF] Davydov | Phonon dispersion and Raman scattering in hexagonal GaN and AlN[END_REF]. They are listed below:

-Excitonic transitions: the B exciton is less observable while for the A exciton the luminescence intensity is relatively intense.

-The phonon Two Electron Satellites replica (TES).

-The transition associated with the donor-acceptor pairs.

The energies at which the phonon replicas are located are in agreement with the LO phonon energy found in the literature (≈ 91 meV).

III.3 Excitonic Mott transition

This part describes our experimental approach to determine the excitonic Mott transition in GaN. The first part was useful to characterize excitonic optical transitions in a good quality GaN bulk sample and the donor bound and free excitons transitions will be used later on as a reference. Microphotoluminescence (µ-PL) and time resolved photoluminescence experiments (TRPL) are used to measure the carrier density in our sample. This carrier density measurement will be correlated to the optical characterization in order to estimate the Mott density.

III.3.1 Photoluminescence as a function of excitation intensity

Figure III.4 displays µ-PL spectra measured at a cryogenic temperature of 5 K with continuous (HeCd laser) and quasi-continuous (Q-switched laser) excitations. Only one spectrum (purple curve at the bottom) recorded with the HeCd laser is reported in this figure: it corresponds to a weak excitation of 0.66 W.cm -2 . Other spectra have been obtained with the Q-switched laser and excitation intensities were varying from 0.426 to 4200 kW.cm -2 .

The main optical transitions are clearly identified at low excitation levels. The recombination of excitons bound to neutral acceptors A • X and neutral donors D • X are found at 3467.2 meV and 3472.5 meV respectively. The energies of the free exciton (X A and X B ) recombinations (3478.5 meV and 3484.3 meV) indicate that no residual strain is present in the sample [START_REF] Monemar | Recombination of free and bound excitons in GaN[END_REF]. The first excited state of X A exciton (n=2) is also detected at higher energy (3497.5 meV).

As illustrated by the PL spectra in Fig III .4, the free-exciton lines progressively disappear with the increase of the excitation intensity and the D • X line peak shifts towards the low energy side. The redshift of the main luminescence peak (initially the D • X transition) is concomitant with the disappearance of the excitonic signature. Both features allow us to conclude that the Mott transition occurs for an excitation intensity between 10.6 and 21.2 kW.cm -2 . The redshift evidences the bandgap The solid curves were measured with a Q-switched laser (266nm) for excitation intensities ranging from 0.42kW/cm 2 to 4200kW/cm 2 . The main peak corresponds to the recombination of an exciton bound to a neutral donor (D • X) at 3472.5meV. The other optical transitions are identified as the recombination of excitons bound to neutral acceptors A • X at 3467.2meV, of free excitons X A and X B at respectively 3478.5meV and 3484.3meV. At higher energy X A n=2 at 3497.5meV is also detected.

renormalization with increasing carrier density. The energy of the bandgap decreases until the point where it passes below the energy of the excitons This phenomenon occurs near the surface of the sample where the carrier density is the highest as it will be discussed in the following.

III.3.2 Electronical temperature

The electronic temperature determines the distribution of off-equilibrium carriers, as given by Boltzmann's statistics [START_REF] Klingshirn | Semiconductor Optics. Graduate Texts in Physics[END_REF]. Free excitons, as free carriers are sensitive to the thermal activation of free carriers and consequently the excitonic Mott transition on the electronic temperature. Meanwhile, the crystal temperature (or lattice temperature) remains equal to 5K, given the thermal exchange between the sample and its support. The variation of the bandgap with the lattice temperature is associated with the variation of the lattice parameters and of the population of phonons, but not with the electronic temperature as it is only devoted to free carriers. To ensure that the bandgap energy reduction followed by the redshift of D • X line is indeed a density-dependent process induced by the optical excitation, electronic temperatures for excitation intensities below and above the vanishing of excitonic lines were extracted. Since for the lowest excitation intensities the electronic temperature (T e ) can not be extracted from the high-energy tail as commonly done [START_REF] Binet | High-excitation photoluminescence in GaN: Hotcarrier effects and the Mott transition[END_REF], due to the presence of the free exciton emission, an alternative method has been employed. This method requires the fitting of the shape of the first excitonic (X A ) LO-replica by the following expression [START_REF] Klingshirn | Semiconductor Optics. Graduate Texts in Physics[END_REF][START_REF] Hauschild | Temperature dependent band gap and homogeneous line broadening of the exciton emission in ZnO[END_REF]:

I lum 1 (ℏω) ∝ E 3/2 kin exp(-E kin /k B T e ) (III.1)
with ℏω = E X A -ℏω LO +E kin and where E X A is the energy of the X A line, E kin the excitonic kinetic energy and ℏω LO the energy of the LO phonon.

The extracted electronic temperature remains near the cryostat temperature (5K), as it is equal to 26-28K for the first lowest excitation intensities obtained with the Q-switched laser. The electronic temperature calculated for continuous excitation for an excitation intensity of 0.66W/cm² (plotted in figure III.4 and not shown in figure III.6) is 31K. This value is higher than the results obtained with the pulse laser. This is due to the fact that the heat generated continuously by the HeCd excitation is more difficult to dissipate than that of the Qswitch laser as the repetition rate allows the lowering of the temperature. The electronic temperature increases to 32K for an excitation intensity of 10.6 kW.cm -2 where the free-exciton lines are no more distinguishable. We also compare the carrier temperatures extracted by fitting the 1st phonon replica, as well as by fitting the high-energy tail in the free-exciton spectral region to verify that the 1-LO replica fit remain accurate after the vanishing of the excitons and correctly follow the heating resulting of the high excitation densities. The fit are shown on Figure III.6 and correctly match the high energy tail. This second approach can only be implemented when free-exciton emission vanishes due to exciton bleaching (particularly above the Mott transition). As shown in table III.2, the carrier temperature extracted from each analysis differs by, at most, 8K, and this even for excitation intensities well above the Mott transition.

III.3.3 Time resolved photoluminescence

The following described experiments are conducted in two steps in order to experimentally determine carrier concentration in our sample. In a first part, time resolved photoluminescence (TRPL) campaigns are made and are later on correlated with quasi-continuous excitation photoluminescence experiments.

Time resolved photoluminescence (TRPL) experiments were performed at 5 K in order to assess the average carrier lifetime (τ ) of the electron population, which is assumed to be equal to that of the holes. All radiative and non-radiative recombination channels are grouped in a mean lifetime which depends on carrier density. The τ value is obtained through a mono-exponential fit (y = y 0 + Ae -t τ ) of the TRPL signal and is found to depend on the excitation intensity and the accurate analysis will be presented in the results discussion section. The spectra and the corresponding fits are shown on the figure III.8. The electronic temperatures were measured with the TRPL setup by the same method presented for the quasi-continuous wave experiments and were found to be around 33K. Since for the TRPL measurements the pulse duration (t p =150 fs) is shorter than the carrier lifetime, the corresponding injected carrier density can be estimated at the end of the pulse duration by the following equation:

n TRPL = I TRPL × (1 -R) × t p × α hν (III.2)
I T RP L , being the excitation intensity, t p the pulse duration, α the absorption coefficient, hν the energy of the Q-switched laser, R the reflection coefficient. The values of these parameters are (1 -R) = 0.8, α = 1.2 × 10 5 cm -1 [START_REF] Netzel | Temperature-Dependent Charge Carrier Diffusion in [0001¯] Direction of GaN Determined by Luminescence Evaluation of Buried InGaN Quantum Wells[END_REF].

First, the TRPL experiments are performed and the obtained results are associated with the following µ-PL quasi-continuous excitation results in order to determine the injected carriers density.

III.3.4 Determination of the injected carriers density

In this part, results from the quasi-continuous excitation experimentation are correlated with the previous TRPL results. In our case, since the duration of the quasi-continuous excitation laser pulse is larger than the lifetime of the injected carriers, it is possible to calculate the carrier density n in the steady state regime [START_REF] Pelant | Luminescence Spectroscopy of Semiconductors[END_REF][START_REF] Mathieu | Physique des semiconducteurs et des composants électroniques -6ème édition: Cours et exercices corrigés[END_REF]. It supposed that the electron (n) and hole (p) densities remain equal (n=p) during the optical excitation. The carrier density, if we neglect in-plane diffusion, is the solution of the following 1D spatial-and time-dependent differential equation [START_REF] Mathieu | Physique des semiconducteurs et des composants électroniques -6ème édition: Cours et exercices corrigés[END_REF]:

∂n(x, t) ∂t = αΦe -αx + D ∂ 2 n(x, t) ∂x 2 - n(x, t) τ (III.3)
Equation III.3 is solved for the steady state (i.e. ∂n(x,t) ∂t = 0) and the distribution of carrier density n(x) in the depth of the sample is determined, where ϕ is the photon flux given by I(1-R) hν , I is the excitation intensity, τ the carrier lifetime (which depends on the particle density), hν the energy of the Q-switched laser, R the reflection coefficient, α the absorption coefficient at this energy and D the carrier diffusion coefficient. The values of these parameters are (1 -R) = 0.8, α = 1.2 × 10 5 cm -1 and D=7 cm 2 /s [START_REF] Netzel | Temperature-Dependent Charge Carrier Diffusion in [0001¯] Direction of GaN Determined by Luminescence Evaluation of Buried InGaN Quantum Wells[END_REF]. The pulse duration related to the QSwitch laser is compared to the studied time constant τ . As the pulse duration is long compared to the measured τ , the steady-state approximation is valid. This leads to the carrier density expression which corresponds to the carrier density at the sample surface, where the density is largest:

n(x = 0) = ϕτ 1 α + √ Dτ = I(1 -R)τ hν( 1 α + √ Dτ ) (III.4)
Surface recombination is not included in this calculation since it is taken into account implicitly through the carriers lifetime, which is measured experimentally. This procedure could overestimate carrier density as the lifetime measured is not negligible compared to the pulse duration. 

III.3.5 Study of the redshift as a function of the carrier density

The red-shift of the D • X line is a criterion which has been used previously by Binet et al. to identify the Mott transition in GaN [START_REF] Binet | High-excitation photoluminescence in GaN: Hotcarrier effects and the Mott transition[END_REF]. To do so the energy of D • X needs to be tracked as a function of the injected carried density, which has to be precisely evaluated and has been detailed in the previous part. The carrier density corresponds to the total electron density and, thus, includes all species (i.e., electrons, donor and acceptor-bound excitons as well as free-excitons). It is important to note that our experiments have been carried out with a bulk GaN sample and the luminescence signal comes mainly from the surface of the sample where the carrier density is the highest but, the distribution of carriers throughout the sample is not homogeneous.

Figure III.9 -The energy of D • X is plotted as a function of the carrier concentration injected by optical excitation. The red-shift of this transition from 10.6kW/cm 2 indicates the occurrence of the bandgap renormalization and coincides with the drop of the excitonic fraction. Those phenomenon implies that the Mott transition is occurring which corresponds to a carrier density of 6 × 10 16 cm -3 . The Mott transition is not abrupt and is included in the 3 × 10 16 cm -3 -9 × 10 16 cm -3 range. The calculation of the excitonic fraction for a temperature of 30K is found in good agreement with the experimental observation.

The redshift of the D • X line as a function of the carrier density n is then reported in Figure III.9. This red-shift, which evidences the bandgap renormalization [START_REF] Haug | Basic mechanisms of the optical nonlinearities of semiconductors near the band edge[END_REF], is observed from a carrier concentration of 6 × 10 16 cm -3 . Calculations of the excitonic fraction with respect to the whole amount of injected carriers are carried out within the model proposed by Versteegh et al. [START_REF] Versteegh | Ultrafast screening and carrier dynamics in ZnO: Theory and experiment[END_REF]. The results are reported in figure III.9 for a temperature of 30 K, which corresponds roughly to the measured electronic temperature. The theoretical Mott transition is evaluated to be about 8-9 × 10 16 cm -3 , in good agreement with the experimental observations. As shown by the theoretical curve, this transition is not abrupt since it occurs between 3 × 10 16 cm -3 and 9 × 10 16 cm -3 . The corresponding carrier lifetime as shown in figure III.8 is about 242 ps around the Mott transition.

III.3.6 Bandgap renormalization

The bandgap renormalization is a consequence of the Mott transition and it has been shown that it can be seen through the redshift. The consideration of the bandgap renormalization is needed to explain several effects seen during our µ-PL experiments and will now be detailed.

The different studies cited (Haug [130], Klingshirn [START_REF] Klingshirn | Room-temperature stimulated emission of ZnO: Alternatives to excitonic lasing[END_REF], Binet [START_REF] Binet | High-excitation photoluminescence in GaN: Hotcarrier effects and the Mott transition[END_REF]) specify that the Mott transition takes place between free excitons and free electron-hole pairs. The parameters of free excitons are used to describe the transition. At low temperature the main emission peak corresponds to D 0 X. In our case and like the work of Binet, we follow the evolution of this peak as a function of the excitation density to highlight a redshift occurring beyond the Mott transition. When the carrier density is increased, the gap is reduced: this phenomenon corresponds to the bandgap renormalization [START_REF] Klingshirn | Room-temperature stimulated emission of ZnO: Alternatives to excitonic lasing[END_REF]. Even if the bandgap energy shifts with increasing carrier density, the energy of the excitons does not change as it has been shown both experimentally and theoretically [START_REF] Hönerlage | Spontaneous emission due to exciton-electron scattering in semiconductors[END_REF][START_REF] Klingshirn | Room-temperature stimulated emission of ZnO: Alternatives to excitonic lasing[END_REF]. Thus, when the carrier density increases, the energy of the gap decreases, the excitonic oscillator strength decreases as well until the energy of the gap falls below that of the excitons. This change is observed experimentally by the redshift as seen on figure III.9. Experimentally, we observe a redshift when the free exciton signature is lost. Before the beginning of the redshift, the measured luminescence of this peak is attributed to the optical transition of an exciton bound to a neutral donor (D 0 X). This excitonic complex consists of an exciton (e -, t + ) localized on a neutral donor (D + , e -) and has an emission energy different from that of the free excitons A and B.

We follow the evolution of this peak as a function of the excitation density in order to highlight a redshift beyond the Mott transition, (materialized with the red dotted line on figure III.10) due to the gap renormalization: this approach is based on the hypothesis verified experimentally and theoretically [START_REF] Versteegh | Room-Temperature Laser Emission of ZnO Nanowires Explained by Many-Body Theory[END_REF] for bulk semiconductors according to which the reduction of the binding energy of the free excitons is entirely compensated by the gap renormalization up to the Mott density. To be more precise, reflectivity and photoluminescence measurements on this sample shown earlier on figure III.1 highlights the presence of two excitonic D 0 X complexes S 1 and S 2 associated to oxygen and silicon with binding energies of respectively 32.1meV and 30meV [START_REF] Wysmolek | Recombination of excitons bound to oxygen and silicon donors in freestanding GaN[END_REF]. The S 2 peak, at high energy is more intense which suggests that the Si-bound donor concentration is greater than the O-bound one. With the increase in power density, the carrier density at the surface of the sample increases: experimentally a first redshift of 0.7meV is observed on figure III.9 and could correspond to the transition from D 0 X to D 0 h. Then the shift is associated with the renormalization of the gap. Moreover, in the sample, the inhomogeneous distribution of carriers in the layer allowing the emission of D 0 X complexes located deeper even beyond the Mott density, and would limit the redshift explaining the small energy variation at carrier density lower than 3 × 10 17 cm -3 as seen on figure III.9. [START_REF] Versteegh | Ultrafast screening and carrier dynamics in ZnO: Theory and experiment[END_REF] for various temperatures in the case of GaN and ZnO. To compute n M ott and to compare the theoretical value with our experimental results, we use the approach developed by Versteegh et al. [START_REF] Versteegh | Ultrafast screening and carrier dynamics in ZnO: Theory and experiment[END_REF], which considers the screening of the excitonic Coulomb interaction through the Yukawa potential [START_REF] Snoke | Predicting the ionization threshold for carriers in excited semiconductors[END_REF] characterized by the screening length, λ s within the approximation of a static screening. This approximation has been verified in the case of GaN. The Mott density corresponds to the density at which λ s is decreased to the exciton Bohr radius a 0 . λ s is derived using numerical calculation from the chemical potentials of electrons and holes as function of the carrier density n in the ideal gas approximation.

III.3.7 Versteegh model and excitonic fraction determination

More precisely, the screening of the Coulomb interaction is described through the Yukawa potential:

V (⃗ r e -⃗ r h ) = e 2 4πε 0 ε r ∥⃗ r e -⃗ r h ∥ e -∥⃗ re-⃗ r h ∥λs (III.5)
The latter is characterized by the screening length, λ s , within the approximation of a static screening, which can be justified by the fact that the Fermi energies E F,i = ℏ 2 2m i (3π 2 n) [START_REF] Klingshirn | Room-temperature stimulated emission of ZnO: Alternatives to excitonic lasing[END_REF] and from the Versteegh's model [START_REF] Versteegh | Ultrafast screening and carrier dynamics in ZnO: Theory and experiment[END_REF]. n M ott in GaN is necessarily lower than the one of ZnO owing to the difference of the excitonic binding energies of these materials (25 meV for GaN versus 60 meV for ZnO). Our experimental values for GaN are in good agreement with the calculations given by the model of Versteegh et al. [START_REF] Versteegh | Ultrafast screening and carrier dynamics in ZnO: Theory and experiment[END_REF].

The Mott density n M corresponds to the density at which λ s equals the exciton Bohr radius a 0 . λ s is derived using numerical calculation of the chemical potentials as function of the carrier density n in the ideal gas approximation:

λ s,e = ε 0 ε r e 2
∂µ e ∂n , for electrons (III.6) and λ -1 s = λ -1 s,e + λ -1 s,h . The ideal-gas chemical potential ( µ e , µ h ) is numerically calculated from:

p = n = 1 2π 2 2m i ℏ 2 2/3 ∞ 0 √ ε 1 + exp ε-µ i kT dε (III.7)
with i = e or h. The electron chemical potential µ e is measured from the conduction-band edge and the hole chemical potential µ h is measured from the valence-band edge.

Note that the ideal gas approximation slightly overestimates the screening due to the weaker screening by excitons than by unbound carriers. In a self-consistent approach, this calculation can be refined by computing the excitonic fraction n exc /n, which represents the fraction of carriers that are bound into excitons with respect to the total carrier density n:

n = n exc + 1 2π 2 2m i ℏ 2 2/3 ∞ 0 √ ε 1 + exp ε-µ i kT dε (III.8) n exc = 1 π 2 2 (m e + m h ) ℏ 2 2/3 0 -Es ε + E s × f exc (ε)dε (III.9)
with f exc given by Bose-Einstein statistic:

f exc (ε) = 1 exp ε-µ
kT -1 and E s , the ground-state exciton binding energy. It only slightly overestimates the screening due to a weaker screening by excitons than by unbound carriers. In a self-coherent approach the calculation can be refined by computing the excitonic fraction nex n , which represents the fraction of carriers bound together to form excitons with respect to the total carrier density.

The experimental determinations of n M ott reported in previous works are indicated on figure III.11 in the case of ZnO (5 × 10 17 cm -3 temperature-independent [START_REF] Klingshirn | Room-temperature stimulated emission of ZnO: Alternatives to excitonic lasing[END_REF], 1.5 × 10 18 cm -3 , T = 300K [START_REF] Versteegh | Ultrafast screening and carrier dynamics in ZnO: Theory and experiment[END_REF]). If a scaling law is assumed between GaN and ZnO, it can be concluded that the n M ott value for GaN is necessarily lower than that for ZnO. It is reminded here that the excitonic binding energy of ZnO is a factor 2.4 larger than that of GaN. The experimental value of the Mott density deduced from the present study is found to be in good agreement with the calculation for a temperature of 30 K.

III.3.8 Temperature influence on Mott transition

Through similar process than previously introduced, it is possible to correlate the measured lifetime with different temperatures and the associated microphotoluminescence power study. Figure III.12 is built exactly in the same way of the figure III.8 with added temperature from 20K to 300K. All the measured lifetimes featured two time contributions, a short one τ 1 and a long one τ 2 . The decay time are fitted with a bi-exponential fit using the following equation:

y(τ ) = y 0 + A 1 e -t/τ 1 + A 2 e -t/τ 2 (III.10)
In order to exploit the results, it was chosen to weight the contributions of the short and long times giving an average decay time as a function of the excitation density and temperature. The average time was obtained by linear combination of the bi-exponential terms such as:

1 τ = A 1 A 1 + A 2 1 τ 1 + A 2 A 1 + A 2 1 τ 2 (III.11)
This allows us to get an average lifetime weighted by the coefficients A 1 and A 2 of each of the time contributions. With increasing temperature, the lifetime decreases from 150 ps to 50ps in average. The two µ-PL graphs shows the intensity results with increasing power density for 20K and 100K. We can see that the optical recombination at the excitonic energies are not the same between those two temperatures. The excitation intensity at which it is not possible to distinguish the excitonic transition has been highlighted (13 kW/cm 2 for the 20K and 5,8 kW/cm 2 for 100K). It is harder to visually estimate the Mott density after 125K from the µ-PL power study as thermal activation induced broadening conceal the excitonic optical transitions.

We can see in table III.3 that the Mott density is progressively decreasing with the increase of the temperature. This result can be explained such as the neutral donor bound excitons are ionized with the thermal activation energy and will progressively contribute to the screening of free excitons. 

Temperature (K) 5 20 50 100 125 150 n Mott (×10 16 cm -3 ) (6 ± 3) (6 ± 3) (6 ± 3) (2 ± 3) (1 ± 3) (1 ± 3)

III.4 Results discussion

The Mott density determined in this work is more than one order of magnitude smaller than previous measurements and it is worth analyzing the possible origins of this discrepancy. 

III.4.1 Inhomogeneities of the carrier distribution

Before comparing our results with those published in the literature, it is important to discuss physical considerations related to our sample regarding the evolution of the carrier density.

As our sample is a bulk, the experimental observations are mainly from its surface where the carrier density is at the highest but the distribution of carriers across the sample decreases continuously from the surface. At low temperature the main emission peak corresponds to D 0 X. Fisher's work reports another detailed analysis of the screening of excitons in a GaN slab through femtoscond pumpprobe absorption [START_REF] Fischer | <title>Ultrafast carrier dynamics in GaN epilayers studied by femtosecond pumpprobe spectroscopy</title>[END_REF]. Absorption spectra are measured at 5K for various excitations intensities. The authors underline in this paper that the absorption of the pump is not homogeneous since the GaN thickness is equal to 0.38 µm while the absorption length at the laser energy is considered equal to 0.11 µm.

Consequently, the Mott density can be reached at the illuminated front face of the sample while excitons remain present at the back side. Our sample also behaves as a semi-infinite system in which the distribution of carriers is necessarily inhomogeneous and, as discussed already, in a quasistationary regime it is possible to determine the distribution of carriers (electrons, n) as a function of the depth x of the sample. This distribution can be written, neglecting in-plane carrier diffusion and without considering surface recombination, as:

n(x) = ϕατ 1 -α 2 L 2 (e -αx -αLe -x/L ) (III.12)
with L = √ Dτ . Compared to our PL experiments, in this experimental configuration (pump-probe absorption) it is very difficult to estimate reliable carrier densities as both the inhomogeneous spread-ing of carriers and the variable screening of excitons along the sample have to be considered, which requires time-and spatial-dependent simulations. Indeed, Fisher et al. reported a Mott density of 1 × 10 18 cm -3 without indicating precisely the way they followed to estimate it. The evolution of the carrier density is directly influenced by the inhomogeneity of their distribution in the bulk. Moreover, the hypothesis of the preponderance of the monomolecular recombination regime still has to be precisely quantized for all power densities. From the experimental results obtained, we now seek to determine more precisely the effect of the diffusion of the carriers, in depth in the bulk.

III.4.2 Carrier distribution in the presence of a bi-molecular recombination term

According to Pelant and Valenta [START_REF] Pelant | Luminescence Spectroscopy of Semiconductors[END_REF], the monomolecular recombination process is attributed to the de-excitation to the ground state of the excited localized centers. Also, the bimolecular recombination process is attributed to the recombination of electrons and holes. To evaluate the influence of the bi-molecular recombination term means to solve the differential equation about the time dependence of the evolution of the carrier density, described by the following equation:

dn(t) dt = G - n τ r - n τ nr -β r n 2 -β nr n 2 (III.13)
with G the generation term, τ r and τ nr respectively the radiative and non radiative recombination times, and β r , β nr the radiative and non radiative bimolecular recombination coefficients [START_REF] Pelant | Luminescence Spectroscopy of Semiconductors[END_REF].

It is possible to solve the carrier distribution equation numerically. The physical reasoning will be detailed from the continuity equation and present the typical solution of differential equation including the diffusion and bimolecular term. Finally, the adaptation of the equation to the numerical solution deduced from the previous reasoning will be introduced.

III.4.2.1 Solution by the numerical method

Through photoexcitation, the generation of excited carriers in excess will diffuse and recombine. The evolution out of equilibrium is governed by the equation of continuity; the rate of generation of carriers is given by:

g(x) n = g(x) p = ϕ t αe -αx (III.14)
ϕ t , being the photon flux and α, the absorption coefficient. The evolution of the carrier density taking into account only the monomolecular recombination is written [START_REF] Mathieu | Physique des semiconducteurs et des composants électroniques -6ème édition: Cours et exercices corrigés[END_REF]:

∂n ∂t = nµ n ∂E ∂x + µ n E ∂n ∂x + D n ∂ 2 n ∂x 2 + ϕ t αe -αx - n -n 0 τ n (III.15) ∂p ∂t = -pµ p ∂E ∂x -µ p E ∂p ∂x + D p ∂ 2 n ∂x 2 + ϕ t αe -αx - p -p 0 τ p (III.16)
With E the component of the electric field in the x direction, representing the sum of two contributions

E = E i + E a .
E a is the applied field to the sample by a possible bias voltage and E i is the internal field resulting from the difference in mobility between electrons and holes.

During the photoexcitation, the electrical neutrality of the semiconductor is preserved and thus results in the following approximation ∆n(x, t) ≈ ∆p(x, t). The electrons and the holes created in excess by the photoexcitation diffuse together in the so-called ambipolar diffusion process. In addition, the recombination rates of the electrons and holes are necessarily equal since carriers recombine in pairs and if ∆n = ∆p then the lifetimes of the carriers are equal τ n = τ p = τ . Thus on can describe the determination of the carriers by their initial density and according to their evolution we have n = n 0 + ∆n and p = p 0 + ∆p. The applied electric field E a is constant so dEa dx = 0. From these conditions, we rewrite the continuity equations such that:

∂∆n ∂t = nµ n ∂E i ∂x + µ n (E i + E a ) ∂∆n ∂x + D n ∂ 2 ∆n ∂x 2 + ϕ t αe -αx - ∆n τ n (III.17) ∂∆n ∂t = -pµ p ∂E i ∂x -µ p (E i + E a ) ∂∆n ∂x + D p ∂ 2 ∆n ∂x 2 + ϕ t αe -αx - ∆n τ n (III.18)
It is shown that µ n E i ∂∆n/∂x are negligible in front of the term D n ∂ 2 ∆n/∂x 2 . By multiplying the first equation by pµ p , the second by nµ n and by summing member by member, with

µ n E i ∂∆n ∂x ≪ D n ∂ 2 ∆n ∂x 2 : ∂∆n ∂t = µ * n E a ∂2∆n ∂x + D * ∂ 2 ∆n ∂x 2 + ϕ t αe -αx (III.19)
µ * n being the ambipolar diffusion mobility such as (p-n)µnµp pµp-nµn et D * , the ambipolar diffusion coefficient such as (p+n)DnDp pDp+nDn . For the following development, the applied field will not be considered, and therefore E a = 0.

In steady state ∂n ∂t = 0 and with consideration of the bimolecular recombination term -βn 2 , the ambipolar equation then becomes:

ϕαe -αx -D d 2 n(x) dx 2 - n τ -βn 2 (x) = 0 (III.20)
In the case where the bimolecular recombination term is negligible, the solution n 0 s (x) meets the requirement where x = 0, ∂n ∂x = 0. In order to effectively compare the results with and without the presence of the bimolecular recombination term, the same boundary conditions must be met as when β ̸ = 0. For x approaching infinity (x ≪ L), the term -βn 2 can be neglected with respect to the term -n/τ and we finally find the steady state resolution already presented in equation III. [START_REF] Amano | P-Type Conduction in Mg-Doped GaN Treated with Low-Energy Electron Beam Irradiation (LEEBI)[END_REF]. The general solution of the equation III.20 will be written n 0 s (x).

n 0 s (x) = ϕατ 1 -α 2 L 2 e -αx - s/D + α s/D + 1/L e -x/L (III.21) with L = √ Dτ > 1/α and 0 > 1 -α 2 L 2 n 0 s (x) = ϕατ α 2 L 2 -1 s/D + α s/D + 1/L e -x/L -e -αx (III.22) with A α = s/D+α s/D+1/L , n 0 s (x) = ϕατ α 2 L 2 -1 A α e -x/L -e -αx n 0 s (x) = ϕατ α 2 L 2 -1 A α e -x/L 1 - 1 A α e -αx e x/L n 0 s (x) = ϕατ α 2 L 2 -1 A α e -x/L 1 - 1 A α e -x(α-1/L)
The term A α e -x(α-1/L) is a decreasing exponential, negligible for x → +∞ before 1.

n 0 s (x) ≈ ϕατ α 2 L 2 -1 A α e -x/L (III.23)
in the case where s = 0 , the expression becomes:

n 0 0 (x) ≈ ϕατ α 2 L 2 -1
A 0 e -x/L (III. [START_REF] Yamaguchi | Brillouin scattering study of bulk GaN[END_REF] with A 0 = αL and n 0 s (x)

n 0 0 (x) = A α A 0 (III.25)
Finally,

n 0 s (x) = A α A 0 n 0 0 (x) = K s n 0 0 (x) (III.26)
The solution of the global equation including the bimolecular recombination term for large depths is proportional by a factor K s to the analytical solution n 0 0 (x). The proportionality coefficient K s will define a boundary condition at x = 0 which will only be known a posteriori. Now that the determination of boundary limits has been demonstrating, we want to adapt the general solution of the equation, including the bimolecular recombination term in order to include it in the numerical resolution. First, the equation is transformed by simple approximation with a Taylor series, into a numerical sequence with recurrence which allows from the values X k and X k+1 to calculate X k+2 . Then, the initialization of our numerical resolution is possible from the fact that the bimolecular recombination term becomes negligible at large depths in the bulk. The calculation is therefore done in reverse, by an initialization from a deep point from the analytical solution calculated for β = 0 and then going back to the point at x = 0 corresponding to the surface of the sample. The initialization equation is in the following form:

ϕ t αe -αx + D d 2 n(x) dx 2 - n τ -βn 2 (x) = 0 (III.27)
by dividing on D we obtain:

ϕ t αe -αx D + d 2 n(x) dx 2 - n(x) Dτ - β D n 2 (x) = 0 (III.28)
As we have seen earlier in the demonstration, in the absence of the bimolecular recombination process the equation reduces to the ambipolar diffusion equation whose analytical solution is already known with s = 0. For simplification reasons, let a = 1

Dτ , b = β D and g(x) = -ϕtαe -αx D .

Equation III.28 then becomes:

d 2 n(x) dx 2 -an(x) -bn 2 (x) = g(x) (III.29)
From Taylor series, we have the following approximation:

d 2 n(x) dx 2 ≈ n (x k+2 ) -2n (x k+1 ) + n (x k ) ∆ 2 (III.30)
with k going from 1 to N + 1, x k = (k -1)∆ the discretization step and N∆ the depth of the sample. In the following, we will assume n (x k ) = X k to simplify the writing. After introducing the approximation, the equation finally becomes :

X k+2 ∆ 2 + X k+1 ∆ 2 - 2 ∆ 2 + a + bX k+1 X k+1 = f ((K -1)∆) (III.31)
The figure III.14 shows schematically how the numerical resolution works. The surface of the sample is positioned at x = 0 and is of x + N + 1 depth. Numerically, the thickness of the sample is similar to an interval from 1 to N +1 divisible in k sections. It has been shown above that the numerical resolution is based on the analytical resolution in depth when the bimolecular recombination term is zero, so it is necessary to reverse the direction of resolution of the equation from the depth of the sample toward the surface. Thus we have the surface of the sample at the N + 1 point and the depth of the bulk starting at point 1 separated in J sections. By the following development, the equation becomes:

X j-2 ∆ 2 + X j ∆ 2 - 2 ∆ 2 + a + bX j-1 X j-1 = f ((N + 1 -j)∆) (III.32)
we can then isolate the term X j :

X j = ∆ 2 f ((N + 1 -j)∆) -X j-2 + 2 + ∆ 2 (a + bX j-1 ) X j-1 (III.33)
The numerical solution starts from the term X 3 initialized from X 2 and X 1 values, analytical solutions for n(x) β=0 , coming from equation III.26, giving the values X 1 = n(N ∆) β=0 and X 2 = 

III.4.2.2 Results

We verify on the figure III.15 that the results generated by the numerical calculation are coherent by calculating the general equation without the bimolecular recombination term. The values of carrier densities obtained analytically and numerically are equal and we see graphically that the two drawn curves drawn are equivalent. The calculated values at the surface of the sample are close to a relative precision of 10 -8 from each other and are therefore consistent with the expected behavior.

Figure III.16 presents the result of the numerical calculation, i.e. the evolution of the carrier density as a function of the depth in the sample. The analytical solution without bimolecular recombination term and the numerical solution with bimolecular recombination term are compared. The variable parameters are the power density, the lifetime, the total thickness of the layer (the number of calculated points multiplied by the chosen step). The coefficient K s from equation III.26 is the parameter to be varied to obtain in the case of the bimolecular recombination term, a surface recombination equal to 0. The boundary conditions are respected, with an initialization at far depth and the zero derivative at the surface of the sample. We see on the figure III.16 the influence of the bimolecular recombination term at the surface of the sample, where the carrier concentration is 5.917 × 10 15 cm -3 while that of the analytical solution is 5.935 × 10 15 cm -3 for 1.06 kW/cm 2 power density and 

β of 1.3 × 10 -8 cm -3 .
It is interesting to note that the influence of the recombination term is quite limited for low carrier densities, as explained in the discussion of results published by Binet et al. [START_REF] Binet | High-excitation photoluminescence in GaN: Hotcarrier effects and the Mott transition[END_REF] in the section III.4.1. With the increase of the carrier density and past the Mott transition, an electronhole plasma is favored to excitons. Concretely, although the screening of excitons and the Mott transition is passed on the surface, there is coexistence between electron-hole plasma and excitons in depth in the bulk resulting in simultaneous monomolecular and bimolecular recombination processes. From then on, we understand that with the increase of the power density and thus the increase of the carrier concentration, the electron-hole plasma progressively replaces the exciton recombination, justifying the preponderance of the bimolecular recombination term. From these results, it will now be interesting to estimate more precisely the influence of the bimolecular recombination term by comparing the results previously obtained by steady state analytical resolution presented earlier in this chapter with those that can now be calculated by taking into account the scattering and the bimolecular recombination term. Binet et al. [START_REF] Binet | High-excitation photoluminescence in GaN: Hotcarrier effects and the Mott transition[END_REF] have carefully analyzed the Mott transition in a bulk GaN sample through PL experiments as a function of power and temperature, under measurement conditions close to ours. The criterion which was used to detect the Mott transition is the red-shift of the emission line. At a bath temperature of 30 K they estimated a Mott density between 1.8 and 3.8 × 10 18 cm -3 , with an electronic temperature of 120 K.

Compared to ours, in Binet's work [START_REF] Binet | High-excitation photoluminescence in GaN: Hotcarrier effects and the Mott transition[END_REF] the carrier density is evaluated by assuming only a bimolecular recombination, while the mono-molecular term associated to a certain carrier lifetime is not considered. The use of the bi-molecular term previously introduced in equation III.13, -βn 2 (with β = β r +β nr = 1.3 × 10 -8 cm 3 /s, n is the carrier density) instead of the mono-molecular one, -n/τ , overestimates for short lifetimes, the evaluation of the carrier density n from the measurement of the excitation intensity [START_REF] Pelant | Luminescence Spectroscopy of Semiconductors[END_REF]. Besides, the high electronic temperature with respect to the bath temperature reported by the authors suggests a short carrier lifetime. The lower τ value is measured, the higher the excitation intensity must be to get high carrier density. As a result, there are more photo-created carriers with kinetic energy to dissipate. This results in an increase of the electronic temperature. In this case, a high excitation intensity is needed to maintain a sufficiently high carrier concentration so as to detect the Mott transition. If we assumed only a monomolecular recombination, it is necessary to consider a lifetime of about 26 ps to match our theoretical estimation of n M ott = 4.0 × 10 17 cm -3 for an electronic temperature of 123K with a 314kW/cm 2 power excitation, as used in [START_REF] Binet | High-excitation photoluminescence in GaN: Hotcarrier effects and the Mott transition[END_REF]. Interestingly, carrier lifetimes measured by TRPL in similar samples as those employed by Binet and coworkers displayed values in the order of 24 ps at these temperatures [START_REF] Im | Radiative carrier lifetime, momentum matrix element, and hole effective mass in GaN[END_REF], consistent with our estimations. It is worth comparing the contributions of bi-molecular and mono-molecular recombinations in the present work at the Mott transition, for n = 6 × 10 16 cm -3 . The monomolecular term is found to be larger than the bi-molecular one by a factor 5.1, thus showing that the bimolecular term can be neglected. Moreover, the determination of the carrier lifetime through TRPL experiments (assuming a monoexponential decay) accounts for the small contribution of the bi-molecular term, since the fitting procedure provides an effective recombination time corresponding to the measured carrier density.

III.4.3.2 Fit with the term bi-molecular recombination

TRPL campaigns are extensive in time and require many precautions both in the measurement and in the results processing. Chronologically, interrogation about the influence of the bimolecular term came early in the discussion but required a secondary campaign and new measurements to ensure a fully optimized experimental setup and to have more experimental points to work on. The second TRPL campaign was also performed on the sample H46-2 with the same experimental setup whose excitation line and spot were optimized. The diameter of the spot is thus better controlled and allows an even more accurate estimation of the power density, at the expense of the maximum power density. This campaign allows to measure again precisely the carrier lifetimes, this time with a fit including the bimolecular recombination term to be compared with the results presented in the chapter III.3.4.

The TRPL measurements were performed with increasing power densities and the carrier lifetimes evolution with mono and bi-molecular processes can be described by the following differential equation [START_REF] Pelant | Luminescence Spectroscopy of Semiconductors[END_REF]:

dn/dt = -βn 2 -n/τ (III.34)
The formula used to calculated the decay times is the solution of equation III.34 and is of the form :

n(t) = n(0)e -t/τ 1 + n(0)βτ (1 -e -t/τ ) (III.35)
with n(0) the initial carrier density.

We can see on figure III.17 that the quoted lifetimes are increasing with the increase of the power density with a maximum of 450 ps. In order to fully exploit the deduced carrier densities using mono and bimolecular fits, the carrier densities as a function of the deduced lifetimes are compared in figure III. [START_REF] Ng | The role of dislocation scattering in n -type GaN films[END_REF]. In blue, the measurements obtained by monomolecular fit and in green the new deduced points In order to fully characterize the influence of the bimolecular recombination term, it is also necessary to redefine the n(τ ) lines calculated this time taking into account the diffusion and β. On the figure III.18, we distinguish in continuous line the n(τ ) values previously used without β to which are added in dotted lines the new calculated values.

It appears that at low power densities, the differences are small confirming the previous conclusions, the bimolecular recombination term has little to no influence. On the other hand, for a power density of 106kW/cm 2 , the carrier densities deduced from the simple case of monomolecular recombination overestimates the carrier density at a given τ time. the approximated solution for the monomolecular fit can be read on the full line and will give a carrier density higher than the result read with the dotted line corresponding to a bimolecular fit. For 106kW/cm 2 the estimated carrier density for a monomolecular fit is around 5 × 10 17 cm -3 and for the bimolecular fit, the result is around 3.5 × 10 17 cm -3 .

Part of the estimated results therefore relies on the value of the bimolecular recombination term and its estimation has not yet been discussed. We note that in the use of the equation III.35 it is possible to isolate the parameter β in the same way as the life time τ . This new "variable" parameter deduced during the fits would allow to determine experimentally the bimolecular recombination co-Figure III.18 -Comparative results between monomolecular and bimolecular fits with updated power densities lines. The dotted line were plotted with the influence of the bimolecular recombination term, β = 1.3 × 10 -8 cm -3 /s in this case [START_REF] Binet | High-excitation photoluminescence in GaN: Hotcarrier effects and the Mott transition[END_REF].

efficient. The bimolecular recombination coefficient is a constant that now can be deduced from the variation of the initial carrier density and the lifetime measured in the bulk. We want to verify the values of β obtained by this method.

III.4.3.3 Estimation of the bi-molecular recombination term

Unlike the previous section where only the decay time τ was involved, now two fit parameters, β and τ , are used through coefficients A1 and A2 as :

A1 = n(0)A2 = n(0) × β (III.36)
In the use of the decay time fits, the use of the terms τ and β as adjustable parameters modifies the expression initially used, so the equation III.35 becomes so:

n(t) = A1 × e -(x-t 0 )/τ 1 + A2 × τ (1 -e -(x-t 0 )/τ ) + y 0 (III.37)
With y 0 the baseline after the time decay, t 0 the origin of the time decay, A1 the coefficient Carrier density (cm -3 ) β (cm 

III.5 Conclusion

From an experimental point of view, the determination of the Mott density was a challenge as the experimental carrier determination requires a good understanding of the carrier density evolution in the sample. It allowed us to better approach our experimental methodology and led to many improvements in our workflow by correlating the TRPL and µ-PL experiments. It was interesting to extend the reasoning to find and measure values that are essentials parameters in the knowledge of GaN, such as, lifetimes, experimentally measured carrier density and finally the influence of the bimolecular recombination term. These studies started from the observation of a scaling law between the exciton binding energies of GaN and ZnO, and we find that this law is also preserved for other wide gap semiconductors: reported values of the excitonic Mott density at low temperature (< 25K) in other wide gap semiconductors are listed in table III.5, the value corresponding to GaAs is also reported for information.

CuCl [START_REF] Nagai | Direct creation of electron-hole plasma by exciton Mott transition in CuCl[END_REF] Cu 2 O [START_REF] Manzke | Mott transition versus Bose-Einstein condensation of excitons[END_REF] ZnO [START_REF] Versteegh | Ultrafast screening and carrier dynamics in ZnO: Theory and experiment[END_REF] CdS [START_REF] Egorov | Photoconductivity of CdS under high excitation -indicating no homogeneous Mott transition[END_REF] GaN* GaAs Furthermore, it should be noted that because of the GaN larger Bohr radius (4.2 nm for GaN versus 1.8 nm for ZnO), the excitonic Coulomb interaction screening with the increase of the excitation intensity should be more efficient in GaN than in ZnO.

Chapter IV Spectroscopy of single core-shell nanowires

This chapter is devoted to the study of the opical properties of single nanowire. Indeed,as stated by Gorgis [START_REF] Gorgis | Time-resolved photoluminescence spectroscopy of individual GaN nanowires[END_REF], nanowires "exhibit different properties due to different lengths, diameters, and shapes because of random nucleation processes and local fluctuations in the growth parameters". Even if those nanowires were obtained by self-organized growth by molecular beam epitaxy (MBE), the same observation is made on our sample. This inhomogeneity in the nanowire morphology, limits the precision of optical transitions due to averaging effect and the optical characteristics are not representative of the optical properties of individual nanowires [START_REF] Gorgis | Time-resolved photoluminescence spectroscopy of individual GaN nanowires[END_REF][START_REF] Pfüller | Statistical analysis of excitonic transitions in single, free-standing GaN nanowires: Probing impurity incorporation in the poissonian limit[END_REF]. In order to gain more accuracy and to limit the averaging effect we chose to analyze single nanowire.

The work previously done on the bulk sample and the optimization of our experimental setup opens the way to the experimentally difficult study of single nanowires. Nanowires study is experimentally difficult due to their small size and thus the low luminescence signal intensity as compared to bulk sample.

In order to fully characterize our samples, it is therefore necessary to have a rigorous experimental workflow following the methodology demonstrated in chapter III (studies in power and temperature, time-resolved spectroscopy). As demonstrated by [START_REF] Pfüller | Statistical analysis of excitonic transitions in single, free-standing GaN nanowires: Probing impurity incorporation in the poissonian limit[END_REF] on MBE self-induced grown nanowire and was also observed in our MOCVD sample grown samples, the growth technique will have a huge impact on the optical transition measured and results varies between growth techniques, aspect ratios and structures of samples. This single nanowire optical characterization work is essential as it aims at the optimization of the structures for electrical injection. The laser effect in nanowire through electrical injection remains a technological challenge especially achieving sustainable contact onto the nanowire under high current injection and only a few work has achieved it. Duand and Lieber's team have demonstrated an electrically pumped nanowire lasing effect around 509 nm by utilizing p-silicon/n-CdS heterojunctions [START_REF] Duan | Single-nanowire electrically driven lasers[END_REF]. Afterward, few work has been done on nanowire laser under electrical pumping and more remains to be done on electrical injection in GaN based materials [START_REF] Couteau | Nanowire Lasers[END_REF]. The objective of this chapter is therefore to understand the impact of the nanowire structure (especially for a doped nanostructure) on the optical properties in order to realize a nanowire laser under electrical injection.

IV.1 Sample presentation

In order to carry out those different experimental campaigns in the same way as the bulk reference sample different structures have been chosen. The first idea was to study the optical properties of a single undoped GaN nanowire. But on the growth side it was not possible to achieve the sufficiently high nanowires without adding silane in the MOCVD growth reactor. The need of silane in order to enhance the vertical growth rate during the growth of GaN nanowires by MOCVD (using a continuous flow growth mode) has been published by several groups indeed [START_REF] Tessarek | The Role of Si during the Growth of GaN Micro-and Nanorods[END_REF][START_REF] Jung | Morphology development of GaN nanowires using a pulsed-mode MOCVD growth technique[END_REF][START_REF] Koester | Self-assembled growth of catalyst-free GaN wires by metal-organic vapour phase epitaxy[END_REF][START_REF] Wang | Growth kinetics and mass transport mechanisms of GaN columns by selective area metal organic vapor phase epitaxy[END_REF]. Therefore we decided to study a n-i core-shell nanowire, chosen to characterize the intrinsic shell in order to measure the optical transitions and to compare the results with our bulk reference sample. The second sample is n-i-p core-shell nanowire designed to achieve electrical injection through a radial p-n junction. It is the structure allowing the laser effect optical characterization. These nanowires are MOCVD grown through selective area growth using a SiO 2 mask on GaN templates of Ga polarity. The growth conditions were optimized as described by Coulon et al. [START_REF] Coulon | Dislocation filtering and polarity in the selective area growth of GaN nanowires by continuous-flow metal organic vapor phase epitaxy[END_REF].

IV.1.1 CC0414

CC0414 is a n-i-p core shell sample on which the core is n-doped, 450nm thick, followed consecutively by a 140nm thick intrinsic shell and a 110nm thick p-doped shell. The cross-section of the sample has been schematized in figure IV.1 and allows to better represent the thicknesses between each layer. The nanowires feature a Si-based n-doping of the order of 5 × 10 18 cm -3 and a Mg-based p-doping of the order of 1×10 19 cm -3 . The doping level has been estimated on planar devices with similar growth conditions. Although the size is not perfectly homogeneous over the whole sample, the aspect ratio is similar along each nanowires and the typical measurement The CC0287a nanowire consists of an n-doped core and an intrinsic shell whose thickness is around 100nm without however being precisely measured. The typical length of nanowires are 2 to 4 µm long as shown in figure IV.4. For the study of a single object, these nanowires were scattered on an etched Si grid, so as to more easily identify each wire. Therefore, the sample CC0287a has been particularly used for these campaigns: as the nanowires are scattered on a Si grid, it is very simple to identify a single object and to conduct in-depth campaigns always on the same identified wire. IV.5a IV.5b the photoluminescence intensity is plotted as a function of the photon energy, The first figure IV.5a shows a wide energy range featuring D 0 A 0 and eA 0 respectively at 3250 and 3280meV and their respective LO phonon replica [START_REF] Jayapalan | Optical spectroscopy of Sirelated donor and acceptor levels in Si-doped GaN grown by hydride vapor phase epitaxy[END_REF]. The yellow band is also visible at lower energy. The luminescence of excitonic peaks are detailed in the second graph.

Figure IV.5b shows a photoluminescence spectrum measured at low temperature (5K) and low power density using the HeCd continuous wave (CW) laser. We note that the excitonic transitions are sharp and that the energies of the free exciton A bound to a neutral donor D 0 X A measured at 3471.8meV with the splitting due to the contribution of the Oxygen and Si donors is visible. The free exciton B bound to a neutral donor D 0 X B measured at 3475.6meV [START_REF] Monemar | Bound excitons in GaN[END_REF] is also visible. The free excitons X A and X B are respectively recorded at 3478.7meV and 3484.2meV. The results are similar to those measured in unstrained bulk GaN.

In this preliminary study we show that the measured photoluminescence corresponds indeed to that of an undoped GaN sample, previously presented in the section III.2 in chapter III. Only the intrinsic shell seems to contribute to the luminescence signal. Since the depth of absorption for GaN 1/α is in the range of 90nm (with α = 1.2 × 10 5 cm -1 ) these results confirm the hypothesis that the intrinsic shell is more than 100nm thick.

IV.2 Optical characterization of a single nanowire IV.2.1 Power study

The studies conducted on a single wire are power studies with several types of excitations: first using the continuous HeCd laser with low excitation densities and then using the pulsed Qswitch laser, allowing to inject higher carrier densities. Through the following sections the experiments were made on a single n-i nanowire. All the presented results involving the n-i nanowire were measured on the same nanowire.

IV.2.1.1 Continuous excitation

The photoluminescence spectra recorded as a function of excitation intensity are shown in figure IV.6. We find again that the free excitons and the bound excitons exhibit narrow peaks. The power dependent results are not significantly different from those of the bulk. The redshift starts from 14 W/cm 2 and is increasing for higher excitation intensities. For the X A peak, the redshift goes from 3481 meV to the main peak at 3469meV for 358 W/cm 2 . This 12 meV redshift is more important than the 3 meV measured in bulk GaN. We can make the hypothesis that the continuous excitation generate a strong heating effect leading to thermal activation energy high enough to facilitate the ionization of carriers. The analysis of the redshift will be discussed more precisely in the following sections. Two effects can be seen on those spectra with the increasing of the power density: first of all there is a relative intensity variation between D 0 X A , X A and X B . The luminescence of the free exciton X A becomes dominant to that of the exciton bound to a neutral donor D 0 X A with the increase of the power density, until it exceeds it in intensity at 143 W/cm 2 . Then, those intensity variations are combined with a redshift of the spectrum starting at 14 W/cm 2 with a characteristic broadening of the luminescence peaks, associated to an increase of the associated electronic temperature around 100 W/cm 2 . The peak broadening associated with the redshift is a typical signature of high electronic temperature. In contrast to the result obtained with a bulk reference sample, exciton signatures remain visible for all the spectra except the highest intensity recorded, i.e. starting from 715 W/cm 2 . There is no visible evidence of exciton screening under this CW excitation. Moreover the redshift and the broadening clearly depicts the consequences of the heating effects on the excitonic transition.

Figure IV.7 shows the electronic temperature fit at high energies for the two highest power densities. The measured temperatures are about 190K for 360 W/cm 2 and 250K for 715W/cm 2 for a lattice temperature of 5K. The wire heats up a lot and explains initially the delocalization effects, favoring the X A peak at the expense of D 0 X A starting from 143 W/cm 2 . An interpretation of these effects can be decomposed in two steps: first of all, the delocalization of the trapped excitons on the neutral donors D 0 contributing to X A and X B increasing relative intensity compared to the donor bound transition. Also, D 0 h transition is expected to replace the D 0 X A transition as the neutral donor bonded hole energy is slightly superior than the one of D 0 X A . The electronic temperature inducing delocalization energy is too high to preserve D 0 X A transitions as such. Secondly the ionization of the neutral donors D 0 coupled to the gap reduction characterized by the observed redshift. It is possible to estimate the lattice temperature from the redshift following Vinã law that will be presented in detail later. With a 13 meV redshift at 360 W/cm 2 excitation intensity, the lattice temperature would be around 110K, confirming the analysis of the D 0 h transition instead of the D 0 X A one.

The main luminescence peak broadens but the excitonic signature is still perceptible at 360 W/cm 2 , leading to a conclusion that the vanishing of the excitonic signature is essentially temperature dependent instead of the carrier dependent self-screening as seen in the bulk sample. Interestingly, the redshift further progress toward 3456 meV at 715 W/cm 2 , thus adding 10 meV to the previous 13 meV measured redshift.

From this standpoint, it is hard to be certain of the nature of this peak as no excitonic feature can be seen adding to the fact that the electronic temperature is high. An hypothesis that can be made would be that the n-doped core can contribute to the luminescence of the i-shell at high excitation power.

We will now compare the photoluminescence spectra obtained with continuous and pulsed excitation to probe very large power density ranges.

IV.2.1.2 Pulsed excitation

Figure IV.8 is also a stack of spectra measured for increasing excitation intensities at low temperature. The aim of the measurement with the Qswitch is twofold: to find in very weak signals the signature of excitons at energies already measured with the HeCd and to see if the single wire was able to trigger a lasing effect at higher excitation density. We can see that for the first spectrum measured at a peak power density of 1.7 kW/cm 2 , the excitons bound to a neutral donor D 0 X as well as the free excitons X A are visible for energies of 3471.3meV and 3478.2meV respectively. We find here the energies measured on the figure showing that our experimental setup is well mastered for small signal and single object measurements.

The signal of the free excitons X A is still weak as seen for a density of 4 kW/cm 2 then with increasing power density, the signal broadens and a redshift of 5 meV occurs giving an estimated lattice temperature around 84 K. Finally there is no lasing effect at higher power density. It is interesting to recall that in the confocal excitation configuration, the spot diameter is 78.5 µm 2 and is well controlled allowing repeatable and accurate measurements. The electronic temperature is around 160K for an excitation density of 60kW/cm 2 . This result also highlights the difference between continuous wave excitation and pulsed excitation. The repetition rate is low enough to allow the sample to "cool down" explaining why the calculated temperature does not exceed that calculated with CW excitation. The first spectrum at the power density at 2.2kW/cm 2 still displays excitonic features with D 0 X A and free excitons X A respectively at 3471.3 and 3478.2 meV but with increasing excitation density the Figure IV.7 -Single n-i structured nanowire µ-PL spectra recorded at 5K featuring high energy tails fit to determine electronic temperature. D 0 X A , X A and X B signatures are still visible at 358 W/cm 2 but disappear at higher excitation density with the broadening of the spectrum.

broadening is too important to distinguish them. We can see that the relative intensity between the two excitonic features is close and follows the same behavior of the previous high excitation density CW-excitation spectra, that is to say an high electronic temperature induced broadening and an increase in the intensity of X A regarding D 0 X A through the delocalization of neutral donor bonded excitons.

We know from this first campaign that the probed area corresponds to the intrinsic shell, the results obtained being in perfect agreement with those measured in our reference sample of strained free bulk GaN and also shows that as expected, nanowires are strain free. We have seen on the bulk GaN sample that the temperature affected the excitonic transitions. In order to fully characterize the sample and to see the effect of the temperature on a single nanowire, a temperature study was conducted. 

IV.2.2 Temperature study

A complete temperature study was conducted on the same single nanowire in order to observe the evolution of excitons according to the temperature. The figure IV.9 shows a series of different spectra measured for the same power density from a continuous excitation with the HeCd laser.

It is interesting to follow the different luminescence peak characteristics of bound excitons D 0 X and free excitons X A , X B . The analysis at 5K has already been performed on figure IV.6 and is our starting point. The energies of D 0 X, X A and X B do not shift for up to 50K, but beyond that we mark a progressive redshift first visible on the excitons bound to a neutral donor, then on the free excitons. Moreover, the luminescence peak of the free exciton X A becomes predominant, exceeding the µ-PL intensity of D 0 X from 70K.

With the increase of temperature and beyond 100K, the peak definition of free excitons is gradually lost. The broadening of the peaks is also noticeable, and can explained several combined effects. First and foremost, a high thermal agitation energy will essentially contribute to the broadening and the ionization of the excitons bound to a neutral donor will contribute to increase the relative intensity of free excitons X A . The complete delocalization of D 0 X A is expected to occur before 120K as only Figure IV.9 -µ-Pl Spectra measured on a single n-i nanowire for different temperature ranging from 5K to 300K (ambient temperature) 7 meV are needed to exceed the donor binding energy and the thermally induced energy is estimated to be around 8.6 meV. As it can be seen on the 125K spectra, the D 0 X A signature is barely visible past this temperature. Beyond 175K, the broadening is such that it is no longer possible to distinguish each of the contributions and an hypothesis would be that an electron-hole plasma would contribute to the luminescence.

The evolution of the gap energy E g with temperature is described by the Vinã law [START_REF] Viña | Temperature dependence of the dielectric function of germanium[END_REF]. It also allows to simulate the dependence of the energy of the excitons as a function of the temperature. The latter is written:

E(T ) = E(0) - 2a B e Θ B /T -1 (IV.1)
where E 0 is the band gap energy at 0 K, Θ is the Debye temperature and T denotes the temperature. a B is an adjustable parameter characteristic of the material. Several values of a B and Θ depending of the free exciton energy can be found in work of Ouloum Aoudé [START_REF] Aoudé | Etude des propriétes excitoniques de GaN par spectroscopies continue et résolue en temps à l'échelle de la femtoseconde[END_REF]. The reduction of the band gap energy is caused by two mechanisms: firstly the electron-phonon interactions [START_REF] Leroux | Temperature quenching of photoluminescence intensities in undoped and doped GaN[END_REF] and to a lesser extent the thermal expansion of the lattice [START_REF] Biernacki | Temperature dependence of optical transitions between electronic energy levels in semiconductors[END_REF].

The graph in figure IV.10 represents the evolution of the energy of the different peaks measured by photoluminescence as a function of temperature. It is possible to plot the evolution of the energy of D 0 X until its disappearance around 125 K, the peaks of X A and X B is observable until around 200K. As the temperature increases, the excitons move to lower energies as does the band gap energy. In the studied temperature range, this phenomenon is essentially related to the phonon-exciton interaction. The fitted Vinã law perfectly describes the evolution of the measured energy of excitonic optical transitions.

This fit can also be used to describe the evolution of the lattice temperature regarding the measured redshift: for example, in the figure IV.6, the redshift is around 22.9 meV between the lowest and the highest power densities giving a lattice temperature of 110K. From this temperature, the thermal agitation energy is deduced from the lattice temperature. In this example, the energy is of the order of 9.5 meV, thus exceeding the 7 meV neutral donor bound exciton biding energy resulting in the D 0 X A delocalization.

Generally, the results of these first experimental campaigns show the similarity between the optical characterizations of the bulk and the single nanowire, with the main optical transitions at the same energy. It is difficult to perfectly quantify the impact of the n-i structuring of the wire as the results seem to come from the surface layer of the wire, and thus, from the intrinsic layer. At low excitation density the impact of the core on the luminescence of the shell seems to be null (due to its sufficient thickness) but at higher excitation intensity, it is possible that is influences the optical transitions.

To complete the characterization of the single wire, an extensive time-resolved photoluminescence campaign was performed.

IV.3 Single nanowire time-resolved spectroscopy

The setup used is the same as the one presented in the chapter III in the case of the bulk sample. The TRPL campaign took place in two steps: first at low temperature, benefiting from a sufficiently large signal to extract points covering a wide range of power density, then in a second step, by varying the temperature to measure its influence on the carrier lifetime.

IV.3.1 Single nanowire TRPL at 5K

At low temperature, TRPL spectra obtained on the same single wire previously studied in µ-PL show a double contribution, thus suggesting the presence of a short and a long time. A typical spectrum at 5K is shown in figure IV.11 with two fits being applied: the first purple dotted line is a mono-exponential similarly used during the previous chapter III following the expression:

y = y 0 + A 1 e -(t-t 0 )/τmono (IV.2)
The second fit, in red dotted line, used to extract the carrier lifetimes is of the bi-exponential expression type:

y = y 0 + A 1 e -(t-t 0 )/τ 1 + A 2 e -(t-t 0 )/τ 2 (IV.3)
With A 1 , A 2 being fit coefficients, t 0 the time to slope inflection, y 0 the offset level adjustment and τ 1 , τ 2 the two decay times deduced from the fit. It is interesting to compare the coefficients A 1 and A 2 since they allow us to weight the importance of one exponential compared to the other. In this case, in the results obtained at 5K, the A 1 term is ten times greater than that of A 2 indicating that the main contribution of the decay can be attributed to the shorter lifetime. All the other TRPL decays at higher excitation density can be fitted by using only a monoexponential function. It has been indicated in the paper of Izumi et al. [START_REF] Izumi | Timeresolved photoluminescence spectroscopy in GaN-based semiconductors with micron spatial resolution[END_REF] that the presence of these two lifetimes can be explained such as a radiative recombination is partly contributed not only from bi-molecular process but can also be explained by the presence of two regions having different recombination times. That is to say that there can be structural inhomogeneities such as nitride vacancies or point defects that will change the recombination lifetime. As all of other decay time fits are monoexponential, the hypothesis where the nanowire features inhomogeneities would be the most evident one. This inhomogeneity is not measured for other excitation densities and implies that our excitation spot may have been slightly moved from the initial measured area. The femtosecond chain induced by the excitation laser has been known to slightly shift if not perfectly locked and this result can be justified by the fact that the spot is not exactly at the same position between the first measured temperature and the others. We will see later that spectroscopy results are affected by the location on the excitation spot on the nanowire.

IV.3.2 Influence of temperature on decay times

The extensive characterization campaign on the wire continues with a temperature study. The main difficulty lies in the weak signal extracted from the single nanowire and limits the range of available excitation intensities at different temperatures. All the TRPL spectra obtained, from 20K to 300K are fitted by a simple mono-exponential previously presented. An example of the fit is shown in the figure IV.12a where a linear slope in logarithmic scale can be clearly seen, thus describing the mono-exponential fit. All the measured temperatures for the same density of 32kW/cm 2 an 16kW/cm 2 are assembled on the figure IV.12b.

The first point at 5K has already been detailed and suggests that the measured area was not the same as the other points revealing an inhomogeneity along the nanowire. On the other hand, the average time obtained by the mono-exponential fits seems little impacted by the temperature increase Figure IV.12 -TRPL campaign featuring power and temperature study on a single nanowire and gravitates around 50 ps. Those results are similar at lower power density confirming the trend of a lifetime not affected by excitation intensities and does not depend on thermal activation. We note by comparison that the average lifetime of 50 ± 5 ps is quite low compared to the 250 ps measured in the bulk. Therefore the hypothesis can be made of a phenomena inducing non-radiative recombination such as crystal defects, surface recombination or even the existence of an internal electric field at the interface between the intrinsic shell and the n-doped core leading to the formation of a depletion zone. Even if nanowires are known to be stress-free and of high crystalline quality [START_REF] Couteau | Nanowire Lasers[END_REF], the stability of the lifetimes even if the temperature is rising means that carriers recombination is limited by non-radiative recombination channels [START_REF] Izumi | Timeresolved photoluminescence spectroscopy in GaN-based semiconductors with micron spatial resolution[END_REF] thus privileging the hypothesis of point defects, surface recombinations or internal electric field.

IV.4 Spectroscopy of a single n-i-p core-shell nanowire structure designed for electrical injection

The campaigns conducted on the CC0287a , n-i core-shell nanowire gave a good general idea of the behavior of a single wire under different kind of excitations. This knowledge is useful to better address the more complex structure of the sample CC0414, n-i-p core shell. This structure is the closest to a nanowire that would pass the technological steps toward electrical injection. The number of interfaces makes its analysis and characterization more complex.

Several campaigns were carried out on different nanowires as the nanowires have shown inhomogeneities in both shapes and luminescence spectra. The results presented in figures IV.13a and IV.13b were measured on different single nanowires dispersed on a sapphire substrate.

The low temperature photoluminescence reveals a good peaks definition of the different excitonic transitions as shown in figures IV.13a and IV.13b. Those two different nanowires (n-i-p (1) and ni-p (2)) exhibit differences in their µ-PL spectra. The first one presented on figure IV.13a had an interesting luminescence peaks coming from the donor acceptor pairs (DAPs) with their associated phonon replica. The luminescence coming from the DAPs is way higher than the one recorded on the n-i single nanowire showing that the luminescence is coming from the p-doped shell. The second recorded µ-PL spectra exhibits good exciton peak definition with the well-known D 0 X A , X A , X B and it is also possible to see X C at higher energy. Overall, the different energies of the excitonic peaks are consistent with previous measurements performed on the bulk and in the i-n core shell nanowire.

A complementary cathodoluminescence study has been performed at the Centre de Recherche sur l'Hétéro-Epitaxie et ses Applications (CNRS-CRHEA) on a single wire in order to verify the influence of the position on the wire on the luminescence. Nanowires from sample CC0414 was scattered on Si substrate and then analyzed according to three zones, the first zone associated to the red point, is close to the basis of the wire, the second blue point in the middle of the wire and the third zone, green point, is close to the apex. The resulting spectra show a photoluminescence intensity as a function of energy for each area. It is possible to distinguish the band edge exciton line as well as the DAPs around 3.25 eV as expected and we distinguish a variation of intensity depending on the position of the spot on the wire. In the case where the spot is close to the bottom of the wire, on the red point, the signal of the free excitons is lower than the two others and especially the signal of the DAPs is non-existent. The second zone (blue point) has a strong signal at the energy of the free excitons but a weaker relative intensity at the level of the DAPs. Finally, the third zone near the apex (green point) has the best signal dynamic for the DAPs with a relative intensity recorded from the excitonic peak a little weaker than the second zone. We note on the right hand side of the spectra obtained by real space panchromatic imaging, that the luminescence seems to be extracted mainly on the right end of the nanowire, near the apex. We observe a more intense luminosity around the collar that could be explained by a thicker shell in this zone.

A power campaign was performed on a single wire deposited on a silicon substrate. Figure IV.15 summarizes the power study recorded with the continuous and pulsed laser. The figure can be read in two steps: first the green spectra corresponding to the luminescence as a function of the power density for a continuous excitation, then in red, the luminescence spectra as a function of the power density for a pulsed excitation. This figure summarizes the luminescence of a single n-i-p core-shell nanowire for a large selection of power density covering the very small excitation signals at 0.03 W/cm 2 up to the very high intensity of excitation at 850 kW/cm 2 . On the stack of continuous spectra, we find the peak of excitons bound to a neutral donor D 0 X which will be our reference, as well as the characteristic shoulder of free excitons X A at the expected energy.

At low power density with pulsed excitation (red curves), we find the energy position for D 0 X with a strong spectral broadening suggesting that the wire is already heating up a lot essentially due to strong excitation intensities on a single nanowire. The high energy tail being wider is a reliable indicator of the increase of the electronic temperature and it will be calculated in the following part. The excitonic signature is not visible from the lowest pulse power density. As the power density increases, a redshift occurs progressively and a non-linearity appears. The study of this non-linearity Figure IV.15 -Superimposed power studies featuring both continuous and pulsed excitation for a single n-i-p core-shell nanowire at 5K. Excitonic energies are the same for respectfully the highest power density of HeCd and the lowest power density of the pulsed excitation. This campaign highlight the luminescence behavior for a wide range of power density. constitutes the study of the lasing effect in a nanowire, developed in the next part.

IV.5 Laser effect in a nanowire

The laser effect is characterized by a non-linear evolution of the photoluminescence intensity as a function of the power density and spectral thinning. The evolution of GaN based laser structures is well described by Johnson et al. [START_REF] Johnson | Single gallium nitride nanowire lasers[END_REF]. Stimulated emission in bulk GaN at low temperature has been reported at first in thin films in the 1970s [START_REF] Dingle | Stimulated Emission and Laser Action in Gallium Nitride[END_REF], and as well as room-temperature lasing [START_REF] Khan | Vertical-cavity, room-temperature stimulated emission from photopumped GaN films deposited over sapphire substrates using low-pressure metalorganic chemical vapor deposition[END_REF]. Lasing effect have been achieved in GaN-based micropillar structures with longitudinal whispering gallery modes (WGMs) [START_REF] Chang | Stimulated emission and lasing in whispering-gallery modes of GaN microdisk cavities[END_REF]. Several gain mechanisms are known to characterize laser effect in GaN based samples (bulk or nanowires). The dominant lasing mechanism at high temperature known in GaN is the electron-hole plasma (EHP) [START_REF] Bidnyk | Near-threshold gain mechanisms in GaN thin films in the temperature range of 20-700 K[END_REF] and has been reported by Amano et al. at room temperature [START_REF] Akasaki | Retrospect and prospect of nitride research in Japan[END_REF]. It has been published in the literature that nanowires could lead to lower the lasing threshold [START_REF] Gorgis | Time-resolved photoluminescence spectroscopy of individual GaN nanowires[END_REF] and would allow enhanced excitonic effects. Thanks to those structures, other gain mechanisms are supposed accessible such as excitonic gain, exciton-exciton (ex-ex) scattering or even polaritonic gain. We seek to observe these phenomena thanks to several photoluminescence campaigns and see if the typical characteristics of the laser effect are found or not. 4)) using the QSwitch pulsed laser as excitation source at different excitation intensities. From a power density of 260 kW/cm 2 , a peak can be seen to form and then grow with increasing power density. This "emerging" peak is characteristic of the laser effect with a threshold power (Pth). Several peaks also develop at different energies, corresponding to different lasing modes and will also be studied. The global aim of those campaigns is to discuss the origin of the modes and to understand where the resonant cavity, responsible for the laser effect is located in a single wire. The fitted electronic temperature is high with a T e respectively of 400 and 450 K for 430 and 450 kW/cm 2 respectively. The evolution of the main peak after the threshold is used to determine the laser effect characteristics. The experimental indicator of a laser effect is the abrupt thinning of the peak associated with its sharp increase with the excitation intensity.

IV.5.1 Experimental characteristics of the laser effect

The figure IV.17 displays an image of the evolution of the maximum intensity as a function of the power of the main peak. The graph is divided in two parts: the first part is plotted with gray points, corresponding to the measured points before the laser threshold and the second part in color, corresponds to the measurements after Pth. The non-linearity is visible for the main peak with a strong increase of the maximum intensity once the threshold power is exceeded.

The figure IV.18 displays an image of the same single n-i-p nanowire under quasi continuous excitation at high excitation intensity. This so-called 1D picture shows the length of the nanowire (measured in pixel on the y axis) and the resulting luminescence wavelength on x axis. We can clearly see that the luminescence is extracted near the extremities of the nanowire. From this observation it can be deduced that such as a non-monotonic variation of the optical index occurs. This phenomenon is known to happen only in the vicinity of the gap (or an absorption discontinuity). We also find that under strong excitation, the redshift is significant. From figure IV.15 the estimated redshift is around 40 meV. The high energy tail seen on figure IV.16 also demonstrates a strong heating under the high excitation intensities and fitted electronic temperatures are as high as 400 K. Those observations suggests that the bandgap energy has been lowered.

Based on those experimental observations and interpretations, we can make the following assumptions: (i) the lasing effect is assumed to occur at the bandgap energy. (ii) Because of the high excitation intensities, the excitons are not involved in the lasing effect.

We know that optical modes can be guided in several ways and the light confinement is com-Figure IV.17 -Experimental characteristics of a laser effect inside a single n-i-p (4) nanowire: the photoluminescence intensity evolution is not linear after the threshold. The plot is obtained from the data on figure IV.16. The lasing threshold is estimated at 260 kW/cm 2 . plicated because of nanowire aspect ratio. With the hexagonal shape, whispering gallery modes or even radial Fabry-Perot cavity can be used to describe the light confinement. In our case, to know a bit more about what happens past the threshold, we make the assumption based on our experimental observations that the peaks can be interpreted as Perot-Fabry modes. Thus, we can interpret the figure IV.18 such as a Fabry-Perot cavity where the light is extracted near the extremities. This implies that the mode spacing can be expressed as a function of the wavelength variation as well as of the refractive index [START_REF] Law | Nanoribbon Waveguides for Subwavelength Photonics Integration[END_REF]. The mode spacing ∆λ can be written such as :

∆λ = λ 2 (2d) n -λ dn dλ (IV.4)
where λ is the wavelength, d is the cavity length, and n is the index of refraction. Also, if the single n-i-p nanowire can be understood such as an optical Fabry-Perot cavity and the peaks can be interpreted here as interferences, it is possible to calculate the characteristic resonance length associated with the interference modes. This result is expected to be in the same order of the length of the nanowire.

Consequently, we try to verify that the position of the modes can be found by graphical intersection of the interferences orders lines with the index variation of GaN measured by ellipsometry without considering excitons. The redshift of the bandgap is also taken into account. To verify it, we can therefore adapt the previous equation IV. [START_REF] Amano | P-Type Conduction in Mg-Doped GaN Treated with Low-Energy Electron Beam Irradiation (LEEBI)[END_REF] in order to link the 2d term to the the wavelength difference between modes as well as the variation of the refractive index : where λ 2 is becoming λ 1 and λ 2 and ∆λ is the difference between each peaks wavelength, now written (λ 2 -λ 1 ).

The equation IV.5 can not be used as such because the derivative of the refractive index is not monotonous. The intersection of the refractive index without excitons with the k lines will give us the solution to the following equation:

n(λ) = k 2d λ (IV.6)
For this analysis, the black dotted curve n(λ) was measured by ellipsometry on an other sample and excitonic contributions have been removed. The red curve which corresponds to a slight modification of the previous measurements allows a perfect match with the position of the experimental longitudinal modes.

Finally, the plotted intersections of the interference orders and the modified refractive index match with the modes positions for a value of 2d = 10µm. This graphical resolution works well with a single n-i-p nanowire of 5µm estimated length. This analysis has shown that the laser effect in the single n-i-p nanowire is closely behaving as a Fabry-Perot cavity, thanks to that it was possible to calculate its length. With all those experimental results and according to our hypothesis, we can make the conclusion that the nanowire will lose its excitons under high excitation intensities, in the same way as in the bulk GaN. The oscillator strength of the excitons within the nanowire are screened through the high excitation intensity and will lead to the creation of electron-hole pairs. Past the threshold the excitons don't exist anymore.

IV.6 Conclusion

The characterization of a single nanowire is experimentally challenging as the measured signal is very weak. The need to have a fully mastered setup and to identify the wire allows the realization of extensive campaigns. It was possible to follow the evolution of a single wire in temperature and power. This first characterization opens the way to a more detailed study of time-resolved photoluminescence, first at room temperature, then as a function of temperature. The results show that the i-n structure does not essentially influence the µ-PL spectra as the optical transitions that was recorded were essentially similar to those of an unstrained bulk reference sample suggesting that only the intrinsic shell was probed. The power study has shown that high impact of electronic temperature over the broadening: with the rising power densities, electronic temperatures up to 250K were recorded. The TRPL campaign also revealed that the lifetimes are stable and not temperature dependent in their evolution and those stable results can be such interpreted as the evolution of decay lifetimes are essentially limited by channels of non-radiative recombination [START_REF] Izumi | Timeresolved photoluminescence spectroscopy in GaN-based semiconductors with micron spatial resolution[END_REF].

It was also possible to see a laser effect on a single n-i-p structured nanowire and to analyze the laser effect origin. The investigation regarding the longitudinal lasing modes have allowed us to deduce that the wire behaves like a Fabry-Perot cavity. The laser effect is probably coming from a classical gain mechanism featuring electron-hole pairs recombination. In our samples, the lasing threshold remain high and excitonic or polaritonic gain mechanisms are not yet usable. Those results could mean that the electrical injection could be hard to achieve in a radial p-i-n junction such as our samples as it would mean to inject high current to reach the threshold, leading to a premature degradation of the welded electrodes or even the nanowire.

Conclusion

This thesis has presented experimental measurements of some optical properties of bulk GaN and GaN core-shell nanowires. The experimental nature of this work led to many decisions regarding the evolution of the thesis topic and finally resulted in extensive on the study of the Mott density in bulk GaN. The experimental determination of the Mott density was a key moment of this thesis: there are relatively few fully experimental papers dealing with this subject (at low temperature as well as at high temperature). The experiments done in µ-PL with continuous and pulsed excitation lasers and the TRPL experiments have been carefully correlated: it is now possible to fully justify the determination of the carrier densities as function of the power density and as function of the temperature. All the results obtained during this thesis have been measured several times in order to guarantee the veracity and reliability of the campaigns. The second key part of this thesis was the understanding of optical properties under high optical injection in core-shell n-i-p doped nanowires. We could demonstrate the lasing effect in a single nanowire and analyze its gain mechanism. It was shown that in a regime of high excitation density, the excitons were screened into an electron-hole plasma.

The updated initial objective was to define the Mott density at low temperature for bulk GaN in order to delimit the domain of existence of excitons as function of carrier density in a bulk GaN layer. The results allowed us to complete our knowledge on the fundamental properties of this material and to better understand the different structures studied later. Subsequently, the nanowires have been the subject of many experimental campaigns. We could measure experimentally the decay time and deduce the carrier density of a single nanowire for a given power density and temperature.

The first chapter of this manuscript is used to lay the fundamental context; those theoretical foundations are necessary for the understanding of the physical phenomena experimentally observed in the rest of this thesis such as the main physical properties of GaN and the notion of excitons. The behavior under strong optical injection has been presented with the Mott transition and most specifically theoretical models allowing to calculate the vanishing of excitons. Those demonstrations were useful to present the main parameters related to the Mott transition in GaN.

The second chapter makes the link between the first theoretical part and the experimental results by presenting the different experimental techniques. This part details the different elements and techniques used in the µ-PL and TRPL setup. The principal optical transitions were described as well as physical phenomena related to them (bandgap renormalization, thermalization effects, electron-hole recombination,...). This knowledge is required to interpret results that can be seen on self-supported bulk taking into account specificity such as dislocations, impurities linked to doping (intentional or not). We describe also the experiments that can be performed with our equipment and the different technical points necessary for the realization of accurate measurements. The measurement in µ-PL and TRPL strongly depends on the type of excitation and the quality of the spot focused on the sample: an image taken in real space allows to estimate if the excitation is well adjusted and optimized for the measurement (minimization of the size of the spot, clear image). Finally the measurement of spectrally or temporally resolved optical recombinations becomes possible.

In the third chapter the experimental results are presented: first the power and temperature studies in a self-supported bulk GaN sample allow us to observe the excitonic lines in a reference sample of very good crystalline quality. In temperature dependent experimentation, we observe the broadening of the excitonic lines from 80K with the decrease of the light intensity for the D 0 X recombination in favor of the free excitons X A . This phenomena is accompanied by a redshift to the low energy side. The power study shows the end of the exciton existence resulting from the bandgap reduction with increasing carrier density. The main optical transitions are clearly identified at low excitation levels. The energies of the free exciton (X A and X B ) recombinations indicate that no residual strain is present in the sample. The first excited state of X A exciton (n=2) is also detected at higher energy. With increasing power density, the free-exciton lines progressively disappear with the increase of the excitation intensity and the D • X line peak shifts towards the low energy side. The redshift of the main luminescence peak (initially the D • X transition) is concomitant with the disappearance of the excitonic signature. These results, together with the lifetime measurements, allow us to conclude that the Mott transition is reached in our bulk sample for a carrier density of 6 × 10 16 cm -3 at 5K [START_REF] Mallet-Dida | The low temperature limit of the excitonic Mott density in GaN: an experimental reassessment[END_REF], in agreement with the estimation deduced from the calculation of the excitonic fraction using the Versteegh model. This new experimentally found value is one order of magnitude lower than the ones previously found in the literature and opens the discussion about the interpretation of the Mott transition in GaN based samples. It was also possible to push the reasoning further in order to observe the influence of the bi-molecular recombination term and to better identify the processes related to the evolution of carriers as a function of time and absorption. It was finally possible to find that our results are in line with a scaling law with other large bandgap semiconductors and to open this study to temperature dependent Mott density estimations.

Finally, the fourth and last chapter of the manuscript is dedicated to the spectroscopy of single nanowires. This part highlights the need to perfectly control the experimental setup given the high requirements related to the measurement of a single nanowire especially in TRPL as the signal obtained from a single nanowire is very weak. It could be achieve with the correct identification of the single nanowire thanks to a Si grid support and a good spot optimization first obtained through real space imaging then by tweak the measured signal. The relation between the µ-PL setup and TRPL setup is important here as the µ-PL results can be used as a reference as this first characterization allows to judge if the signal obtained with the TRPL setup is acceptable or not.

The work focused on two types of structures: n-i and n-i-p core-shell nanowires. Indeed, due to the difficulty of the bottom-up growth of undoped GaN nanowires by MOCVD, we tried first to circumvent the problem by studying the undoped shell of a core-shell n-i nanowire. In a first step, the power study shows the persistence of free excitons with the increase of the power density, the observed redshift is mainly due to the increase of the temperature of the nanowire associated with a broadening attributed to the electronic temperature. In a second step, it was possible to measure lifetimes as a function of temperature and power on a single wire previously studied by µ-photoluminescence. Thanks to this results we could fully characterize the optical properties of the n-i wire and see that the evolution of the lifetime does not depend on the temperature and could be limited by point defects, surface defects or strong internal electric field. Finally, the study of the lasing effect could be performed on the single core-shell n-i-p nanowire. The analysis of the modes by assuming that the nanowire behaved as a Fabry-Perot cavity allowed us to fall back on its characteristic dimension. This work led to a better understanding of the phenomena involved under the regime of strong optical injection, necessary for the realization of a nanodevice under electrical injection.

In the future, it would be interesting to extend this work with more complete studies as a function of temperature in particular for the determination of the Mott transition in bulk and nanowire based GaN samples. The realization of undoped nanowire with different aspect-ratio (diameter and length) would allow to complete the optical characterizations in a simpler structure than our n-i and n-ip nanowires and would also open the way on the study of different propagation modes such as the gallery modes or radial Fabry-Perot modes for example. Finally, the characterization of the laser effect would be interesting to study longitudinal n-i-p nanowires, facilitating the realization of electrical contacts on each end of the nanowire.
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 2 Figure I.2 -illustration of Ga-polarity and N-polarity
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 3 Figure I.3 -Most used planes in a wurtzite structure growth. The c plane (0001) is polar, with Ga polarity. The other planes are non-polar.

  surface of the sample being stress freeσ xy = σ yz = σ zx = 0 (I.4)whereby the ε zz component can be expressed as a function of the ϵ xx component:
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 4 Figure I.4 -Phonon mode dispersion curves of GaN[START_REF] Davydov | Phonon dispersion and Raman scattering in hexagonal GaN and AlN[END_REF] 
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 5 Figure I.5 -Lattice and associated deformation of the tetrahedron in case of an applied stress in the [0001] direction. The tetrahedron is not centro-symmetric thus creating a piezoelectric polarization.Extracted from[START_REF] Sam-Giao | Etude optique de nanofils GaN et de microcavités GaN/AIN[END_REF] 
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 67 Figure I.6 -One-dimensional crystal lattice (a), and its associated reciprocal lattice (b). The translation vector for the reciprocal lattice is the vector A located at 2π/a. The two perpendicular lines at the midpoints of OA and -OA define the first Brillouin zone of the reciprocal lattice from[START_REF] Rosencher | Optoelectronics[END_REF].
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 8 Figure I.8 -Degeneracy lifting in GaN wurtzite at the Γ point (k = 0) of the valence band from[START_REF] Lew Yan Voon | Terms linear in k in the band structure of wurtzite-type semiconductors[END_REF] 
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 10 Figure I.10 -Schematic dispersion (a) of a conduction band and the resulting effective mass (b) in a one-dimensional crystal lattice from[START_REF] Klingshirn | Semiconductor Optics. Graduate Texts in Physics[END_REF] 
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 10 By comparison with Newton's law, we obtain two equivalent expressions of the force ⃗ F e .⃗ F e = m e ⃗ a = ℏ d ⃗ k dt (I.11)
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 11 Figure I.11 -Electron-hole pair (a) in a valence and conduction band diagram and (b) in a representation of the exciton
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 12 Figure I.12 -Schematic representation of Frenkel excitons (a) and Wannier excitons (b)
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 114 Figure I.14 -Absorption coefficient of a GaN wurtzite sample epitaxial on sapphire measured by ellipsometry at 5K [62].
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 15 Figure I.15 -Evolution of the band gap energy shift ∆E g , the exciton energy E X and the chemical potential µ of electron-hole pairs as a function of the electron-hole density n at 300 K in ZnO. The dotted line ∆E g corresponds to the calculation of the reference[START_REF] Vashishta | Universal behavior of exchange-correlation energy in electronhole liquid[END_REF] and the vertical dotted line n M define the Mott transition. Figure from[START_REF] Klingshirn | Linear and nonlinear optics, dynamics, and lasing in ZnO bulk and nanostructures[END_REF] 
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 33163 Figure I.16 -Phase diagram for Excitonic phases and EHP based on the Debye-Hückel model. The initial carrier density n 0 undergo several phase transition. From[START_REF] Klingshirn | Exciton transport in Cu2O, exciton detection by field ionization in a Schottky barrier and intraexcitonic transitions[END_REF] 
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 1 Figure II.1 summarizes the possible responses of an optically excited structure: reflection (reflectivity and ellipsometry) or transmission of photons (transmission) but also emission of photons by radiative de-excitation of the semiconductor (photoluminescence) or phonons from non-radiative de-excitation (thermally detected optical absorption).
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 4 Scheme of the main optical recombinations encountered in optical spectroscopy. The main optical transitions encountered during the different experimental campaigns are presented on the figure II.4:
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 78 Figure II.7 -Example of reflectivity spectrum of bulk GaN highlighting excitonic transitions near the gap[START_REF] Aoudé | Continuous wave and ultra-fast reflectivity studies for the determination of GaN excitonic oscillator strengths as a function of the in-plane biaxial strain[END_REF] 

Figure

  Figure II.9 -Schematic presentation of the available optical elements including excitation sources, beam splitters, lenses separators, lenses, an objective, the sample in the cryostat and the spectrometer associated with a CCD camera. The experimental setup including the removable Fourier lens allows to perform Fourier imaging and by removing it, the real space imaging can be obtained as explained on part II.3.3.
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 10 Figure II.10 -Scheme of micro-photoluminescence
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 11 Figure II.11 -Schematic representation of a spectrometer
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 12 Figure II.12 -Principle of real space imaging with a focal length f obj objective and collection lens with a focal lengthf c . The rays coming from the same point on the sample surface are focused on the spectrometer slit. For points O and A, all rays are collected by the spectrometer while for point B, part of the emitted rays are lost which decreases the intensity detected by the spectrometer.
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 13 Figure II.13 -Fourier imaging with spatial filtering applied to the rays coming from 3 points (0, A and B) located at the surface of the sample with an objective of focal length f obj , a Fourier lens of focal length f f and a collection lens of focal length f 2 . For each point, one ray is emitted parallel to the optical axis and two others with an angle ±θ. The rays emitted with an angle θ whatever the point of origin are focused on the spectrometer slit at a height y f . Spatial filtering allows to select a spatial area (circle of radius OA) where point O is located on the optical axis and point A corresponds to the limiting case where the rays (in green) pass the diaphragm. The rays coming from B (in red) further away from the optical axis are blocked by the diaphragm.
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 1 Figure III.1 -Reflectivity (R) and photoluminescence (PL) spectra of H46-2 sample, from[START_REF] Aoudé | Etude des propriétes excitoniques de GaN par spectroscopies continue et résolue en temps à l'échelle de la femtoseconde[END_REF] 
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 2 Figure III.2 -Photoluminescence spectra of sample H46-2 as a function of temperature, from[START_REF] Aoudé | Etude des propriétes excitoniques de GaN par spectroscopies continue et résolue en temps à l'échelle de la femtoseconde[END_REF] 
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 3 Figure III.3 -Photoluminescence spectrum of H46-2, reference GaN bulk sample at 5K.
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 4 Figure III.4 -Photoluminescence spectra at 5K of the H46-2 free-standing GaN reference sample. The bottom dotted curve was measured with a HeCd laser (325nm) for a power density of 0.66W/cm 2 .The solid curves were measured with a Q-switched laser (266nm) for excitation intensities ranging from 0.42kW/cm 2 to 4200kW/cm 2 . The main peak corresponds to the recombination of an exciton bound to a neutral donor (D • X) at 3472.5meV. The other optical transitions are identified as the recombination of excitons bound to neutral acceptors A • X at 3467.2meV, of free excitons X A and X B at respectively 3478.5meV and 3484.3meV. At higher energy X A n=2 at 3497.5meV is also detected.
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 5 Figure III.5 -Electronic temperature extracted by fitting the first-LO replica for different power densities.
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 6 Figure III.6 -Electronical temperature fit of the high energy tail.
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 7 Figure III.7 -Mono-exponential (y = y 0 + Ae -t τ ) PL decay fit at T = 5K
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 8 Figure III.8 -Experimental measurements of the carrier lifetime τ are reported as a function of carrier density n at 5K. The use of equation III.4 allows to calculate n(τ ) for various excitation intensities. Intersection of these curves with the set of experimental data provides a correspondence between the carrier density and the excitation intensity. Lifetimes extracted by applying mono-exponential fits to the time-resolved spectra of freestanding GaN at T = 5K.

Figure III. 8

 8 Figure III.8 summarizes the results obtained thanks to the data analysis: τ corresponds to the decay time extracted by fitting the PL decay with a single exponential function, as shown in figure III.7. It is important to note that in the Figure III.8, the carrier density displays a continuous dependence on carrier lifetime. It was not possible to measure the lifetime constant τ through TRPL experiments for high carrier densities owing to the limitation of the available excitation intensity (I T RP L ). Consequently, the three last τ values have been extrapolated as shown on figure III.8.

Figure III. 10 -

 10 Figure III.10 -Bandgap renormalization in function of carrier density n.

Figure III. 11

 11 Figure III.11 reports the theoretical evolution of the Mott density (n M ott ) calculated from the Versteegh model[START_REF] Versteegh | Ultrafast screening and carrier dynamics in ZnO: Theory and experiment[END_REF] for various temperatures in the case of GaN and ZnO. To compute n M ott and to compare the theoretical value with our experimental results, we use the approach developed by Versteegh et al.[START_REF] Versteegh | Ultrafast screening and carrier dynamics in ZnO: Theory and experiment[END_REF], which considers the screening of the excitonic Coulomb interaction through the Yukawa potential[START_REF] Snoke | Predicting the ionization threshold for carriers in excited semiconductors[END_REF] characterized by the screening length, λ s within the approximation of a static screening. This approximation has been verified in the case of GaN. The Mott density corresponds to the density at which λ s is decreased to the exciton Bohr radius a 0 . λ s is derived using numerical calculation from the chemical potentials of electrons and holes as function of the carrier density n in the ideal gas approximation.
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 23 are smaller than ℏ times the plasma frequency ω p = e 2 n ε 0 εrmr , where m r is the reduced mass of the electron-hole pair.

Figure III. 11 -

 11 Figure III.11 -Theoretical and experimental values of the carrier density n M ott at the excitonic Mott transition. The excitonic Mott transition are reported in the case of GaN and ZnO for comparison from Klingshirn estimation[START_REF] Klingshirn | Room-temperature stimulated emission of ZnO: Alternatives to excitonic lasing[END_REF] and from the Versteegh's model[START_REF] Versteegh | Ultrafast screening and carrier dynamics in ZnO: Theory and experiment[END_REF]. n M ott in GaN is necessarily lower than the one of ZnO owing to the difference of the excitonic binding energies of these materials (25 meV for GaN versus 60 meV for ZnO). Our experimental values for GaN are in good agreement with the calculations given by the model of Versteegh et al.[START_REF] Versteegh | Ultrafast screening and carrier dynamics in ZnO: Theory and experiment[END_REF].

Figure III. 12 -

 12 Figure III.12 -Experimental measurements of the carrier lifetime τ are reported as a function of carrier density n for varying temperatures ranging from 20K to 300K. The use of equation III.4 allows to calculate n(τ ) for various excitation intensities. Intersection of these curves with the set of experimental data provides a correspondence between the carrier density and the excitation intensity.

  (a) µ-PL spectra at 20K under quasi continuous excitation (Qswitched pulsed excitation laser at 266 nm). Excitons transitions are no more distinguishable after 13 kW/cm 2 excitation intensity.(b) µ-PL spectra at 100K under quasi continuous excitation (Qswitched pulsed excitation laser at 266 nm). Excitons transitions are no more distinguishable after 5,8 kW/cm 2 excitation intensity.

Figure

  Figure III.13 -µ-PL spectra at different temperatures under quasi continuous excitation (Qswitched pulsed excitation laser at 266 nm).

Figure III. 14 -

 14 Figure III.14 -Diagram showing the inversion of the points from the depth of the sample N + 1 to the surface 1. This procedure is necessary for the numerical solution of the equation with diffusion and taking into account the bimolecular recombination term

Figure III. 15 -

 15 Figure III.15 -Numerical and analytical solutions for the general equation, the bimolecular recombination coefficient is set to 0 as a way to verify the consistency of the result. For this graph: D = 7cm 2 /s, τ = 250ps

Figure III. 16 -

 16 Figure III.16 -Differences between monomolecular analytical result and bimolecular numerical result. For this graph: D = 7cm 2 /s, τ = 250ps

Figure III. 17 -

 17 Figure III.17 -Bimolecular fit of measured decay time for several power densities.

2 n× 10 18 1 . 5 × 15 Table III. 5 -

 215155 Figure III.20 -Scaling law of different Mott transition estimations found in literature at temperature below 30K (calculated and experimental). a B being the Bohr radius and 1/a 3 B the excitonic volume.

Figure IV. 1 -

 1 Figure IV.1 -Schematic view of a typical n-i-p core shell nanowire.

Figure IV. 3 -

 3 Figure IV.3 -Close up of the CC0414 Apex measured by SEM. The difference in shades shows the different core and shell layers of the nanowires.

Figure IV. 4 -

 4 Figure IV.4 -SEM measurement of as grown CC0287a sample. "H" values are for the length and "V" values are the nanowire diameter. Tilted view with 25deg angle.

  (a) µ-PL spectra at low temperature under continuous excitation (HeCd excitation laser at 325 nm). Excitons transitions are more intense than donor acceptor pairs (DAP) and results are similar to those of strain-free bulk GaN. (b) µ-PL spectrum of single n-i nanowire at low temperature featuring clearly visible excitons transitions.

Figure

  Figure IV.5 -µ-PL spectra at 5K of a single n-i core-shell nanowire

Figure IV. 6

 6 Figure IV.6 -µ-PL measurement of a single n-i core-shell nanowire made with CW HeCd continuous excitation at low temperature.

Figure IV. 8 -

 8 Figure IV.8 -Single n-i nanowire µ-PL spectra measured with a Q-switched pulsed excitation.

Figure IV. 10 -

 10 Figure IV.10 -Vinã law fit on a single n-i nanowire. This law allows to give the temperature dependence of corresponding exciton energies.

Figure IV. 11 -

 11 Figure IV.11 -Time resolved photoluminescence fit for a single n-i nanowire at 5K. The luminescence exhibit two distinctive slopes, possibly due to inhomogeneities inside the nanowire.

  (a) Time resolved photoluminescence fit for a single n-i nanowire at 5K. Decay time is fitted by a mono-exponential. (b) Summary of the lifetimes measured in a single n-i core-shell nanowire for two different excitation intensities as a function of temperature. The average time is similar between the two excitation intensities and shows a stable evolution.

  (a) Photoluminescence spectra of a single n-i-p (1) nanowire for several excitation intensities at 5K. (b) Photoluminescence spectra focus on excitons peaks measured on a single n-i-p nanowire (2), for several excitation intensities at 5K.

Figure IV. 13

 13 Figure IV.13 -µ-PL campaign results made on several single nanowires

Figure IV. 14 -

 14 Figure IV.14 -Cathodoluminescence of a single n-i-p (3) nanowire at 77K, the result shows that measured luminescence spectra are affected by the position on the wire.

Figure IV. 16

 16 Figure IV.[START_REF] Stampfl | Density-functional calculations for III-V nitrides using the local-density approximation and the generalized gradient approximation[END_REF] shows an experimental campaign on a single core-shell n-i-p nanowire (n-i-p (4)) using the QSwitch pulsed laser as excitation source at different excitation intensities. From a power density of 260 kW/cm 2 , a peak can be seen to form and then grow with increasing power density. This "emerging" peak is characteristic of the laser effect with a threshold power (Pth). Several peaks also develop at different energies, corresponding to different lasing modes and will also be studied. The global aim of those campaigns is to discuss the origin of the modes and to understand where the resonant cavity, responsible for the laser effect is located in a single wire. The fitted electronic temperature is high with a T e respectively of 400 and 450 K for 430 and 450 kW/cm 2 respectively.

Figure IV. 16

 16 Figure IV.16 -µ-PL spectra with increasing excitation intensities on a single n-i-p nanowire (n-i-p (4)). Laser effect is evidenced for high excitation density with a threshold of 260 kW/cm 2

Figure IV. 18 -

 18 Figure IV.18 -1D image of a single n-i-p nanowire under quasi continuous excitation. The nanowire length can be estimated on the y axis (measured in pixels), while the x axis display the luminescence wavelength (in nm). The luminescence is extracted near the ends of both extremities of the nanowire suggesting a Fabry-Perot cavity.

2d = λ 1 λ 2 (λ 2 -

 22 λ 1 ) n -λ 1 dn dλ (IV.5)

Figure IV. 19 -

 19 Figure IV.19 -In depth analysis of lasing modes for a single n-i-p (4) nanowire. The aim of this figure is to determine the characteristic length of the nanowire based on the assumption that the nanowires is behaving like a Fabry-Perot cavity. By plotting interference orders aligned with spectral modes the characteristic length of the nanowire can be deduced.

  

  

  

  

  

  

  

  

  

Table I . 2

 I2 

				-6 K -1 ) thermal coef. mismatch (%)
	GaN (0001)	3.189	0	4.3	0
	AlN (0001)	3.112	-2.4	3.0	30
	sapphire (0001)	4.758	14 (30 • rotation)	7.5	-441
	silicon (111)	3.845	-17	2.59	40
	silicon carbide 6H 3.082	3	4.7	-32

Table I .

 I .3 Ref C 11 C 12 C 13 C 33 C 44 C 66

	[25] 396 144 100 392 91	126
	[26] 390 145 106 398 105 123
	[27] 296 130 158 267 24	88

3 -Elastic constants values in wurtzite GaN (in GPa)

Table I .

 I 

	8	560.2	569.0 143 736.6	744.0
	T=300K [29] 531.8	558.8	567.6 144 734	741.0

4 -Phonon frequencies and energies at the center of the Brillouin zone (Γ point) in the case of wurtzite GaN in cm

Table I .

 I 

6 -Piezoelectric constants of GaN

[START_REF] Bykhovski | Elastic strain relaxation and piezoeffect in GaN-AlN, GaN-AlGaN and GaN-InGaN superlattices[END_REF] 

Table I

 I 

								.7		
	CuCl CuBr ZnO AIN ZnS CdS GaN ZnSe CdTe GaAs
	E b (meV) 190	108	60	55	38	29	25	20	11	4.2
	Table I.7 -Excitonic binding energy for some inorganic semiconductors [41, 42, 43, 44, 45, 46, 47,
	48, 49, 2, 50],									

Table III

 III Table III.1 summarizes the experimental values of the Mott densities reported in the literature for GaN with lattice temperatures lower than 10K

		-3 Reference
	2.2 × 10 19	Hess[109]
	6 × 10 18 -5 × 10 19	Khym[66]
	1 × 10 18	Fischer[110]
	1.8 -3.8 × 10 18	Binet[111]
	6 × 10 16	Present work

.1 -Overview of experimental and theoretical Mott densities at low lattice temperatures equal or smaller than 10K. Estimations of Mott densities obtained from the data provided by each source.

Table III .

 III 3 -Experimental values of n Mott in function of temperature.

  TableIII.[START_REF] Amano | P-Type Conduction in Mg-Doped GaN Treated with Low-Energy Electron Beam Irradiation (LEEBI)[END_REF] -Experimental values of β at 9K on a sample of the same origin as our bulk sample (epitaxial growth by Lumilog)[START_REF] Malinauskas | Contribution of dislocations to carrier recombination and transport in highly excited ELO and HVPE GaN layers[END_REF]. The deduced β values we have found appears in agreement with Malinauskas et al. and our fitting method would thus allow to experimentally determine the bimolecular recombination coefficient.

		3 /s)
	4.3 × 10 16	3.5 × 10 -9
	6.6 × 10 16	3.3 × 10 -9
	8.8 × 10 16	3.4 × 10 -9
	1.1 × 10 17	3.6 × 10 -9
	2.2 × 10 17	3.7 × 10 -9
	4.3 × 10 17	4.2 × 10 -9
	6.6 × 10 17	3.4 × 10 -9
	9.4 × 10 17	2.8 × 10 -9
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modulating the photoluminescence intensity and A2 the fitting parameter composed by the initial carrier density multiplied by the bimolecular recombination term.

We note that τ has been deliberately removed from the parameter A2 to avoid redundancy in the fit on the data set. This avoids the compensation of the β term by the τ term. Figure III. [START_REF] Wuu | Enhanced output power of near-ultraviolet InGaN-GaN LEDs grown on patterned sapphire substrates[END_REF] shows the different values of A2 deduced from the fits as a function of the initial carrier density n(0) calculated from equation III.2.

Figure III.19 -Experimental determination of the bimolecular recombination term

At equal temperature, the β term is expected to be constant and does not depend on the initial power density. The A2 term is expected to evolve proportionally with the power increase since the only variable on which its growth depends is the initial carrier density. We observe on figure III.19 that the A2 term follows an almost linear growth with the increase of the power density. We can therefore easily deduce the bimolecular recombination term according to the following equation:

The values of β calculated as a function of the carrier densities are presented in the following table III.4:

The experimentally determined values are of the order of (3.4 ± 0.6) × 10 -9 cm 3 /s and appear to be in disagreement with the values used by Binet et al. [START_REF] Binet | High-excitation photoluminescence in GaN: Hotcarrier effects and the Mott transition[END_REF]. Many values published in the literature focus on room temperature bimolecular coefficient being of the order of 3 × 10 -11 cm 3 /s [START_REF] Im | Radiative carrier lifetime, momentum matrix element, and hole effective mass in GaN[END_REF][START_REF] Juršėnas | Rate of radiative and nonradiative recombination in bulk GaN grown by various techniques[END_REF][START_REF] Juršėnas | Carrier recombination and diffusion in GaN revealed by transient luminescence under one-photon and two-photon excitations[END_REF][START_REF] Kuokstis | Photoluminescence dynamics in highly nonhomogeneously excited GaN[END_REF] The apex is of a generally pointy shape and as seen on the detailed picture IV.3 also measured by SEM, it is possible to distinguish the different shells visible by contrast variation. The final goal of those structured nanowires is to create a p-i-n junction by contacting the p-shell and the n-core. To perform the single object study, the nanowires were dispersed on a sapphire substrate. The difference of optical index and thermal resistance was taken into account during the choice of the substrate: if the substrate has a too important difference of optical index with the studied sample, it would have for consequence to absorb the luminescence coming out of the sample, and if the substrate features a bad thermal resistance coefficient, it would cause the overheating of the sample.

The first SEM measurement gives an overview of the nanowires distributed on the substrate and gives the average aspect ratio of the wires. The measurement written do not take in account the SEM tilt (around 25 deg), thus the real dimensions are rather of the order of 2 to 4 µm in length (a factor of 2.4 is added to the measurement to compensate the tilted view).

RÉSUMÉ Propriétés excitoniques dans le GaN massif et les nanofils de GaN sous forte excitation

Cette thèse présente l'étude du blanchiment des excitons sous une excitation optique quasi-continue dans un échantillon de GaN massif de haute qualité et dans des nanofils uniques de GaN. Des expériences de micro-photoluminescence et micro-photoluminescence résolue en temps en fonction de la puissance et de la température ont été réalisées dans le but d'observer l'évolution de la densité de porteurs injectés dans les échantillons. La photoluminescence résolue en temps permet de mesurer la durée de vie des porteurs en fonction de l'intensité d'excitation, qui s'avère nécessaire pour une évaluation précise de la densité de porteurs injectés. La valeur expérimentale de la densité excitonique de Mott dans le GaN massif trouvée dans ce travail est inférieure de plus d'un ordre de grandeur aux déterminations précédentes publiées dans la littérature et est en accord avec des calculs. Cette analyse approfondie des résultats expérimentaux a été menée au moyen d'une simulation numérique qui a permis d'estimer l'évolution de la distribution des porteurs en profondeur dans les échantillons.

Mots-Clefs: Semi-conducteurs, GaN, nanofil unique, couche massive, excitons, transition de Mott excitonique, spectroscopie, micro-photoluminescence, photoluminescence résolue en temps, densité de porteurs, temps de vie, génération de photoporteurs, forte injection optique

ABSTRACT Excitonic properties in bulk GaN and GaN nanowires under high excitation

The aim of this thesis was to study the bleaching of excitons under a quasi-continuous optical excitation in a bulk GaN sample of high quality and single nanowires through power dependent micro-photoluminescence and time-resolved micro-photoluminescence experiments. Time-resolved photoluminescence allows to measure the carrier lifetime as a function of excitation intensity, which is required for a reliable evaluation of the injected carrier density. The experimental value of excitonic Mott density in bulk GaN found in this work is more than an order of magnitude smaller than previous determinations published in the literature and is in accordance with many-body calculations. An in-depth analysis of experimental results was carried out with the help of numerical simulations in order to estimate the evolution of the carrier distribution along the depth of the samples.