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Chapter 1

Introduction

This chapter aims to introduce the context in which this thesis takes place. The role of power electronics and the positioning of gallium nitride (GaN) in this market are reported in the first section. GaN and AlGaN are often used in association due to their interesting material properties which are reported in the second section. Examples of electronic devices exploiting these properties are outlined in the third section. After detailing the architecture of the GaN power transistor developed at CEA-Leti, the purpose and content of the thesis will be given in the fourth section.

Purpose 1 Context

In the past decades, world electricity consumption has been growing rapidly in all sectors [1]. This electricity is produced at about 63 % from the combustion of fossil fuels, the rest coming from low-carbon sources (mainly nuclear, hydro, wind and solar) [2]. In order to make electrical energy usable in different type of applications, Power Electronics is required. It enables the control, conversion and conditioning of electrical energy from the source to the application to meet the requirement of the latter. Indeed, power electronic circuits are used to convert an alternating current (AC) to a direct current (DC) and vice versa (AC/DC conversion) or to change the voltage level and/or frequency of an electrical input. Solar inverters for example, convert the DC current generated from photovoltaic cells to an AC current, which is injected in the electrical grid. On the opposite, phone chargers usually contain a transformer which reduces the voltage of the AC input and a rectifier which converts the resulting AC current to a DC current required for battery storage. Power devices are generally used in switching mode, i.e. the device alternates between ON and OFF states. These converters are classified depending on their operating frequencies (how fast they can switch from ON to OFF state and vice versa) and how much power they can switch. The latter corresponds to their breakdown voltage (BV) times the current delivered in the ON state (BV . I ON ). Until recently, most of these devices were silicon (Si) based. MOSFETs (Metal Oxide Semiconductor Field Effect Transistor) are used for high frequency operations (< 100 kHz) while IGBTs (Insulated Gate Bipolar Transistors) or Thyristors are preferred for high power applications at lower frequency [3]. Several applications where power devices are essential are facing an increasing demand. Among them are electrical vehicles, fast chargers, wind turbines, solar panels or power supply systems. As an example, Fig. 1.1 depicts the increasing demand for electrical vehicles in Europe which have more than doubled the last year. This increasing demand drove the emergence of wide band-gap semiconductors such as GaN or SiC which became an intense subject of research and development thanks to better material properties than Si, particularly concerning the breakdown field, electron transport properties Figure 1.1: Global Electric car registrations in Europe, 2015-2020. Data taken from [START_REF]IEA. Global Electric Car Registrations and Market Share[END_REF].

1. Context or thermal conductivity (for SiC). These materials pave the way to high frequency, high power conversion, while reducing system size. This, combined with the increase of their operating frequency leads to a reduction of losses in power circuits. As can be seen from Fig. 1.2, SiC devices can achieve switching power equivalent to Si based Thyristors or IGBTs but with an increased operating frequency. Likewise, GaN-based devices are targeting higher switching frequencies compared to Si MOSFETs (or equivalent but with an increased switching power) allowing reducing switching losses. These performances encourage manufacturers to consider novel applications as shown in Figure 1.3, which illustrates the projections, established by Yole Développment [START_REF]GaN Power 2018: Epitaxy, Devices, Applications and Technology Trends[END_REF], of the most likely short term applications of GaN-based devices market. Currently, GaN market is driven by small Photovoltaic (PV) inverters and fast chargers for smartphones. Shortly, it is expected to be employed for On Board Chargers (OBC), for DC/DC converters for electrical vehicles (EVs) and hybrid EVs (HEV) but also in power supply systems for data-centers. All these technologies belong to the low voltage market (< 900 V) which represents 68 % of the global power devices market [3] and where GaN technology is expected to lead. The following section will explain why GaN is used in association with aluminium gallium nitride alloy (AlGaN), what are their interesting material properties and why these properties are beneficial for power devices.

GaN and AlGaN material properties 2.1 Lattice parameters

GaN is a binary compound made up of gallium (Ga) and nitrogen (N) atoms which belong respectively to groups III and V of the periodic table. The thermodynamically stable crystal phase of GaN is the hexagonal wurtzite structure which is represented in Fig. 1.4a. Another phase which exists for GaN is the metastable1 zinc-blende structure but the most used for power electronics is the hexagonal wurtzite [START_REF] Ambacher | Growth and Applications of Group III-Nitrides[END_REF]. This structure consists of two hexagonal closed-packed lattices, one occupied by Ga and the other occupied by N. It is characterized by the edge length a 0 of the basal hexagon, the height c 0 of the hexagonal prism and the bond length u 0 between Ga and N along the [0001] direction. GaN can be grown in the [0001] direction (Ga polar growth) in which case the top surface is Ga-terminated or in the [000 -1] direction (N polar growth) where the top surface is N terminated [START_REF] Ambacher | Two-Dimensional Electron Gases Induced by Spontaneous and Piezoelectric Polarization Charges in N-and Ga-Face AlGaN/GaN Heterostructures[END_REF]. The unit cell of the hexagonal lattice is the red parallelepiped in Fig. 1.4b. 

Spontaneous polarization

Due to the difference in electronegativity between Ga and N, Ga-N bond has an ionic character. Moreover, the wurtzite structure does not have an inversion symmetry. This gives rise to a spontaneous polarization, i.e. a polarization which exists in the material without any external electric field. An easy way of picturing its existence is by summing all the dipole moments induced by Ga-N ionic bonds in a primitive cell or even more simply in a tetrahedron [START_REF] Meneghini | GaN-Based Power Devices: Physics, Reliability, and Perspectives[END_REF], as illustrated in Fig 1 .5. Since the position of the ion is located below the barycenter of the tetrahedron vertices, the sum of the dipoles associated to each bond of the tetrahedron results in a non zero value. The absence of inversion symmetry implies that the sum of the dipole moments associated to all tetrahedrons results also in a non zero value (this is why a spontaneous polarization exists in GaN). A 2D simplified representation of this set of dipole moments is given in Fig. 1.6. It can be seen that the charges associated to dipoles in the volume of the material compensates each other while the charges located at the top and bottom of the crystal are not compensated. They have the same value but with opposite sign and they are called polarization charges. Taking the example of Fig. 1.6, the spontaneous polarization corresponds to the vector:

P sp =     0 0 ±P sp     (1.1)
where P sp is the surface density of polarization charges and is a bulk material property (it is negative in case of Ga polar growth and positive in case of N polar growth). In the following, we simply call it spontaneous polarization of the material. Table 1.1: Lattice parameters and spontaneous polarization of GaN and AlN. (u 0 taken from [START_REF] Bernardini | Spontaneous Polarization and Piezoelectric Constants of III-V Nitrides[END_REF] and the rest from [START_REF] Vurgaftman | Band Parameters for Nitrogen-Containing Semiconductors[END_REF])

Similarly to GaN, the crystal phase of aluminium nitride (AlN) and Al x Ga 1-x N alloy2 is the hexagonal wurtzite, implying that they also have a spontaneous polarization. Owing to the difference in electronegativity and ionic radius between Al and Ga, the parameters a 0 , c 0 and u 0 of AlN, AlGaN and GaN are different. It also means that their spontaneous polarization is different. These parameters are given in Tab. 1.1. They have been calculated in [START_REF] Bernardini | Spontaneous Polarization and Piezoelectric Constants of III-V Nitrides[END_REF] and [START_REF] Vurgaftman | Band Parameters for Nitrogen-Containing Semiconductors[END_REF] using density functional theory (DFT). DFT can be defined as a set of computational methods for solving the many-electron (reduced to an effective single electron problem) stationary Schrödinger equation allowing access to the ground state properties of a system. In our example, the inputs would be the crystal lattice (wurtzite), the atoms (Ga and N or Al and N) and a first guess of the lattice parameters. DFT can allow to have a better estimate of the lattice parameters by searching a combination which leads to the energetically most favorable system. Bernardini et al. [START_REF] Bernardini | Spontaneous Polarization and Piezoelectric Constants of III-V Nitrides[END_REF] computed the spontaneous polarization of AlN and GaN by using the valence band wavefunctions of electrons obtained from DFT. The general theory to calculate the polarization from DFT results has been developed in [START_REF] King-Smith | Theory of Polarization of Crystalline Solids[END_REF] (Berry phase approach) where the amplitude and phases of the valence bands wavefunctions are used to define the spatial positions of the electrons with respect to the ions, leading to P sp . A surprising result is the large difference of polarization between AlN and GaN (see Tab. 1.1). It was found to be induced by the deviation of AlN lattice parameters from the ideal structure case where u 0 = 3/8 and c 0 /a 0 = 8/3. Indeed, Bernardini et al. [START_REF] Bernardini | Spontaneous Polarization and Piezoelectric Constants of III-V Nitrides[END_REF] confirmed this hypothesis. They changed DFT inputs for AlN calculations by setting u 0 = 3/8 and c 0 = 8/3 a 0 and they obtained a spontaneous polarization close to the one of GaN (GaN is already very close to the ideal structure case). This is interesting because it means that this slight shift from ideality (less than 0.1 Å deviation of c 0 and u 0 ) is responsible for the most interesting property of the AlGaN/GaN heterojunction. This property will be shown later.

The expressions of the lattice constants a 0 (x) and c 0 (x) of Al x Ga 1-x N with respect to the Al mole fraction x can be obtained from the lattice constants of AlN and GaN using Vegard's law:

a 0 (x) = a AlN 0 x + a GaN 0 (1 -x) (1.2) c 0 (x) = c AlN 0 x + c GaN 0 (1 -x) (1.3)
Ambacher et al. [START_REF] Ambacher | Pyroelectric Properties of Al(In)GaN/GaN Heteroand Quantum Well Structures[END_REF] validated this law by comparing Eq. (1.2) and Eq. (1.3) to the results of High Resolution X-Ray Diffraction (HRXRD) measurements performed in Al x Ga 1-x N samples with different x [START_REF] Angerer | Determination of the Al Mole Fraction and the Band Gap Bowing of Epitaxial AlxGa1-xN Films[END_REF][START_REF] Peng | Band Gap Bowing and Refractive Index Spectra of Polycrystalline AlxIn1-xN Films Deposited by Sputtering[END_REF], as depicted in Fig. 1.7. The relative difference between the linear model The points correspond to experimental measurements (HRXRD) and the solid lines are linear fits to experimental data. The dashed lines have been obtained from DFT calculations [START_REF] Ambacher | Pyroelectric Properties of Al(In)GaN/GaN Heteroand Quantum Well Structures[END_REF]. This figure is taken from [START_REF] Ambacher | Pyroelectric Properties of Al(In)GaN/GaN Heteroand Quantum Well Structures[END_REF].

and experimental data was found to be less than 2 %. From the calculations conducted in [START_REF] Ambacher | Pyroelectric Properties of Al(In)GaN/GaN Heteroand Quantum Well Structures[END_REF][START_REF] Bernardini | Nonlinear Macroscopic Polarization in III-V Nitride Alloys[END_REF], the parameter u 0 in Al x Ga 1-x N is found to be non linear with respect to x. It can be described by a quadratic equation:

u 0 (x) = u AlN 0 x + u GaN 0 (1 -x) + b u x (1 -x) (1.4)
where b u = -0.0032 (same unit as u 0 ) is a bowing parameter. Bernardini et al. [START_REF] Bernardini | Nonlinear Macroscopic Polarization in III-V Nitride Alloys[END_REF] found that the non linearity of u 0 causes the non linearity of the spontaneous polarization P sp (x) of Al x Ga 1-x N, which can then also be described with a quadratic equation [START_REF] Ambacher | Pyroelectric Properties of Al(In)GaN/GaN Heteroand Quantum Well Structures[END_REF]:

P sp (x) = P AlN sp x + P GaN sp (1 -x) + b x (1 -x) (1.5)
where b = 0.021 C.m -2 is another bowing parameter. P sp vs x is plotted in Fig. 1.8. It decreases from P GaN sp to P AlN sp when x increases from 0 to 1.

Piezoelectric polarization

Since the polarization is governed by the dipole moment of a unit cell, applying a strain to the material will modify inter-atomic distances and hence the polarization. Therefore, again due to their wurtzite lattice, GaN and AlN are piezoelectric materials. To express the piezoelectric polarization of these materials (which is done in [START_REF] Ambacher | Two-Dimensional Electron Gases Induced by Spontaneous and Piezoelectric Polarization Charges in N-and Ga-Face AlGaN/GaN Heterostructures[END_REF][START_REF] Ambacher | Pyroelectric Properties of Al(In)GaN/GaN Heteroand Quantum Well Structures[END_REF]), it is necessary to start by Hooke's law, which provides the relationship between the stress tensor3 σ and the deformation tensor 4 of the Chapter 1. Introduction crystal ϵ. In the wurtzite structure, it reads:

            σ xx σ yy σ zz σ yz σ xz σ xy             =             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 C 44 0 0 0 0 0 0 C 44 0 0 0 0 0 0 1 2 (C 11 -C 12 )                         ϵ xx ϵ yy ϵ zz 2ϵ yz 2ϵ xz 2ϵ xy             (1.6)
where C ij are the elastic stiffness constants. III-N alloys 5 are usually grown in the [0001] axis (z in our case). The strain applied to the material is generally due to the mismatch of the lattice constants and of the thermal expansion coefficients between the stacked layers and these forces are perpendicular to the growth direction z, thereby implying that the stress is only bi-axial (x and y directions) such that σ zz = 0. Moreover, by assuming that the strain in the (x,y) plane is isotropic (ϵ xx = ϵ yy ), the third row of the matrix multiplication in Eq. (1.6) gives:

ϵ zz = -2 C 13 C 33 ϵ xx (1.7)
Neglecting shear stress, the piezoelectric polarization P pz can be assumed to be only in the growth direction (z). Its expression can be obtained from the piezoelectric coefficient d 31 as,

P pz = d 31 (σ xx + σ yy ) (1.8) 
Eq. 1.6 and ϵ xx = ϵ yy implies that σ xx = σ yy such that the combination of Eq. (1.8) and of the first row of Eq. (1.6) gives:

P pz = 2 d 31 ϵ xx C 11 + C 12 -2 C 2 13
C 33 (1.9)

The deformation can be expressed as ϵ xx = (a -a 0 )/a 0 where a is the lattice parameter of the strained structure (when a thin layer is deposited on a much thicker layer, a is generally assumed to be the lattice parameter of the thicker layer). The other constants in Eq. 1.9 are material properties given in Tab. 1.2 for AlN and GaN. To calculate these constants for Al x Ga 1-x N, Vegard's law can be used as in Eq. 1.2. Thus, the piezoelectric polarization of Al x Ga 1-x N, P pz (x), can simply be obtained from Eq. (1.9) but using the calculated constants of Al x Ga 1-x N. The total polarization of a III-N wurtzite alloy is the sum of its spontaneous and piezoelectric polarization. If the material is isolated or is negligibly strained, its piezoelectric polarization is negligible. However, devices based on III-N alloys are usually composed of two or more layers stacked on top of each other [START_REF] Pearton | GaN and ZnO-Based Materials and Devices[END_REF]. The mismatch of the lattice constants and thermal expansion coefficients between the layers causes strain. Therefore, in most cases, the piezoelectric polarization cannot be neglected. If we take the example of an AlGaN layer deposited on top of a much thicker GaN layer, the lattice constants of GaN are larger than the ones of AlGaN (see Fig. 1.7, GaN corresponds to Al x Ga 1-x N with x = 0). Therefore, the tensile strain applied to 1.2: Piezoelectric coefficient and elastic stiffness constants of GaN and AlN taken from [START_REF] Vurgaftman | Band Parameters for Nitrogen-Containing Semiconductors[END_REF]. NB: all these constants can be obtained from DFT calculations [START_REF] Bernardini | Spontaneous Polarization and Piezoelectric Constants of III-V Nitrides[END_REF][START_REF] Wright | Elastic Properties of Zinc-Blende and Wurtzite AlN, GaN, and InN[END_REF]. The elastic stiffness constants can also be obtained from measuring the velocity of surface acoustic wave in Al x Ga 1-x N at different wave frequency as explained in [START_REF] Deger | Sound Velocity of AlxGa1-xN Thin Films Obtained by Surface Acoustic-Wave Measurements[END_REF].

Figure 1.8: (a) Spontaneous (P sp ), piezoelectric (P pz ) and total polarization (P sp + P pz ) of an Al x Ga 1-x N layer (which is on top of a much thicker GaN layer) versus Al mole fraction x. P sp (x) is calculated with Eq. (1.5) while P pz (x) is calculated with Eq. (1.9) where ϵ xx is obtained from Eq. (1.10) and all the other constants of Eq. (1.9) are calculated with Vegard's law from the constants of AlN and GaN given in Tab. 1.2. (b) Same as (a) but in the case where AlGaN is on top of a much thicker AlN layer such that ϵ xx is calculated with Eq. (1.11). The possible relaxation of AlGaN is not taken into account in the calculation of P pz (x).

the AlGaN layer will increase its lattice constants to match the ones of GaN. The deformation of AlGaN with respect to x is in this case:

ϵ xx = a GaN 0 -a 0 (x) a 0 (x) (1.10)
In practice, the AlGaN layer is not always fully strained. Indeed, by means of HRXRD measurements, Ambacher et al. [START_REF] Ambacher | Two Dimensional Electron Gases Induced by Spontaneous and Piezoelectric Polarization in Undoped and Doped AlGaN/GaN Heterostructures[END_REF] found that for typical AlGaN thicknesses of 30 nm and for

x > 0.38, a macroscopic relaxation of the tensile strain is expected. This relaxation reduces the piezoelectric polarization of the AlGaN layer and is taken into account in their calculations ( [START_REF] Ambacher | Two Dimensional Electron Gases Induced by Spontaneous and Piezoelectric Polarization in Undoped and Doped AlGaN/GaN Heterostructures[END_REF]) by including the degree of relaxation r(x) = (a(x) -a GaN 0 )/(a 0 (x) -a GaN 0 ) (estimated by HRXRD) in their P pz calculation (a(x) represents the lattice constant of the relaxed AlGaN layer). We do not take this effect into account in our current calculations. In Fig. 1.8a, the spontaneous (P sp ), piezoelectric (P pz ) and total polarization (P sp + P pz ) of this AlGaN layer are displayed as a function of x. We notice that P pz has the same sign as P sp , so Chapter 1. Introduction that the GaN induced strain enhances the total polarization of the AlGaN layer (in absolute value). On the opposite, if AlGaN is deposited on a much thicker AlN layer, compressive strain is applied to the AlGaN layer because its lattice constants are larger than the ones of AlN. The deformation of AlGaN is therefore:

ϵ xx =
a AlN 0 -a 0 (x) a 0 (x) (1.11) Fig. 1.8b shows that AlGaN piezoelectric polarization has not the same sign as P sp (x) in this case, hence the strain induced by AlN reduces the total polarization of AlGaN (in absolute value).

Electronic properties

What is a band structure ?

Electrons are physically described by wavefunctions for which the squared norm can be viewed as the spatial probability density 6 . Electrons belonging to an isolated atom occupy the so-called atomic orbitals, which describe the location and energy levels occupied by electrons. These energy levels are discrete. When atoms are associated together to form a crystal, the energy levels that can be occupied by electrons within this crystal form a continuum. More precisely, there are ranges of energy which can be occupied (continuum of energy) and there are ranges of energy which cannot be occupied. The ranges of energy which can be occupied are called bands. As mentioned before, electrons are described with waves and these waves have a spatial period. Depending on the direction in the crystal, this spatial period will change. This is quite intuitive because ions act as repulsive/attractive forces to electrons, so if in one direction ion-ion distance is smaller than in another direction, the spatial period of the wavefunction of electrons will be smaller in the first direction. What we call band structure is the description of the energy of the bands with respect to the spatial wave vector of the wavefunction (coordinates of the wave vector are directly linked to the period of the wavefunction in different directions). Below, some mathematical considerations depicting the foundations for determining the band structure of a crystal are given.

3D bulk Schrödinger equation

In principle, a perfect description of a crystal is given by the solution of the many-body Schrödinger equation:

[H e + H i + H ei ] Ψ = E tot Ψ (1.12)
where H e , H i and H ei are the electron, ion and electron-ion interaction Hamiltonian operators respectively, Ψ is the many-body wavefunction and E tot is the energy of the system. But in practice, this equation is very complex to solve because of the large number of ions, electrons and interaction terms to be considered. The first assumption that is taken at this point is the so-called adiabatic (Born-Oppenheimer) approximation which assumes that since the ions are 2. GaN and AlGaN material properties much heavier than electrons (more than three orders of magnitude), the motion of ions from the point of view of electrons is negligible, meaning that the interaction with ions can be assumed static. Thus, the contributions of electrons and ions in Eq. 1.12 can be treated separately such that Ψ can be written as Ψ = ψ γ where ψ and γ are the wavefunction of electrons and ions, respectively. The electron Schrödinger equation is in this case:

[T e + U ee + U ei ]ψ = E e ψ (1. [START_REF] Angerer | Determination of the Al Mole Fraction and the Band Gap Bowing of Epitaxial AlxGa1-xN Films[END_REF] where T e is the kinetic energy of electrons, U ee and U ei are the potential energy associated to electron-electron and electron-ion interaction, respectively, and E e is the energy of electrons. Again, this equation is too complex to solve because of the large number of electrons to be considered. Consequently, the second assumption often employed to make this problem tractable is the "independent particle" approximation where electrons are assumed to be independent so that they can be treated separately. In other words, the interaction of an electron with others is described with a mean potential. The single electron stationary Schrödinger equation is:

- ℏ 2 2m 0 ∇ 2 + U c (r) ψ(r) = Eψ(r) (1.14)
where m 0 is the electron mass, r is the 3D space vector and E is the energy of the electron. The first term in the bracket is the kinetic energy operator whereas U c is the effective potential energy stemming from the average forces exerted by ions and other electrons (core and valence) to the single electron.

Bloch's theorem

Since the arrangement of atoms in a perfect crystal (no impurities) is periodic, U c is periodic:

U c (r + R) = U c (r) (1.15)
where R can be written as

R = 3 i=1
n i a i (1.16) n i terms are integers and (a 1 , a 2 , a 3 ) are the primitive vectors of the unit cell which are shown in Fig. 1.4b for an hexagonal lattice (our case). So, R vectors describes all the points of the Bravaix lattice. The Schrödinger equation in Eq. (1.14) is an eigenvalue problem where the term in square brackets represents the operator. The solutions E and ψ are the eigenvalues and eigenfunctions, respectively. Bloch's theorem states that the eigenfunctions take the form of a plane wave modulated by a periodic function having the period of the Bravaix lattice [START_REF] Ashkroft | Solid State Physics[END_REF]:

ψ nk (r) = e i k.r u nk (r) (1.17) u nk (r + R) = u nk (r) (1.18) This theorem arises from the fact that the spatial translation operator commutes with the Chapter 1. Introduction

Hamiltonian operator (term inside the square brackets of Eq. (1.14)) so that they have a common basis of eigenfunctions. n is an index term because there can be several eigenfunctions and k is the wave vector. Since the potential of the crystal is periodic (Eq. (1.15)), we expect the spatial probability density of electrons (which is the squared norm of the wavefunction ψ) to be periodic:

|ψ(r + R)| 2 = |ψ(r)| 2 (1.19)
This is a direct consequence of Bloch's theorem.

Reciprocal lattice and first Brillouin zone

From Eq. (1.17), it can be easily shown that:

ψ nk (r + R) = e i k.R ψ nk (r) (1.20)
which is another form of Bloch's theorem. The reciprocal lattice can be defined as all points of vector G for which e i G.R = 1. They can be written as: (1.22) with V cell = a i • (a j ∧ a k ) being the volume of the primitive cell (a 1 , a 2 , a 3 ). The reciprocal lattice of a hexagonal lattice is also a hexagonal lattice (see Fig. 1.9). If we note k = k ′ + G with G being any vector of the reciprocal lattice, one can write:

G = 3 i=1 m i b i (1.
b 1 = 2π V cell a 2 ∧ a 3 , b 2 = 2π V cell a 3 ∧ a 1 , b 3 = 2π V cell a 1 ∧ a 2
ψ nk (r + R) = e i (k ′ +G).R ψ nk (r) (1.23) 
= e i k ′ .R ψ nk (r) (1.24) Looking at Eq. (1.20) and Eq. (1.24), we can notice the wavefunction associated to vector k is also associated to a translation of k by any vector of the reciprocal lattice. Thus, one of the consequence of Bloch's theorem is that the wavefunctions and the energies of the electron are periodic in the reciprocal lattice:

ψ n(k+G) (r) = ψ nk (r) , E n (k + G) = E n (k) (1.25)
This means that the description of the energies and wavefunctions of the system can be limited to the smallest volume of the reciprocal lattice, which, when translated by any vector G reproduce all the reciprocal space 7 . This small volume is called the first Brillouin zone. It is represented 2. GaN and AlGaN material properties in Fig. 1.9 in the particular case of a wurtzite lattice. It is a hexagonal prism. Due to rotational symmetry in the reciprocal lattice, the study of the wavefunctions and energies can even more be limited to the triangular prism (represented in red) included in the hexagonal prism.

Band structure parameters of GaN and AlGaN

The band structure of a material represents the energy of the different bands (indexed by n previously) as a function of k. Since k is a vector, the bands are given in different directions of the reciprocal space which are indexed by the points of the triangular prism. Obtaining the band structure requires to solve Eq. (1.14) and is mathematically a complex task. Different calculation methods exist but we will not get further into these aspects since we didn't performed this type of calculation during the thesis. Some methods requires fitting parameters while others do not but necessitate preliminary assumptions which affect the calculated band structure. Hence the resulting band structures obtained in literature for the same material can differ between studies. The band structure of AlN and GaN calculated in [START_REF] Goano | Band Structure Nonlocal Pseudopotential Calculation of the III-Nitride Wurtzite Phase Materials System. Part I. Binary Compounds GaN, AlN, and InN[END_REF] are shown in Fig. 1.10. It can be noticed that there is an unoccupied energy range between 0 eV and E GaN g (taking GaN as example). This is called the gap of the material. The band below the gap is the valence band and the band above the gap is the conduction band. The difference in energy between the maximum of the valence band and the minimum of the conduction band is the band gap energy E g which is the first key material property appearing in the band structure. GaN and AlN are direct band gap materials, meaning that both the minimum of their valence band and the maximum of their conduction band are located at the Γ point (see Fig. Table 1.3: Band gaps E g , Varshni coefficient α and Debye temperature θ D of GaN and AlN. E g is taken from [START_REF] Brunner | Optical Constants of Epitaxial AlGaN Films and Their Temperature Dependence[END_REF] and the two other parameters are taken from [START_REF] Vurgaftman | Band Parameters for Nitrogen-Containing Semiconductors[END_REF].

in Refs. [START_REF] Angerer | Determination of the Al Mole Fraction and the Band Gap Bowing of Epitaxial AlxGa1-xN Films[END_REF][START_REF] Koide | Energy Band-gap Bowing Parameter in an AlxGa1-x N Alloy[END_REF][START_REF] Brunner | Optical Constants of Epitaxial AlGaN Films and Their Temperature Dependence[END_REF]. The first two are given in Tab. 1.3, while E AlGaN g (x) has been fitted to experimental data with the following quadratic law [START_REF] Koide | Energy Band-gap Bowing Parameter in an AlxGa1-x N Alloy[END_REF]:

E AlGaN g (x) = E AlN g x + E GaN g (1 -x) -b g x (1 -x) (1.26)
where b g = 1.0 ± 0.3 eV is a bowing parameter. E AlGaN g increases from E GaN g to E AlN g when x increases from 0 to 1. The temperature dependence of the band gap has been studied in [START_REF] Brunner | Optical Constants of Epitaxial AlGaN Films and Their Temperature Dependence[END_REF] and can be summarized with the Varshni empirical equation [START_REF] Varshni | Temperature Dependence of the Energy Gap in Semiconductors[END_REF]:

E g (T ) = E g (T = 0 K) - αT 2 θ D + T (1.27)
where α is the Varshni coefficient and θ D the Debye temperature, both given in Tab. 1.3 for GaN and AlN. In both materials, E g decreases by about 0.1 eV when the temperature increases from 0 to 400 K [START_REF] Brunner | Optical Constants of Epitaxial AlGaN Films and Their Temperature Dependence[END_REF], which is a relatively small variation. Another important material property extracted from the band structure is the electron effective mass. The electron effective mass stems from the curvature of the conduction band near its minimum. Its minimum is located at the Γ point and the curvature of the conduction band might change in the different directions, so it is defined relatively to the direction in the reciprocal space from the double derivative of the conduction band. Taking the direction ΓA as an example 2. GaN and AlGaN material properties without loss of generality, it reads,

m ΓA = ℏ 2 ∂ 2 E ∂k 2 ΓA -1
(1. [START_REF] Bulutay | Full-Band Polar Optical Phonon Scattering Analysis and Negative Differential Conductivity in Wurtzite GaN[END_REF] This relation originates from the fact that the conduction band near its minimum has a parabolic shape so the double derivative represents its main Taylor coefficient. The exact physical meaning and impact of this parameter will be emphasized with more details in the chapters 3 and 4 but we can directly mention that the lower the effective mass, the better the transport properties will be. The electron effective mass of GaN is relatively equivalent in the different directions of the reciprocal space. The values obtained in literature from band structure calculations lie between 0.18 m 0 and 0.22 m 0 [START_REF] Goano | Band Structure Nonlocal Pseudopotential Calculation of the III-Nitride Wurtzite Phase Materials System. Part I. Binary Compounds GaN, AlN, and InN[END_REF][START_REF] Suzuki | First-Principles Calculation of Effective Mass Parameters of Gallium Nitride[END_REF][START_REF] Chen | Fundamental Optical Transitions in GaN[END_REF][START_REF] Yang | Electronic Structures of Wurtzite GaN, InN and Their Alloy Ga1-xInxN Calculated by the Tight-Binding Method[END_REF][START_REF] Bulutay | Full-Band Polar Optical Phonon Scattering Analysis and Negative Differential Conductivity in Wurtzite GaN[END_REF] and are consistent with the one obtained from experiments [START_REF] Barker | Infrared Lattice Vibrations and Free-Electron Dispersion in GaN[END_REF][START_REF] Witowski | Electron Effective Mass in Hexagonal GaN[END_REF]. In this study, we choose the values recommended in [START_REF] Vurgaftman | Band Parameters for Nitrogen-Containing Semiconductors[END_REF][START_REF] Bulutay | Full-Band Polar Optical Phonon Scattering Analysis and Negative Differential Conductivity in Wurtzite GaN[END_REF] for GaN and AlN:

GaN : m ΓM = m ΓK = m ΓA = 0.2 m 0 (1.29) AlN : m ΓM = m ΓK = 0.30 m 0 , m ΓA = 0.32m 0 (1.30)
The band gap and effective mass are important properties which directly affects the electron density and so the electron current in the material. As such, they are primary inputs in TCAD (Technology Computer Aided Design) simulations which are used to understand and extrapolate the electrical behavior of devices starting from existing experimental data.

Critical electric field vs band gap

Another important point is that the critical electric field E crit directly correlates with the band gap of the material. E crit corresponds to the maximum field which can be theoretically applied to the material before breakdown. Theoretically, in a material without defects, breakdown occurs when electrons in the conduction band have a sufficient kinetic energy (provided by the electric field) to ionize atoms and therefore to create electron-hole pairs. It is understandable that the minimum energy required for this is the band gap energy. Based on reported data of avalanche breakdown in abrupt pn junctions on different materials, Hudgins et al. [START_REF] Hudgins | An Assessment of Wide Bandgap Semiconductors for Power Devices[END_REF] states that in direct band gap materials, the relation between E crit and E g is given by a power law with the form E crit ∝ (E g ) 2.5 thereby highlighting the importance of the band gap parameter for power devices.

AlGaN/GaN heterojunction

Polarization-induced interface charge

As pointed out in Sub-sec. 2.2 and 2.3, GaN and AlGaN have different spontaneous polarizations.

And when an AlGaN layer is deposited on a much thicker GaN layer, the tensile strain caused by their lattice mismatch generates a piezoelectric polarization in AlGaN which enhances even more the difference in polarization between the two materials (see Fig. 1.8a). As schematized in Fig. 1.11, this difference gives rise to an interface charge at the AlGaN/GaN interface whose value will depend on the Al mole fraction x and is given by:

σ pol AlGaN/GaN (x) = P GaN sp -(P sp (x) + P pz (x)) (1.31)
It is recalled that P sp (x) and P pz (x) are the spontaneous and piezoelectric polarization of the Al x Ga 1-x N layer and can be calculated with Eq. (1.5) and Eq. (1.9), respectively. In the Ga polar case, σ pol is positive. It is plotted against x in Fig. 1.12 and it can be noticed that it reaches densities well above 10 13 cm -2 when x > 0.2. But note that, in practice, it is pointless to increase x at values superior to 0.25-0.3 because this would cause a partial relaxation of the AlGaN layer [START_REF] Ambacher | Two-Dimensional Electron Gases Induced by Spontaneous and Piezoelectric Polarization Charges in N-and Ga-Face AlGaN/GaN Heterostructures[END_REF] which would reduce the piezoelectric polarization P pz and so the polarizationinduced interface charge would not increase. 

GaN and AlGaN material properties

Electron channel at the AlGaN/GaN interface

This positive interface charge gives rise to an electron channel at AlGaN/GaN interface without the need to apply an external voltage or to dope the material. This electron channel is referred to as 2D electron gas (2DEG) and is located at the GaN side of the interface because of the conduction band offset induced by the band gap energy difference between the two materials. Fig. 1.13 depicts a typical conduction band and electron density distribution along AlGaN/GaN heterojunction where we can notice the presence of the 2DEG. Its existence was highlighted in Ref. [START_REF] Ambacher | Two-Dimensional Electron Gases Induced by Spontaneous and Piezoelectric Polarization Charges in N-and Ga-Face AlGaN/GaN Heterostructures[END_REF] by means of C-V measurements performed on samples with different x and AlGaN thicknesses and an electron sheet density as high as 2.10 13 cm -2 was obtained with x = 0.31. The measured densities were validated by calculations which stem from polarization theory, thereby validating the theoretical background (briefly presented in Sub-sec. 2.2 and 2.3). Since the value of the positive polarization charge σ pol AlGaN/GaN increases with x, the 2DEG sheet density also increases with x. More recently, it was shown that the 2DEG can reach a low field mobility superior to 2000 cm 2 .V -1 .s -1 at room temperature [START_REF] Chen | Room-Temperature Mobility above 2200 Cm 2 /V•s of Two-Dimensional Electron Gas in a Sharp-Interface AlGaN/GaN Heterostructure[END_REF][START_REF] Siddique | Improved Electrical Properties of AlGaN/GaN High-Electron-Mobility Transistors by In Situ Tailoring the SiNx Passivation Layer[END_REF]. These excellent transport properties arises from the AlGaN/GaN interface quality and from the fact both AlGaN and GaN are crystalline and have similar properties [START_REF] Chen | Room-Temperature Mobility above 2200 Cm 2 /V•s of Two-Dimensional Electron Gas in a Sharp-Interface AlGaN/GaN Heterostructure[END_REF]. The low field transport at room temperature is thus mainly limited by phonon scattering [START_REF] Ridley | Mobility of Electrons in Bulk GaN and AlxGa1-xN/GaN Heterostructures[END_REF][START_REF] Zanato | The Effect of Interface-Roughness and Dislocation Scattering on Low Temperature Mobility of 2D Electron Gas in GaN/AlGaN[END_REF]. Fig. 1.14 shows a picture of an AlGaN/GaN stack obtained in Ref. [START_REF] Chen | Room-Temperature Mobility above 2200 Cm 2 /V•s of Two-Dimensional Electron Gas in a Sharp-Interface AlGaN/GaN Heterostructure[END_REF] by scanning transmission electron microscopy (STEM) and we can notice the different atomic layers and the quality of the epitaxy.

Figures of merit

Raw comparison of material properties may not be enough to find the best one for a given application. Figures of merit (FOM) are commonly used to qualify and benchmark materials. 

Johnson FOM

Johnson FOM is used to qualify semiconductors for high frequency devices [START_REF] Johnson | Physical Limitations on Frequency and Power Parameters of Transistors[END_REF], for which switching power losses must be minimized. To do so, the minimum transit time of electrons in the channel (τ sat = L G /v sat ) has to be reduced or equivalently the maximum transit frequency (f T = 1/(2πτ sat )) maximized. In practice, this cannot be done simply by reducing system size (L G ) because it will lead to a reduction of the breakdown voltage (V BR = E crit L G ). JFOM arises from the compromise which has to be made between f T and V BR and is defined from the product of these two [START_REF] Johnson | Physical Limitations on Frequency and Power Parameters of Transistors[END_REF] (higher it is, better it is):

JF OM = f T V BR = E crit v sat 2π (1.32)

Baliga FOM

Baliga FOM is used to compare semiconductors for high power devices [START_REF] Baliga | Semiconductors for High-voltage, Vertical Channel Field-effect Transistors[END_REF]. Considering an abrupt np junction in the source to drain direction, the ON-state resistance R ON can be expressed as [START_REF] Meneghini | GaN-Based Power Devices: Physics, Reliability, and Perspectives[END_REF]:

R ON = 4 V BR µ ϵ E 3 crit (1.33)
where µ is the mobility of electrons and ϵ the permittivity of the semiconductor. The denominator of Eq. (1.33) is actually a material property so that Eq. (1.33) means that increasing the breakdown voltage induces an increase of the ON-state resistance of the device. This last has to be minimized to limit conduction losses. Baliga FOM can be defined from the denominator:

BF OM = µ ϵ E 3 crit (1.34)
Hence, BFOM gives the trade-off between the breakdown voltage and the on-state resistance of the device. Higher it is, better it is. In Tab. 1.4, a sum-up of the main material properties plus the JFOM and BFOM of GaN, Si and SiC are exposed. GaN has the highest critical electric field and the best saturation velocity thereby making it favorite in terms of JFOM compared to Si and SiC. This combined with its good low field transport properties makes it also favorite in terms of BFOM. Thus, GaNbased technologies for power conversion will allow achieving high voltages while greatly reducing system size compared to Si-based technologies (because of the high E crit ) and the good transport properties of GaN will enable higher frequencies of operation than Si-based technologies.

It is important to note that Tab. 1.4 shows the ideally expected performances. The saturation velocity shown for GaN has been calculated so it is an expected value. These calculations have been performed with Monte Carlo method and can be found in Refs. [START_REF] Gelmont | Monte Carlo Simulation of Electron Transport in Gallium Nitride[END_REF][START_REF] Barker | High-Field Transport Studies of Gan[END_REF]. On the other hand, the critical field for example assumes a GaN crystal without defects or impurities. In reality, the fabrication of defect/impurity free GaN is very difficult and the defects/impurities can lead to breakdown at lower breakdown field than the critical field because defects/impurities contain states and therefore act as reservoir of electrons which can lower the breakdown voltage of the device. We can picture it by just recalling (see Subsec. 2.4.6) that the minimum energy that should be provided to electrons for them to go to the conduction band is the band gap energy. But if there is electron states in the gap due to impurities, the energy required for these electrons to go to the conduction band is lower than in the ideal case, thereby reducing the breakdown field. Hence, the fabrication process of GaN-based devices will be a crucial step to achieve the targeted performances.

3 GaN based power transistors

Where does gallium comes from ?

Because GaN is an artificial material, its synthesis requires Ga and N sources. N is a common element on earth but Ga is a rare element which is never found in its pure state and is usually present in varying amounts in different ores. The main ores in which it is found are bauxite 8 , zinc ores and coals [START_REF] Lu | Resources and Extraction of Gallium: A Review[END_REF][START_REF] Font | Recovery of Gallium and Vanadium from Gasification Fly Ash[END_REF]. Bauxite, which is the most important source of Ga, is estimated to contain only about 0.00005 % of Ga (in mass) [START_REF] Frenzel | On the Current and Future Availability of Gallium[END_REF]. This rarity makes Ga a by-product of the processing of bauxite and zinc ores. China is the main producer of low purity Ga (99.99 % purity) with approximately 84 % of the worldwide Ga capacity in 2020 [43]. Ultra-pure Ga (> 99.9999 % purity), which is required for semiconductor manufacturers, can then be obtained from different refining techniques [START_REF] Bautista | Processing to Obtain High-Purity Gallium[END_REF].

Epitaxial layers

Substrate

Commercially available stand alone GaN substrates are relatively recent, small in diameter and expensive [START_REF] Tyler | GaN Technology for Power Electronic Applications: A Review[END_REF], making them currently and economically unsuitable for mass production power electronics. However, intense research and development is conducted to improve GaN substrates quality because they are promising for high-voltage (>1 kV)/high frequencies operation [START_REF] Oka | Over 10 a Operation with Switching Characteristics of 1.2 kV-Class Vertical GaN Trench MOSFETs on a Bulk GaN Substrate[END_REF]. The most commonly employed technique to grow GaN is the metal-organic chemical vapor deposition (MOCVD). This technique uses a foreign substrate, i.e. GaN is deposited on another material, usually Si, SiC or sapphire (Al 2 O 3 ). The difference in lattice parameter and thermal expansion coefficient between GaN and the substrate material gives rise to dislocations and other crystal defects induced by the mechanical strain. Tab. 1.5 summarizes the key properties of the three substrate materials mentioned above. SiC is the most advantageous because its lattice parameter and thermal expansion coefficient are close to the one of GaN and also because of its high thermal conductivity 9 but SiC substrates are expensive. If we compare sapphire and Si, sapphire is a bit more advantageous in terms of lattice mismatch and thermal expansion coefficient but Si has a much higher thermal conductivity and is very cheap.

8 Bauxite is a sedimentary rock mainly composed of aluminium oxide. 9 A high thermal conductivity allows more efficient thermal management.

Sapphire (Al

2 O 3 ) SiC Si Lattice mismatch (%) (compared to GaN) 14 3.5 - 17 
Thermal expansion coefficient mismatch (%) (compared to GaN) -26 25 56 Thermal conductivity [W.cm -1 .K Overall, the low cost of Si substrate and its compatibility with CMOS process facilities makes it economically favorable. This is why currently commercially available GaN-based power devices mostly employ Si substrate. This is possible because the difference in lattice parameter and thermal expansion coefficient between GaN and Si are tackled by strain management techniques. The GaN devices developed at CEA-Leti and characterized during this thesis are fabricated on 200 mm Si substrate.

AlN Nucleation layer

As mentioned earlier, GaN cannot be deposited directly on Si substrate because the large difference of lattice parameter and thermal expansion coefficient between the two materials would induce a high density of dislocations in GaN, and can result in wafer bowing and film cracking which occurs during the growth or cooling of GaN wafers [START_REF] Clos | Wafer Curvature in the Nonlinear Deformation Range[END_REF][START_REF] Krost | GaN-Based Optoelectronics on Silicon Substrates[END_REF]. Moreover, the MOCVD of GaN directly on Si done at high temperature would cause a reaction called melt-back etching which is a chemical reaction between Ga and Si. This reaction induces damages over large areas on the wafer [START_REF] Ishikawa | Thermal Stability of GaN on (111) Si Substrate[END_REF][START_REF] Ishikawa | GaN on Si Substrate with AlGaN/AlN Intermediate Layer[END_REF][START_REF] Khoury | Evolution and Prevention of Meltback Etching: Case Study of Semipolar GaN Growth on Patterned Silicon Substrates[END_REF] and must therefore be avoided. To tackle these issues, an AlN nucleation layer (AlN NL), directly deposited on Si substrate, is typically used as an initial layer for GaN growth [START_REF] Watanabe | The Growth of Single Crystalline GaN on a Si Substrate Using AIN as an Intermediate Layer[END_REF]. AlN NL is usually around 300 nm thick and provide a compressive strain to GaN because its lattice parameter is 2.4 % smaller than the one of GaN. This compressive strain partially compensates for the tensile stress undergone by GaN during cooling process [START_REF] Reiher | Efficient Stress Relief in GaN Heteroepitaxy on Si(111) Using Low-Temperature AlN Interlayers[END_REF][START_REF] Charles | The Effect of AlN Nucleation Temperature on Inverted Pyramid Defects in GaN Layers Grown on 200mm Silicon Wafers[END_REF] which tends to increase wafer bowing.

Transition layers

Strain management techniques used to reduce wafer bowing and so the yield related to wafer cracking do not stop after AlN NL layers. Transition layers are commonly deposited between the AlN NL layer and GaN to reduce even more the GaN layer stress. The three main types of transition layers are:

• a graded Al x Ga 1-x N layer where x linearly passes from 1 at Al x Ga 1-x N/AlN interface to 0 at GaN/Al x Ga 1-x N interface [START_REF] Marchand | Metalorganic Chemical Vapor Deposition of GaN on Si(111): Stress Control and Application to Field-Effect Transistors[END_REF][START_REF] Raghavan | Growth Stresses and Cracking in GaN Films on (111) Si Grown by Metalorganic Chemical Vapor Deposition. II. Graded AlGaN Buffer Layers[END_REF]. The graded Al x Ga 1-x N is typically around 1 µm thick.

• AlN/GaN super-lattice which consists of repeating several AlN (≈ 5 nm)/GaN (≈ 20 nm) thin layers (20 repetitions or more) [START_REF] Eric Feltin | Stress Control in GaN Grown on Silicon (111) by Metalorganic Vapor Phase Epitaxy[END_REF][START_REF] Arulkumaran | Enhancement of Breakdown Voltage by AlN Buffer Layer Thickness in AlGaN/GaN High-Electron-Mobility Transistors on 4in. Diameter Silicon[END_REF] .

• Two or three AlGaN layers (sometimes more) where Al molar fraction increases by step from 1 to 0, for example: 0.8, 0.5, 0.2 [START_REF] Cheng | Flat GaN Epitaxial Layers Grown on Si(111) by Metalorganic Vapor Phase Epitaxy Using Step-Graded AlGaN Intermediate Layers[END_REF]. Just as the first one, this technique allows to smoothly pass from AlN to GaN. Fig. 1.15 depicts TEM pictures of two AlGaN transition layers and we can notice, when we look from the bottom (AlN) to the top (GaN) layer, that the number of threading dislocations decreases.

All these techniques effectively reduce the stress in the GaN layer and the wafer bowing. 

x 1 Ga 1-x 1 N/Al x 2 Ga 1-x 2 N with x 1 < x 2 .
Taken from Ref. [START_REF] Pearton | GaN and ZnO-Based Materials and Devices[END_REF].

GaN epitaxy : focus on MOVCD

The MOVCD technique, mentioned before, is a technique allowing growing crystalline layers with a precise control of their thickness and thus enables to have sharp interfaces. In the case of GaN, it is usually based on the reaction between the precursor gases trimethylgallium (TMGa, Ga(CH 3 ) 3 ) and ammonia (NH 3 ) following the equation:

Ga(CH 3 ) 3 + NH 3 ⇌ GaN + 3CH 4 ↑ (1.35)
where crystalline GaN is formed at the heated surface while CH 4 is evacuated in gas phase. This reaction requires a high temperature (1000-1100 °C) and a high partial pressure for NH 3 [START_REF] Gibart | Metal Organic Vapour Phase Epitaxy of GaN and Lateral Overgrowth[END_REF]. To deposit AlN, trimethylaluminium (TMAl, Al 2 (CH 3 ) 6 ) is used instead of TMGa. For AlGaN deposition, both TMAl and TMGa are used and Al molar fraction is controlled from the adjustment of the TMAl/TMGa gas flow rates. Regarding the doping, n-type GaN can be obtained using Si doping and this is commonly done by injecting silane (SiH 4 ) gas into the reactor chamber [START_REF] Koide | Doping of GaN with Si and Properties of Blue m/i/n/N+ GaN LED with Si-Doped N+-Layer by MOVPE[END_REF]. Efficient p-type GaN was more difficult to synthesise. It has been successfully achieved by Amano et al. [START_REF] Amano | P-Type Conduction in Mg-Doped GaN Treated with Low-Energy Electron Beam Irradiation (LEEBI)[END_REF] using magnesium (Mg) doping and magnesocene (MgCp 2 ) gas has been employed as the Mg source in the reactor chamber. It is worth noting that this led to the fabrication of the first blue LED [START_REF] Amano | P-Type Conduction in Mg-Doped GaN Treated with Low-Energy Electron Beam Irradiation (LEEBI)[END_REF][START_REF] Nanishi | The Birth of the Blue LED[END_REF]. Last, carbon (C) doping is often employed owing the semi-insulating properties of C-doped GaN. Since the compounds in the MOCVD reactor chamber are metal-organic, they are intrinsically composed of carbon such that carbon incorporation in GaN can be controlled by adjusting the growth temperature, growth pressure and III-N flow rates [START_REF] Koleske | Influence of MOVPE Growth Conditions on Carbon and Silicon Concentrations in GaN[END_REF] (Intrinsic C-doping). Though, this modification of growth parameters and especially of the growth temperature can deteriorate the crystal quality [START_REF] Li | Carbon Doped GaN Buffer Layer Using Propane for High Electron Mobility Transistor Applications: Growth and Device Results[END_REF]. This is why more recent method for C-doping of GaN employ an extrinsic source of C such as propane or methane while maintaining the growth parameters optimized for crystal quality [START_REF] Li | Carbon Doped GaN Buffer Layer Using Propane for High Electron Mobility Transistor Applications: Growth and Device Results[END_REF][START_REF] Yacoub | Effect of Different Carbon Doping Techniques on the Dynamic Properties of GaN-on-Si Buffers[END_REF] (Extrinsic C-doping).

Unintentional doping of GaN

During GaN epitaxy, there is unintentional generation of defects or incorporation of impurities. The defects can be dislocations induced by the stress but also vacancies, anti-sites10 or selfinterstitials 11 . Furthermore, foreign atoms such as Si, C, oxygen (O) or hydrogen (H) can also be present in the reactor chamber and be involuntarily incorporated in GaN [START_REF] Rossetto | Performance-Limiting Traps in GaN-Based HEMTs: From Native Defects to Common Impurities[END_REF]. Defects and impurities lead to electron states in the band gap and therefore change the Fermi level of GaN [START_REF] Lyons | Computationally Predicted Energies and Properties of Defects in GaN[END_REF]. It is commonly considered that when there is not intentional doping, GaN is slightly n-type [70] and is referred to as GaN:UID (UID: UnIntentionally Doped). This slight n-type doping is small, N D ≤ 10 15 cm -3 . If it was above this value, it would be detectable via capacitance measurements as explained in [START_REF] Nifa | Novel C-V Measurements Based Method for the Extraction of GaN Buffer Layer Residual Doping Level in HEMT[END_REF].

C-doped GaN layer (epitaxial buffer layer)

During OFF-operation, the drain of power transistors is submitted to high voltages. In order to achieve a high breakdown voltage, the leakage current in the OFF-state between the drain and bulk but also between the drain and gate/source must be minimized. This is done by using a semi-insulating 12 GaN buffer layer and C-doped GaN has been shown to have semi-insulating properties [START_REF] Webb | Semi-Insulating C-Doped GaN and High-Mobility AlGaN/GaN Heterostructures Grown by Ammonia Molecular Beam Epitaxy[END_REF][START_REF] Tang | Properties of Carbon-Doped GaN[END_REF]. This can be clearly seen in Fig. 1.16 where the vertical current has been measured in different AlGaN/GaN devices by the authors of Ref. [START_REF] Yacoub | Effect of Different Carbon Doping Techniques on the Dynamic Properties of GaN-on-Si Buffers[END_REF]. The devices which have a thick and intentional C-doped GaN layer (GaN:C) exhibit a much lower vertical current and so a much higher breakdown voltage. Besides, these measurements also indicate that the semiinsulating properties of GaN:C does not change whether C-doping is intrinsic or extrinsic. Since the breakdown voltage is directly correlated to the maximum field which can be applied to the stack of layers, GaN:C must be thick enough to ensure that the breakdown voltage is as targeted. Thus, GaN:C is usually more than 1 µm thick. C atoms in GaN can be located in N site (C N ), Ga site (C Ga ) or in interstitial sites (C i ).

The preferable sites depend on the Fermi level of GaN and on whether the growth occurs in Ga-rich or N-rich condition. This has been investigated by Lyons et al. [START_REF] Lyons | Carbon Impurities and the Yellow Luminescence in GaN[END_REF][START_REF] Lyons | Effects of Carbon on the Electrical and Optical Properties of InN, GaN, and AlN[END_REF] and Wright [START_REF] Wright | Substitutional and Interstitial Carbon in Wurtzite GaN[END_REF] using DFT calculations. The authors found that C N acts as a deep acceptor located at around 0.9 eV above the valence band maximum (VBM) while C Ga acts as a shallow donor located at around 0.1-0.2 eV below the conduction band minimum (CBM). The likelihood of each site is typically examined by looking at the Formation energy vs Fermi level plot such as the one shown on Fig. 1.17 obtained from DFT calculations [START_REF] Lyons | Carbon Impurities and the Yellow Luminescence in GaN[END_REF]. Since GaN is slightly n-type, the Fermi level is initially located close to the conduction band. If we now assume that C is voluntary incorporated in the reactor chamber, Fig. 1.17 indicates that C N site is favorable for C atoms because its formation energy is much lower than C Ga site. But, as the concentration of C N increases, the Fermi level decreases and gets closer to the C N level (0.9 eV above the VBM) and so C Ga formation energy gets closer to the one of C N . Hence, the concentration of C Ga increases and the Fermi level decreases until the formation energies of C Ga and C N are the same. Under Ga-rich conditions, this occurs when E F is at 0.5 eV above the VBM whereas under N-rich conditions, it occurs when E F is at 2 eV above the VBM (see Fig. 1.17). Yet, these are theoretical considerations depicting an ideal case and aiming to give qualitative information and cannot provide, for now, the relative concentrations of C N , C Ga , C i or the Fermi level in a real processed sample. By means of C-V measurements performed on samples with high C concentrations (10 19 cm -3 ), Koller et al. [START_REF] Koller | The Interplay of Blocking Properties with Charge and Potential Redistribution in Thin Carbon-Doped GaN on n-Doped GaN Layers[END_REF] found that the Fermi level in GaN:C pins at 0.7 ± 0.2 eV above the VBM, which first, allows explaining for the semi-insulating properties of Carbon, but also, it is close to the 3. GaN based power transistors C N level calculated by Lyons et al. [START_REF] Lyons | Carbon Impurities and the Yellow Luminescence in GaN[END_REF]. More recently, Koller et al. [START_REF] Koller | Mechanism Leading to Semi-Insulating Property of Carbon-Doped GaN: Analysis of Donor Acceptor Ratio and Method for Its Determination[END_REF] results suggest that for [C]> 10 18 cm -3 , about 2/3 of C atoms are acceptors (C N sites) and 1/3 are donors (C Ga and/or N vacancies (V N )) leading to a Fermi level pinning close to C N level.

AlGaN deposition and passivation

GaN:UID acts as the channel material simply because dopants in the channel have a detrimental effect on the transport properties and also because the current in OFF-state must be minimized.

To form a 2DEG, an AlGaN layer is deposited on top of GaN. Its typical thickness is around 25 nm and its Al molar fraction is around 25 %. A passivation layer is then deposited on top of AlGaN to passivate N dangling bonds. An SiN layer is usually employed, either grown by MOCVD [START_REF] Charles | The Characterization and Optimization of GaN Cap Layers and SiN Cap Layers on AlGaN/GaN HEMT Structures Grown on 200 Mm GaN on Silicon[END_REF] or Plasma-Enhanced CVD (PECVD) [START_REF] Iman | PECVD Silicon Nitride Passivation of AlGaN/GaN Heterostructures[END_REF]. The passivation improves electrical performances because it eliminates or reduces the surface states at AlGaN surface [START_REF] Moens | An Industrial Process for 650V Rated GaN-on-Si Power Devices Using in-Situ SiN as a Gate Dielectric[END_REF].

P-doped GaN

As mentioned before, p-doping is achieved using Mg which is known to be a shallow acceptor located at 0.13-0.2 eV above the VBM [START_REF] Tanaka | P-type Conduction in Mg-doped GaN and Al0.08Ga0.92N Grown by Metalorganic Vapor Phase Epitaxy[END_REF][START_REF] Götz | Activation of Acceptors in Mg-doped GaN Grown by Metalorganic Chemical Vapor Deposition[END_REF][START_REF] Kozodoy | Heavy Doping Effects in Mg-Doped GaN[END_REF]. As it will be seen later, p-doping can be used in different configurations (during or after the epitaxy) to increase the threshold voltage.

Normally-ON transistor (D-mode)

A usual normally-ON device structure scheme is represented in Fig. 1.18 where the main lines of the epitaxy can be seen (skipping the gate, source and drain). After the epitaxy, the gate part of the transistor is usually processed followed by the source and drain ohmic contacts. The 2DEG formed at AlGaN/GaN interface exists without the need to dope or apply a gate voltage so if a positive voltage is applied at the drain, there will be an electron drift current from the source to the drain. Necessarily, a negative voltage must be applied to the gate in order to deplete the 2DEG under the gate and prevent current to flow from the source to the drain. So, the threshold voltage of this device is negative (V TH < 0 V). Transistors with negative V TH are known as normally-ON or as D-mode (for Depletion-mode). Since it requires applying a negative gate voltage to be in the OFF-state, they are unsuitable for power circuits because of operations safety and complexity of gate driver circuits [START_REF] Chen | Enhancement-Mode AlGaN/GaN HEMT and MIS-HEMT Technology[END_REF][START_REF] Su | Prospects for the Application of GaN Power Devices in Hybrid Electric Vehicle Drive Systems[END_REF][START_REF] Scott | Merits of Gallium Nitride Based Power Conversion[END_REF]. Normally-OFF transistors (V TH > 0 V) are therefore required. Currently, several architectures for normally-OFF transistors which exploit the benefits of the AlGaN/GaN heterojunction exist. The next subsection gives the main features of some architectures. Lastly, the full recess MOS-HEMT architecture developed at CEA-Leti is described.

Normally-OFF transistors (E-mode)

Cascode configuration

In the cascode configuration represented in Fig. 1.19, a Si n-MOSFET is used to provide for the normally-OFF behavior and is connected in series with an AlGaN/GaN HEMT [START_REF] Ren | Experimental Characterization of the Fully Integrated Si-GaN Cascoded FET[END_REF]. The channel Chapter 1. Introduction 

p-GaN gate

In the p-GaN gate HEMT , a p-doped GaN layer is deposited on top of the AlGaN layer before the gate deposition (see Fig. 1.20) leading to the depletion of the 2DEG because ionized p-dopants are negatively charged and increase the conduction band. This enables positive V TH while maintaining the good transport properties of the 2DEG. These architectures initially suffered from dynamic R ON issues caused by trapping in the epitaxial buffer layers [START_REF] Meneghini | Role of Buffer Doping and Pre-Existing Trap States in the Current Collapse and Degradation of AlGaN/GaN HEMTs[END_REF]. Dynamic R ON issue (or "current collapse") arises when the device is turned ON after being in the OFF state with a high voltage applied to the drain (OFF-state stress). This OFF-state stress has caused the resistance to increase such that when coming back to the ON-state, the resistance takes too much time to recover its static value R ON value. Thus, it leads to a higher effective resistance when the device is in operation and so to more losses. As mentioned before, GaN devices will be used in switching mode (fast switching from ON to OFF state) so that dynamic R ON issue will badly affect the performance of the device. Fortunately, this problem was tackled either by optimizing the field plates design [START_REF] Posthuma | Gate Architecture Design for Enhancement Mode P-GaN Gate HEMTs for 200 and 650V Applications[END_REF] or by using a p-GaN layer at the drain side (this p-GaN layer is connected to the drain) which acts as a hole injection layer compensating the hole emission occuring in the epitaxial layer (which is responsible for the resistance increase 13 ). Details can be found in [START_REF] Tanaka | Mechanism of Current-Collapse-Free Operation in E-Mode GaN Gate Injection Transistors Employed for Efficient Power Conversion[END_REF]. Unlike the first one, the second solution nearly completely eliminated dynamic R ON issue. The remaining drawback of this architecture is the gate leakage current caused by the small conduction band offset between AlGaN and GaN which limits the maximum gate voltage applicable to the device. Despite that, the p-GaN gate HEMT is currently the most advanced architecture for normally-OFF operations available in the market. Companies such as TSMC and Infineon commercialize this architecture.

Figure 1.20: Representation of a p-GaN gate HEMT.

Vertical GaN transistor (for applications above 1 kV)

The lateral devices 14 such as the p-GaN gate shown above are targeted for applications up to 650 V. In these transistors, reaching a higher breakdown voltage requires thicker buffer layers and increased source-to-drain distance. Vertical GaN transistors 15 such as the one represented in Fig. 1.21 do not suffer from this limitation because the breakdown voltage is ruled out by the drift layer (n-GaN) thickness enabling smaller device size [START_REF] Abdul Khadar | Fully Vertical GaN-on-Si Power MOSFETs[END_REF]. The p-GaN layer (see scheme in Fig. 1.21) needs to be inverted to enable current from the source to the drain hence resulting in positive V TH . 

Full recess MOS-HEMT (choice of CEA-Leti)

The full recess MOS-channel HEMT power transistor developed at CEA Leti is represented in Fig. 1.22. In this lateral device meant for applications up to 650 V drain voltage, the AlGaN/GaN 13 Holes emitted from impurities leave negative charges (relative) which reduce the electron density 14 The transport of electrons is perpendicular to the growth direction 15 The transport of electrons is parallel to the growth direction heterojunction is removed by a full gate recess followed by Al 2 O 3 oxide deposition yielding a MOS type channel with normally-OFF behavior. p-doping in the channel (p-GaN layer in the illustration) is used to increase the V TH , and a thin AlN layer (0.7 nm) located in-between the GaN channel and the AlGaN layer is used to improve 2DEG's resistance [START_REF] Chen | Room-Temperature Mobility above 2200 Cm 2 /V•s of Two-Dimensional Electron Gas in a Sharp-Interface AlGaN/GaN Heterostructure[END_REF][START_REF] Piotrowicz | A Comprehensive Analysis of AlN Spacer and AlGaN N-Doping Effects on the 2DEG Resistance in AlGaN/AlN/GaN Heterostructures[END_REF]. This transistor has a low leakage current compared to the p-GaN gate HEMT (due to the use of an oxide and because of the high conduction band offset between Al 2 O 3 and GaN) allowing the application of higher gate voltages, but suffers from V TH /R ON instabilities induced by gate bias and/or by drain bias [START_REF] Viey | Influence of Carbon on pBTI Degradation in GaN-on-Si E-Mode MOSc-HEMT[END_REF][START_REF] Viey | Investigation of nBTI Degradation on GaN-on-Si E-Mode MOSc-HEMT[END_REF][START_REF] Zagni | Hole Redistribution" Model Explaining the Thermally Activated R ON Stress/Recovery Transients in Carbon-Doped AlGaN/GaN Power MIS-HEMTs[END_REF]. Although the good transport properties of the AlGaN/GaN heterojuction are exploited in the source-to-gate and gate-to-drain regions, the mobility at Al 2 O 3 /GaN interface is severely impacted by the oxide process and the p-doping in the channel (p-GaN) and is more than 10 times lower than the 2DEG mobility.

Gate process

After the epitaxy, the passivation layer is removed and the Inductively Coupled Plasma -Reactive Ion Etching (ICP-RIE) technique is used to recess the AlGaN layer and a part of GaN:UID to form a cavity. Then, Al 2 O 3 oxide is deposited by Atomic layer Deposition (ALD) followed by the gate metal deposition. The gate metal in contact with Al 2 O 3 consists of around 20 nm of TiN. It is followed by a W-deposition step.

Source and drain ohmic contacts

Source and drain contacts are processed after the gate (gate-first process) because the thermal budget of the gate is below that of source and drain ohmic contacts [START_REF] Biscarrat | Performance Enhancement of CMOS Compatible 600V Rated AlGaN/GaN Schottky Diodes on 200mm Silicon Wafers[END_REF]. The process starts by the recess (combination of dry and wet etchique technique) of the passivation layer, AlGaN and a part of GaN and then TiAlCu metal alloy (Au free) is deposited by Physical Vapor Deposition (PVD).

Figure 1.23: Ideal illustration of the two stacks studied. These stacks are illustrations and will change during this study. This is because stack parameters are varied to obtain information regarding their effects.

The aim of the thesis is to study the electrostatic and low-field lateral electron transport properties in the two stacks presented in Fig. 1.23. The stack on the left will be called the gate metal/Al 2 O 3 /GaN (or just Al 2 O 3 /GaN) stack and the stack on the right will be called the SiN/AlGaN/GaN (or just AlGaN/GaN) stack. These two stacks appear in the global 2D structure of the MOS-HEMT transistor (Fig. 1.22) but we will focus only on the 1D aspects and study each stack separately on specific test structures. After briefly presenting the electrical characterization methods in chapter 2, chapter 3 studies the electrostatic properties. Chapter 4 is devoted to the low-field lateral electron transport properties.

The studies conducted during this thesis are based on the comparison between experimental results and calculations. In general, the primary goal is not to perfectly reproduce the experimental results, but rather to understand them and to get information out of them. Part of the thesis work was devoted to the development of a 1D Schrödinger-Poisson solver for calculating the electrostatic properties, and of a semi-classical transport solver for calculating the low field electron mobility. Hence, chapters 3 and 4 contain the theoretical details related to these developments.

Purpose of chapter 3: electrostatic properties

The first part of this chapter deals with electrostatics of the SiN/AlGaN/GaN stack. In the MOS-HEMT, there is no gate above the SiN/AlGaN/GaN stack (except on a very small portion close to the Al 2 O 3 ). The important parameter of this stack is therefore the 2DEG density at

V G = 0 V.
To understand what governs the 2DEG density, a method is described to estimate the charges at the SiN/AlGaN and AlGaN/GaN interfaces but also to evaluate the density of ionized p-dopants below the 2DEG. This method is based on the knowledge of V T H1 , which is the negative voltage necessary to deplete the 2DEG and V T H2 , which is the threshold voltage of the electron channel forming close to the SiN/AlGaN interface. These parameters will be studied in particular by varying the Al molar fraction (also called Al fraction) in the AlGaN layer and also by varying the proximity of p-doped GaN layer to the 2DEG.

The second part of this chapter deals with the V T H of the MOS-HEMT which is a key parameter of the transistor. Indeed, as described in a previous 

Purpose of chapter 4: low-field electron transport

The mobility of the 2DEG is measured around 2000 cm 2 .V -1 .s -1 at room temperature whereas the mobility of Al 2 O 3 /GaN electron channel is less than 200 cm 2 .V -1 .s -1 . The mobility of the 2DEG is therefore more than 10 times greater. Partly for this reason, this chapter mainly studies the low-field mobility of the Al 2 O 3 /GaN electron channel in order to better understand why the mobility is so small. To advance towards this objective, the effect of GaN p-doping on the mobility of Al 2 O 3 /GaN electron channel is studied. The temperature dependence of the mobility (from 77 K to 298 K and from 298 K to 423 K) is also measured and analyzed to dissociate the effect of phonons and the effect of impurities/defects. This is important also because the device operates at high temperature. In addition, the beneficial impact of including a thin AlN inter-layer between Al 2 O 3 and GaN is exposed. All analyzes rely on mobility calculations based on the semi-classical formalism.

The chapter also reports 2DEG mobility measurements from 77 K to 298 K and compares them to phonon limited mobility calculations to verify that the 2DEG mobility is well optimized.

Conclusion

Conclusion

The electrification of the economy is currently boosting the power electronics market. The increasing demand for more efficient power converters drove the emergence of GaN-based devices. They offer enhanced material properties compared to Si-based devices allowing reducing power circuit size and power losses.

GaN is often used in association with AlGaN because of their polarization properties which give rise to a 2D electron gas at the AlGaN/GaN interface with excellent transport properties. This combined with the intrinsic high critical field of these materials makes them favorite candidates for high frequency applications.

For cost competitiveness, GaN devices are processed on Si substrates. This makes the epitaxy a crucial and challenging step because the lattice mismatch between Si and GaN is elevated. The sheet resistance of an electron channel in a semiconductor, noted R s , is defined as [START_REF] Dieter | Semiconductor Material and Device Characterization[END_REF]:

R s = 1 e t ch 0 dz n(z)µ n (z) (2.1)
where e is the charge of an electron, n(z) is the electron density at z and µ n (z) is the electron mobility at z. z = 0 is the interface where the electron channel forms and t ch is the thickness of the electron channel (the z-axis is parallel to the growth direction but opposite).

For the SiN/AlGaN/GaN stack: 2DEG analysis

To analyse the SiN/AlGaN/GaN stack, we have always used a gated and squared Van der Pauw structure with very large gate area (200*200 µm2) for current, sheet resistance and capacitance measurements (Fig. 2.1). To extract the sheet resistance at each V G , we apply a small voltage difference between two consecutive ohmic pads (100 mV, to ensure that we are in low field regime) as depicted in Fig. 2.1a, then measure the current I(V G ) between these two pads and the voltage difference dV (V G ) between the two other ohmic pads. The sheet resistance can then be obtained following [START_REF] Dieter | Semiconductor Material and Device Characterization[END_REF][START_REF] Van Der Pauw | A Method of Measuring Specific Resistivity and Hall Effect of Discs of Arbitrary Shape[END_REF]:

R s (V G ) = π ln(2) dV (V G ) I(V G ) (2.2)
Since the gate area is very large, access resistance does not influence the measurement. In the MOS-HEMT transistor shown in Fig. 1.22, there is no gate above the SiN except close to the MOS region, while in the test structure, there is. This is because varying the gate voltage and so the 2DEG density allows assessing some properties of the stack such as interface charges or the effect of p-doping. So, it is a valuable source of information. This will be detailed in chapter 3. 

For the

R s (V G ) = W G L G V D I D (V G ) (2.3)
Only the measurements on the devices with L G = 60 µm are exploited when studying electron transport in chapter 4, but we always performed measurements on several gate lengths to eval-1. Test structures and sheet resistance measurement Chapter 2. Electrical characterization methods and precautions uate access and gate corner resistances and so to verify that they have a negligible effect on the devices with L G = 60 µm. This verification is done by comparing the sheet resistance obtained from Eq.(2.3) in the case L G = 60 µm to the one obtained by differential method [START_REF] Kom Kammeugne | Analysis of MIS-HEMT Device Edge Behavior for GaN Technology Using New Differential Method[END_REF]: where R s is extracted using Eq. (2.3) on the device with L G = 60 µm was found to be inferior to 3 % for all V G , in all the samples studied during this thesis. This proves that the access and gate corner resistances have a negligible effect on the devices with L G = 60 µm, so that the sheet resistance obtained with Eq.(2.3) corresponds to the sheet resistance of Al 2 O 3 /GaN electron channel (bottom of gate in Fig. 2.2).

R corrected s (V G ) = W G d V D I D (V G ) dL G (2.4) R corrected s (V G ) is
The current and voltage measurements have been performed with a Keysight B1500A Semiconductor Device Analyzer, unless stated otherwise.

Capacitance vs voltage measurement 2.1 Small-signal technique

A capacitance vs gate voltage V G measurement can be performed with an LCR meter (HP 4284 in our case). The latter has two terminals, called LOW and HIGH. The HIGH terminal applies a combination of a staircase DC voltage V G (t) plus a sinusoidal voltage v G (t) with a small amplitude (40 mV in our case) whose frequency f can be chosen, as depicted in Fig. 2.3. The LOW is connected to the Ohmic contact which is connected to the 2DEG and contain an ammeter which measures the sinusoidal current i(t) induced by the sinusoidal voltage applied at the gate. The voltage difference V (t) between the HIGH and LOW is measured via a voltmeter embedded in the LCR meter. From the sinusoidal current i(t) and the sinusoidal voltage difference V (t), the admittance of the system can be extracted by the LCR meter. The imaginary part of this admittance allows assessing the capacitance of the system C measured . This capacitance is normalized by dividing it by the gate area C measured /(W G * L G ). If we connect only the ohmic contacts to the LOW terminal and not the bulk, we obtain what is called the gate-to-channel capacitance C GC (V G ) whose definition is given by:

C GC (V G ) = e d t ch 0 dz (n(z) -p(z)) dV G (2.5)
where p(z) is the hole density at z. In our case, when V G is inferior to the threshold voltage V T H of the electron channel, we do not observe a depletion capacitance or a hole channel in this configuration (i.e., by connecting only the ohmic contacts to the LOW and not the bulk) such that p(z) can be set to 0. Thus, the C GC (V G ) is proportional to the electron sheet density

n s = t ch 0 dz n(z): C GC (V G ) = e dn s dV G (2.6)
Of course, even if there are holes, this formula is always valid when V G ≥ V T H . If instead the LOW is connected to the ohmic contacts and the bulk (Si substrate), the capacitance obtained will be called gate-to-channel and bulk capacitance C G-CB (V G ) and measures the total charge variation in the stack:

C G-CB (V G ) = d ( ∞ 0 dz (n(z) -p(z))) dV G (2.7)
We only measured C G-CB (V G ) once (in chapter 3) because we mostly need the C GC (V G ).

If we take the Al 2 O 3 /GaN structure as an example, it is important to note that the connection between the Al 2 O 3 /GaN electron channel and the LOW terminal is possible thanks to the 2DEG present in the access (see Fig. 2.3). The existence of this 2DEG can be checked for example by performing measurements on two transistors with different FPG values (FPG is represented in Fig. 2.3) as displayed in Fig. 2 The parasitic capacitance due to the gate corners and the 2DEG in the accesses, highlighted in [START_REF] Kom Kammeugne | Parasitic Capacitance Analysis in Short Channel GaN MIS-HEMTs[END_REF], is negligible for L G ≥ 50 µm. This was systematically verified by performing measurements on devices with several gate lengths (20, 30, 40, 50 and 60 µm). The slope of C measured vs L G gives the corrected capacitance while the limit C measured (L G → 0) gives the parasitic capacitance [START_REF] Kom Kammeugne | Analysis of MIS-HEMT Device Edge Behavior for GaN Technology Using New Differential Method[END_REF].

In the devices with L G ≥ 50 µm, the parasitic capacitance induces an error in the measurement which is well below 1 % so it is clearly negligible.

Quasi-static technique

Another way of measuring the capacitance, instead of applying a small sinusoidal voltage v G at the gate for each V G , is to apply a small voltage ramp v G (t) = v × t where v is the voltage ramp speed (in V/s). v is generally chosen small and that is why the measurement is referred to as quasi-static. The voltage ramp induces a charge variation dQ ch at the channel and at the gate (to respect charge neutrality). This charge variation is measured through the displacement current (I dis = dQ ch /dt) and it gives the basis of quasi-static C GC (V G ) (QSCV) extractions:

C GC (V G ) = dQ ch dV G = dQ ch /dt dV G /dt = I dis v (2.8)
This measurement is performed with a Keysight B1500A Semiconductor Device Analyzer and the exhaustive details on the method can be found in [START_REF] Technologies | How to Perform QSCV (Quasi-Static Capacitance Voltage) Measurement Using Keysight B1500A Semiconductor Device Analyzer[END_REF]. One think that can be noted is that the gate leakage current I G is measured at each V G before the application of the small voltage ramp in order to correct I dis from the leakage current (I corrected dis = I dis -I G ). But in our case, the gate oxide is thick (30 nm) and we limit our measurements to gate voltages below 7 V such that the gate leakage is negligible compared to the displacement current. Fig. 2.5 compares measurements performed using the small-signal technique with a low frequency f = 100 Hz and the quasi-static technique with a ramp speed v = 5 V /s. The two measurements, done on 2. Capacitance vs voltage measurement different measuring apparatus and based on different techniques give the same results which validates both. We can mention that we employed the quasi-static technique only as a reference measurement to validate the small-signal measurement but also to validate another technique that will be exposed in section 3.2.

Precautions

In chapter 3, we sometimes use small-signal C GC (V G ) measurements to analyze the V T H in different samples. When doing these measurements, we take two precautions. First, we check that we are in the low frequency limit (i.e., quasi-static limit). In some samples, the V T H increases when increasing the frequency of the small-signal as illustrated in Fig. 2.6. The phenomenon was highlighted in [START_REF] Vandendaele | A Novel Insight on Interface Traps Density (Dit) Extraction in GaN-on-Si MOS-c HEMTs[END_REF] and thoroughly investigated in [START_REF] Jaud | Comprehensive TCAD Analysis of Threshold Voltage on GaN-on-Si MOS-Channel Fully Recessed Gate HEMTs[END_REF]. To avoid this unwanted effect, we do preliminary measurements at different frequencies and we choose the maximum frequency below which the measurement does not change 3 . To further ensure that we are in the low frequency limit, we also compare C GC (V G ) to I D (V G ) (or I(V G ) in case of Van der Pauw structure), to verify that the V T H is the same in both measurements. Second, we check that the stress due to the application of a gate voltage does not influence the measurement 4 . To avoid gate voltage stress, we choose V Gmin (minimum gate voltage of the measurement) below but relatively close to the V T H and perform forward V G sweep for the measurement. To verify that stress does not impact the measurement, we simply verify that there is no hysteresis in the range [V Gmin , V T H + 1.5]. This verification implies that the stress does not influence the C GC close to the V T H and since at V G = V T H + 1.5 V, the C GC is relatively close to its maximum value, the gate voltage stress occurring when V G > V T H + 1.5 has no impact because the C GC is relatively constant at this point so it will not be affected by stress. These precautions regarding gate voltage stress are Figure 2.6: C GC (V G ) curves obtained with quasi-static technique (QSCV) and small-signal technique at different frequencies, applied on two different samples (top: sample without pdoping, bottom: sample with p-doping). also taken for current vs V G measurements but a problem arises, as we will see in section 3.1, when we need both current and capacitance measurements.

3 Split-CV mobility: Definition, issues and new method for reliable high temperature mobility extraction

Definition and issues

The effective mobility of an electron channel can be defined as:

µ ef f = t ch 0 dz n(z)µ n (z) t ch 0 dz n(z) = t ch 0 dz n(z)µ n (z) n s = 1 e n s R s (2.9)
where we have used Eq.(2.1). If we recall Eq.(2.6), n s (V G ) can be obtained by integrating the

C GC (V G ) measurement: n s (V G ) = 1 e V G V Gmin dV C GC (V ) (2.10)
where

V Gmin = 0 V < V T H (C GC (V G ) is negligible when V G < V T H
). The split-CV method consists of calculating the effective mobility with Eq.(2.9) where n s is obtained from the C GC (V G ) measurement using Eq.(2.10) and R s is extracted as explained in section 1, using Eq.(2.3) (for the Al 2 O 3 /GaN electron channel) or Eq.(2.2) (for the 2DEG). Taking the Al 2 O 3 /GaN example without losing generality, µ ef f can be expressed by replacing R s by its expression:

µ ef f = L G q W G V D • I D (V G ) n s (V G ) (2.11)
Two measurements (C GC (V G ) and I D (V G )) performed separately are required to extract the mobility. It is precisely for this reason that there are problems when extracting the split-CV mobility. In fact, we have already mentioned the two issues in section 2.3. The C GC measurement must be done at a sufficiently low frequency to avoid the unwanted effect illustrated in Fig. 2.6 but the real issue is the fact that the C GC (V G ) and I D (V G ) measurements are performed one after the other and these measurements are slow (the total measurement time is superior to 1 s). We observed that for temperatures above 298 K, the measurement is not always reproducible because the gate voltage stress, that will be called BTI (Bias Temperature Instability), induces a V T H shift so that when the measurement (C GC (V G ) or

I D (V G )) is repeated, the V T H changes.
Thus, if we want to extract the mobility and we start for example by the I D (V G ) measurement, the V T H changes when doing this measurement. Consequently, the C GC (V G ) measurement that comes after will be impacted by the first measurement and so the mobility extracted from those two measurements will be inaccurate. BTI effects have been thoroughly studied in [START_REF] Viey | Influence of Carbon on pBTI Degradation in GaN-on-Si E-Mode MOSc-HEMT[END_REF], the V T H shift induced by gate voltage stress increases with temperature and will therefore cause an inaccuracy in the temperature dependency of the mobility. To avoid these unwanted effects, the mobility of Al 2 O 3 /GaN electron channel for temperatures ranging from 298 K to 423 K has been extracted using a new method based on fast and simultaneous C GC (V G ) and I D (V G ) measurements.

New method for fast and simultaneous C GC (V G ) and I D (V G ) measurements

To avoid BTI effect, fast measurements are mandatory. Moreover, performing I D (V G ) and C GC (V G ) measurements simultaneously is the best way to ensure that we efficiently dissociate the current (I D (V G )) and the electron sheet density n s (obtained from C GC (V G )) at each gate voltage. The new experimental setup to perform fast and simultaneous I D (V G ) and C GC (V G ) measurements was originally developed and used in [START_REF] Viey | Study on the Difference between ID(VG) and C(VG) pBTI Shifts in GaN-on-Si E-Mode MOSc-HEMT[END_REF] to follow I D (V G ) and C GC (V G ) BTI shifts. We have employed it in our test structures, validated it, and used it to extract the mobility of Al 2 O 3 /GaN electron channel.

Principle

The measurement is done using the Keysight B1500A Semiconductor Device Analyzer with two Waveform Generator/Fast Measurement Units, noted WGFMU1 and WGFMU2. The method is illustrated in Fig. 2.7. WGFMU1 is connected to the gate and is used to apply a fast and linear gate voltage ramp from V Gmin = 0 V to V Gmax = 7 V. WGFMU2 is connected to the drain and applies V D = 50 mV. During the fast linear V G ramp, WGFMU1 measures the gate current I G (V G ) and WGFMU2 measures the drain current I D (V G ). Because the gate leakage current is negligible compared to the displacement current I dis induced at the gate by the V G ramp, the gate current correspond to the displacement current, Hence, both C GC (V G ) and I D (V G ) characteristics are measured simultaneously with WGFMU1 and WGFMU2, respectively. Two points must now be detailed, the choice of the V G ramp speed v (measurement speed) and the validation of the fast C GC (V G ) measurement technique.

I G (V G ) ≃ I dis (V G ). Recalling Eq.(2.8), this means C GC (V G ) is directly obtained from the I G (V G ), C GC (V G ) ≈ I G (V G ) v (2.12)

Choosing the appropriate ramp speed v

By increasing v, the gate voltage stress is reduced or even suppressed. Moreover, since we know that C GC (V G ) is relatively constant when V G > V T H , we deduce from Eq. (2.12) that higher v leads to higher displacement current I G (V G ) and therefore to better signal-to-noise ratio for the fast C GC (V G ) measurement. However, tricky effects have been observed when the measurement is too fast, especially at long gate lengths. They are thought to be related to the electron channel response time which in our case is given by [START_REF] Haddara | Analytical Modeling of Transfer Admittance in Small MOSFETs and Application to Interface State Characterisation[END_REF]:

τ GC (L G ) ≈ C GC • L 2 G 4 • q • µ ef f • n s (2.13)
As L G increases, τ GC increases, therefore the maximum measurement speed v to correctly collect the current decreases. The tricky effects in question are illustrated in Fig. 2.8 which shows forward and backward I D (V G ) measurements obtained with v = 0.1 V/µs (left graphs) and with v = 0.01 V/µs (right graphs) at L G = 20, 50 and 60 µm. For v = 0.1 V/µs (left graphs), a discrepancy between backward and forward I D (V G ) measurements emerges at L G = 50 µm and increases for long L G indicating that the measurement is too fast to correctly collect the current. On the opposite, when v is reduced to v = 0.01 V/µs, no deviation is observed for L G up to 60 µm. As a consequence, v is set to 0.01 V/µs in the following. Note also that since V Gmax = 7 V and V Gmin = 0 V, the total measurement time is 0.7 ms which is below the required time to get positive V T H shifts induced by gate voltage stress for temperatures up to 423 K [START_REF] Viey | Study on the Difference between ID(VG) and C(VG) pBTI Shifts in GaN-on-Si E-Mode MOSc-HEMT[END_REF]. This has been checked by chaining several measurements at 423 K and no V T H shift was observed.

3. Split-CV mobility: Definition, issues and new method for reliable high temperature mobility extraction 

Validation of the fast C GC (V G ) measurement

To validate the new fast C GC measurement, we have compared it with QSCV measurement technique (section 2.2) and corrected the parasitic capacitance by performing measurements at different L G . In Fig. 2.9a, the slope of C GC vs gate length L G is the same for the fast C GC (V G ) and QSCV measurements but an offset parasitic capacitance (C parasitic = C GC (L G = 0 µm)) appears in the fast measurements. By correcting it, good agreement between both measurement techniques is obtained which validates the fast C GC (V G ) measurement approach. This is demonstrated in Fig. 2.9b where C GC (V G ) curves at different L G are depicted for fast C GC (V G ) and QSCV measurements. We already mentioned that access and gate corners resistances are negligible compared to the resistance of Al 2 O 3 /GaN electron channel at the bottom of the gate. Fig. 2.12 is another way of verifying it. It gives µ ef f (n s ) curves at different L G and it can be noticed that the mobility is very little influenced by L G . The little reduction in mobility observed as L G decreases is due to access and gate corners resistances. But at L G = 50 µm and L G = 60 µm, the mobility is the same, which implies that access and gate corners resistances do not influence the measurement when L G ≥ 50 µm.

Example of application of this method

C GC (V G ) and I D (V G ) measurements at L G =
Note that we did not measured the 2DEG mobility for temperatures above 298 K because this fast measurement technique uses WGFMU units which are limited to 10 V maximum output voltage. The SiN above the 2DEG (test structure in Fig. 2.1) is thick such that to deplete the 2DEG, we need to apply -30 V at the gate which is not possible with WGFMU units.

A few words about low temperature measurements: from 77 K to 298 K

Low temperature mobility measurements (from 77 K to 298 K) have been performed in Al 2 O 3 / GaN electron channel (test structure in Fig. 2.2) and in the 2DEG (i.e., AlGaN/GaN electron channel, test structure in Fig. 2.1) in another laboratory (IMEP-LAHC). We also employed the split-CV method. C GC (V G ) measurements have been done using small-signal technique at a frequency f = 200 Hz with a standard HP 4284 LCR meter (we checked that f = 200 Hz is in the low frequency limit). Sheet resistance measurements have been performed with a HP 4156C semiconductor analyser. These measurements are slow (≈ 1 s) but BTI is less important at low temperatures. We verified, at each temperature (from 77 K to 298 K), that the measurement is repeatable, i.e., we repeated C GC (V G ) measurements to check if the V T H changes and it did not. We did the same for I D (V G ) and I(V G ) (2DEG) measurements. Furthermore, we compared the mobility of Al 2 O 3 /GaN electron channel obtained at T = 298 K at IMEP-LAHC (slow measurements) to the one obtained with the fast measurement technique (explained in section 3.2) at CEA-Leti. The comparison is shown in Fig. 2.13 and it can be noticed that a relatively good agreement is obtained. The experimental results regarding mobility will be studied in chapter 4.

In this chapter, we described the test structures and the method employed to extract the current vs voltage, the sheet resistance and the capacitance vs voltage characteristics. Moreover, precautions taken to obtain reliable measurements were explained. When extracting the capacitance using the small-signal technique, we must avoid the frequency effect (V T H increases when increasing the frequency of the small signal) highlighted in [START_REF] Vandendaele | A Novel Insight on Interface Traps Density (Dit) Extraction in GaN-on-Si MOS-c HEMTs[END_REF][START_REF] Jaud | Comprehensive TCAD Analysis of Threshold Voltage on GaN-on-Si MOS-Channel Fully Recessed Gate HEMTs[END_REF]. This is done by choosing a sufficiently small frequency. Moreover, it is important to always check that the gate voltage stress (or BTI) does not impact the measurement. For temperatures above 298 K, measurements are often not reproducible because of BTI, i.e. when repeating the measurement the The complete derivation of effective mass equations can be found in [START_REF] Luttinger | Motion of Electrons and Holes in Perturbed Periodic Fields[END_REF], we give below the important consequences of this approach. We recall that in an ideal bulk solid (no perturbations, no impurities), under the adiabatic and "independent particle" approximations, electrons are described with the following stationary Schrödinger equation:

V T H changes.
- ℏ 2 2m 0 ∇ 2 r + U c (r) Ψ(r) = EΨ(r) (3.1)
where U c is the potential created by atoms. The solutions of this eigenvalue problem are the Bloch wavefunctions Ψ nk (r) (satisfying Bloch's theorem) with energies E n (k), where n is the band index and k is the wavevector. The large size of electron devices makes it impossible to numerically solve Eq.(3.1) since it would require a very large number of atoms. Hence, to simulate real devices, assumptions are usually made on the form of the potential U c and on its effect at a scale larger that the atomic scale, which is often sufficient to describe devices. The effective mass approximation stems from the fact that the energy of electrons whose wavevector k lies sufficiently near the minimum k 0 of one of the conduction band valleys can be assumed parabolic as a function of k coordinates:

E(k 0 + k) = E b + ℏ 2 k 2 x 2m e m x + ℏ 2 k 2 y 2m e m y + ℏ 2 k 2 z 2m e m z (3.2)
where E b is the band edge energy, which corresponds to the potential energy, and the term in brackets is the kinetic energy. (k x , k y , k z ) are the wavevector coordinates and (m x , m y , m z ) are the effective masses in the different directions of the reciprocal space and are defined as:

m i = ℏ 2 ∂ 2 E ∂k 2 i -1 k=k 0 (3.3) 
where i = (x, y, z). GaN is a direct band gap semiconductor and its effective masses are relatively equivalent in the different directions of the k-space such that its isoenergy surface will be assumed spherical. This justifies the assumptions behind Eq.(3.2). If we now assume that a stationary potential ϕ is applied to the material (application of a voltage for example) and that this potential varies slowly in space compared to the size of a unit cell, the wavefunctions of electrons whose wavevector k lies near the minimum k 0 can be written as:

Ψ f ast (r, t) ≃ u k 0 (r) e ir.k 0 Ψ(r) (3.4)
where u k 0 is the periodic part of Bloch wavefunctions (see Eq.(1.18)). u k 0 has very fast spatial variations (at the atomic scale). Ψ(r) is the stationary envelope function (whose spatial vari-ation is much slower than u k 0 ) and E is the corresponding energy. They satisfy with a good approximation the parabolic effective mass Schrödinger equation:

- ℏ 2 2 ∂ ∂x 1 m x ∂Ψ ∂x + ∂ ∂y 1 m y ∂Ψ ∂y + ∂ ∂z 1 m z ∂Ψ ∂z + V Ψ = EΨ (3.5)
where V is the potential energy and is given by the sum of the band edge energy E b and the electrostatic potential ϕ:

V (r) = E b -eϕ(r) (3.6)
If we now sum up the situation occurring when a perturbation is applied at the macroscopic scale, by decomposing the wavefunction Ψ f ast by the product of a fast varying function in space and a slow varying envelope function Ψ(r) (Eq.(3.4)), the potential created by atoms U c appearing in Eq.(3.1), does no longer appears in the description of the envelope wavefunction Ψ(r) in Eq. (3.5). This is because the effect of U c is implicitly embedded in the effective masses, which are obtained either experimentally or by DFT calculations. This is why the effective mass approximation is very practical. To describe the electrostatics and low field transport properties of electron devices, the envelope wavefunction is in most cases sufficient. The cases where this approach may not be precise enough is when the conduction band minimum is strongly nonparabolic and when a strong geometrical confinement is imposed to the material (thin film of semiconductor for example), in which case non-parabolic corrections can be included.

In the case where there is no perturbation applied to the material (ϕ = 0), the solutions of Eq.(3.5) take the form of plane waves:

Ψ(r) = e ik.r (3.7)
with energies given by the parabolic relation Eq.(3.2).

From 3D to 1D

As our purpose is to describe the properties of 1D stacked material layers (with long gate lengths and large gate widths), equations can be simplified by considering the z axis to be the direction of stacking. The material properties such as the effective mass, the band edge energy or the permittivity, are uniform in the (x,y) plane. The electrostatic potential is also considered uniform in the (x,y) plane (ϕ(r) = ϕ(z)) since no lateral voltage is applied 1 . In this configuration we can search for solutions of Eq.(3.5) taking the form of a z-dependent function times a (x,y)-dependent function: Ψ(r) = ψ(z) χ(x, y). By injecting the latter into Eq.(3.5), and then dividing by ψ(z) χ(x, y), it follows:

- ℏ 2 2 ∂ ∂x 1 m x ∂χ ∂x + ∂ ∂y 1 m y ∂χ ∂y 1 χ - ℏ 2 2 ∂ ∂z 1 m z ∂ψ ∂z 1 ψ + E b (z) -eϕ(z) = E (3.8)

Calculation formalisms

To go further, we assume that the effective masses m x and m y do not depend on z. This is valid in most cases because the wavefunction is described in a single material, which is the channel material. Also, the energy E can be split into a contribution from the z-direction and another from the (x,y) plane (E = E z + E (x,y) ) such that Eq.(3.8) can be split into two equations,

- ℏ 2 2 ∂ ∂x 1 m x ∂χ ∂x + ∂ ∂y 1 m y ∂χ ∂y = E (x,y) χ (3.9) - ℏ 2 2 ∂ ∂z 1 m z (z) ∂ψ ∂z + E b (z) -eϕ(z) ψ = E z ψ (3.10)
Note that the band edge energy E b (z) accounts for the band offset between the different materials. The solutions of Eq.(3.9) are 2D plane waves:

χ(x, y) = e i(kxx+kyy) E (x,y) = ℏ 2 k 2 x 2m x + ℏ 2 k 2 y 2m y (3.11)
Solving the eigenvalue problem Eq.(3.10) requires to know the potential ϕ which will depend on the gate voltage, material properties and doping. In our cases of study, the Al 2 O 3 /GaN and AlGaN/GaN electron channels are due to potential wells. In the first case, it is induced by the application of a positive gate voltage while in the second case, it is caused by the presence of a positive polarization charge. In both cases, the solutions of Eq.(3.10) form a discrete set of wavefunctions ψ n and energies E z n . There are called subbands and n is the subband index. The left-hand side (LHS) operator in Eq.(3.10) is hermitian so the wavefunctions can be chosen to form an orthonormal basis:

dzψ n (z)ψ * m (z) = δ nm (3.12)
where δ is the Kronecker delta. If we come back to the 3D wavefunctions and energies, they can be written as:

Ψ n,kx,ky (r) = ψ n (z)e i(kxx+kyy) (3.13) E n (k x , k y ) = E z n + ℏ 2 k 2 x 2m x + ℏ 2 k 2 y 2m y (3.14)
The total energy of electrons accounts for the (x,y) plane kinetic energy which has a parabolic dependence over k x and k y and constitutes a continuum of states. It also accounts for the energy in the confinement direction z (E z n ). E z n stems from the kinetic energy (first operator in the LHS of Eq.(3.10)) and from the potential energy (the band edge energy plus the electrostatic potential).

Carrier density

Quantum description

To express the electron density, we need to sum the contribution of the continuum of states of each subband n. To do so, we first consider a stack with a large area A = L G × W G in the Chapter 3. Electrostatic properties (x,y) plane and apply periodic boundary condition in this plane such that k x and k y values are limited to:

k x = p x × 2π L G and k y = p y × 2π W G (3.15)
where p x and p y are integers. As already mentioned, the squared magnitude of a wavefunction can be viewed as a spatial density probability. Since the probability than an electron of the subband n occupies our stack is 1, one can write:

dz L G 0 dx W G 0 dy |Ψ n,kx,ky (r)| 2 = 1 (3.16)
This enables the renormalization of the wavefunctions:

Ψ n,kx,ky (r) = 1 √ A ψ n (z)e i(kxx+kyy) (3.17)
so that they form an orthonormal basis. To count the electrons taking into account Pauli's exclusion principle, we need to sum over all the states without forgetting to weight by the probability that an electron occupies the energy of each state E n (given in Eq. (3.14)). This probability is given by the Fermi-Dirac function f 0 defined as:

f 0 (E n ) = 1 1 + exp En-E F k B T (3.18)
where E F is the Fermi level, T is the temperature and k B is the Boltzmann constant. By doing so, the electron density can be written as:

n(r) = g s n kx ky Ψ n,kx,ky (r) 2 f 0 E z n + ℏ 2 k 2 x 2m x + ℏ 2 k 2 y 2m y (3.19)
where g s is the spin degeneracy. Then, by replacing Ψ n,kx,ky by its expression in Eq.(3.17) and by converting the sum over k x and k y into integrals 2 , it reads,

n(z) = g s (2π) 2 n |ψ n (z)| 2 +∞ -∞ dk x +∞ -∞ dk y f 0 E z n + ℏ 2 k 2 x 2m x + ℏ 2 k 2 y 2m y (3.20)
As expected the electron density only depends on z. To calculate the 2D integral over (k x , k y ), we start by making the substitutions:

u x = ℏ 2 2m x k B T k x and u y = ℏ 2 2m y k B T k y (3.21)
We then switch to polar coordinates:

u 2 = u 2 x + u 2 y , du x du y = 2πudu (3.22)
2

The following conversion is done:

kx ky ≃ A (2π) 2 +∞ -∞ dkx +∞ -∞ dky
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This leads to the following integral:

dk x dk y f 0 E z n + ℏ 2 k 2 x 2m x + ℏ 2 k 2 y 2m y = 2 √ m x m y k B T ℏ 2 ∞ 0 2πuduf 0 E z n + u 2 k B T (3.23)
By making a last substitution v = u 2 and recaling Eq.(3.18), we obtain:

dk x dk y f 0 E z n + ℏ 2 k 2 x 2m x + ℏ 2 k 2 y 2m y = 2π √ m x m y k B T ℏ 2 ∞ 0 dv 1 1 + exp v -E F -E z n k B T (3.24)
The integral in the RHS of Eq.(3.24) corresponds to the Fermi-Dirac integral of order 0, F 0 , which can be calculated analytically:

F 0 E F -E z n k B T = ∞ 0 dv 1 1 + exp v -E F -E z n k B T = ln 1 + exp E F -E z n k B T (3.25)
We can finally express the electron density injecting the calculated integral into Eq.(3.20). It gives:

n(z) = g s √ m x m y k B T 2πℏ 2 n |ψ n (z)| 2 F 0 E F -E z n k B T (3.26)
This is an important equation since it relates the electron density to the solutions (ψ n , E z n ) of the 1D Schrödinger equation in Eq.(3.10). The electron density is essentially ruled by the couple (ψ n , E z n ) and the density of states which is proportional to √ m x m y . Since (ψ n , E z n ) are dependent on the electrostatic potential ϕ via Eq.(3.10), this relation indirectly relates the electron density to the electrostatic potential. It may be important to mention that Eq.(3.26) implies that there is only one valley. This is because only the Γ valley will be considered in GaN which is a reasonable assumption to describe the low field properties since other valleys are too high in energy [START_REF] Goano | Band Structure Nonlocal Pseudopotential Calculation of the III-Nitride Wurtzite Phase Materials System. Part I. Binary Compounds GaN, AlN, and InN[END_REF]. The same formalism developed for electrons can also be developed for holes. Holes are empty electron states in the valence band which are induced for example by the capture of electrons by acceptor levels in the gap. This means holes fill the valence band starting from the top and going to the bottom. All the equations used for electrons can therefore be used for holes but all the terms related to the kinetic energy have to take an opposite sign. The kinetic operator appearing in the LHS of Eq.(3.10) take a + sign. Also, the (x,y) plane kinetic energy E (x,y) has the same expression but is negative in the case of holes. The probability that a hole occupies the energy state E n corresponds to the probability that an electron does not occupy this state, so this probability equals 1 -f 0 (E n ). Taking all this into account, we can express the hole density by proceeding the same way as for electrons:

p(z) = g s m h x m h y k B T 2πℏ 2 n |ψ n (z)| 2 F 0 E z n -E F k B T (3.27)
where m h x , m h y are the hole effective masses, obtained from the valence band curvature. It is important to mention that the valence band is strongly non parabolic in most cases such Chapter 3. Electrostatic properties that the effective mass approximation applied to holes is often imprecise. As in our case we only investigate electron channels, this is not a problem. The description of holes induced by p-doping for example will be performed with classical calculations.

Non-parabolic corrections

When a more precise description of the bands is required while keeping the practicality of the effective mass approximation, non-parabolic corrections can be applied. Different models exist to take into account these corrections, notably Jungemann et al. [111] and Fischetti and Laux [START_REF] Fischetti | Monte Carlo Study of Electron Transport in Silicon Inversion Layers[END_REF] models. In our study, we employ the more recent model of Jin et al. [START_REF] Jin | Modeling of Electron Mobility in Gated Silicon Nanowires at Room Temperature: Surface Roughness Scattering, Dielectric Screening, and Band Nonparabolicity[END_REF]. In this model, non-parabolicity is taken into account in both the confinement direction z and the (x, y) plane by exploiting the expected value of the total potential energy U n associated to each subband n. This last is obtained from the solution ψ n (z) of the parabolic 1D Schrödinger equation (3.10) using the relation:

U n = dz E b (z) -eϕ(z) ψ n (z) (3.28)
The expected kinetic energy along z is therefore (E z n -U n ) because E z n is the total energy in the confinement direction z, which is also obtained from the parabolic Eq.(3.10). Jin's method [START_REF] Jin | Modeling of Electron Mobility in Gated Silicon Nanowires at Room Temperature: Surface Roughness Scattering, Dielectric Screening, and Band Nonparabolicity[END_REF] consists of correcting the energy E n vs k = (k x , k y ) relation of each subband using the formula:

E N P n (k) = U n + -1 + 1 + 4α(γ k + E z n -U n ) 2α (3.29) 
whose origin comes from Kane's KP model [START_REF] Kane | Band Structure of Indium Antimonide[END_REF] and has been employed for the first time by Conwell and Vassel [START_REF] Conwell | High-Field Transport in $n$-Type GaAs[END_REF].

E N P n
is the corrected energy of subband n and γ k = ℏ 2 (k 2 x +k 2 y )/(2m * ) is the parabolic kinetic energy along (x,y). α is the non-parabolicity factor given by:

α = (1 -m Γ /m 0 ) 2 /E g (3.30)
where m Γ is the effective mass (in the case of GaN: m Γ ≃ m x ≃ m y ≃ m z [START_REF] Bulutay | Full-Band Polar Optical Phonon Scattering Analysis and Negative Differential Conductivity in Wurtzite GaN[END_REF]). The corrected minimum energy of each subband E z,N P n can therefore be obtained by setting γ k = 0 in Eq.(3.29). Moreover, from Eq.(3.29), the density of states of subband n can be expressed as:

ρ n (E) = Θ(E -E z,N P n ) g s √ m x m y 2πℏ 2 (1 + 2α(E -U n )) (3.31)
So that the electron density can be calculated:

n(z) = µ |ψ µ (z)| 2 ∞ E z,N P n ρ n (E)f 0 (E)dE (3.32)
Injecting Eq.(3.31) in Eq.(3.32) and making the substitution u = (E -E z,N P n )/(k B T ) finally leads to:

n(z) = g s k B T √ m x m y 2πℏ 2 n |ψ n (z)| 2 1 + 2α(E z,N P n -U n ) F 0 (η) + 2αk B T F 1 (η) (3.33) 1. Calculation formalisms where η = (E F -E z,N P n )/(k B T ).
It can be noticed that when α = 0, this equation is the same as Eq. (3.26). The main advantage of Jin's model is that we do not modify the numerical complexity since we solve the parabolic Eq.(3.10) and we then apply corrections to the formulas which give the electron density and the subband minimum. We will not included non-parabolic corrections in this chapter since they actually do not affect our results.

Classical description

Previously, the carrier density was calculated taking into account quantization in the z direction. This quantization occurs due to the presence of a potential well which leads to a discrete set of energy levels for carriers. If there is no potential well or if the potential well is relatively weak, we can neglect the z-dependence in the potential energy term in Eq.(3.10) (E b -eϕ). This allows solving Eq.(3.10) analytically, which leads to plane wave solutions:

ψ(x, y, z) = e i(kxx+kyy+kzz) (3.34) E -E b -eϕ = ℏ 2 k 2 x 2m x + ℏ 2 k 2 y 2m y + ℏ 2 k 2 z 2m z (3.35)
Now, we can apply 3D periodic boundary conditions, renormalize the wavefunction, compute the electron density by summing all the states and converting the sum over k x , k y and k z into integrals, similarly to what was done before. It follows:

n(z) = g s (2π) 3 +∞ -∞ dk x +∞ -∞ dk y +∞ -∞ dk z f 0 E b (z) -eϕ(z) + ℏ 2 k 2 x 2m x + ℏ 2 k 2 y 2m y + ℏ 2 k 2 z 2m z (3.36)
Then, the calculation of this integral is a bit long, the main steps are the following: substitution (u

2 i = ℏ 2 k 2 i /(2m 2 i )), switching to spherical coordinates (ρ = u 2 x + u 2 y + u 2 z ), substitution (v = ρ 2 ) and finally another substitution (E = v + (E b -eϕ)). It results in: n(z) = N c (T ) F 1/2   E F -E b (z) -eϕ(z) k B T   = N c (T ) F 1/2 E F -E c (z) k B T (3.37)
where F 1/2 is the Fermi-Dirac integral of order one-half, E c is the conduction band minimum and N c is the effective density of states in the conduction band which is given by:

N c (T ) = g s √ m x m y m z k B T 2πℏ 2 3 2 (3.38)
Likewise, we can obtain the hole density:

p(z) = N v (T ) F 1/2   E b (z) -eϕ(z) -E g -E F k B T   = N v (T ) F 1/2 E v (z) -E F k B T (3.39)
where E v is the valence band maximum and N v is the effective density of states in the valence band defined exactly as Eq.(3.38) but with the hole effective mass.

In this subsection, we have outlined a mathematical relation between the electron density and the electrostatic potential. In the case where the confinement in the z direction is important, Eq.(3.10) must be solved numerically and then Eq. (3.26) gives the electron density. In the case where the confinement is minor, the relation is direct and it is given by Eq.(3.37). In any case, we have two unknowns (n(z) and ϕ(z)) so another relation is required to be able to determine the carrier density and the electrostatic potential of a system.

Poisson equation

The Poisson equation is a differential equation describing the effect of electrical charges on the electrostatic potential ϕ. If we consider, like previously, a 1D stacked material layers along z, this equation can be written as:

d dz ϵ 0 ϵ r (z) dϕ(z) dz + ρ(z) = 0 (3.40)
where ϵ 0 is the vacuum permittivity, ϵ r (z) is the relative permittivity of the material located at z and ρ is the volume charge density.

Impurities, doping and incomplete ionization

In a semiconductor, electrical charges can be due to free carriers such as electrons and holes but also to impurities or defects. These can be foreign atoms, Ga or N vacancies or interstitials. But they are in general intentional doping. An impurity can be either an acceptor or a donor of electron. A donor atom has an excess electron in its valence and gives rise to an electron state with an energy level E D in the gap which is below the conduction band minimum. By providing a sufficient amount of energy to this electron, it can reach the conduction band and become a free carrier. If so, the donor becomes ionized with a relative +e charge. In contrast, an acceptor has an electron deficit in its valence and gives rise to an electron state with an energy level E A above the valence band maximum. If we provide a sufficient amount of energy to an electron in the valence band, it can reach the acceptor level E A and leaves a hole in the valence band. If so, the acceptor atom becomes ionized with a relative -e charge. Hence, accounting for all volume charges, we can write ρ as:

ρ(z) = e p(z) -n(z) + N + D (z) -N - A (z) (3.41)
where N + D (z) and N - A (z) are the density of ionized acceptors and ionized donors, respectively. They can be described with the Fermi-Dirac statistics [START_REF] Sze | Physics of Semiconductor Devices[END_REF]:

N + D (z) = N D (z) 1 + g D exp E F -E D (z) k B T = N D (z) 1 + g D exp e D k B T exp E F -Ec(z) k B T (3.42) N - A (z) = N A (z) 1 + g A exp E A (z)-E F k B T = N A (z) 1 + g A exp e A k B T exp Ev(z)-E F k B T (3.43)
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Those equations constitute the incomplete ionization model. g D is the ground state degeneracy of donors, whose value in GaN is 2 because a donor can have an electron with either spin up or down and g A is the ground state degeneracy of acceptors which is equal to 4 because the valence band is degenerated two times and electrons in the valence band can either have a spin up or a spin down. e A = E A -E v and e D = E c -E D are the levels of acceptors and donors in the gap relatively to the bands, respectively. In the case where e A and e D are small, it is commonly assumed that all acceptors and donors are ionized. Eq.(3.43) implies that there are two ways to increase the ionization of acceptors: either increasing the temperature or increasing the electrostatic potential. Eq.(3.42) and Eq.(3.43) constitutes the incomplete ionization model.

Interface charges

At the interface between two materials or on the surface of a single material, things get more complicated. There can be several causes to the presence of interface charges. Two known types of interface charges are:

• Polarization charges, which are fixed3 charges arising due to the difference in polarization between two materials. This is the case for the AlGaN/GaN interface for example.

• Interface traps, also called interface states, which are due to the fact that atoms located at the surface/interface are not bonded as atoms in the bulk. This can give rise to dangling bonds which induce defect levels in the gap. But these dangling bonds can be passivated, by Hydrogen for example. Even so, interface traps can have multiple other origins, such as the stress associated to the volume expansion of one material to another during deposition at high temperatures [START_REF] Stesmans | Structural Relaxation of Pb Defects at the (111)Si/SiO2 Interface as a Function of Oxidation Temperature: The Pb-Generation-Stress Relationship[END_REF] or chemical reactions that are still subject of research.

In any case, to account for interface charges in the Poisson equation, we can multiply Eq.(3.40) by -dz and integrate between 0 -ε and 0 + ε where z = 0 is the interface between two materials (mat1 and mat2). This gives:

ϵ 0 ϵ mat2 F (0+ε) ϵ mat1 F (0-ε) d -ϵ r (z) dϕ(z) dz = 0+ε 0-ε ρ dz (3.44)
where F = -dϕ/dz is the electric field. Note that this is simply Gauss's theorem. The integral in the LHS can be calculated so that it leads to:

ϵ 0 (ϵ mat2 F (0 + ε) -ϵ mat1 F (0 -ε)) = 0+ε 0-ε ρ dz (3.45)
Assuming an interface charge density σ at the interface mat1/mat2, if ε → 0, this equation becomes:

ϵ 0 ϵ mat2 F (0 + ) -ϵ mat1 F (0 -) = σ (3.46)
This means interface charges introduce a discontinuity of the electric field at the interface.

1D Schrödinger-Poisson numerical resolution

Method

Since we have two equations relating the carrier densities and the electrostatic potential, namely the Poisson and Schrödinger equations, we can determine both quantities. But these equations cannot be solved analytically, so a numerical solver is required. The flowchart of the selfconsistent 1D Schrödinger-Poisson solver employed during this thesis is shown in Fig. 3.1. The resolution starts when we provide a first guess for the electrostatic potential ϕ. Since equations are discretized in finite differences in z, ϕ is a vector. The first guess is calculated assuming electrical neutrality (ρ = 0) in each layer. Then, Schrödinger equation is solved numerically, it is an eigenvalue problem and Python function scipy.linalg.eigh_tridiagonal is used to solve it. It gives a set of ψ n vectors and E z n values which are used to compute the carrier densities and so the total charge at each z node. Since we have the potential ϕ and the charge ρ we can verify if they are solutions of the Poisson equation. If yes, the resolution is finished. If no, we must correct the potential ϕ, which is done following the Newton Raphson method. It consists of correcting the potential in the next iteration (ϕ i+1 = ϕ + dϕ) so that it satisfies the Poisson equation:

A(ϕ + dϕ) + ρ(ϕ + dϕ) = 0 (3.47)
where A is the matrix corresponding to the discretization of the first term in the LHS of Eq. (3.40). By doing a first-order expansion of ρ(ϕ + dϕ), dϕ can be expressed as:

dϕ = -A + dρ dϕ -1 [Aϕ + ρ(ϕ)] (3.48)
Hence, at each step, the determination of dϕ requires to compute dρ/dϕ and to inverse the matrix [A + dρ/dϕ]. Python function scipy.linalg.solve_banded is used for that purpose. Once this is done, the process begins again with the new electrostatic potential. Note that the calculation of dρ/dϕ is done by calculating the derivative of each charge contribution as:

dρ dϕ = e dp dϕ - dn dϕ + dN + D dϕ - dN - A dϕ (3.49)
In the case where incomplete ionization model (Eq.(3.42) and Eq.(3.43)) is not considered, the two last terms are zero. We may mention here that the discretization of the Poisson equation implies that ρ is integrated around one node z, so that in the code, we do not handle volume charges but rather surface charges. This makes easier the inclusion of interface charges.

Example

To illustrate the use of the above numerical resolution, we have applied it in a gate metal/Al 2 O 3 /GaN stack. The conduction band E c = E b -eϕ is defined relatively to a reference which is chosen to 1. Calculation formalisms Chapter 3. Electrostatic properties be the midgap of GaN material when ϕ = 0 and so:

E b (z) = E GaN g 2 + χ GaN -χ(z) (3.50)
where χ(z) is the electron affinity of the material located at z and χ GaN the electron affinity of GaN. The electrostatic potential at the gate metal/Al 2 O 3 interface (ϕ(z 0 )) is given by a Dirichlet boundary condition:

V G = W F -χ Al 2 O 3 -E c (z 0 ) = W F -χ Al 2 O 3 - E GaN g 2 + χ GaN -χ(z 0 ) -eϕ(z 0 ) ⇐⇒ ϕ(z 0 ) = V G -W F + E GaN g 2 + χ GaN (3.51)
where V G is the gate voltage and W F is the work function of the gate metal. In the simulations, we will often consider the last layer (GaN in this case) as infinite. This is practical for simulating thick and doped layers because we know that electrical neutrality should be achieved inside these layers. Electrical neutrality is equivalent to Neumann boundary condition with zero electric field:

F (z = ∞) = 0 ⇐⇒ ρ(ϕ(z = ∞)) = 0 (3.52)
In Fig. 3.2, the electrostatic potential and conduction band profiles are diplayed in the quantum and classical cases fo V G = 3 V. Note that when the quantum description is used, it is applied only in a portion of GaN which contains the potential well where the electron channel is formed (Quantum area) 4 . Outside of this region, the electron density obtained from either classical or quantum description will be the same and so there is no need to solve Schrödinger equation. The wavefunctions of the first three subbands are shown in Fig. 3.2(c) and the electron density distribution n(z) obtained from them is shown in Fig. 3.2(d), where it is compared to the classical description. As it can be noticed, in the classical case, the maximum of the electron density is located at the Al 2 O 3 /GaN interface. In the quantum case, the electron channel is located a bit farther from the interface. The maximum of n(z) is located at z = 2 -3 nm from the interface and it has an asymmetric Gaussian-like shape. The distance between the interface and the maximum of the electron density is called the dark space. Besides, the shape of the quantum n(z) looks a lot like the shape of the first subband wavefunction ψ 0 (z). In Fig. 3.3a, the gate-to-channel capacitance C GC is plotted against V G in the quantum and classical cases. It is calculated from the derivative of the charge of the channel with respect to

V G : C GC = dQ ch dV G (3.53)
It can be noticed that there is a slight difference between the quantum and classical cases. Indeed, even if the threshold voltage is the same in the two cases, the quantum C GC is lower, Chapter 3. Electrostatic properties especially around V G = 1 -2 V, and then the difference becomes less and less important. This is because the capacitance is directly related to the distance between the gate and the electron channel (C = ϵ/t) and in the quantum case, this distance is higher because of the dark space. As V G increases, the potential well becomes more important and so the dark space decreases. This is why the difference between the quantum and classical C GC decreases with increasing V G . In Fig. 3.3(b) and Fig. 3.3(c), the energy of the first three subbands E z n and their relative percentage of occupation are plotted against V G . As V G increases, the difference in energy between the different subbands increases and the occupation of the first subband increases. At V G = 3 V, most of electrons occupy the first subband which is consistent with the fact that the shape of n(z) is similar to the one of ψ 0 (z) in Fig. 3.2(c)-(d). At low V G , the potential well is relatively weak so electrons are more distributed in the volume and less close to the interface, this is why more subbands are required to account for them. At V G = 1 V , 95 % of electrons occupy the first three subbands. In the whole V G range, the first four subbands are sufficient to account for more than 99 % of electrons. Hence, in the following we will always consider the first four subbands. 

Literature overview

The SiN/AlGaN/GaN stack is part of our MOS-HEMT transistor in the access regions (see Fig. 1.22) and is employed in most of GaN power devices because it gives rise to a 2DEG at the AlGaN/GaN interface with excellent transport properties. The 2DEG sheet densities measured in devices lies around 1-2 × 10 13 cm -2 [START_REF] Ambacher | Two-Dimensional Electron Gases Induced by Spontaneous and Piezoelectric Polarization Charges in N-and Ga-Face AlGaN/GaN Heterostructures[END_REF][START_REF] Amano | The 2018 GaN Power Electronics Roadmap[END_REF]. To understand these values, we must evaluate the interface charges at the SiN/AlGaN and at the AlGaN/GaN interfaces. As was already detailed in chapter 1, the positive interface charge at the AlGaN/GaN interface is due to the difference in polarization between AlGaN and GaN and is well documented in the literature [START_REF] Ambacher | Two-Dimensional Electron Gases Induced by Spontaneous and Piezoelectric Polarization Charges in N-and Ga-Face AlGaN/GaN Heterostructures[END_REF][START_REF] Ambacher | Pyroelectric Properties of Al(In)GaN/GaN Heteroand Quantum Well Structures[END_REF]. However, for the SiN/AlGaN interface, we would expect the total interface charge to be given by the total polarization (spontaneous and piezoelectric) of the AlGaN layer, which is negative and high (< -3 × 10 13 cm -2 when x > 0.2). This can be seen in Fig. 3.4 where the polarization charge density at the SiN/AlGaN and AlGaN/GaN interfaces are plotted against Al fraction x. Although the polarization charge at the AlGaN/GaN interface is positive, the polarization charge at the SiN/AlGaN interface is negative and much higher in absolute value (+2•10 13 cm -3 ). This means that if we assume that the total charge at the SiN/AlGaN interface is given by the negative polarization charge of AlGaN, there would be no 2DEG at equilibrium (i.e., V G = 0 V) and so devices based on this stack would have normally-off behavior (this was checked with 1D Schrödinger-Poisson simulations and it is something that is known in the literature). Therefore, to account for experimental observations (2DEG sheet densities measured), the negative polarization charge at SiN/AlGaN interface is either not considered in the modeling [START_REF] Maeda | Systematic Study of Insulator Deposition Effect (Si3N4, SiO2, AlN, and Al2O3) on Electrical Properties in AlGaN/GaN Heterostructures[END_REF][START_REF] Miczek | Effects of Interface States and Temperature on the C-V Behavior of Metal/Insulator/AlGaN/GaN Heterostructure Capacitors[END_REF] or compensated by positive charges. Initially, surface donor states were considered to account for this positive charge, allowing modeling the observed variation of the 2DEG density with AlGaN thickness [START_REF] Ibbetson | Polarization Effects, Surface States, and the Source of Electrons in AlGaN/GaN Heterostructure Field Effect Transistors[END_REF][START_REF] Jogai | Influence of Surface States on the Two-Dimensional Electron Gas in AlGaN/GaN Heterojunction Field-Effect Transistors[END_REF][START_REF] Koley | On the Origin of the Two-Dimensional Electron Gas at the AlGaN/GaN Heterostructure Interface[END_REF][START_REF] Gordon | Distributed Surface Donor States and the Two-Dimensional Electron Gas at AlGaN/GaN Heterojunctions[END_REF]. Yet, experimental extractions of interface trap density (D it ) at the SiN/(Al)GaN interface lead to values for the total charge induced by D it that are much lower than required to compensate the negative polarization charge [START_REF] Swenson | Photoassisted High-Frequency Capacitance-Voltage Characterization of the Si3N4/GaN Interface[END_REF][START_REF] Yeluri | Interface States at the SiN/AlGaN Interface on GaN Heterojunctions for Ga and N-Polar Material[END_REF][START_REF] Mehari | Density of Traps at the Insulator/III-N Interface of GaN Heterostructure Field-Effect Transistors Obtained by Gated Hall Measurements[END_REF][START_REF] Ber | Measurement of the Variable Surface Charge Concentration in Gallium Nitride and Implications on Device Modeling and Physics[END_REF]. It is worth noting that to account for the total charge induced by D it at equilibrium, the equilibrium Fermi level E F must be known and only donor states with an energy level above E F and acceptor states with an energy level below E F are considered. Since D it do not seem to be responsible for the compensation of the negative polarization charge, investigations continued. Bakeroot et al. [START_REF] Bakeroot | On the Origin of the Two-Dimensional Electron Gas at AlGaN/GaN Heterojunctions and Its Influence on Recessed-Gate Metal-Insulator-Semiconductor High Electron Mobility Transistors[END_REF] proposed that border traps localized inside the SiN act as the positive compensation charges. These border traps were assumed to be Si dangling bonds (N 3 ≡ Si), also known as K-centers, which create deep gap states. Because there are a few nanometers away from the SiN/AlGaN interface, they are characterized by longer time constants and thus they are harder to probe when trying to measure D it . So, these assumptions allowed explaining for the measured dependence of the 2DEG density with AlGaN thickness but also for the fact that D it may not be responsible for the compensation of the negative polarization charge. However, Ber et al. [START_REF] Ber | Measurement of the Variable Surface Charge Concentration in Gallium Nitride and Implications on Device Modeling and Physics[END_REF] pointed out that border traps with a very high density, which is required to compensate the negative polarization charge, should be measurable under the appropriate conditions (high Figure 3.4: Representation of SiN/AlGaN/GaN stack with the polarization related to each material and theoretical values expected for the polarization charges at the SiN/AlGaN and AlGaN/GaN interfaces as a function of Al fraction x (the AlGaN layer is much thinner than the GaN layer so it is assumed fully strained). temperature and/or UV exposure). This led the authors of Ref. [START_REF] Ber | Measurement of the Variable Surface Charge Concentration in Gallium Nitride and Implications on Device Modeling and Physics[END_REF] to suggest that the positive compensation charge should be fixed (invariable with respect to V G variation) and independent of the oxide deposited on top of AlGaN (SiN in our case). Some studies were able to experimentally prove that there is indeed a compensation. Marino et al. [START_REF] Marino | Simulation of Polarization Charge on AlGaN/GaN High Electron Mobility Transistors: Comparison to Electron Holography[END_REF] extracted the potential profile along a SiN/AlGaN/GaN stack employing electron holography technique. The obtained potential can only be explained if the negative polarization charge is fully or partially compensated. Likewise, Capriotti et al. [START_REF] Capriotti | Fixed Interface Charges between AlGaN Barrier and Gate Stack Composed of in Situ Grown SiN and Al2O3 in AlGaN/GaN High Electron Mobility Transistors with Normally off Capability[END_REF] exploited the V T H (t SiN ) slope (the V T H is the negative V G required to deplete the 2DEG and t SiN is the thickness of SiN) and showed that the polarization charge of AlGaN is nearly completely compensated. Moreover, again by exploiting the V T H (t Al 2 O 3 ) slope, Ganguly et al. [START_REF] Ganguly | Presence and Origin of Interface Charges at Atomic-Layer Deposited Al2O3/III-Nitride Heterojunctions[END_REF] proved that the negative polarization charge of AlN at Al 2 O 3 /AlN interface is also fully compensated. The authors of Ref. [START_REF] Ganguly | Presence and Origin of Interface Charges at Atomic-Layer Deposited Al2O3/III-Nitride Heterojunctions[END_REF] then proposed that, since AlN surface is Al terminated in their case and since oxygen in N site (O N ) acts as a shallow donor [START_REF] Mattila | Ab Initio Study of Oxygen Point Defects in GaAs, GaN, and AlN[END_REF], Al-O bond at the interface can explain for the compensation of the negative polarization charge of AlN (electron counting rule argument). In our case, the insulator is SiN and there is no oxygen. So, it seems that the compensation of the negative polarization charge might be independent of the insulator. Esposto et al. [START_REF] Esposto | Electrical Properties of Atomic Layer Deposited Aluminum Oxide on Gallium Nitride[END_REF] showed that the negative polarization charge of GaN is compensated at Al 2 O 3 /GaN interface and suggested that this compensation might come from donor states located between the conduction band minima of Al 2 O 3 and GaN at the interface. Since these states are above the conduction band of GaN where there is a continuum of states, the Fermi level cannot modulate them so that they behave as fixed charges. This idea is also valid in the case of a SiN insulator. Therefore, the compensation of the negative polarization charge is acted but the exact origin of this compensation is unclear. This thesis does not give more answer regarding this last question, but we will demonstrate differently from what has been done before that the negative polarization charge is compensated and we will try to evaluate the different parameters in the stack that influence/control the 2DEG sheet density in our device. We published most of the work reported in this section in [START_REF] Rrustemi | Investigation on Interface Charges in SiN/AlxGa1-xN/GaN Heterostructures by Analyzing the Gate-to-Channel Capacitance and the Drain Current Behaviors[END_REF].

Precise purpose

Fig. 3.5a displays one of the test structures used to study the access region of our power transistor shown in Fig. 1.22. Below the 2DEG there is a p-doped GaN layer and above the 2DEG, there are interfaces (SiN/AlGaN and AlGaN/AlN/GaN). Since the interface charges and the p-doped GaN layer affect the 2DEG sheet density, it can be interesting to dissociate their effects. Hence, the goal is to try to estimate the interface charges at the SiN/AlGaN and AlGaN/GaN5 interfaces and the density of ionized acceptors N - A in the p-doped GaN layer. To do so, we will analyse two parameters, namely V T H1 and V T H2 . V T H1 corresponds to the V G required to deplete the 2DEG channel 6 and V T H2 is the V G required for the formation of the electron channel near SiN/AlGaN interface. This investigation is conducted in three steps:

1-Establishment of analytical equations for V T H1 and V T H2 as a function of interface charges and of the density of ionized acceptors N - A in the p-doped GaN layer. The first step allows understanding how V T H1 and V T H2 vary with the different parameters of the stack and thus to interpret the measurements. But it also enables seeing how far the comparison between measurements and simulations is relevant. Regarding the measurements in the different samples, varying Al fraction x allows varying Al x Ga 1-x N polarization and thus we expect the interface charge to vary accordingly to the theory presented in chapter 1. If the negative polarization charge at SiN/Al x Ga 1-x N interface is compensated, we expect that the variation of x does not induce a variation of the total interface charge at the SiN/Al x Ga 1-x N interface. Next, the variation of t ch changes the strength of the p-doped layer on the 2DEG, so it will make it possible to highlight a method for evaluating N - A . 

Simulations and Analytical calculations

Preliminary assumptions

The material parameters used in the simulations are given in Table 3.1. The parameters for Al x Ga 1-x N are calculated by a linear law of x except for the bandgap E g and the conduction band offset ∆E c between GaN and Al x Ga 1-x N which are given by [START_REF] Ambacher | Pyroelectric Properties of Al(In)GaN/GaN Heteroand Quantum Well Structures[END_REF][START_REF] Martin | Valence-band Discontinuity between GaN and AlN Measured by X-ray Photoemission Spectroscopy[END_REF][START_REF] Martin | Valence-band Discontinuities of Wurtzite GaN, AlN, and InN Heterojunctions Measured by X-ray Photoemission Spectroscopy[END_REF]:

E AlGaN g (x) = E AlN g x + E GaN g (1 -x) -b x (1 -x) (3.54) ∆E AlGaN/GaN c (x) = 0.63 (E AlGaN g (x) -E GaN g ) (3.55)
with b = 1 eV. The 1D simulated/calculated structure is composed of the gate metal, the SiN layer, the AlGaN layer, the GaN:UID layer and the p-doped GaN layer. The layers below the p-doped GaN are not simulated because as we will show, acceptor atoms are sufficiently ionized and so the electrical neutrality (i.e., zero electric field : F = 0 V.m -1 ) is achieved inside the p-doped layer. This means the layers below the p-doped GaN do not affect V T H1 or V T H2 because the p-doped layer screens the effect of the gate voltage on these layers (checked with simulations). This assumption will be further discussed afterwards. The very thin AlN spacer (0.7 nm) located between AlGaN and GaN will be neglected at first and replaced by AlGaN. In a sense, the interface charge we consider at AlGaN/GaN interface embeds the total charge induced by AlN. But, even though the top and bottom polarization charges of AlN compensates each other because AlN is very thin, AlN act as a dipole and as such it increases the conduction band offset between AlGaN and GaN. This dipole is however thought to be small because recent studies suggest that AlN polarization is weakened for very thin layers [START_REF] Piotrowicz | A Comprehensive Analysis of AlN Spacer and AlGaN N-Doping Effects on the 2DEG Resistance in AlGaN/AlN/GaN Heterostructures[END_REF]. The effect of this assumption will be discussed afterwards. Last, incomplete ionization is not considered for pdoping because Mg is known to be a shallow acceptor [START_REF] Tanaka | P-type Conduction in Mg-doped GaN and Al0.08Ga0.92N Grown by Metalorganic Vapor Phase Epitaxy[END_REF][START_REF] Götz | Activation of Acceptors in Mg-doped GaN Grown by Metalorganic Chemical Vapor Deposition[END_REF] (we checked that this assumption has no effect in our result). The simulated structure and the three parameters studied are shown in Fig. for the permittivity ϵ r , Ref. [START_REF] Benjamin | UV Photoemission Study of Heteroepitaxial AlGaN Films Grown on 6H-SiC[END_REF][START_REF] Wu | GaN (0001)-(1×1) Surfaces: Composition and Electronic Properties[END_REF] for the affinity χ and Ref. [START_REF] Vurgaftman | Band Parameters for Nitrogen-Containing Semiconductors[END_REF] for the other parameters. SiN: Ref. [START_REF] Robertson | Band Offsets of High K Gate Oxides on III-V Semiconductors[END_REF]. The metal layer in contact is composed of 20 nm of TiN. The value for W F is taken from Ref. [START_REF] Vitale | Work-Function-Tuned TiN Metal Gate FDSOI Transistors for Subthreshold Operation[END_REF]. A small negative value is considered for σ SiN/AlGaN in this illustrative simulation because otherwise V T H1 would be positive and so there would be no 2DEG at V G = 0 V.

Definition of V T H1 and V T H2

For theoretical calculations, the V T H of a channel formed at the interface between two materials is commonly defined based on the position of the Fermi level at this interface. In the case of an heterojunction for example, Sze et al. [START_REF] Sze | Physics of Semiconductor Devices[END_REF] define the V T H as the necessary gate voltage to obtain E F = E c at the interface. In our case, to facilitate comparison with measurements, we use the C GC (V G ) simulation shown in Fig. 3.6b and arbitrarily define V T H1 and V T H2 from the position of the Fermi level at AlGaN/GaN interface and at SiN/AlGaN interface respectively at the gate voltage V G just before the capacitance jumps (represented by dotted lines) and we obtain (from simulations):

(E F -E C ) AlGaN/GaN V G =V T H1 = -0.17 eV (3.56) (E F -E C ) SiN/AlGaN V G =V T H2 = -0.3 eV (3.57)
where Ec is the conduction band energy in GaN at the interface with AlGaN in Eq.(3.56), and in AlGaN at the interface with the SiN in Eq.(3.57). These two equations are the definitions (conventions) and will remain literal in the following to prove that they do not affect the dependency of V T H1 and V T H2 with the interface charges σ SiN/AlGaN and σ AlGaN/GaN (i.e., they just introduce a shift which is independent of the interface charges).

Calculation of V T H1

With the help of the conduction band energy E c shown in Fig. 3.7 and by simplifying the terms associated to the conduction band offsets (∆E c (mat1/mat2) = χ mat2 -χ mat1 ), one can easily express V T H1 as:

V T H1 = W F -χ GaN -∆V SiN -∆V AlGaN + (E F -E C ) AlGaN/GaN V G =V T H1 (3.58)
where WF is the workfunction of the gate metal and χ GaN the electron affinity of GaN. The SiN can be treated as an insulator and the same goes for AlGaN since at V G = V T H1 , the electron density in this layer is negligible (the 2DEG is the first channel that forms). This can be seen in Fig. 3.7 where we can notice that E c in the AlGaN layer is sufficiently above E F . The electric field F in both layers is thus uniform, allowing expressing the potential drops ∆V SiN and ∆V AlGaN in SiN and AlGaN respectively as:

∆V SiN = -F SiN t SiN (3.59) ∆V AlGaN = -F AlGaN t AlGaN (3.60)
where t mat corresponds to the thickness of the layer mat. Applying Gauss's theorem (Eq.(3.46)) at the SiN/AlGaN and at the AlGaN/GaN interfaces gives: 

ϵ AlGaN F AlGaN -ϵ SiN F SiN = σ SiN/AlGaN (3.61) ϵ GaN F (0 + ) -ϵ AlGaN F AlGaN = σ AlGaN/GaN (3.
∆V SiN = σ SiN/AlGaN + σ AlGaN/GaN -ϵ GaN F (0 + ) C SiN (3.63) ∆V AlGaN = σ AlGaN/GaN -ϵ GaN F (0 + ) C AlGaN (3.64)
where C mat (= ϵ mat /t mat ) is the capacitance of the layer mat. To calculate the electric field F (0 + ) in GaN, we first assume that at V G = V T H1 , the carrier density in the GaN:UID layer is negligible which is a reasonable assumption given the definition of V T H1 (Eq.(3.56)). To be convinced, look at the position of V T H1 in the C GC simulations in Fig. 3.6b, the electron channel starts forming just after V G = V T H1 . By applying Gauss's theorem between z = 0 and z = t ch (see Fig. 3.8), it reads

F (t ch ) -F (0 + ) = e ϵ GaN N + D t ch (3.65)
where t ch is the thickness of the GAN:UID layer and N + D is the concentration of unintentional n dopant in GaN:UID. In Fig. 3.8, the depletion and the neutrality regions of the p-doped GaN layer are represented. Note that if the concentration of ionized p dopant is too low (N - A < 5×10 16 cm -3 ), the neutrality is not achieved inside the p-doped layer, but this case is not considered in the following calculations because the concentration of Mg in the p-doped layer is around 10 18 cm -3 so this neutrality condition holds. Applying Gauss's theorem in the depletion region remembering that the electric field is zero in the neutrality region gives

F (t ch ) = e ϵ GaN N - A W dep (3.66)
where W dep is the depletion width. Then by combining Eqs.(3.65) and (3.66), it follows

F (0 + ) = e ϵ GaN (N - A W dep -N + D t ch ) (3.67)
In the studied devices, the unintentional doping concentration N D is negligible compared to the p-doping concentration N A (at least two order of magnitude, N A ≃ 10 18 cm -3 > 10 16 > N D ) and residual p dopants in GaN:UID will compensate n dopants. Moreover, t ch is sufficiently small (< 200 nm) and W dep has the same order of magnitude as t ch , so that the last term in the RHS of Eq. (3.67) can be neglected, thus simplifying the last equation,

F (0 + ) = e ϵ GaN N - A W dep (3.68)
This assumption is supported by the linear trend of E c (z) in the GaN:UID layer shown in Fig. 3.8 because this indicates that the electric fied in GaN:UID is uniform (F = 1/e × dE c /dz) and so that N + D does not influence much the electric field in GaN compared to N - A . To calculate W dep , we start by integrating two times the Poisson equation in the depletion region:

ϕ(t ch ) -ϕ p = e 2ϵ GaN N - A W 2 dep (3.69)
where ϕ p is the potential in the neutrality region. As said before, at V G = V T H1 the carrier 2. Electrostatic investigation of SiN/AlGaN/GaN stacks density in GaN is negligible and N D is small so the electric field in GaN:UID can be assumed uniform which allows expressing the potential variation in GaN:UID as: 

ϕ(0 + ) -ϕ(t ch ) = F (0 + ) t ch (3.
e 2ϵ GaN N - A W 2 dep + e ϵ GaN N - A t ch W dep -(ϕ(0 + ) -ϕ p ) = 0 (3.71)
where ϕ(0 + ) is given by the definition chosen for V T H1 (Eq. (3.56)) and ϕ p is obtained by solving the neutrality equation in the p-doped layer (under Boltzmann approximation). By doing so, the potential variation in GaN can be written as

e(ϕ(0 + ) -ϕ p ) = (E F -E C ) AlGaN/GaN V G =V T H1 + E GaN g + k B T ln N - A N v (3.72)
Due to the high hole effective mass in GaN [START_REF] Suzuki | First-Principles Calculation of Effective Mass Parameters of Gallium Nitride[END_REF], N v value is around 4 • 10 19 cm -3 . Even if N - A is two or three orders of magnitude lower than N v , ln(N - A /N V ) remains well below 10 in absolute value so that the last term in the RHS of Eq.(3.72) is small compared to E GaN g (< 10%). Solving Eq. (3.71) allows writing W dep as a function of quantities of interest:

W dep (N - A , t ch ) = t ch 2 ϵ GaN (ϕ(0 + ) -ϕ p ) e N - A t 2 ch + 1 -1 (3.73)
The electric field F (0 + ) in Eq.(3.68) can now be substituted in the expressions of the potential drops in SiN and AlGaN given in Eqs. (3.63) and (3.64), allowing expressing them as a function of physical quantities of interest (interface charges, ionized p-doping concentration),

∆V SiN = σ SiN/AlGaN + σ AlGaN/GaN -e N - A W dep C SiN (3.74) ∆V AlGaN = σ AlGaN/GaN -e N - A W dep C AlGaN (3.75)
Lastly, by substituting these equations in Eq.(3.58), the relation between V T H1 and the quantities of interest is obtained:

V T H1 = W F -χ GaN + (E F -E C ) AlGaN/GaN V G =V T H1 - σ SiN/AlGaN C SiN - σ AlGaN/GaN -e N - A W dep (N - A , t ch ) C T OT (3.76)
where

C T OT = (C -1 SiN + C -1 AlGaN ) -1 is the total capacitance above the 2DEG and (E F - E C ) AlGaN/GaN V G =V T H1
is given by the chosen definition of V T H1 (Eq.(3.56)). As it can be noticed in Eq. (3.76), this term associated to the definition does not impact the dependence of V T H1 with the interface charges. The depletion charge induced by p-doping is q N - A W dep and it depends very little on the definition of (E

F -E C ) AlGaN/GaN V G =V T H1
because whatever the definition, this term will be very small compared to E GaN g in Eq.(3.72) so that it barely influences W dep in Eq.(3.73).

Calculation of V T H2

As was done for V T H1 in Eq.(3.58), we can derive an expression for V T H2 by looking at the conduction band and we obtain:

V T H2 = W F -χ AlGaN -∆V SiN + (E F -E C ) SiN/AlGaN V G =V T H2 (3.77) At V G = V T H2
, the electron density in AlGaN can be assumed negligible because V T H2 corresponds to the V G just before the formation of the channel in AlGaN (see the dotted lines in Fig. 3.6b). Thus, Eq. (3.63) can be recalled but F (0 + ) needs to be reformulated at V G = V T H2 . This can be done as before by applying Gauss's theorem in the GaN:UID layer, it reads:

F (t ch ) -F (0 + ) = Q GaN (V G = V T H2 ) ϵ GaN (3.78)
where

Q GaN (V G = V T H2
) is the integrated charge density in GaN:UID. If we look at the C GC curve for V G ≤ V T H2 in Fig. 3.6b, it looks like a step function (0 before V T H1 and constant after V T H1 ). This leads us to assume a linear charge control model:

Q GaN (V G = V T H2 ) = -C T OT (V T H2 -V T H1 ) (3.79)
This model is a good approximation as long as V T H2 is sufficiently above V T H1 which is clearly valid in our case because V T H2 -V T H1 is around 20 V in our experimental C GC (which will be shown later). Once the 2DEG channel is formed (AlGaN/GaN channel), it screens the effect of the gate voltage on what there is below it, notably the p-doped layer. So, as can be confirmed by looking at the conduction band profile shown in Fig. 3.9 for V G varying between V T H1 and 

V T H2 ,
F (0 + ) = e N - A W dep + C T OT (V T H2 -V T H1 ) ϵ GaN (3.
V T H2 = W F -χ AlGaN + (E F -E C ) SiN/AlGaN V G =V T H2 - σ SiN/AlGaN + σ AlGaN/GaN C SiN - -e N - A W dep -C T OT (V T H2 -V T H1 ) C SiN (3.
C -1 AlGaN ) -1
) and rearranging the terms, an expression for V T H2 can be derived,

V T H2 = W F -χ AlGaN - σ SiN/AlGaN C SiN + (E F -E C ) SiN/AlGaN V G =V T H2 + C AlGaN C SiN ∆E AlGaN/GaN c + C AlGaN C SiN (E F -E C ) SiN/AlGaN V G =V T H2 -(E F -E C ) AlGaN/GaN V G =V T H1 (3.82)
As expected, the dependence of V T H2 with σ SiN/AlGaN does not depend on the terms associated to the definition.

Effect of the two interface charges and of p-doping on V T H1 and V T H2

The relation between the threshold voltages V T H1 and V T H2 , and the physical parameters studied, namely, σ SiN/AlGaN , σ AlGaN/GaN and N - A are described by Eq.(3.76) and Eq.(3.82), respectively. It can be noticed that V T H1 depends on the three physical parameters, while V T H2 only depends on σ SiN/AlGaN . This is validated by the C GC (V G ) simulations depicted in Fig. 3.10 that highlight the effect of each of these physical parameters on V T H1 and V T H2 . V T H1 increases with increasing N - A which is expect because the p-doped layer increases the conduction band and depletes the 2DEG so it reduces the 2DEG sheet density at V G = 0 V. An important information that should be noted is that, among the three parameters studied, only σ SiN/AlGaN alter V T H2 such that we can assess σ SiN/AlGaN from the experimental V T H2 . If we look at Eq.(3.82), this assessment requires the knowledge of W F and χ AlGaN which are known from literature to a certain degree. The other parameters associated to the definition of E F -E c appearing in Eq.(3.82) do not impact this assessment because we can use the SP simulations by fitting them to the experimental C GC (V G ) instead of using Eq.(3.82). In other words, the equation is used to prove the relevance of fitting C GC (V G ) simulations to experimental C GC (V G ) to make the assessment we claim to make. Considering that we have three unknown parameters (σ SiN/AlGaN , σ AlGaN/GaN , N - A ) and only two known parameters (V T H1 , V T H2 ), we need another experimental information. This other information is the V T H1 vs t ch dependency.

Analysis of experimental data and estimation of quantities of interest

Method for evaluating N -

A

The V T H1 vs t ch dependency is obtained by measuring C GC (V G ) characteristics on three samples with different GaN:UID thicknesses t ch : 100 nm, 150 nm and 200 nm (see Fig. 3.5a). Since t ch represents the distance of the AlGaN/GaN interface to the p-doped GaN layer, when t ch increases, W dep decreases (Eq.(3.73)) and so V T H1 decreases (Eq. (3.76)). This decrease can be described with Eq.(3.73), and among the three physical quantities studied, it depends only on 

N -

A :

V T H1 (t ch ) -V T H1 (t ch = 100 nm) = eN - A W dep (N - A , t ch ) -W dep (N - A , t ch = 100 nm) C T OT (3.83)
where W dep is determined from Eq. (3.73). In Fig. 3.11, the V T H1 shift induced by t ch in Eq. (3.83) is calculated for various N - A and is extracted from measurements on the three samples.

The values of N -

A are set to account for experimental measurements, hence enabling to evaluate the ionization acceptor concentration at N - A = (1.2 ± 0.2) × 10 17 cm -3 . In the following, N - A is fixed at N - A = 1.2 × 10 17 cm -3 for simulations, and measurements are performed on samples with t ch = 100 nm. This gives a depletion width W dep = 99 nm which is inferior to the p-doped GaN layer thickness and hence validates the fact that electrical neutrality is achieved inside this layer. This is the reason why the inclusion of the layers located under the p-GaN does not change anything in the C GC (V G ) simulations (this has been verified).

Limit of this method

This method for evaluating N - A deserves to be exposed but there are two problems. First, in the measured samples, the p-doped layer should be abrupt and there should be no Mg atoms in the GaN:UID layer located between AlGaN and the p-doped layer. If there is, the value of t ch should be changed accordingly. Also, if the Mg-profile is not uniform, then this non-uniformity should be included in the simulations. This requires SIMS 7 data, which we do not have for the samples measured, so we cannot conclude on this point. Second, the GaN:UID is simulated with light n-doping N + D = 10 14 cm -3 . Taking a lower or a bit higher value for N + D in the simulations would not change much our results but the donor impurities which are expect to be present in the GaN:UID layer have actually not been identified explicitly in the literature. So we do not know the activation energy of these donors in GaN's gap. Depending on their level in the gap and their concentrations, the interplay between these impurities and the p-doped layer in controlling the Fermi level in GaN:UID might change, thereby making our evaluation based on t ch variation imprecise.

Interpretation of C GC (V G ) and I D (V G ) measurements performed on samples with varying Al content in the AlGaN layer

Preliminary checks

Measurements are conducted on the Van der Pauw structure depicted in Fig. 3.5. C GC (V G ) measurements have been conducted at 1 kHz which is a sufficiently low frequency to avoid the increase of V T H2 with increasing frequency. This increase occurs at higher frequencies and has been studied in Ref. [START_REF] Capriotti | Modeling Small-Signal Response of GaN-Based Metal-Insulator-Semiconductor High Electron Mobility Transistor Gate Stack in Spill-over Regime: Effect of Barrier Resistance and Interface States[END_REF]. In our case, we checked that the C GC (V G ) measurement is frequency independent below 1 kHz so that we are in the quasi-static limit. In the following, it will be established that V T H2 can also be obtained from I D (V G ) measurements and the same values of V T H2 are obtained from I D (V G ) and C GC (V G ) characteristics, thereby validating our low frequency choice. To verify that electron trapping does not influence the measurements of V T H1 and V T H2 , we also carried out hysteresis C GC (V G ) measurements in the range -25 < V G < 0 < V T H2 and found that there is no hysteresis in this V G range8 . Electron trapping occurs when V G > V T H2 and is negligible close to V T H2 so that it does not affect the extraction of V T H2 .

Interpretations of C GC (V G ) Fig. 3.12a displays C GC (V G ) and I D (V G ) measurements on devices with different Al concentrations x in AlGaN (x = 0.228, 0.245 and 0.266) 9 . We observe that V T H1 decreases when

x increases but V T H2 is independent of x. We recall that by increasing x, the polarization of Al x Ga 1-x N barrier increases in absolute value (see Fig. 1.8) and the experimental evidence of this is the observed decrease of V T H1 . However, we also know that a variation of the polarization induces a variation of the polarization charge at the SiN/AlGaN interface. But since V T H2 is independent of x and since Fig. 3.10b demonstrates that any variation of σ SiN/AlGaN induces a variation of V T H2 , it means that the polarization charge at the SiN/AlGaN interface is compensated. Hence, the measurements corresponds to the simulations in Fig. 3.10a where only σ AlGaN/GaN varies. What is original here is that we demonstrates the compensation of the polarization charge at the SiN/AlGaN interface from the non variation of the total interface charge when the polarization varies (we will give a more quantitative argument in subsec. 2.4.3). Moreover, the SiN deposited on top of AlGaN is the same in all the samples so if the compensation is induced by SiN-related defects, this means the charge-state of these defects changes when the Al concentration in AlGaN changes, which seems hard to imagine.

Access to V T H1 and V T H2 via I D (V G ) measurements

As it can be noticed from Fig. 3.12a, at V G = V T H2 , a strong reduction of I D (V G ) slope is observed. This slope reduction appears clearly as a sharp drop of the transconductance g m depicted in Fig. 3.12b. This phenomenon is expected because when V G lies between V T H1 and V T H2 , electrons of the 2DEG populates energy levels above the minimum of GaN's conduction band and as V G increases, electrons occupy higher energy levels (due to the Pauli exclusion principle) until they reach the level of the potential barrier of AlGaN/GaN band offset:

E GaN c + ∆E AlGaN/GaN c
. At this point, they have enough energy to get in AlGaN where there are unoccupied energy levels that are lower in energy. This is when the channel near the SiN/AlGaN interface starts forming. Once the SiN/AlGaN electron channel is formed, it screens the effect of the gate voltage on the 2DEG channel, and as a result, the electron density in the 2DEG is constant when V G increases beyond V T H2 . This is demonstrated in Fig. 3.13 where the electron density vs depth obtained from simulations is depicted for V G > V T H2 . Since the effective mobility in the SiN/AlGaN channel is significantly lower than the mobility of the 2DEG, I D (V G ) slope is strongly reduced. As a consequence, V T H1 and V T H2 can be obtained from I D (V G ) or g m (V G ) curves and it is clear looking at Fig. 3.12 that the values obtained from these curves are the same as the one obtained from C GC (V G ) curves, thereby validating our low frequency limit and supporting the fact that V T H2 is not dependent on x.

Assessment of interface charges

Why do we consider only fixed interface charges ?

Analytical calculations and simulations have been performed without including interface charges that may vary when V G varies. These are interface states D it whose charge depend on the Fermi level at the interface. In the case of the AlGaN/GaN interface, this is relevant because it is known that the amount of D it at this interface is negligible but in the SiN/AlGaN interface, the amount of interface states D it can be non-negligible if the process is not optimized [START_REF] Swenson | Photoassisted High-Frequency Capacitance-Voltage Characterization of the Si3N4/GaN Interface[END_REF][START_REF] Yeluri | Interface States at the SiN/AlGaN Interface on GaN Heterojunctions for Ga and N-Polar Material[END_REF]. The total charge induced by D it reads

σ it = e Ec Ev D itD (E) 1 -f 0 (E) dE - Ec Ev D itA (E)f 0 (E)dE (3.84)
where D itD and D itA are the density of donor states and acceptor states per unit energy, re- 10 . Therefore, if there is a noticeable amount of D it at the SiN/AlGaN interface (and if the measurement is slow enough), there will be a de-ionization of donors D it and a ionization of acceptor D it , which in both cases, implies a relative decrease of the total interface charge at the SiN/AlGaN interface (toward more negative value). If such a decrease really occurs, we might not probe it through small signal C gc (V G ) measurements because D it that are too deep in the gap have larger time constants and thus do not follow the fast small signal. So the variation of the total interface charge induced by the emission/capture of electrons through these interface states does not appear in the C GC (V G ) measurement. However, in our case, when V G lies between V T H1 and V T H2 , there is a 2DEG already formed at the AlGaN/GaN interface and if there is a decrease of the total interface charge at the SiN/AlGaN interface due to D it , then this decrease screens the effect of the gate voltage on the 2DEG density, which will, to a certain point, not increase (or even decrease) when V G increases, depending on the density of D it . This would result in a noticeable reduction of

I D (V G ) slope when V T H1 < V G < V T H2 .
This has been observed and studied by Longobardi et al. [START_REF] Longobardi | The Effect of the Surface Fixed Charge and Donor Traps on the C(V) and Transfer Characteristics of a GaN MISFET -Experiment and TCAD Simulations[END_REF][START_REF] Longobardi | The Dynamics of Surface Donor Traps in AlGaN/GaN MISFETs Using Transient Measurements and TCAD Modelling[END_REF] in a similar stack and Fig. 3.14 depicts the C GC (V G ) and I D (V G ) curves obtained by the authors of Ref. [START_REF] Longobardi | The Effect of the Surface Fixed Charge and Donor Traps on the C(V) and Transfer Characteristics of a GaN MISFET -Experiment and TCAD Simulations[END_REF] when a de-ionization of donors D it occurs. Note that the same sudden reduction of I D (V G ) slope would occur in the case of a ionization of acceptors D it . In our measurements, we do not observe a significant drop in the slope of the I D (V G ) characteristics which implies that the variation of charge at the SiN/AlGaN interface is negligible. This is further supported by the fact that by using our C GC (V G ) and I D (V G ) measurements in Fig. 3.12, we extracted the effective mobility µ(n s ) by split-CV method. It is shown in Fig. 3.15 and it can be noticed that there is no drop or sudden decrease of the mobility when n s increases, that there would be if there was a noticeable variation of charge at the SiN/AlGaN interface. Moreover, the effective mobility reaches a peak of around 2100 cm 2 .V -1 .s -1 which is close to the maximum 2DEG mobility value reported in literature [START_REF] Chen | Room-Temperature Mobility above 2200 Cm 2 /V•s of Two-Dimensional Electron Gas in a Sharp-Interface AlGaN/GaN Heterostructure[END_REF]. Therefore, the variation of interface charge at the SiN/AlGaN interface is negligible and the consideration of only fixed interface charges is justified for the purpose of this study. This does not strictly imply that the amount of D it is negligible as the D it could be 'frozen', that is, they are characterized by long time constants such that the V G sweep is too fast for them to capture/emit carriers [START_REF] Hori | Characterization of Interface States in Al2O3/AlGaN/GaN Structures for Improved Performance of High-Electron-Mobility Transistors[END_REF]. The time constant associated to a D it located at an energy depth ∆E from the band edge (for example E c ) is given by Shockley-Read-Hall (SRH) statistics: Figure 3.15: Effective mobility vs n s obtained at T = 300 K using the split-CV method from the C GC (V G ) and I D (V G ) measurements shown in Fig. 3.12. (The mobility is calculated up to V G = 0 V because then the second channel is formed.) 

τ = 1 σ n N c v th exp ∆E k B T (3.85)
C GC (V G ) characteristics.
where v th is the thermal velocity and σ n the capture cross section. The larger ∆E and the lower σ n , the more difficult it is to probe interface states such that their charge-state does not change during the measurement (fixed charge). Since GaN has a large band gap and since σ n may be very small (this parameter is unknown), it is likely that D it charge-state does not change during

C GC (V G ) or I D (V G
) measurements (if there really are interface states in the gap).

Assessment of interface charges

Since previously the density of ionized acceptors N - A was estimated, σ SiN/AlGaN and σ AlGaN/GaN can also be estimated because we have two parameters (V T H1 and V T H2 ) for two unknowns. To be even more precise, we already mentioned that σ SiN/AlGaN only depends on V T H2 , so that σ AlGaN/GaN can be assessed to account for V T H1 . The estimation of these two interface charges is done by fitting C GC (V G ) curves obtained from Schrödinger-Poisson simulations to the one obtained experimentally, in particular those shown in Fig. 3.12. The interface charges obtained from applying this procedure on devices with different AlGaN thicknesses and Al fraction x are given in Tab. 3.2. The values obtained for σ AlGaN/GaN are then reported in Fig. 3.16 as a function of x (black points) and they are compared to the theoretical model of Ambacher et al. [START_REF] Ambacher | Two Dimensional Electron Gases Induced by Spontaneous and Piezoelectric Polarization in Undoped and Doped AlGaN/GaN Heterostructures[END_REF] described in chapter 1 by Eqs. (1.8), (1.9) (polarization) and (1.31) for the interface polarization charge (black line). The deviation of our values (points) from the theoretical expectations (black line) is around 9-10 %. But the dependence of the interface charge with the Al fraction x has the good trend, which proves that AlGaN polarization varies as theoretically expected. We think of three plausible causes to explain the deviation of 9 %. The first is the uncertainty on the material parameters used in the simulations which will be discussed in the next paragraph. The second cause is that we neglected the thin AlN spacer in the simulations and this will be discussed in the next sub-section. And the third cause is the fact that the AlGaN layer could be partially relaxed. To take into account the probable relaxation of AlGaN, Eq. (1.9) can be multiplied by (1 -r(x)) and, in this case, the piezoelectric polarization reads [START_REF] Ambacher | Two Dimensional Electron Gases Induced by Spontaneous and Piezoelectric Polarization in Undoped and Doped AlGaN/GaN Heterostructures[END_REF]:

P pz = 2 d 31 (1 -r(x)) a GaN 0 -a 0 (x) a 0 (x) C 11 + C 12 -2 C 2 13 C 33 (3.86)
Figure 3.16: σ AlGaN/GaN vs x taken from Tab. 3.2 (points) and calculated using the theoretical model of Ambacher et al. [START_REF] Ambacher | Two Dimensional Electron Gases Induced by Spontaneous and Piezoelectric Polarization in Undoped and Doped AlGaN/GaN Heterostructures[END_REF]: assuming that AlGaN is fully strained to GaN (no relaxation) (black line) and assuming a partial relaxation of the AlGaN layer with a degree of relaxation r(x) = 0.2 (orange line).

where r(x) is the degree of relaxation and is defined as [START_REF] Ambacher | Two Dimensional Electron Gases Induced by Spontaneous and Piezoelectric Polarization in Undoped and Doped AlGaN/GaN Heterostructures[END_REF]:

r(x) = a(x) -a GaN 0 a 0 (x) -a GaN 0 (3.87)
where a 0 (x) is the lattice parameter of Al x Ga 1-x N and a(x) is the lattice parameter of strained Al x Ga 1-x N. If AlGaN is fully strained to GaN, r(x) = 0 and so a(x) = a GaN 0 . If AlGaN is partially relaxed, then a(x) = r(x)a 0 (x) + (1 -r(x))a GaN 0 . If we assume a partial relaxation with r(x) = 0.2 (the variation of x is small so we can take a constant r(x) value) and calculate the resulting piezoelectric polarization with Eq. (3.86) and then the polarization charge with Eq. (1.31), we obtain a better agreement with our experimental point, as illustrated in Fig. 3.16 (orange line).

Regarding the interface charge at the SiN/AlGaN interface σ SiN/AlGaN obtained in Tab. 3.2, it is very small (-3 × 10 11 cm -2 ) in absolute value compared to theoretical values of AlGaN polarization (-3.2 × 10 13 < σ pol SiN/AlGaN < -3.4 × 10 13 cm -2 when 0.228 < x < 0.266). More interestingly, σ SiN/AlGaN is invariant with respect to x even though the theoretical polarization variation when x is in the range [0.228, 0.266] is around ∆σ pol SiN/AlGaN = 2 × 10 12 cm -2 . And it has already been highlighted that this variation is in agreement with the experimental variation observed in Fig. 3.16 when x varies. Such an increase of the polarization charge would induce an increase of V T H2 equal to |∆σ pol SiN/AlGaN | ≈ 3.6 V in the x range studied. However, if we go back to Fig. 3.12, V T H2 does not exhibit any noticeable variation with x. Therefore, this 2. Electrostatic investigation of SiN/AlGaN/GaN stacks demonstrates what was claimed in sub-sec. 2.4.2, that is, the compensation of the polarization charge at the SiN/AlGaN interface.

It cannot be claimed that interface charges have been measured because it is not the case. They have been estimated to the best of our knowledge, together with the density of ionized acceptors

N -

A beneath the 2DEG, by exploiting three experimental information: V T H1 , V T H2 and V T H1 vs t ch dependence. Previous studies exploited V T H1 vs dielectric thickness slope to evaluate charges above the 2DEG [START_REF] Capriotti | Fixed Interface Charges between AlGaN Barrier and Gate Stack Composed of in Situ Grown SiN and Al2O3 in AlGaN/GaN High Electron Mobility Transistors with Normally off Capability[END_REF][START_REF] Tapajna | A Comprehensive Analytical Model for Threshold Voltage Calculation in GaN Based Metal-Oxide-Semiconductor High-Electron-Mobility Transistors[END_REF] but it is important to note that in our case, the V T H1 (t SiN ) slope would only give us the sum of the three charges (interface charges + p-doping charge) making it difficult to dissociate them. So, our approach is interesting because it allows dissociating the different charges in the stack that influence the 2DEG density 11 . It is, however, dependent on the knowledge of material parameters such as the electron affinity or conduction band offset between GaN and AlGaN, which are taken from previous experimental studies.

Uncertainty on the material parameters used for the estimation

The estimation of interface charges is not affected by the choice of E F -E c for defining the threshold voltages in Eqs. [START_REF] Wu | GaN (0001)-(1×1) Surfaces: Composition and Electronic Properties[END_REF][START_REF] Grabowski | Electron Affinity of AlxGa1-xN(0001) Surfaces[END_REF][START_REF] Kozawa | UV Photoemission Study of AlGaN Grown by Metalorganic Vapor Phase Epitaxy[END_REF][START_REF] Levinshtein | Properties of Advanced Semiconductor Materials: GaN, AIN, InN, BN, SiC[END_REF]. This large uncertainty of χ GaN is higher than the one of ∆E AlGaN/GaN c and of W F such that the uncertainty on the extracted value of σ SiN/AlGaN is mainly due to the imprecise knowledge of χ GaN . By using the two extremes values observed for χ GaN in literature in our simulations, σ SiN/AlGaN is still below 10 12 cm -2 in absolute value and therefore still very low compared to theoretical values of the polarization charge (-3.4 × 10 13 cm -2 ). Moreover, what is important is that the uncertainty on material parameters do not impact our observations regarding the independence of σ SiN/AlGaN with Al fraction

x. This is because the dependence of material parameters with x is negligible since the x range studied (from 0.228 to 0.266) is very small 12 .

The material parameters that influence the estimation of σ AlGaN/GaN can be obtained from the 11 Note that we could also perform a dissociation of the charges using VT H1(tSiN ), VT H1(tAlGaN ) and VT H1(tch) dependencies however it requires samples with different t AlGaN and with the same x which is complicated (x variation is very small in the case studied) and we do not have different tSiN in our case. 12 x variation is very small and induces a negligible variation of E AlGaN g (0.08 eV), ∆E

AlGaN/GaN c (0.05 eV) and χ AlGaN (0.08 eV) leading to a fluctuation of σ SiN/AlGaN with a magnitude of 10 10 cm -2 .

difference between V T H2 and V T H1 :

V T H2 -V T H1 = σ AlGaN/GaN -e N - A W dep C T OT + C AlGaN C SiN + 1 ∆E AlGaN/GaN c (3.88)
In a sense, the idea behind exploiting the knowledge of V T H2 is to get ride of W F , the electron affinities and σ SiN/AlGaN . As it can be noticed from Eq.(3.88), the evaluation of σ AlGaN/GaN depends on the knowledge of ∆E

AlGaN/GaN c

and N - A . It does not depend on the other parameters appearing in Eq.(3.88) such as C AlGaN or C T OT because simulations are fitted to experiments, C T OT is the measured capacitance between V T H1 and V T H2 and C SiN is measured for V G > V T H2 (we did not mentioned it before but the same goes for the assessment of σ SiN/AlGaN ). W dep is function of N - A and it is obtained from the self-consistent simulations. The uncertainty on ∆E

AlGaN/GaN c and N -

A can be in part responsible for the deviations from theoretical expectations (black lines) in Fig. 3

.16. If N -

A is overestimated, which is possible (see sub-sec. 2.4.1), then σ AlGaN/GaN would be underestimated but this error is relatively small because, as it can be seen from Fig. 3.10c, the effect of N - A on V T H1 is relatively small when N - A > 10 17 cm -3 and we know that N - A stays below 10 18 cm -3 (concentration of Mg). In any case, neither N - A nor ∆E AlGaN/GaN c depend on x (already explained for ∆E

AlGaN/GaN c

) so that the uncertainty on these parameters does not influence the dependence obtained with Al fraction x.

The two important results of this section are:

• σ SiN/AlGaN is very small compared to the AlGaN polarization and it is invariant with respect to x (i.e., invariant when AlGaN polarization varies).

• σ AlGaN/GaN is close to theoretical values and has the expected dependence with Al fraction

x.

None of these points is impacted by the uncertainty on the material parameters.

Effect of the AlN spacer

The previous calculations were developed ignoring the thin AlN spacer (0.7 nm) located between AlGaN and GaN (see Fig. 3.5a) 13 . Ideally, we would have liked not to have the AlN spacer in the samples measured but unfortunately it is present. The object of this subsection is to evaluate to what extent the presence of the AlN spacer influences the two important results highlighted above. The first thing that is important is that the AlN is the same on all the samples and therefore everything concerning the effect of the Al fraction x on the estimated interface charges is not impacted by the AlN spacer. In other words, the error introduced by the AlN spacer is independent of x.

The AlN is very thin so that the difference of conduction band offset between AlN/GaN and AlGaN/GaN interface does not impact simulation results because electrons can penetrate AlGaN by tunneling. So, the inclusion of an AlN spacer with no polarization does not change V T H1 and V T H2 (verified with simulations). But AlN has a polarization (which corresponds to the polarization of AlGaN with x = 1) and so it acts just like a dipole with a 0.7 nm length. By exploiting V T H1 and V T H2 in samples with different AlN spacer thicknesses (0.7, 1.1, 1.5 nm), the work conducted by Piotrowicz et al. [START_REF] Piotrowicz | A Comprehensive Analysis of AlN Spacer and AlGaN N-Doping Effects on the 2DEG Resistance in AlGaN/AlN/GaN Heterostructures[END_REF] strongly suggests that for very thin layers, the polarization of AlN is attenuated. They estimated that in the case of a 0.7 nm thick AlN, only 40% of AlN theoretical polarization is achieved in practice 14 . The origin of this apparent reduction of the polarization remains unknown at the moment. The samples that they have measured have been fabricated at the same time as ours and in the same clean room. In Fig. 3.17 

σ AlN/GaN = P GaN -0.4P AlN = 1.35 • 10 13 cm -2 (×e)
It can noticed in Fig. 3.17, by comparing the case without AlN spacer and the case with an AlN spacer having P R = 0.4 (40 % of AlN polarization considered in the simulations), that V T H1 is the same in both cases and only a slight difference in V T H2 is observed. This is because AlN is very thin and the top and bottom surface charges induced by its polarization nearly compensates each other (σ AlGaN/GaN = σ AlGaN/AlN + σ AlN/GaN , look at the values just above) and since its polarization is attenuated, the dipole is weakened and has almost no effect.

In the case where the polarization of AlN is not attenuated (P R = 1) or only slightly attenuated (P R = 0.8), then there is a difference compared to the case without AlN. Indeed, the dipole is stronger and induces a decrease of V T H1 and an increase of V T H2 . But this increase of V T H2 is incompatible with our measurement reported in Fig. 3.12 because experimental V T H2 is around 1 V in all cases such that if the total polarization of AlN is considered in the simulations (P R = 1), an even lower or even positive value for σ SiN/AlGaN will be required to account for experimental observations. So, this makes our claim regarding the compensation of the charge at the SiN/AlGaN even more true. Furthermore, since V T H1 decreases when P R is high, the AlN spacer cannot explain the discrepancy between points and black lines in Fig. 3.16 because the interface charges in the simulations would have to be reduced even more.

Therefore, the simulations shown in Fig. 3.17 support the apparent attenuation of AlN polarization highlighted in [START_REF] Piotrowicz | A Comprehensive Analysis of AlN Spacer and AlGaN N-Doping Effects on the 2DEG Resistance in AlGaN/AlN/GaN Heterostructures[END_REF]. And more importantly, they prove that if only 40 % of AlN theoretical polarization is achieved in practice, which is the value estimated in [START_REF] Piotrowicz | A Comprehensive Analysis of AlN Spacer and AlGaN N-Doping Effects on the 2DEG Resistance in AlGaN/AlN/GaN Heterostructures[END_REF] for a 0.7 nm AlN spacer, then the AlN spacer has no effect. So the fact of having neglected it has little influence on our results. And again, even if the polarization is not attenuated, neglecting or not the AlN does not change the fact that σ AlGaN/GaN has the expected trend when x varies (which validates the fact that AlGaN polarization varies as expected when we vary x) and the fact that σ SiN/AlGaN is invariant when AlGaN polarization varies (deduced from the fact that V T H2 is invariant with x).

Summary and discussion

Results concerning the interface charges

The Al fraction x has been varied experimentally from 0.228 to 0.266 and this variation induce a variation of σ AlGaN/GaN close to 2 • 10 12 cm -2 , which corresponds to the theoretical variation expected for the polarization of AlGaN. This is illustrated in Fig. 3.16 but it can also be seen from the decrease of V T H1 with increasing x obtained in Fig. 3.12. With such a variation of the polarization of AlGaN, we expect the same variation for the charge at the SiN/AlGaN interface σ SiN/AlGaN and thus we expect a variation of V T H2 of around 3.5 V. Yet, looking at Fig. 3.12, it is clear that V T H2 does not exhibit any noticeable variation. Hence , this proves that there is a compensation of the negative polarization charge at the SiN/AlGaN interface. Combined to that, the values obtained for σ AlGaN/GaN are close to theoretical expectations (less than 10 % deviation) and the value obtained for σ SiN/AlGaN is very small compared to the negative polarization of AlGaN, which further supports that there is a compensation.

What is new in this study compared to the literature ?

Models giving the effect of interface charges above the 2DEG on V T H1 have already been reported [START_REF] Capriotti | Fixed Interface Charges between AlGaN Barrier and Gate Stack Composed of in Situ Grown SiN and Al2O3 in AlGaN/GaN High Electron Mobility Transistors with Normally off Capability[END_REF][START_REF] Tapajna | A Comprehensive Analytical Model for Threshold Voltage Calculation in GaN Based Metal-Oxide-Semiconductor High-Electron-Mobility Transistors[END_REF] but the inclusion of the effect of the p-doped layer beneath the 2DEG on V T H1 and the method to evaluate N - A based on V T H1 (t ch ) dependency that was outlined in this study is new. Furthermore, the equations describing V T H2 and the use we made of both experimental V T H1 and V T H2 to dissociate the interface charges at the two interfaces is new. The behavior obtained for σ AlGaN/GaN with respect to x has already been highlighted in [START_REF] Ambacher | Two-Dimensional Electron Gases Induced by Spontaneous and Piezoelectric Polarization Charges in N-and Ga-Face AlGaN/GaN Heterostructures[END_REF] from the dependence of the 2DEG sheet density as a function of x. But confirming it in our devices is worth of interest. By the invariant value obtained for σ SiN/AlGaN when x varies, we have shown that the negative polarization charge at the SiN/AlGaN interface is compensated, in a different way than what has been done in the literature so far.

Origin of the compensation of the negative polarization charge at the SiN/ AlGaN interface

As already discussed in the literature overview at the beginning of this section, the origin of the compensation of the negative polarization charge in insulator/III-N material interfaces remains unknown. Moreover, the measured density of interface states are too low to compensate the negative polarization charge, so they cannot be accounted responsible for the compensation [START_REF] Swenson | Photoassisted High-Frequency Capacitance-Voltage Characterization of the Si3N4/GaN Interface[END_REF][START_REF] Yeluri | Interface States at the SiN/AlGaN Interface on GaN Heterojunctions for Ga and N-Polar Material[END_REF][START_REF] Ber | Measurement of the Variable Surface Charge Concentration in Gallium Nitride and Implications on Device Modeling and Physics[END_REF][START_REF] Bakeroot | On the Origin of the Two-Dimensional Electron Gas at AlGaN/GaN Heterojunctions and Its Influence on Recessed-Gate Metal-Insulator-Semiconductor High Electron Mobility Transistors[END_REF]. Also, if we assume that the compensation is caused by SiN related defects, it means, recalling the fact that σ SiN/AlGaN appears invariant with x in our study, that the charge associated to SiN related defects changes when AlGaN polarization changes to exactly compensate the polarization charge. This is hard to believe, especially knowing that the negative polarization charge is also compensated in the case of the Al 2 O 3 /(Al)GaN interface [START_REF] Ganguly | Presence and Origin of Interface Charges at Atomic-Layer Deposited Al2O3/III-Nitride Heterojunctions[END_REF][START_REF] Esposto | Electrical Properties of Atomic Layer Deposited Aluminum Oxide on Gallium Nitride[END_REF] (we also demonstrated this in our samples, see next section). It is therefore likely that a compensation occurs regardless of the insulator.

Let's assume a Ga face GaN or AlGaN. The negative polarization charge at the top surface is due to the fact that the surface have excess electrons. Charge neutrality imposes that either a 2D hole gas is formed in (Al)GaN to compensate the excess electrons or other sources of positive charges are induced. These other sources could be caused by surface reconstruction and/or passivation by atoms present in the environment above and might be energetically favorable compared to the 2D hole gas formation. It is clear that in our case, there is no 2D hole gas. Surface reconstruction and passivation by atoms has been discussed by Robertson et al. [START_REF] Robertson | Bonding Principles of Passivation Mechanism at III-V-Oxide Interfaces[END_REF][START_REF] Robertson | Defect State Passivation at III-V Oxide Interfaces for Complementary Metal-Oxide-Semiconductor Devices[END_REF] in the case of an oxide/GaAs interface using electron counting rule arguments. To be more precise, the surface reconstruction consists of crystal defects generation and modification of atoms positions at the surface level in order to obey charge neutrality in each slab and this can occur because it is energetically favorable. As an example, Chadi [START_REF] Chadi | Vacancy-Induced 2\ifmmode\times\else\texttimes\fi{}2 Reconstruction of the Ga(111) Surface of GaAs[END_REF] showed that the surface reconstruction of the Ga(111) surface of GaAs can lead to the formation of Ga vacancy because it is energetically favorable. These vacancies transform the polar surface into a non polar surface. Note that surface reconstruction can occur in more than one atomic layer [START_REF] Robertson | Defect State Passivation at III-V Oxide Interfaces for Complementary Metal-Oxide-Semiconductor Devices[END_REF]. These considerations on the surface reconstruction and the fact that the growth environment contains other atoms (those of the insulator for example) which can passivate excess electrons at the surface makes it impossible to predict what happens in practice because these phenomena are very complex and describing them requires advanced first principle calculations.

What is interesting is that the interface between AlGaN and GaN does not exhibit any compensation of the polarization interface charges. Hence, the positive polarization charge at AlGaN/GaN interface gives rise to a 2DEG while the negative polarization charge at the GaN/AlGaN interface (GaN is deposited on top of AlGaN) gives rise to a 2D hole gas (2DHG). Chaudhuri et al. [START_REF] Chaudhuri | A Polarization-Induced 2D Hole Gas in Undoped Gallium Nitride Quantum Wells[END_REF] reported the existence of a high density 2DHG at GaN/AlN interface whose value nearly exactly matches the theoretical negative polarization charge at this interface, and this 2DHG is achieved without using p-doping. So why in the case of interfaces between AlGaN and GaN materials the polarization interface charge is compensated by free carriers (2DEG or 2DHG) whereas in the case of interfaces between an insulator (Al 2 O 3 or SiN) and (Al)GaN, the negative polarization is compensated by other mechanisms such as surface reconstruction and/or passivation by other atoms, which act as fixed positive charges. This is probably because AlGaN, AlN and GaN are materials that are very close to each other in terms of crystalline properties. If we picture the growth of GaN, a surface composed of N atoms is directly followed by a surface of Ga atoms which will compensate N excess electrons and then the Ga surface is directly followed by a N surface which will compensate the deficit of electrons of Ga. And this continues. If at some point we incorporate Al atoms in the growth chamber at a certain rate, then Al can take Ga place because Al too has a deficit electron so it forms polar bonds with N atoms. So AlGaN is just like GaN growth but with Al atoms incorporated by force. So basically, this is a fast and controlled process and the AlGaN/GaN interface will have a noncompensated polarization charge since now that AlGaN is deposited, there is no way of other passivant atoms to incorporate at the interface or surface reconstruction to occur because the atoms at the interface are strongly bonded beneath and above them by the AlGaN layer. Hence, the fixed polarization interface charge gives rise to a 2DEG or a 2DHG depending on its sign. If now the growth of AlGaN stops and precursors composed by atoms of the insulator (such as SiN) are incorporated, then it is likely that surface reconstruction and passivants atoms will compensate the excess surface charge because these phenomena could be energetically favored over the formation of a 2DHG. Note that by employing DFT calculations, Levchenko and Rappe [START_REF] Sergey | Influence of Ferroelectric Polarization on the Equilibrium Stoichiometry of Lithium Niobate (0001) Surfaces[END_REF] arrived to the conclusion that, in the case of Lithium Niobate15 (0001) Surfaces, "surface charge passivation by ions is thermodynamically favored over passivation by mobile carriers in a wide range of chemical potentials" . Maybe, this is true for GaN and AlGaN surfaces, as well.

Conclusion of this section

A description of the effect of interface charges and of the p-doping below the 2DEG on the C GC (V G ) characteristics of SiN/AlGaN/GaN stacks has been conducted by use of Schrödinger-Poisson simulations and analytical calculations. By these means, a method to evaluate the concentration of ionized p-dopants and of interface charges from C GC (V G ) or I D (V G ) measurements has been highlighted. Moreover, the limits of the method and the underlying assumptions have been discussed. The dependence of the AlGaN/GaN interface charge with Al concentration is consistent with theoretical expectations and previous studies thereby supporting our evaluation method. More interestingly, the SiN/AlGaN interface charge is found to be very low and invariant with the AlGaN polarization in the x range studied. This demonstrates that the negative polarization charge at the SiN/AlGaN interface is compensated. Finally, the origin of this compensation has been discussed but remains unknown at the moment. In an Al 2 O 3 /n-GaN stack with a thick n-GaN, the slope of the flat band voltage V FB vs oxide thickness t ox allows assessing the Al 2 O 3 /n-GaN total interface charge so it will make it possible to confirm that the negative polarization charge of GaN is compensated. Moreover, we will compare C GC (V G ) simulations and measurements to show the necessity of using a quantum description of electron density. Even if this has been established, it is always instructive to confirm it with experimental support.

A p-doped GaN layer beneath the channel of the MOS-HEMT transitor is employed to increase the V TH 16 . By comparing the V TH of Al 2 O 3 /UID-GaN stack and Al 2 O 3 /p-GaN stack, we want to know if the p-doping increases the V TH as expected given the density of doping employed. And since it is not the case, the aim is to understand what limits the increase of the V TH . The analysis of V TH vs t ox dependency in both stacks will be helpful because its slope is directly related to the density of interface charges and to the p-doping density. But since V TH vs t ox slope depends on both the p-doping and interface charges, the 1/C2 vs V G method will be employed to extract the doping density, so that we can dissociate both quantities.

1/C2 vs V G method for extracting effective doping density

To determine the effective doping density N + D -N - A , we can use the capacitance C in depletion regime. To be more precise, the 1/C2 vs V G slope is directly linked to N + D -N - A . Even though it is well known [START_REF] Dieter | Semiconductor Material and Device Characterization[END_REF][START_REF] Sze | Physics of Semiconductor Devices[END_REF], the relation will be established here. The capacitance measures the variation of charge in GaN with respect to the gate voltage:

C = - dQ GaN dV G (3.89)
In depletion regime, the carrier densities can be neglected allowing writing the charge in GaN 3. Electrostatics in gate metal/Al 2 O 3 /GaN stacks as:

Q GaN = W dep 0 ρ(z)dz = e N + D -N - A W dep (3.90)
z = 0 is the Al 2 O 3 /GaN interface and W dep is the depletion width in GaN. At z = W dep , the electric field is zero (electrical neutrality). The doped layer under study must be thick enough so that electrical neutrality is achieved inside it. Combining the two last equations allows writing the capacitance as:

C = -e(N + D -N - A ) dW dep dV G (3.91)
It must be emphasized that incomplete ionization has been neglected in this operation because if it was considered, then N + D -N - A will depend on the potential and so on V G . thus, if the dopants have too high activation energies, this method cannot be applied to determine their density. The measured capacitance corresponds to the oxide (Al 2 O 3 ) capacitance in series with the depletion capacitance in GaN, so that 1/C 2 be written as:

1 C 2 = 1 C ox + 1 C dep 2 = 1 C ox + W dep ϵ GaN 2 (3.92)
If now, this equation is derived with respect to V G , one can obtain:

d 1/C 2 dV G = 2 ϵ GaN dW dep dV G 1 C (3.93)
Finally, replacing C by its expression in Eq.(3.91) and rearranging, the relation between the effective doping density N + D -N - A and the slope of 1/C 2 vs V G is obtained:

N + D -N + A = -2 e ϵ GaN d(1/C 2 ) dV G (3.94) Note that Y (V G ) = d(1/C 2 )
dV G (V G ) is also know as the Maserjian function [START_REF] Maserjian | Saturation Capacitance of Thin Oxide MOS Structures and the Effective Surface Density of States of Silicon[END_REF].

Al 2 O 3 /n-GaN stacks

Definition of V FB and relation to the electron channel formation

The flat band voltage V FB corresponds to the gate voltage at which the electric field is zero in all n-GaN. Since the electric field is zero, the potential does not vary so that the conduction/valence band is flat. The zero electric field condition is equivalent to electrical neutrality ρ(z) = 0 such that the potential in n-GaN, under Boltzmann approximation is obtained from solving:

N c exp E F -E c k B T = N + D (3.95)
Note that n-doping is achieved with Silicon which is a very shallow donor with an activation energy around 15 meV [START_REF] Götz | Activation Energies of Si Donors in GaN[END_REF] so there is no need to use incomplete ionization. Eq.(3.95) leads to the following potential condition (or equivalently Fermi level in n-GaN):

(E c -E F ) V G =V F B = k B T ln N c N + D (3.96)
If the doping is sufficiently high (N + D > 10 16 ), E c -E F is very small compared to E GaN g and so the V FB is close to the V G at which the channel starts forming.

Equation describing V FB vs t ox dependency

Similarly to what was done when calculating V T H1 (Eq.(3.58)), one can picture the conduction band of a gate metal/Al 2 O 3 /GaN stack and derive an expression for V FB : 

V F B = W F -χ GaN -∆V Al 2 O 3 -(E c -E F ) V G =V F B ( 3 
∆V Al 2 O 3 = σ Al 2 O 3 /GaN t ox ϵ ox = σ Al 2 O 3 /GaN C ox (3.98)
where ϵ ox is the permittivity of Al 2 O 3 . Replacing it in Eq.(3.97), the V FB vs t ox relation is obtained:

V F B = W F -χ GaN -σ Al 2 O 3 /GaN t ox ϵ ox -(E c -E F ) V G =V F B = W F -χ GaN - σ Al 2 O 3 /GaN C ox -(E c -E F ) V G =V F B (3.99)
Since ϵ ox is not directly measured, it is preferable to exploit the knowledge of C ox which is measured and use V F B (1/C ox ) slope which directly gives σ Al 2 O 3 /GaN : 

σ Al 2 O 3 /GaN = - dV F B d(1/C ox ) (3.100)

Extraction of the fixed interface charge from experimental data

(V G ) curves. C ox is extracted from the capacitance measured at V G = 4 V (C ox = C GC (V G = 4 V ))
. From the slope of 1/C 2 (V G ) at negative gate voltages (depletion regime), we verified that N + D ≈ 5 • 1017 cm -2 using Eq.(3.94). Then, V FB is extracted in all samples from the intersection of the slopes of 1/C 2 (V G ) before and after the threshold 17 , as illustrated in Fig. 3.19a. At last, the values obtained for V FB are plotted against 1/C ox in Fig. 3.19b. The slope is used to extract the density of interface charges σ Al 2 O 3 /GaN = 8.6 • 10 11 cm -2 . This value is positive and much lower in absolute value than the negative polarization charge of GaN, whose value is approximately -2.1 • 10 13 cm -2 . Hence, this proves that the negative polarization charge at Al 2 O 3 /GaN interface is compensated, thereby confirming the observations of Esposto et al. [START_REF] Esposto | Electrical Properties of Atomic Layer Deposited Aluminum Oxide on Gallium Nitride[END_REF]. The origin of this compensation could have causes similar to the SiN/AlGaN case. One important difference to note is that the presence of oxygen could play a role as a passivants because if GaN is Ga terminated, Ga-O bonds fully saturate Ga dangling bonds at the interface leading to a stable and insulating interface (Fermi level in the gap) [START_REF] Zhang | Chemical Bonding and Band Alignment at X2O3/GaN (X = Al, Sc) Interfaces[END_REF].

Comparison between experimental and simulated C GC (V G )

In Fig. 3.20, the capacitance curves obtained from experimental measurements in Al 2 O 3 /n-GaN stacks with different oxide thicknesses are compared to the one obtained from simulations. For simulations, both the classical and quantum description of electron density cases are displayed. What can be straightforwardly observed is that the quantum description of electron density leads to C GC (V G ) curves that better match experimental curves especially as t ox decreases. The difference between the quantum and classical curves are due to the dark space which is the distance between the interface and the maximum of the electron density in the quantum case. The dark space is represented in Fig. 3.21 and it can be viewed as a supplementary capacitance (dark space capacitance) in series with the oxide capacitance so that the capacitance values in the quantum case are lower than the classical ones because in the latter case, the electron density is maximum at the interface. As t ox decreases, the oxide capacitance increases so that the dark space capacitance plays an increasingly important role in the total capacitance (1/C T OT = 1/C ox + 1/C darkspace ). That is why the difference between quantum and classical C GC (V G ) curves increases when t ox decreases. Moreover, this difference decreases when V G increases from 1.5 to 4.5 V. This is because, as shown in Fig. 3.21, as V G increases, the dark space decreases due to the potential well enhancement. Consequently, the comparison between simulations and experiments shown in Fig. 3.20, proves the necessity of employing quantum calculations when a good description of the electron density profile in GaN is required. This is especially important when trying to calculate transport limitations at the interface such as the interface roughness scattering, as will be done in chapter 4.

Effect of p-doping on the V TH

Samples and purpose

The samples that will be compared are represented in Fig. 3.22. The test structures employed for the measurements are transistors with large gate width W G = 100 µm and long gate length L G >= 50 µm. Ohmic source and drain contacts are connected to the Al 2 O 3 /GaN channel thanks to the 2DEG as explained in chapter 2. In some measurements, the bulk contact is employed, it is a contact with Si substrate.

The 1/C2 vs V G will be employed to evaluate the effective density of ionized acceptors N - A -N + D in p-GaN. Then, we will compare the C GC (V G ) measurements obtained in the Al 2 O 3 /GaN:UID case and Al 2 O 3 /p-GaN case to see by how much the p-doping increases the V TH . Since the p-doping barely increases the V TH (much lower than the expectations), the V TH vs t ox slope will help us identify if there is positive interface (plus oxide) charges that prevents the increase of the V T H .

Extraction of the effective density of ionized acceptors in p-GaN

In order to measure the depletion capacitance, contacts on bulk, source and drain have been shorted (they are connected to the LOW terminal of the LCR meter). The source and drain in the central dies (0 and 1 in the x-axis) correspond to the concentration of Mg which is about 10 18 cm -3 supports the validity of our extraction. What is important to remember from Fig. 3.24 is that the median over the samples is about 8.10 17 cm -3 and for all samples N - A -N + D is higher than 5.10 17 cm -3 , indicating that an efficient p-doping via Mg is achieved.

V TH definition

The threshold voltage in an inversion layer has a definition based on the position of the Fermi level at the oxide/semiconductor interface [START_REF] Sze | Physics of Semiconductor Devices[END_REF] but since this definition is based on the Fermi level in a p-doped layer, it cannot be employed in Al 2 O 3 /GaN:UID case which does not have p-doping. As a consequence, since what we measure is C GC (V G ) characteristics and what we want to compare is the Al 2 O 3 /GaN:UID and the Al 2 O 3 /p-GaN stacks, then we can simply look at the voltage shift in the C GC (V G ) characteristics. If the reader requires a definition of the V TH , he can pick one in this list:

• The V G at which C GC = (C max + C min )/2 • The V G extrapolated from the linear slope of n s (V G ) where n s (V G ) = 1 e V G 0 C GC (V )dV • The V G at which dC GC /dV G is maximum
Whatever definition is chosen, this does not change our conclusions about the V TH . (3.94). Two values of the dielectric constant ϵ GaN are chosen from two different studies [START_REF] Ambacher | Two-Dimensional Electron Gases Induced by Spontaneous and Piezoelectric Polarization Charges in N-and Ga-Face AlGaN/GaN Heterostructures[END_REF][START_REF] Bernardini | Polarization-Based Calculation of the Dielectric Tensor of Polar Crystals[END_REF] to prove that the imprecise knowledge of ϵ GaN does not affect much the resulting N - A -N + D .

Inclusion of the GaN:C layer and of incomplete ionization model in the simulations

As we want to know what is the effect of p-doping on the V TH by comparing the reference case (Al 2 O 3 /GaN:UID) to the p-doped case (Al 2 O 3 /p-GaN), it is important to properly describe the Fermi level (or equivalently the electrostatic potential) in the stacks (represented in Fig. 3.22), especially in the reference case. This is because, since GaN:UID is unintentionally slightly ndoped (N D ≤ 10 15 cm -3 ), it means that the GaN:C layer beneath it, which is heavily doped ([C] ≈ 2 • 10 19 cm -3 ), will affect the Fermi level in GaN:UID and so the V TH . In contrast, in the Al 2 O 3 /p-GaN stack, with the values of N - A -N + D extracted in the p-GaN (see subsec. 3.4.2), electrical neutrality (Fermi level pinning) is achieved inside the p-GaN so that the GaN:C layer beneath it does not affect the Fermi level in most of the p-GaN layer and so does not change the V TH . If this is not clear, it will be clarified in a few lines with some simulation results including the GaN:C layer. As reported in chapter 1, the work of Koller et al. [START_REF] Koller | The Interplay of Blocking Properties with Charge and Potential Redistribution in Thin Carbon-Doped GaN on n-Doped GaN Layers[END_REF][START_REF] Koller | Mechanism Leading to Semi-Insulating Property of Carbon-Doped GaN: Analysis of Donor Acceptor Ratio and Method for Its Determination[END_REF] has clarified the properties of the GaN:C layer. First, the Fermi level in GaN:C was found to lie around 0.7±0.2 eV above the VBM (valence band maximum), and the Fermi level is pinned at this value, that is, in most of GaN:C depth, the potential is uniform (or equivalently the electric field is zero). Secondly, when GaN:C is heavily C-doped, which is our case, it is very likely that about 2/3 of C atoms are deep acceptors (C N sites) and 1/3 are shallow donors (C Ga sites and/or N vacancies (V N )). C N acceptors level is about 0.8 eV above the VBM [START_REF] Lyons | Carbon Impurities and the Yellow Luminescence in GaN[END_REF] and C Ga is known to be a shallow donor [START_REF] Lyons | Effects of Carbon on the Electrical and Optical Properties of InN, GaN, and AlN[END_REF][START_REF] Wright | Substitutional and Interstitial Carbon in Wurtzite GaN[END_REF]. Therefore, to properly account for the Fermi level in GaN:C, we will include incomplete ionization model (given by Eqs. E F -E v is uniform and equals 0.84 eV (this is what is meant by Fermi level pinning, its value is determined by electrical neutrality). Also, it can be seen that the band in GaN:UID is determined by the potential conditions imposed by GaN:C (z = 800 nm) and by the MOS gate (z = 0 nm) and has a linear trend. This is because the doping is very low in this layer so that it acts as an insulator when V G < V T H . Hence, it demonstrates that the inclusion of the GaN:C layer in Al 2 O 3 /GaN:UID stack is important because it will affect the V TH . Since the Fermi level is strongly pinned in GaN:C, including the layers below it is pointless. Furthermore, Fig. 3.25 also shows the bands obtained in case all C atoms in GaN:C are deep acceptors (dotted lines). In this case, the Fermi level is "less" pinned (E F -E v slightly varies in the layer) and it is In the GaN:UID layer, a slight n-doping of N + D = 10 14 cm -3 is considered but it does not affect the simulations. about 0.6-0.7 eV from the VBM. But since GaN:C is far from the Al 2 O 3 /GaN interface, this change of the bands in GaN:C does not change much the bands profile in the first 50 nm below the interface (the dotted lines join the full lines) so that treating a part of C atoms as shallow donors does not affect much the V TH . In the following, we will consider the proportions: 2/3 deep acceptors and 1/3 shallow donors in GaN:C. Incomplete ionization is also used to describe the p-doped GaN layer in Al 2 O 3 /p-GaN stack. Thus, Mg atoms are considered as shallow acceptors with an activation energy e A = 0.16 eV [START_REF] Tanaka | P-type Conduction in Mg-doped GaN and Al0.08Ga0.92N Grown by Metalorganic Vapor Phase Epitaxy[END_REF][START_REF] Götz | Activation of Acceptors in Mg-doped GaN Grown by Metalorganic Chemical Vapor Deposition[END_REF], even though at room temperature it does not change much the results. Fig. 3.26 depicts the simulated bands of Al 2 O 3 /p-GaN stack with and without the inclusion of the GaN:C layer underneath. As it can be noticed, the Fermi level is pinned at about 0.15 eV above the VBM in the p-GaN layer, which is close to the activation energy used for Mg. This pinning makes the inclusion of the GaN:C layer pointless in the simulations because GaN:C has no effect on the Fermi-level pinning in most of the p-GaN, it only affects it 50 nm above the p-GaN/GaN:C interface (when z ≈ 750 -800 nm). Moreover, the addition of incomplete ionization model for Mg atoms does change much the electrostatic potential in the channel because, due to the MOS gate, Mg is ionized by field effect within about 50 nm below the Al 2 O 3 /GaN interface. This can be seen looking at the bands between z = 0 and z = 50 nm, and recalling Eq.3.43. Since In the GaN:UID case, simulations are consistent with experiments because the V TH is not expected to vary with t ox (the very slight variation that can be noticed in the simulations is due to the field induced by the GaN:C layer and will be discussed afterwards).

E F > E v + e A ,
In the p-GaN case, as can be seen in Fig. 3.28, the V TH is expected to increase with increasing t ox and this increase is all the more important as N A increases. So it is due to the negative charge induced by p-doping. Even in the low density case N A = 10 16 cm -3 (not shown in Fig. 3.28), the V TH is expected to increase by 0.1 V for a 10 nm t ox increase. The variation of V TH with respect to t ox in the case of a uniformly p-doped GaN is given by18 :

∆V T H ∆t ox = e • W dep 0 (N - A -p) dz -σ Al 2 O 3 /GaN ϵ GaN (3.101)
where W dep is the depletion width in GaN, p is the hole density and σ Al 2 O 3 /GaN the interface charge at Al 2 O 3 /GaN. The integrale term in the RHS of Eq. (3.101) is the sheet density of negative charges induced by p-doping, which cannot be oversimplified because incomplete ionization Figure 3.27: C GC vs V G measurements done at f=100 Hz to be in the low frequency limit.

(crucial to avoid positive V TH frequency shifts.) (Median over several untested samples, which ensures that the V TH has not been modified before the measurement) model makes N - A (z) non uniform. Since experimentally we proved that N - A -N + D > 5.10 17 cm -3 and that the experimental median on samples is at N - A -N + D ≃ 8.10 17 cm -3 , it means that acceptors are not and cannot be compensated by volume donors to explain for the non dependence of the V TH with oxide thickness. Therefore, looking at Eq.(3.101), the only way to account for experimental observations (Fig. 3.27: ∆V T H /∆t ox = 0) is to fully compensate the sheet density of negative charges induced by p-doping by positive charges at Al 2 O 3 /p-GaN interface:

σ Al 2 O 3 /GaN = e • W dep 0 (N - A -p) dz (3.

102)

At N A = 8•10 17 cm -3 , which is the experimental median, the sheet density of negative charges induced by p-doping obtained from simulations is shown in Fig. 3.29. By adding positive charges at Al 2 O 3 /p-GaN interface which exactly compensate this density of negative charges, the V T H (t ox ) dependency is suppressed as shown in the simulations depicted in Fig. 3. [START_REF] Witowski | Electron Effective Mass in Hexagonal GaN[END_REF]. And what is more interesting is that by adding this positive interface charge, the difference between the GaN-UID (red) and p-GaN (black) C GC (V G ) in Fig. 3.30 matches quite well with measurements exposed in Fig. 3.27. It should be emphasized again that this is the only way to cancel the t ox dependency of V TH and so to account for all experimental data (N - A -N + D extraction and V T H (t ox )). Note also that interface dipoles cannot compensate the negative charge induced by p-doping since their effect is independent of t ox , i.e., they just introduce a V TH shift that does not depend on t ox . If we now come back to the very slight V TH shift when t ox increases observed in the simulations of the GaN:UID case in Fig. 3.28, it can also be suppressed by compensating the negative sheet charge induced by the GaN:C layer.

The exact origin of the positive compensation charge is unknown but similar compensation 

N A = 8 • 10 17 cm -3 at V G = V T H with V T H extracted at (C max + C min )/2. z 0 (N - A -p)dz ′ → 5.5 • 10 12 cm -2 .Right: Band diagram (V G = V T H , the 3 t ox curves are identical in GaN). For V G ≥ V T H ,
the sheet density of negative charge induced by p-doping does not vary because the electron channel screens the effect of the gate voltage on the p-GaN such that the depletion width does not vary. That is why the negative sheet charge is extracted at V G = V T H . charges have been introduced by Miyamoto et al. [START_REF] Miyamoto | Threshold Voltage Control of Non-Recessed GaN MOS HEMTs and Recessed GaN MOS FETs by AlxGa1-xN Back Barrier[END_REF] in modeling when using an AlGaN back-barrier below the channel. They included positive charges at Al 2 O 3 /GaN interface to compensate the negative polarization charge at GaN/AlGaN interface (this interface is located below the Al 2 O 3 /GaN interface). It is a different case than ours but the interpretation is similar: when elevating the bands in GaN, the V TH does not increase as much as we would expect because a positive compensation at the oxide level prevents this increase, as illustrated in Fig. 3.31. This figure also highlights that without this compensation, a build-up electric field exists in Al 2 O 3 at equilibrium (V G = 0 V). This is not surprising because the sheet negative charge induced by p-doping is directly related to the electric field of GaN at the interface (z = 0 nm) due to Gauss's theorem:

ϵ GaN F (0 + ) = e • W dep 0 (N - A -p) dz (3.103)
Since the latter is related to the electric field in the oxide by the same theorem,

ϵ ox F ox = ϵ GaN F (0 + ) -σ Al 2 O 3 /GaN (3.104)
compensating the sheet negative charge induced by p-doping is equivalent to canceling the electric field of the oxide. One can wonder if this field is responsible for the compensation. In other words, is the oxide really in a state of equilibrium ? Is there some non equilibrium process such as carrier emission from defects until a zero electric field is reached ? Understanding what causes this compensation certainly requires more advanced experimental and theoretical tools. Hence, we shamelessly decide not to go further into speculative explanations.

Conclusion of this section

By exploiting capacitance measurements on Al 2 O 3 /GaN MOS stacks with different doping conditions in GaN, a certain amount of interesting information has been obtained concerning electrostatics. From the V F B (t ox ) dependency extracted in Al 2 O 3 /n-GaN stack, a low and positive interface charge was obtained, thus confirming that the negative polarization charge of GaN at the Al 2 O 3 /GaN interface is compensated. Moreover, we highlighted, with experimental support, the necessity of using a quantum description of electron density for a precise description of the electron density profile in GaN and of the capacitance. In the Al 2 O 3 /p-GaN case, the V TH does not depend on t ox and barely increases compared to the Al 2 O 3 /GaN:UID case. Since the effective p-doping density was proved to be superior to 5.10 17 cm -3 by the 1/C2 vs V G method, the only way to account for these experimental observations is by adding positive charges at Al 2 O 3 /p-GaN interface which exactly compensate the negative sheet charge induced by p-doping. By doing so, the t ox dependency of the V TH is suppressed and the simulated capacitance difference between Al 2 O 3 /GaN:UID and Al 2 O 3 /p-GaN cases matches well with measurements.

In this chapter, we gave a picture of the electrostatics in SiN/AlGaN/GaN and Al 2 O 3 /GaN stacks by dissociating the charges at interfaces and those induced by the doping. This study was based on the comparison between Schrödinger-Poisson simulations, whose theoretical foundations have been detailed, and experimental measurements.

To investigate SiN/AlGaN/GaN stack, we exposed a method, based on the knowledge of V T H1 (2DEG formation) and V T H2 (electron channel near SiN/AlGaN interface), to estimate the interface charges at SiN/AlGaN and AlGaN/GaN interfaces and the effective p-doping density in the p-doped layer. For this, we established equations for V T H1 and V T H2 which allowed us to prove the relevance of comparing C GC (V G ) simulations to measurements. The idea is always to provide enough measured parameters allowing the estimation of the desired parameters.

The interface charge obtained at AlGaN/GaN interface is close to theoretical expectations and its dependency with Al fraction x has the expected trend. The interface charge obtained at SiN/AlGaN interface was found to be very low and independent of Al fraction x, thereby proving, differently from what was done before, that the negative polarization charge of AlGaN at the SiN/AlGaN interface is compensated.

The study conducted in Al 2 O 3 /GaN MOS stacks with different doping conditions in GaN is based on the use of the 1/C2 vs V G method and C GC (V G ) measurements on stacks with varying oxide thicknesses. It allowed to dissociate charges above the channel (interface charges) and below the channel (doping charges). The interface charge obtained in Al 2 O 3 /n-GaN stack was found to be very low and positive, thus proving that the negative polarization charge of GaN at Al 2 O 3 /GaN interface is compensated. Then, it has been noticed that p-doping only slightly increases the V TH and the V TH does not depend on the oxide thickness. Since we proved that the effective doping density N - A -N + D is superior to 5.10 17 cm -3 , the non dependence of the V TH with the oxide thickness is most likely due to positive charges at Al 2 O 3 /p-GaN interface which exactly compensate the negative sheet charge induced by p-doping.

Chapter 4

Low field electron transport

This chapter presents the work aimed at contributing to a better understanding of the low field transport limitations in Al 2 O 3 /GaN electron channel. For this purpose, the first two sections present how the mobility is calculated, going from the general semi-classical framework in section one to the description of each scattering mechanism and of dielectric screening in section two. The results, presented in section three, are based on the comparison between calculations and measurements on various samples. These comparisons will lead to interesting and valuable information regarding the mobility of Al 2 O 3 /GaN electron channel. In particular, we will expose our investigation on the effect of p-doping on the mobility. The last section briefly analyses the AlGaN/GaN electron channel mobility measured in our transistor to investigate its optimization. 

Purpose

Contents

Semi-classical formalism

The important features of the semi-classical model of electron motion will be given here and applied to a 2D electron channel in GaN. The reader can find a precise and general description of this approach in Ref. [START_REF] Esseni | Nanoscale MOS Transistors: Semi-Classical Transport and Applications[END_REF] which has been very useful to us.

Electron wave-packet

In the quantum formalism, electrons are described with wavefunctions and they obey the Schrödinger equation. So far, we employed the stationary Schrödinger equation (Eq.(3.1)).

To understand the motion of electrons occurring when an external potential V (r) is applied, the time-dependent Schrödinger equation must be called:

iℏ ∂Ψ(r, t) ∂t = - ℏ 2 2m 0 ∇ 2 r + U c (r) + V (r) Ψ(r, t) (4.1)
In the absence of external potential, the eigenfunctions of this equation are Bloch waves (see also Eq.(1.20)):

Ψ nk (r, t) = Ψ nk (r) exp -i E n (k) ℏ t = u nk (r) exp i k.r - E n (k) ℏ t (4.2)
where (Ψ nk , E n (k)) are the solutions of Eq.(3.1) and u nk is a Bloch function. The general solution, even in presence of an external potential V (r), can be written as a superposition of Bloch waves:

Ψ(r, t) = n,k g nk (t)u nk (r) exp i k.r - E n (k) ℏ t (4.3)
By analogy with wave physics, it can be noticed that this wavefunction is a wave-packet, which will be called electron wave-packet. Its squared norm |Ψ(r, t)| 2 corresponds to the electron wave-packet probability density. In the case where the external potential applied to the system V (r) is smooth, i.e., slowly varying function of space, compared to the spatial scale of the wavepacket probability density, then the energy separation between two bands is large compared to the energy provided by the external potential applied. As a result, each band n can be treated independently and in this case, the solution of each band n can be written:

Ψ n (r, t) = k g k (t)u nk (r) exp i k.r - E n (k) ℏ t (4.4)
In low field, it can be assumed that initially (at t = 0), an electron can be described with a wave-packet centered at k 0 , and g k is non zero only when |k -k 0 | = ∆k where ∆k is small compared to the size of the first Brillouin zone. This implies that the spatial extension of the electron wave-packet ∆r is large compared to the size of a unit cell 1 . Note that the g k term Figure 4.1: Illustration of the situation described by the semi-classical approach. The spatial scale of the external potential is much larger than the one of the electron wave-packet, whose scale is in turn much larger than the distance between two atoms (or equivalently a unit cell).

is time dependent and will spatially broaden the electron wave-packet as t increases. However, since the external potential that we apply is smooth (compared to spatial scale of |Ψ(r, t)|2 ), g k (t) varies more slowly over time than the wave-packet probability density |Ψ(r, t)| 2 . As a consequence, the broadening remains weak in the time scale studied. The situation described by the semi-classical approach is represented in Fig. 4.1. In our study, we apply low drain voltages over long gate lengths, so our case studies fit well into this configuration. Looking at Eq.( 4.4) and remembering that k is close to k 0 , the spatial frequency of the wave-packet of each band n is E n (k 0 )/ℏ. And if we recall wave physics law, the group velocity of the electron wave-packet is 2 :

v n (k 0 ) = 1 ℏ ∇ k E n (k 0 ) (4.5)
This is a particularly interesting result because it means that from the knowledge of the band structure, i.e., E n vs k relation, one can obtain the mean velocity of electrons. Hence, under the effective mass approximation, the velocity in the x direction reads:

v nx (k 0 ) = ℏ (k 0 • u x ) m x (4.6)
where u x is the unit space vector in the x direction and m x is the effective mass in the x direction (a diagonal effective mass tensor is assumed). What is interesting is that the terms associated to the potential of atoms and so the Bloch functions in Eq.(4.4) are not required to describe the motion of electrons in the case where a long range field is applied because their effect is embedded in the effective masses. This makes the semi-classical approach combined with the effective mass approximation very practical but also very relevant when it is applied to describe low field transport.

In the classical formalism, the macroscopic quantities that interest us, such a the electron density 1. Semi-classical formalism or current density in a 2D electron channel can be determined from the Boltzmann transport equation (sec. 1.3) which is a classical equation describing particles as point charges with a rest mass m 0 . To calculate these quantities in the semi-classical formalism, we take into account the wave nature of electrons by applying the Boltzmann transport equation to electron wavepackets instead of particles. This in practice simply means that we use Eq.(4.5) to calculate the velocity of electrons. But another ingredient is missing to describe the transport of electrons, these are the scattering events that cause the electrons to transit to other bands and/or other wavevectors. These phenomena are caused by what we call scattering potentials which correspond to perturbation potentials created for example by impurities or simply by the vibration of the crystal lattice (phonons). To take into account scattering events, Fermi's golden rule is commonly employed.

Fermi golden rule

General case

Fermi's famous golden rule is used to calculate the scattering rate S n 0 n ′ (k 0 , k ′ ), i.e., the probability per unit time that an electron wave-packet in band n 0 and with a wavevector k 0 well localized (small broadening in the k-space) transits from the initial state (n 0 , k 0 ) to the final state (n ′ , k ′ ). This transition occurs due to the perturbation induced by the scattering potential V sc (r)3 which will initially be assumed to be static to simplify the problem. To treat the problem, this latter must be included in the time-dependent Schrödinger equation4 :

iℏ ∂Ψ(r, t) ∂t = - ℏ 2 2m 0 ∇ 2 r + U c (r) + V sc (r) Ψ(r, t) (4.7)
The solutions are superposition of Bloch waves (Eq.(4.2)):

|Ψ(r, t)⟩ = n,k G nk (t)|Ψ nk (r)⟩ (4.8)
where G nk (t) = Ψ nk (r, t) (see Eqs. 

iℏ n,k ∂G nk ∂t ⟨Ψ n ′ k ′ (r)|Ψ nk (r)⟩ = ⟨Ψ n ′ k ′ (r)| - ℏ 2 2m 0 ∇ 2 r + U c (r) Ψ(r, t) |Ψ nk (r)⟩ + n,k G nk (t)⟨Ψ n ′ k ′ (r)|V sc (r)|Ψ nk (r)⟩ (4.9)
Using the fact that the first term in the RHS of Eq.(4.9) corresponds to the stationary Schrödinger equation and the fact that Bloch waves form an orthonormal basis, this equation can be simpli-Chapter 4. Low field electron transport fied as:

iℏ ∂G n ′ k ′ ∂t = E n ′ (k ′ )G n ′ k ′ (t) + n,k G nk (t)⟨Ψ n ′ k ′ (r)|V sc (r)|Ψ nk (r)⟩ (4.10)
We can now define what will be used intensely in this manuscript, namely the scattering matrix elements M nn ′ (k, k ′ ) of the scattering potential V sc (r) which reads:

M nn ′ (k, k ′ ) = ⟨Ψ n ′ k ′ (r)|V sc (r)|Ψ nk (r)⟩ = Ω Ψ * n ′ k ′ (r)V sc (r)Ψ nk (r) (4.11)
where Ω is the normalization volume. The matrix elements M nn ′ (k, k ′ ) kind of represent the degree of interaction that the electrons (represented by the wavefunctions) will have with the scattering potential V sc (r). To better understand, we can consider for instance the case where V sc (r) is negligible where the electrons are located, i.e. where the wavefunctions are non negligible, then, looking at Eq.(4.11), M nn ′ (k, k ′ ) will be negligible and as a result, will not affect the time dependence of the wavefunctions given by Eq.(4.10). In this particular case, the probability of scattering is negligible because the scattering potential has no effect on the wavefunctions.

In the general case, to solve Eq.(4.10), another assumption needs to be made. We first set the initial condition

G n ′ k ′ (t = 0) = 1 if (n ′ , k ′ )=(n 0 , k 0
) and 0 otherwise. If the scattering is assumed weak, that is, the first term in the RHS of Eq.(4.10) is much higher than the second term, then the evolution of G n 0 k 0 can be obtained skipping the last term in Eq.(4.10) allowing solving the equation analytically. It gives:

G n 0 k 0 (t) ≈ exp -i E n 0 (k 0 ) ℏ t (4.12)
This assumption also implies that the term associated to (n 0 , k 0 ) in the sum over (n, k) in the RHS of Eq.(4.10) is dominant over the other terms of the sum because the wavefunction stays mostly in the (n 0 , k 0 ) state. Taking all this into account, Eq.(4.10) can be written, for all terms (n ′ , k ′ ) different from (n 0 , k 0 ), as:

iℏ ∂G n ′ k ′ ∂t = E n ′ (k ′ )G n ′ k ′ (t) + M n 0 n ′ (k 0 , k ′ )exp -i E n 0 (k 0 ) ℏ t (4.13)
This is a first order linear differential equation which can be solved analytically using the variation of constants method [START_REF] Boyce | Elementary Differential Equations and Boundary Value Problems[END_REF]. Recalling that the initial condition is G n ′ k ′ (0) = 0 allows obtaining:

G n ′ k ′ (t) = 1 iℏ M n 0 n ′ (k 0 , k ′ )exp -i E n ′ (k ′ ) ℏ t t 0 exp -i E n 0 (k 0 ) -E n ′ (k ′ ) ℏ t ′ dt ′ (4.14)
The probability that an electron in the initial state (n 0 , k 0 ) transits in the state (n ′ , k ′ ) at time t is given by the squared magnitude of the projection of the time dependent wavefunction |Ψ(r, t)⟩

1. Semi-classical formalism on the state (n ′ , k ′ ):

|⟨Ψ n ′ k ′ (r)|Ψ(r, t)⟩| 2 = n,k G nk (t)⟨Ψ n ′ k ′ (r)|Ψ nk (r)⟩ 2 = |G n ′ k ′ (t)| 2 (4.15)
where we have used the completeness of Bloch waves. Hence, this probability can now be calculated thanks to Eq. (4.14). But before doing it, we can recall that the main assumption that was made is that the scattering potential is considered weak compared to the unperturbed Hamiltonian 5 . This means in other words that the evolution of the wave-packet before the scattering event is not influenced by the perturbation V sc (r), which seems to be a reasonable assumption.

To express the probability, the integral in Eq.(4.14) can be calculated and then we can use the relation (exp(ix) -1) = exp(ix/2) (exp(ix/2) -exp(-ix/2)) = 2i exp(ix/2) sin (x/2). To obtain the scattering rate S n 0 n ′ (k 0 , k ′ ) (the probability per unit time), we then divide by t, and we finally obtain:

S n 0 n ′ (k 0 , k ′ ) = |G n ′ k ′ (t)| 2 t = |M n 0 n ′ (k 0 , k ′ )| 2 ℏ 2 t   sin t En 0 (k 0 )-E n ′ (k ′ ) 2ℏ t En 0 (k 0 )-E n ′ (k ′ ) 2ℏ   2 (4.16) For a given t, this function of ∆E = E n 0 (k 0 ) -E n ′ (k ′
) is even and maximum at ∆E = 0. As t increases it tends to the Dirac function. Finally, in the limit t → ∞, it becomes what is called Fermi's golden rule:

S n 0 n ′ (k 0 , k ′ ) = |G n ′ k ′ (t)| 2 t = 2π ℏ M n 0 n ′ (k 0 , k ′ ) 2 δ E n 0 (k 0 ) -E n ′ (k ′ ) (4.17)
This formula implies that the scattering is possible only if it conserves energy (elastic scattering) and that we only need M n 0 n ′ (k 0 , k ′ ) to calculate the scattering rate. In the case where the scattering potential is time-dependent with frequency ω, like for example the potential due to optical phonons, the Fermi's golden rule reads:

S n 0 n ′ (k 0 , k ′ ) = 2π ℏ M n 0 n ′ (k 0 , k ′ ) 2 δ E n 0 (k 0 ) -E n ′ (k ′ ) ± ℏω (4.18)
An electron either transits by absorbing a phonon (+ sign) or by emitting a phonon (-sign). This is an inelastic scattering process.

Reformulation of M

n 0 n ′ (k 0 , k ′ )

expression in the case of a 2D electron channel

As explained in chapter 3, under the effective mass approximation, for a 2D electron channel where the confinement direction is z, the normalized wavefunctions are given by Eq.(3.13):

Ψ nk (r) = ψ n (z) exp(ik • r) √ A Ψ n ′ k ′ (r) = ψ n ′ (z) exp(ik ′ • r) √ A (4.19)
where k = (k x , k y ) and r = (r x , r y ) becomes now restricted to the 2D transport plane (the same goes for k ′ ) and A is the normalization area. Injecting these expressions in Eq.(4.11) allows rewriting M nn ′ (k, k ′ ):

M nn ′ (k, k ′ ) = M nn ′ (q) = 1 A z ψ * n ′ (z)ψ n (z)V sc (q, z)dz (4.20)
where q = k ′ -k and V sc (q, z) is the spatial 2D Fourier transform of the scattering potential V sc (r) defined as:

V sc (q, z) = A V sc (r)exp (-iq • r) dr (4.21)
Thus, calculating the scattering matrix elements requires the 1D wavefunctions ψ n obtained from 1D Schrödinger-Poisson simulations (detailed in chapter 3) and the 2D Fourier transform of the scattering potential of the perturbation considered.

Quick sum-up

If we sum up, it has been established that in low field regime the motion of electrons can be described thanks to the wave-packet probability density whose velocity only depends on the band structure and is given by Eq.(4.5). Then, to calculate the scattering rate induced by perturbations we use Fermi's golden rule, that is Eq.(4.17) in case of a static perturbation6 (elastic scattering) and Eq.(4.18) in case of inelastic scattering such as with optical phonons. Calculating the scattering rates only requires calculating the scattering matrix elements with Eq.(4.20) for each scattering mechanism that will be considered. So far we have remained in the quantum formalism. But to derive a formula for the low field effective mobility of a 2D electron channel, which is a macroscopic quantity, we will use the classical Boltzmann transport equation.

Linearized 2D Boltzmann transport equation

Boltzmann transport equation and first order perturbation

To describe an ensemble of particles in semi-classical physics, the distribution function f (r, k, t) is used. It represents the occupation probability at time t of an electron state of position r and 1. Semi-classical formalism wavevector k. f (r, k, t) obeys Boltzmann's transport equation:

df dt = dk dt • ∇ k f + dr dt • ∇ r f + ∂f ∂t = ∂f ∂t coll (4.22)
The collision term, noted (∂f /∂t) coll , represents the effect of in and out scattering events 7 . The time derivative of r is the velocity and the time derivative of k is simply obtained from Newton's law considering that the only force applied to the system is the force exerted by the applied electric field F (in the source-to-drain direction):

dk dt = 1 ℏ dp dt = -eF ℏ (4.23)
Taking these elements into account, the Boltzmann transport equation reads:

-eF ℏ • ∇ k f + v(k) • ∇ r f + ∂f ∂t = ∂f ∂t coll (4.24)
where v(k) is the velocity given by Eq.(4.5). The electron channels that are studied in this thesis are 2D systems and they are homogeneous in the plane of transport (f does not depend on r = (x, y) ⇒ ∇ r f = 0). Thus, in steady state conditions (f does not depend on time), the 2D Boltzmann transport equation is further simplified as:

-eF ℏ • ∇ k f n = ∂f n ∂t coll (4.25)
where the n index has been included to treat the subband n (the different subbands are treated separately since the velocity of electrons depends on the subband via Eq.(4.5)). f n only depends on k. Also, we will consider x to be the transport direction (source-to-drain) so that F = F x u x where u x is a unit space vector. To go further, we apply first order perturbation to f n (k) (the perturbation is the force applied):

f n (k) = f 0 n (k) -eF x h n (k) (4.26)
where

f 0 n (k) = f 0 (E n (k))
is the Fermi-Dirac function (distribution function at equilibrium) and h n is the first order term that becomes the new unknown. Using Eq.(4.26), the scalar product with F reads:

F • ∇ k f n = F • ∇ k f 0 n -eF x F • ∇ k h n (4.27)
If we keep only the first order term in F, that is, the term in F 2

x is neglected, it gives:

F • ∇ k f n = F • ∇ k f 0 n (4.28)
Using derivative chain rules for ∇ k f 0 n and then the equation giving the velocity Eq.(4.5):

∇ k f 0 n = ∂f 0 n ∂E n ∇ k E n (k) = ∂f 0 n ∂E n ℏv n (k) (4.29)
Injecting Eq.(4.29) in Eq.(4.28) and then injecting Eq.(4.28) in Eq.(4.25), the 2D Boltzmann transport equation can be written:

eF x ∂f 0 n ∂E n v nx (k) = ∂f n ∂t coll (4.30)
The problem has been simplified because as can be seen, the LHS of the above equation does not depend on f n and is only function of "known" parameters (v nx (k) is determined with Eq.(4.5)).

To proceed with our task of expressing the low field effective mobility, the collision term in the RHS of Eq.(4.30) must be expressed. This can be done thanks to the momentum relaxation time approximation.

Momentum relaxation time approximation

In and out scattering events

The term (∂f n /∂t) coll is determined from the scattering events. The evolution of the number of particles with time in the state (n,k) is due to particles from other states (n ′ ,k ′ ) coming in the state (n,k) (in scattering) and particles from the state (n,k) getting to other states (n ′ ,k ′ ) (out scattering). The probability per unit time that an electron transits from the state (n,k) to (n ′ ,k ′ ) is the scattering rate S nn ′ (k, k ′ ) given by Eq.(4.17) (or Eq.(4.18) for scattering with phonons). Hence, to express (∂f n /∂t) coll , all the possible in and out scattering events must be summed without forgetting that electrons obey Pauli's exclusion principle. It follows:

∂f n ∂t coll = n ′ ,k ′ f n ′ (k ′ ) (1 -f n (k)) S n ′ n (k ′ , k) -f n (k) 1 -f n ′ (k ′ ) S nn ′ (k, k ′ ) (4.31)
At equilibrium, we have f n = f 0 n and ∂f 0 n /∂t coll = 0. So, applying Eq.( 4.31) at equilibrium leads to the detailed balance equation:

f 0 n ′ (k ′ ) 1 -f 0 n (k) S n ′ n (k ′ , k) = f 0 n (k) 1 -f 0 n ′ (k ′ ) S nn ′ (k, k ′ ) (4.32)
If now we take advantage of the first order perturbation by replacing f n and f n ′ in Eq.(4.31) by their expression given by Eq.(4.26) and then along the simplification use Eq.(4.32), we obtain after a few steps:

∂f n ∂t coll = eF x h n (k) n ′ ,k ′ S nn ′ (k, k ′ ) 1 -f 0 n ′ (k ′ ) (1 -f 0 n (k)) - f 0 n (k) f 0 n ′ (k ′ ) h n ′ (k ′ ) h n (k) (4.33) 
1. Semi-classical formalism

Relaxation time approximation

The momentum relaxation time approximation stipulates that, in the case of a small perturbation, (∂f n /∂t) coll can be written as:

∂f n ∂t coll = - f n (k) -f 0 n (k) τ n (k) = eF x h n (k) τ n (k) (4.34) 
where τ n (k) has the unit of time and is called the relaxation time . It represents the time it takes for the distribution function of the state (n,k) to recover its equilibrium value. Note that Eq.(4.34) is just a rewriting made possible due to Eq.(4.30) or Eq.(4.33). By equalizing Eq.(4.30) and Eq.(4.34), it follows that:

h n (k) = τ n (k)v nx (k) ∂f 0 n ∂E n (4.35)
τ n is our new unknown. Equalizing Eq.(4.34) and Eq.(4.33), replacing h n ′ /h n thanks to Eq.(4.35) and using the fact that ∂f

0 n /∂E n = -1/(k B T )f 0 n (k) 1 -f 0 n (k) , allows deriving an equation for τ n : 1 τ n (k) = n ′ ,k ′ S nn ′ (k, k ′ ) 1 -f 0 n ′ (k ′ ) (1 -f 0 n (k)) 1 - τ n ′ (k ′ )v n ′ x (k ′ ) τ n (k)v nx (k) (4.36) 
The relaxation times associated to the different states (n,k) are coupled so that this equation constitutes a linear system which has to be solved to determine the relaxation times. But to simplify the problem, we will make some assumptions.

Re-expressing the relaxation time for a 2D electron channel in GaN

We recall that an isotropic effective mass can be assumed for GaN which we will note m Γ (= m x = m y = m z [START_REF] Bulutay | Full-Band Polar Optical Phonon Scattering Analysis and Negative Differential Conductivity in Wurtzite GaN[END_REF]) where the Γ index is for the main conduction valley of GaN8 . For this reason, it is reasonable to assume that the relaxation time does not depend on the direction of k but only on its norm. In parabolic effective mass, the norm of k is directly related to the energy E of the state considered:

|k| = k n (E) = 2m Γ (E -E z n ) ℏ |k ′ | = k n ′ (E ′ ) = 2m Γ E ′ -E z n ′ ℏ (4.37)
where E z n and E z n ′ are respectively the minimums of the subbands n and n ′ (obtained from 1D Schrödinger-Poisson simulations). Therefore, the relaxation times are only function of the energy. Moreover, isotropy of the effective mass implies that we can choose k in the x direction such that by exploiting Eq.(4.6), we can write:

v n ′ x (k ′ ) v nx (k) = ℏk ′ •ux m Γ ℏk•ux m Γ = k ′ • u x k • u x = k n ′ (E ′ ) k n (E) cos(θ) (4.38)
where θ is the angle between k and k ′ . Also, in the case of elastic scattering mechanism, the Fermi golden rule imposes that

E ′ = E which implies f 0 n ′ (k ′ ) = f 0 n (k).
Thus, the relaxation time of subband n in case of an elastic scattering mechanism reads:

1 τ s n (E) = n ′ ,k ′ S s nn ′ (k, k ′ ) 1 - τ n ′ (E)k n ′ (E) τ n (E)k n (E) cos(θ) (4.39)
where the s superscript has been included to designate the scattering mechanism considered.

In case of an inelastic scattering with optical phonons of frequency ω, the Fermi golden rule imposes E ′ = E ± ℏω such that the relaxation time reads:

1 τ s n (E) = n ′ ,k ′ S s nn ′ (k, k ′ ) 1 -f 0 (E ± ℏω) 1 -f 0 (E) 1 - τ n ′ (E ± ℏω)k n ′ (E ± ℏω) τ n (E)k n (E) cos(θ) (4.40)
Note that similar relations hold in case non-parabolic corrections are included 9 . An assumption often used and which we will use is:

τ n ′ (E)k n ′ (E) τ n (E)k n (E) ≈ 1 τ n ′ (E ± ℏω)k n ′ (E ± ℏω) τ n (E)k n (E) ≈ 1 (4.41)
This approximation was found to be valid for elastic scattering mechanisms [START_REF] Marin | Implicit versus Explicit Momentum Relaxation Time Solution for Semiconductor Nanowires[END_REF]. By comparing the general solution of Eq.(4.36) to the one resulting from this approximation, Mugny [START_REF] Mugny | Simulation et Modèles Prédictifs Pour Les Nanodispositifs Avancés à Canaux à Base de Matériaux Alternatifs[END_REF](page 96) showed that this approximation is valid even for Polar optical phonons (in an InGaAs thinfilm MOS device). Thus, we will apply this approximation in all cases because it decouples the relaxation times so it makes their calculation explicit which greatly simplifies the problem.

To go further, we can transform the sum over k ′ to an integral 10 , switch to polar coordinate for k ′ and then do the change of variable k ′ → E ′ :

dk ′ = 2π 0 dθ d|k n ′ ||k n ′ | = m Γ ℏ 2 2π 0 dθ ∞ E z n ′ dE ′ (4.42) 
In case non-parabolic corrections of Jin et al. [START_REF] Jin | Modeling of Electron Mobility in Gated Silicon Nanowires at Room Temperature: Surface Roughness Scattering, Dielectric Screening, and Band Nonparabolicity[END_REF] are included, the E ′ vs k ′ relation changes (see [START_REF] Jin | Modeling of Electron Mobility in Gated Silicon Nanowires at Room Temperature: Surface Roughness Scattering, Dielectric Screening, and Band Nonparabolicity[END_REF]) so that the previous relation becomes

dk ′ = m Γ ℏ 2 2π 0 dθ ∞ E z n ′ dE ′ 1 + 2α E ′ -U n ′ (4.43) 
If we apply these changes in Eq.(4.39) and Eq.(4.40) and then if we replace S nn ′ (k, k ′ ) by its expression (Eq.(4.17) for elastic and Eq.(4.18) for inelastic), it follows that the relaxation times can be written:

k ′ ≃ A (2π) 2 dk ′ 120 1. Semi-classical formalism
In case of elastic scattering:

1 τ s n (E) = A m Γ 2πℏ 3 n ′ |E z n ′ <E (1 + 2α(E -U n ′ )) 2π 0 dθ(1 -cos(θ))|M s nn ′ (q)| 2 (4.44) 
where q = k ′ -k. In case of inelastic scattering:

1 τ s n (E) = A m Γ 2πℏ 3 1 -f 0 (E ± ℏω) 1 -f 0 (E) n ′ |E z n ′ <E±ℏω (1 + 2α(E ± ℏω -U n ′ )) × 2π 0 dθ(1 -cos(θ))|M s nn ′ (q)| 2 (4.45) 
If we do not include non-parabolic corrections, we simply set α = 0. The terms E z n ′ and U n ′ are obtained from 1D Schrödinger-Poisson simulations while the squared scattering matrix elements |M s nn ′ (q)| 2 are determined using Eq.(4.20). We will see that, due to the 2D isotropy (on average) of the scattering potentials, the squared magnitude of the matrix elements only depend on the norm of the vector q (noted q) which is imposed by the Fermi golden rule:

Elastic scattering : q = q nn ′ (θ) = k 2 n ′ (E) + k 2 n (E) -2k n ′ (E)k n (E)cos(θ) (4.46) 
Inelastic scattering :

q = q nn ′ (θ) = k 2 n ′ (E ± ℏω) + k 2 n (E) -2k n ′ (E ± ℏω)k n (E)cos(θ) (4.47) 
To take into account several scattering mechanisms, we need to calculate 1 τ s n (E) using Eq.(4.44) or Eq.(4.45) for each scattering mechanism s and then sum over s to obtain the total relaxation time:

1 τ n (E) = s 1 τ s n (E) (4.48)

Macroscopic quantities

Electron sheet density

Given the definition of the distribution function f , the electron sheet density of subband n can be expressed by summing all the states of the subband:

n n s = g s A k f n (k) (4.49) 
The electron sheet density n s can be calculated by summing the contribution of each subband in Eq.(4.49), then converting the sum over k into an integral, and finally using the first order expansion in Eq.(4.26) for f n followed by Eq.(4.35) for expressing the perturbation term h n . This leads to:

n s = g s (2π) 2 n dkf 0 n (k) - eg s (2π) 2 dk v nx (k)τ n (k) ∂f 0 n ∂E n F x (4.50) 121 
Chapter 4. Low field electron transport τ n is isotropic so it does not depend on k direction (τ n (k) = τ n (-k)). Moreover, the Hamiltonian operator in Eq.(3.1) (i.e., the term in square brackets) is hermitian which implies that an eigenfunction Ψ nk and its complex conjugate Ψ * nk are both eigenfunctions with the same eigenvalue E n (k), thereby implying that the band structure is an even function of k (E n (k) = E n (-k)). Hence, a consequence of Eq.(4.5) is that the velocity is an odd function of k (v nx (-k) = -v nx (k)). As a result, the integral in the second term of the RHS of Eq.(4.50) is zero. Thus, the electron sheet density is simply function of the Fermi-Dirac function (f 0 n (k) = f 0 (E n (k))) and the integral over k can be transformed to an integral over E using Eq.(4.43):

n s = g s (2π) 2 n dkf 0 n (k) = g s m Γ 2πℏ 2 n ∞ E z n dEf 0 (E) (1 + 2α (E -U n )) (4.51) 
Note that n s can also be obtained by integrating the electron density obtained from 1D Schrödinger-Poisson simulations (n s = dzn(z)). We checked that both ways lead to the same results. Again, we emphasize that to stay in the parabolic effective mass approximation, we can simply set α = 0.

Low field effective mobility

The current density of the subband n can be expressed in the same way as the electron sheet density but by weighting by the velocity associated to each subband:

J nx = - eg s A k v nx (k)f n (k) (4.52) 
By exploiting the first order expansion in Eq.(4.26) for f n and replacing h n with its expression given in Eq.(4.35), it follows:

J nx = - eg s A k v nx (k)f 0 n (k) + e 2 g s A k v 2 nx (k)τ n (k) ∂f 0 n ∂E n F x (4.53)
Because there is no current at equilibrium, the first term in the RHS of Eq.(4.53) is zero. The second term is proportional to the electric field F x and since the proportionality term between the current density and the electric field is the conductivity, it means that the term in brackets is the conductivity σ nx . The relation between the mobility of subband n and the conductivity is σ nx = -en n s µ n , thus allowing obtaining an expression for the mobility of the subband:

µ n = - eg s An n s k v 2 nx (k)τ n (k) ∂f 0 n ∂E n (4.54)
The total conductivity is obtained by summing the contributions of each subband so that the 1. Semi-classical formalism 

|∂f 0 /∂E| = 1 k B T f 0 (1 -f 0 ) plotted against E -E F at different temperatures T.
low field effective mobility can be expressed as:

µ ef f = 1 n s n n n s µ n = - eg s An s n k v 2 nx (k)τ n (k) ∂f 0 n ∂E n (4.55)
To proceed, the sum over k can be transformed to an integral:

µ ef f = - eg s n s (2π) 2 n dk v 2 nx (k)τ n (k) ∂f 0 n ∂E n (4.56)
In practice, we switch to an integral in energy. To do this while including non-parabolic corrections, we must recall the k vs E and v nx vs E relations established by Jin et al. [START_REF] Jin | Modeling of Electron Mobility in Gated Silicon Nanowires at Room Temperature: Surface Roughness Scattering, Dielectric Screening, and Band Nonparabolicity[END_REF]:

k = k n (E) cos(γ) sin(γ) with k n (E) = 2m Γ [E -E z n + α(E -U n ) 2 ] ℏ (4.57 
)

v nx = 1 1 + 2α(E -U n ) ℏk n (E) m Γ cos(γ) ⇒ v 2 nx = 2 E -E z n + α(E -U n ) 2 m Γ (1 + 2α(E -U n )) 2 cos 2 (γ) (4.58)
Note that we implicitly used the first equation when deriving Eq.(4.43). By using these relations and applying the variable change described in Eq.(4.43) (γ = θ, we changed the notation so as not to confuse with θ which is the angle between k ′ and k), the low field effective mobility finally reads:

µ ef f = - 1 n s eg s 2πℏ 2 n ∞ E z n dE τ n (E) ∂f 0 ∂E E -E z n + α(E -U n ) 2 1 + 2α(E -U n ) (4.59)
This is the Kubo-Greenwood formula [START_REF] Kubo | Statistical-Mechanical Theory of Irreversible Processes. I. General Theory and Simple Applications to Magnetic and Conduction Problems[END_REF][START_REF] Greenwood | The Boltzmann Equation in the Theory of Electrical Conduction in Metals[END_REF] applied on the xx term of the mobility tensor (µ ef f = µ xx ) accounting for the non-parabolic corrections of Jin [START_REF] Jin | Modeling of Electron Mobility in Gated Silicon Nanowires at Room Temperature: Surface Roughness Scattering, Dielectric Screening, and Band Nonparabolicity[END_REF]. The absolute value of 123 Chapter 4. Low field electron transport the term |∂f 0 /∂E| appearing in the integral over E is plotted against E -E F in Fig. 4.2 for temperatures ranging from 100 K to 500 K. It can be noticed that this term is non zero only when the energy E is close to the Fermi level. This means that only electrons with an energy relatively close to the Fermi level contribute to transport. Moreover, as T decreases, the range of energy E contributing to the transport becomes more restricted and close to E F . For instance, at T = 100 K, the range of energy contributing to transport is limited to

|E -E F | < 0.05 eV.
What can be retained is that as we limit our study to temperatures below 500K, we only need to compute the integral for energy levels verifying |E -E F | ≤ 0.2 eV.

Summary of this section

In the semi-classical approach, electrons are described as wave-packets whose velocity is solely determined from the knowledge of the band structure thanks to Eq.(4.5). As a perfect crystal does not exist in reality, it is important to take into account perturbations such as the vibrations of the crystal lattice (phonons), the presence of impurities or the roughness at the interface between two materials. These perturbations cause the electron to scatter, that is to transit to another subband and/or wavevector, and that is why they are called scattering mechanisms. To determine the scattering rate induced by each of these mechanisms, one can use Fermi's golden rule (Eq.(4.17) and Eq.(4.18) for elastic and inelastic scatterings respectively). The amplitude of the scattering rate is directly function of the squared magnitude of the scattering matrix elements M nn ′ (k, k ′ ) determined with Eq.(4.20). To derive macroscopic quantities such as the low field effective mobility, we employ the classical distribution function whose description is done by using the linearized Boltzmann transport equation (first order expansion with respect to the small electric field applied) together with the momentum relaxation time approximation. The inverse of the relaxation times (which represents the total scattering rate associated to one state and one scattering mechanism) must be computed for each of the scattering mechanisms considered using Eq.(4.44) for elastic scatterings and Eq.(4.45) for inelastic scatterings. The total scattering rate associated to one state can then be obtained using Eq.(4.48). This latter is required to calculate the low field effective mobility via the Kubo-Greenwood formula Eq.(4.59).

What remains to be done before comparing the calculations to the experiments is to derive an expression for the squared magnitude of the scattering matrix elements |M nn ′ (k, k ′ )| 2 (using Eq.(4.20)) for each of the scattering mechanisms considered. To do this we need to explicitly provide a description of the scattering potential V sc of each mechanism. As we want to be able to account for and reproduce our actual experimental effective mobility, we will not necessarily get into the details of the scattering mechanisms which have very little influence on transport. Furthermore, an important physical phenomenon has been ignored in this section. When there is a perturbation, whether it reduces to a potential term V sc (r) or it is a perturbation of the Hamiltonian of the system, it locally induces a variation of the carrier density which in turn affects the potential and vice versa. This is called dielectric screening. This phenomenon must be taken into account when calculating

|M nn ′ (k, k ′ )| 2 .

Scattering potentials and associated matrix elements for the different mechanisms

In this section, we first describe the effect of dielectric screening on M nn ′ (k, k ′ ) and then we explain the calculation of the scattering matrix elements M nn ′ (k, k ′ ) associated to each mechanism considered.

Dielectric screening in the Random Phase Approximation (RPA)

As just mentioned, the dielectric screening is a self-consistent problem. Indeed, the perturbation of the potential induces a fluctuation of the carrier density and so of the charge density which in turn causes a modification of the potential. To determine the two quantities (carrier density and perturbation potential) taking into account the effect they have on each other, we must mathematically express the carrier density variation induced by a potential perturbation and also the potential induced by a charge fluctuation. The final aim is to derive the screened perturbation potential and so the screened matrix elements that takes into account dielectric screening.

Since our purpose is to take into account screening when calculating the scattering matrix elements M nn ′ (k, k ′ ), it can be recalled that we are in a 2D system (homogeneous in the (x,y) plane) and so M nn ′ (k, k ′ ) in Eq.(4.20) only depends on the 2D Fourier transform of the scattering potential which is only function of the confinement coordinate z. The scattering potential is our potential energy perturbation and its 2D Fourier transform will be noted V sc (q, z, t). To stay in the general case, time dependence is added because for example phonons, which are by definition caused by the vibration of the crystal lattice, induce a time dependent perturbation.

To get ahead, phonons are described as harmonic oscillators, so we can decompose the scattering potential into Fourier series. Therefore, the scattering potential will be noted V sc (q, z, ω) where ω is the frequency of the perturbation. In the case we treat the phonons, ω represents the frequency of the phonon considered. On the contrary, when the perturbation is static, like for example induced by ionized impurities or interface roughness, then we set ω = 0. Our unknown will be noted V scr sc (q, z, ω) where the scr superscript is added to signify screened perturbation potential.

Carrier density variation induced by a potential energy perturbation

The carrier density induced by a potential energy perturbation was expressed for example by Delerue et al. [START_REF] Delerue | Dielectric Properties[END_REF] exploiting the quantum matrix density and applying the quantum Liouville theorem to describe its time evolution. To expose it, we first define the 2D Fourier transform of the electron density n(x, y, z) = n(r, z) as: n(q, z) = dr n(r, z)exp(-iq.r) (4.60) and in the following, we simply call it electron density. The electron density variation n ind (q, z)
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Chapter 4. Low field electron transport induced by the perturbation V sc (q, z, ω) is directly linked to the deviation of the matrix density from equilibrium and, at first order of perturbation, reads [START_REF] Delerue | Dielectric Properties[END_REF]:

n ind (q, z) = dz ′ χ(q, z, z ′ , ω)V scr sc (q, z ′ , ω) (4.61)
where χ(q, z, z ′ , ω) is the 2D Fourier transform of the quantity which represents the electron density induced at z by a perturbation at z ′ . In our case of study, that is single valley effective mass approximation, χ(q, z, z ′ , ω) is given by:

χ(q, z, z ′ , ω) = i,j Π ij (q, ω)ψ i (z)ψ j (z)ψ i (z ′ )ψ j (z ′ ) (4.62)
where the terms Π ij are the polarization factors defined as:

Π ij (q, ω, T, E F ) = lim η→∞ g s (2π) 2 dk f 0 (E i (k + q)) -f 0 (E j (k)) E i (k + q) -E j (k) -ℏω -iη (4.63)
They depend on the temperature T and the Fermi level E F due to the Fermi-Dirac function.

To calculate the polarization factors at a finite temperature, Maldague's formula [START_REF] Maldague | Many-Body Corrections to the Polarizability of the Two-Dimensional Electron Gas[END_REF] can be used and it is very practical because it relates Π ij terms at finite temperature to the ones at

T = 0 K: Π ij (q, ω, T, E F ) = ∞ 0 dE ′ F Π ij (q, ω, 0, E ′ F ) 4k b T cosh 2 E F -E ′ F 2k B T (4.64)
Note that we have:

1 4k b T cosh 2 E F -E ′ F 2k B T = ∂f 0 ∂E (E ′ F ) = 1 k B T f 0 (E ′ F )(1 -f 0 (E ′ F )) (4.65) 
So going back to Fig. 4.2, it means that the weighting function in the integral of Eq.(4.64) is maximum at E F = E ′ F and is an even function of E F -E ′ F that decays over a small energy range. The polarization factors at T = 0 K can be written using Eq.(4.63) and remembering that the Fermi-Dirac function becomes an Heaviside step function (noted Θ) at T = 0 K:

Π ij (q, ω, 0, E F ) = lim η→∞ g s (2π) 2 dk Θ(E F -E i (k + q)) E i (k + q) -E j (k) -ℏω -iη -lim η→∞ g s (2π) 2 dk Θ(E F -E j (k)) E i (k + q) -E j (k) -ℏω -iη (4.66)
The calculation of these integrals is a bit long so we will not expose it (the calculation requires to make the adequate change of variables and to use the residue theorem). The result is:

Π ij (q, ω, 0, E F ) = - g s m Γ 4π 2 ℏ 2 Θ(E F -E i ) 2k i q J q 2k i - m Γ ℏ 2 E z i -E z j -ℏω qk i +Θ(E F -E j ) 2k j q J * q 2k j + m Γ ℏ 2 E z i -E z j -ℏω qk j (4.67) 126 
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where k i is the Fermi wavevector of subband i

(k i = √ 2m Γ (E F -E z i ) ℏ
), q = |q|, and J(x) is a complex-valued function whose real and imaginary part are defined as:

Re(J(x)) =    πx if |x| < 1 πx 1 -1 -1 x 2 if |x| > 1 Im(J(x)) = -π √ 1 -x 2 if |x| < 1 0 if |x| > 1 (4.
68) Note that due to the isotropy of the effective mass, it can be noticed looking at Eq.(4.67) that the polarization factors do not depend on the direction of q but only on its norm. To reduce the time consumption when computing χ(q, z, z ′ , ω) with Eq.(4.62), we can limit the number of term in the summation by grouping the off-diagonal terms Π ij and Π ji into a symmetric polarization factor Π s ij defined as:

Π s ij = Π ij + Π ji for i ̸ = j (4.69) Π s ii = Π ii (4.70)
As a result, χ(q, z, z ′ , ω) calculation is simplified as:

χ(q, z, z ′ , ω) = j≤i Π s ij (q, ω)ψ i (z)ψ j (z)ψ i (z ′ )ψ j (z ′ ) (4.71) 
Now that the polarization factors at 0 K have been explicitly expressed, the ones at finite temperature can be computed by assessing the integral Eq.(4.64). And then, χ(q, z, z ′ , ω) can be determined using Eq.(4.71). Thus, all the ingredients are gathered to express the variation of the electron density n ind (q, z) induced by V sc (q, z ′ , ω) using Eq.(4.61).

Potential induced by a charge: Poisson Green's function

In order to solve our self-consistent screening issue, we need now to express the potential 11ϕ ind (q, z) induced by the variation of the electron density n ind (q, z). It can be written:

ϕ ind (q, z) = -dz ′ G(q, z, z ′ )n ind (q, z ′ ) (4.72)
G(q, z, z ′ ) is the 2D Fourier transform of the Poisson Green's function G(r, z, z ′ ) which represents the potential induced at (0, z) by a point charge +e located at (r, z ′ ). r 2 + (z -z ′ ) 2 is the distance to the point charge. G(r, z, z ′ ) obeys the following Poisson equation:

d dz ϵ(z) dG(r, z, z ′ ) dz + ϵ(z)∇ 2 r G(r, z, z ′ ) + eδ(r)δ(z -z ′ ) = 0 (4.73)
where δ is the Dirac function. By performing the 2D Fourier transform of this equation (that is multiplying by exp(-iq.r) and integrating over r), we obtain the equation describing G(q, z, z ′ ):

d dz ϵ(z) dG(q, z, z ′ ) dz -ϵ(z)q 2 G(q, z, z ′ ) + eδ(z -z ′ ) = 0 (4.74)
In a single material layer, ϵ is uniform, and so for z ̸ = z ′ , the equation becomes:

d 2 G(q, z, z ′ ) dz 2 -q 2 G(q, z, z ′ ) = 0 (4.75)
The solution of this equation in the material m takes the form: A m exp(qz) + B m exp(-qz). To find the coefficients for each q and z ′ we have to use -the continuity of G(q, z, z ′ ) and of ϵ(z)dG(q, z, z ′ )/dz at the interface between two materials -the discontinuity +e of dG(q, z, z ′ )/dz at z = z ′ and the continuity of G(q, z, z ′ ) at z = z ′ Note that G(q, z, z ′ ) only depends on the norm q of the vector q so in the following we drop the vector argument. It is computed numerically applying the above procedure.

The dielectric matrix: multisubband screening

Now that we have expressed the electron density variation n ind (q, z) induced by a perturbation potential (Eq.(4.61)) and the potential ϕ ind (q, z) induced by this variation of the electron density (Eq.(4.72)), we can express the screened perturbation potential V scr sc (q, z ′ , ω). This latter is obtained by adding the induced potential (induced by screening) to the unperturbed potential:

V scr sc (q, z, ω) = V sc (q, z, ω) -eϕ ind (q, z) (4.76) 
For convenience, we express V sc (q, z ′ , ω) using the above equation, replacing ϕ ind by its expression in Eq.(4.72) and then n ind by its expression in Eq.(4.61):

V sc (q, z, ω) = V scr sc (q, z, ω) + eϕ ind (q, z)

= V scr sc (q, z, ω) -e dz ′ dz ′′ G(q, z, z ′ )χ(q, z ′ , z ′′ , ω)V scr sc (q, z ′′ , ω) (4.77)
This is one of the relations targeted in this subsection because it relates our unknown V scr sc to the unperturbed V sc . The linear operator applied on V scr sc in the RHS of Eq.(4.77) is called the dielectric operator ε. To continue, χ(q, z ′ , z ′′ , ω) can be replaced by its expression in Eq.(4.71):

V sc (q, z, ω) = V scr sc (q, z, ω) -e j≤i Π s ij (q, ω) dz ′ ψ i (z ′ )ψ j (z ′ )G(q, z, z ′ ) × dz ′′ ψ i (z ′′ )ψ j (z ′′ )V scr sc (q, z ′′ , ω) (4.78)
Recalling Eq.(4.20), the term in square brackets is the scattering matrix elements of the screened potential which can be noted M scr ij (q, ω). We can apply Eq.(4.20) on both sides of Eq.(4.77) (i.e., we multiply by ψ n ′ (z)ψ n (z) and integrate over z):

M nn′ (q, ω) = M scr nn′ (q, ω) -e j≤i Π s ij (q, ω)M scr ij (q, ω) dzdz ′ ψ n ′ (z)ψ n (z)ψ i (z ′ )ψ j (z ′ )G(q, z, z ′ ) (4.79) 128 
2. Scattering potentials and associated matrix elements for the different mechanisms where the double integral terms in the right are called the form factors:

F nn′, ij (q) = dzdz ′ ψ n ′ (z)ψ n (z)ψ i (z ′ )ψ j (z ′ )G(q, z, z ′ ) (4.80)
Eq.(4.79) can be rewritten:

M nn′ (q, ω) = j≤i ϵ nn′, ij (q, ω) M scr ij (q, ω) (4.81) 
with:

ϵ nn′, ij (q, ω) = δ in δ jn′ -e Π s ij (q, ω)F nn′, ij (q) (4.82)
where δ in = 1 if i = n and 0 otherwise. Note that since M nn′ = M n ′ n , we only need to compute the terms n ′ ≤ n and j ≤ i so if N is the number of subbands then N m = N (N + 1)/2 represents the number of terms that needs to be computed. So, we can note ϵ = (ϵ nn′, ij ) n ′ ≤n, j≤i the N m * N m matrix whose lines represents the number of couples nn′ respecting n ′ ≤ n while its columns represents the number of couples ij respecting j ≤ i. ϵ is what we call the dielectric matrix and it depends on q and ω. The RHS of Eq.(4.81) can be viewed as a matrix times vector column multiplication such that it can be written:

M (q, ω) = ϵ(q, ω)M scr (q, ω) ⇔ M scr (q, ω) = ϵ -1 (q, ω)M (q, ω) (4.83) 
For each (q, ω), M = (M nn′ ) n ′ ≤n and M scr = (M scr nn′ ) n ′ ≤n are vectors with size N m that goes over the couples nn′ satisfying n ′ ≤ n. Finally, we have achieved what we were seeking, that is, taking into account screening in the calculation of the scattering matrix elements. These are obtained, as shown in Eq.(4.83), by multiplying the unscreened scattering matrix M (q, ω) by the inverse of the dielectric matrix which is defined by Eq. (4.82). What is important to keep in mind is that it is the elements of M scr (q, ω) and not those of M (q, ω) that must be used to calculate the scattering rates and the mobility.

The scalar dielectric function approximation: only intra-subband screening

To simplify the inclusion of screening in the calculations, an approximation often used consists in neglecting screening for inter-subband scattering 12 [162]. This in fact is justified when the wavevectors difference q = |k -k ′ | tends to zero. It stems from the fact that since G(q, z, z ′ ) is a linear combination of exp(±qz) and exp(±q(z -z ′ )), then when q tends to zero, G(q, z, z ′ ) tend to a constant value independent of z and z ′ . This implies, from Eq.(4.80), that

lim q→0 F nn′, ij (q) = cste × δ nn ′ δ ij (4.84)
So that if n ̸ = n ′ or i ̸ = j, then, looking at Eq.(4.82),

lim q→0 ϵ nn′, ij (q, ω) = cste × δ in δ jn′ (4.85)
Thus, looking at Eq.(4.81), it means that, if n ̸ = n ′ , M nn′ (q, ω) ≈ M scr nn′ (q, ω) when q tend to zero. For intra-subband scattering, we have:

M scr nn (q, ω) = M nn (q, ω) ϵ D (q, ω) (4.86)
where ϵ D (q, ω) is the scalar dielectric function and is defined as:

ϵ D (q, ω) = 1 -e i Π s ii (q, ω)F ii, ii (q) (4.87)
where it is assumed that F nn, ii (q) = F ii, ii (q) [START_REF] Toniutti | Failure of the Scalar Dielectric Function Approach for the Screening Modeling in Double-Gate SOI MOSFETs and in FinFETs[END_REF]. The scalar dielectric function approximation is often used in literature in the general case, thereby screening is only applied on the diagonal scattering matrix elements. It is a more simple procedure because it does not require to invert the dielectric matrix, we only need to compute the scalar ϵ D with Eq.(4.87) and divide the diagonal scattering matrix elements by it (Eq.(4.86)). We will compare this treatment of screening (i.e. screening of only intra-subband transitions with the scalar dielectric function) to the more complete one (multisubband screening with the dielectric matrix exposed in the previous subsection) later.

Static vs Dynamic screening

The inverse of the scalar dielectric function is plotted against ℏω in Fig. 4.3 for different electron sheet densities n s in an Al 2 O 3 /GaN electron channel 13 . When ℏω → 0 (static limit), it can be noticed that |1/ϵ D (q, ω)| tends to a constant value inferior to 1, which corresponds to the static dielectric function. In this limit, the screening is effective and so if we look Eq.(4.86), it means that the diagonal scattering matrix elements are strongly reduced and as a consequence the scattering rates will be smaller (see Eqs. (4.44) and (4.45)). Moreover, again in the static limit, it can be noticed in Fig. 4.3 that the static dielectric function decreases when n s increases, thereby implying that the screening is stronger. This is intuitive, the more there is electrons, the better they screen the scattering potential. As ℏω increases up to a certain value, |1/ϵ D | stays constant. However, at a certain point, |1/ϵ D | stars increasing. To better interpret that, it can be mentioned that the scalar dielectric function in Eq.(4.87) is often approximated as [START_REF] Fischetti | Long-Range Coulomb Interactions in Small Si Devices. Part I: Performance and Reliability[END_REF]:

ϵ D (q, ω) ≈ 1 - ω 2 p (q) ω 2 (4.88)
where ω p is referred to as the plasma frequency of the 2D electron channel and is given by:

ω p (q) = e 2 q m Γ (ϵ GaN + ϵ Al 2 O 3 ) n s (4.89)
ω p increases with n s and it corresponds to the maximum frequency of perturbation that can be screened by the 2D electron channel. Hence, when ω < ω p , |ϵ D (q, ω)| is superior to 1 (see Figure 4.3: Inverse of the scalar dielectric function as a function of ℏω at a fixed q = 0.2 nm -1 calculated in an Al 2 O 3 /GaN electron channel with different gate voltages and so different electron sheet densities n s (the wavefunctions are required to compute F ii, ii and the minimum of each subband is needed to compute Π ii . Π ii is calculated using Eq.(4.67) which is greatly simplified for i = j and then Maldague's formula Eq.(4.64)).

Eq.(4.88)) and so the potential is screened by electrons (static limit). But when ω ≫ ω p , |ϵ D (q, ω)| = 1 and so screening is ineffective. This is what is called the dynamic de-screening regime (see Fig. 4.3). In this regime the potential varies too rapidly for the electrons of the channel to be able to follow it. At ω ≈ ω p , |ϵ D (q, ω)| reaches its minimum value (see Eq.(4.88)) and this therefore corresponds to the peak observed in Fig. 4.3. As n s increases, ω p increases and as a result, the electrons of the 2D channel can screen a greater range of perturbation frequencies. Thus, when dealing with a time dependent scattering potential whose frequency is small compared to the plasma frequency ω p of the 2D electron channel in the range of n s and in the range of q contributing to transport, then we can assume ω = 0 when calculating the dielectric function or matrix. But when this condition is no longer fulfilled, then we must take into account the frequency ω of the scattering potential when calculating the dielectric matrix or function. In our case, all the scattering mechanisms except optical phonons (polar optical and surface optical) will be considered static (ω = 0). For polar optical phonons whose frequency is noted ω LO , dynamic screening will be applied, that is, we will set ω = ω LO when calculating the dielectric matrix (or scalar dielectric function). We will demonstrate later the necessity of including dynamic screening to accurately assess the polar optical phonons limited mobility.

GaN Phonon scattering

Vibration of the crystal lattice

When the temperature of a crystal is above 0 K, atoms vibrate around their equilibrium position. These vibrations produce a time dependent perturbation of the Hamiltonian. To describe the perturbation potential, one must first describe the time dependent deviation of atoms from their equilibrium position. This is done by solving classical equations of motions taking into account forces exerted by atoms between each other. As these equations will depend on the crystal structure and the nature of atoms and the type of bonds, the vibration of atoms is different from one material to another. But in any case, the time dependent deviation of atoms from their equilibrium position obeys, with a good approximation, equations of coupled harmonic oscillators. Solving this equation allows obtaining the modes of vibration, that is the authorized frequencies ω(Q p ) of oscillations and their relation to the wavevector Q p of the oscillation. In quantum mechanisms, an harmonic oscillator has a minimum energy of ℏω 2 and its energy is quantified in steps of ℏω [START_REF] Singh | Electronic and Optoelectronic Properties of Semiconductor Structures[END_REF]:

E ph = ℏω(Q p ) n ph (ω(Q p )) + 1 2 (4.90)
where n ph is a positive integer. This quantization led the physicists to refer to these modes of vibration as phonons. For a given wavevector Q p , n ph represents the number of phonons and it obeys to the Bose-Einstein statistics:

n ph (ω(Q p )) = 1 exp ℏω(Qp) k B T -1 (4.91)
In Fig. 4.4, the frequency14 of phonons as a function of their wavevector Q p obtained in [START_REF] Ruf | Phonon Dispersion Curves in Wurtzite-Structure GaN Determined by Inelastic X-Ray Scattering[END_REF] for wurzite GaN is shown. The curves that start at a zero frequency and with a zero wavevector correspond to acoustic vibrations while the curves that are higher in energy and that vary little with the wavevector are called optical vibrations. If we simplify the complex reality to the case of a 1D periodic arrangement of two different atoms, an acoustic vibration corresponds to the case where the two atoms of a unit cell vibrate in the same direction while an optical vibration corresponds to the case where the two atoms of a unit cell vibrate in opposite directions 15 .

A vibration is either longitudinal or transverse. In the first case, atoms moves in a direction parallel to the wavevector whereas in the second case, they move in a direction perpendicular to the wavevector.

The quantum operator corresponding to the deviation of atoms from their equilibrium position, noted δR, takes the form [START_REF] Peter | Fundamentals of Semiconductors: Physics and Materials Properties[END_REF]: R is the 3D space vector, A ph is an amplitude term that depends on the phonon mode and a p and a * p are the phonon creation and annihilation operators, respectively, which will be detailed later. What interest us is the potential created by phonons, and for each phonon mode Q p , it is in general proportional to δR. Because the potential depends on the phonon type, it is convenient to split the study into two parts, first the potentials created by acoustic phonons and secondly the potentials created by optical phonons. And as the description of phonons is a large subject, we will try to summarize the most relevant aspects.

δR(Q p , R, t) = A ph (Q p ) a p exp(i(Q p .R -ωt) + a * p exp(-i(Q p .R -ωt) (4.92)

Acoustic Phonons scattering

Deformation potential

Since Acoustic phonons are related to small frequency vibrations of the crystal lattice, they can be viewed as a space and time dependent mechanical strain applied to the crystal. As such, the deformation potential theory, launched by Bardeen and Shockley [START_REF] Bardeen | Deformation Potentials and Mobilities in Non-Polar Crystals[END_REF], is generally employed to describe the acoustic deformation potential. The procedure starts by describing the strain tensor induced by atomic deviations δR. Then, by multiplying the strain tensor to what is called the deformation potential tensor, the scattering potential is obtained. If the acoustic deformation potential is assumed isotropic, the scattering potential V ADP for each phonon mode Q p takes the form [START_REF] Peter | Fundamentals of Semiconductors: Physics and Materials Properties[END_REF]:

V ADP (Q p , R, t) = D ac (Q p • δR(Q p , R, t)) (4.93)
where D ac is the acoustic deformation potential which is a material property. To calculate the scattering matrix elements, the elastic and energy equipartition approximation is generally employed. This approximation stems from the fact that the sound velocity v s is negligible compared to the thermal velocity of electrons and as a consequence the energy of the phonons ℏω ≈ ℏv s |Q p | is negligible compared to k B T . The scattering with acoustic phonons is thus assumed elastic (ℏω ≈ 0 is considered when calculating the scattering rates using Fermi's golden rule) and going back to Eq.(4.91), it also implies that n ph ≈ k B T ℏω (first order expansion of the exponential term allowed because ℏω ≪ k B T ). The complete derivation of the scattering matrix elements of acoustic deformation potential scattering M ADP nn ′ can be found in [START_REF] Esseni | Nanoscale MOS Transistors: Semi-Classical Transport and Applications[END_REF]. Their squared amplitude reads (it is the squared amplitude that is needed for computing the scattering rates):

|M ADP nn ′ | 2 = k B T D 2 ac Aρ M v s F nn ′ (4.94)
where ρ M is the mass density of GaN and the term F nn ′ is defined as:

F nn ′ = dz|ψ n (z)| 2 |ψ n ′ (z)| 2 (4.95)
To be consistent with the elastic approximation, only small |q p | 16 values will contribute to scattering and since the scattering conserves the energy we have ℏq = ℏ|q p | (it can be recalled that q = |k ′ -k|), it means that we can use the scalar dielectric function (approximation) to apply screening. The elastic approximation (ℏω → 0) also implies that we can assume the screening to be static (we use the static and scalar dielectric function ϵ D (q, ω = 0)). So, the diagonal scattering matrix elements are modified as |M ADP scr nn

| 2 = |M ADP nn | 2 /|ϵ D (q, 0)| 2 .
In the general case, i.e., out of the elastic approximation, treatment of screening on the acoustic deformation potential is a complex task which was discussed by Fischetti and Laux [START_REF] Fischetti | Monte Carlo Study of Electron Transport in Silicon Inversion Layers[END_REF]. This is because the plasma frequency of the 2D electron channel ω p is proportional to √ q (see Eq.(4.89)) and so when q → 0, ω p tends to 0 whereas acoustic phonons have always a non zero wavevector component q pz and so their frequency tends to a non zero value. For the moment, these considerations have not led to more advanced treatment of screening for acoustic phonons.

Piezoelectric potential

Since GaN is a piezoelectric material, the time and space dependent strain due to acoustic modes also induces a piezoelectric potential. It is due to the polar nature of bonding 17 between Ga and N. The scattering induced by this potential was first treated by Meijer and Polder [START_REF] Meijer | Note on Polar Scattering of Conduction Electrons in Regular Crystals[END_REF] and then improved by Zook [START_REF] Zook | Piezoelectric Scattering in Semiconductors[END_REF] and Price [START_REF] Price | Two-Dimensional Electron Transport in Semiconductor Layers. I. Phonon Scattering[END_REF] for zinc-blende crystals. Tripathi and Ridley [START_REF] Tripathi | Dynamics of Hot-Electron Scattering in GaN Heterostructures[END_REF] extended the calculation for the wurzite structure. The squared magnitude of the scattering matrix elements that they obtained reads:

|M P E nn ′ (q)| 2 = e 2 k B T 2ϵ GaN ⟨e 2 l ⟩ C l + ⟨e 2 t ⟩ C t I nn ′ (q) q (4. 96 
)
16 qp is the projection of Qp on the (x,y) plane: Qp = qp + qpzuz 17 Polar means partially ionic 134 2. Scattering potentials and associated matrix elements for the different mechanisms where I nn ′ is a form factor defined as:

I nn ′ (q) = dzdz ′ ψ n (z)ψ n ′ (z)ψ n (z ′ )ψ n ′ (z ′ ) exp(-q|z -z ′ |) (4.97)
⟨e 2 l ⟩ and ⟨e 2 t ⟩ are the spherical averages of the longitudinal and transverse piezoelectric coefficients which are given by: C ij terms are the elastic constants of GaN. Just as the deformation potential scattering, the piezoelectric potential scattering is considered elastic because mostly very small acoustic frequencies will make electrons to scatter. Static screening is thus applied and only intra-subband transitions are screened.

⟨e 2 l ⟩ =
Bervalovic et al [START_REF] Berdalovic | A Comprehensive Model and Numerical Analysis of Electron Mobility in GaN-Based High Electron Mobility Transistors[END_REF] studied the mobility limited by acoustic deformation potential and piezoelectric potential scatterings in an AlGaN/GaN electron channel with a fixed sheet density n s = 2 • 10 13 cm -2 . They found that at room temperature, the piezoelectric potential limited mobility is around 10 5 cm -2 while the deformation potential limited mobility is around 10 4 cm -2 indicating that the deformation potential scattering plays a much more important role in transport limitations.

Polar optical Phonons scattering

Polar optical phonons (POP) of GaN are considered to be the main scattering mechanism limiting transport above 200 K [START_REF] Ridley | Mobility of Electrons in Bulk GaN and AlxGa1-xN/GaN Heterostructures[END_REF][START_REF] Zanato | The Effect of Interface-Roughness and Dislocation Scattering on Low Temperature Mobility of 2D Electron Gas in GaN/AlGaN[END_REF] in bulk GaN and in the AlGaN/GaN 2DEG. They arise in polar crystals such as GaN or GaAs due to the polar nature of the bonding between Ga and N. The displacement of atoms induced by longitudinal optical (LO) phonons perturbs the dipole moment and therefore induces an oscillating electric field. The scattering potential describing this perturbation is the so-called Fröhlich potential [START_REF] Fröhlich | Theory of Electrical Breakdown in Ionic Crystals[END_REF][START_REF] Fröhlich | Theory of Electrical Breakdown in Ionic Crystals. II". Proceedings of the Royal Society of London[END_REF]. Its determination is also detailed in [START_REF] Ridley | Quantum Processes in Semiconductors[END_REF][START_REF] Lundstrom | Fundamentals of Carrier Transport, 2nd Edn[END_REF]. It is given by:

V P OP (R, t) = e i ℏω LO 2Ω 1 ϵ ∞ GaN - 1 ϵ 0 GaN 1 Q p [a p exp(i(Q p • R -ω LO t)) +a * p exp(-i(Q p • R -ω LO t)) (4.98)
Ω is the normalization volume, ω LO is the frequency of the LO modes, Q p is the norm of the phonon wavevector Q p , ϵ 0 GaN and ϵ ∞ GaN are the static and dynamic dielectric constants of GaN, respectively. Since this is an important scattering mechanism, we will detail a bit the derivation of the scattering matrix elements associated to the potential Eq.(4.98). First, the operators a p exp(-iω LO t) and a * p exp(iω LO t) can be replaced by their quantum expectation values ⟨a p ⟩ and ⟨a * p ⟩:

⟨a p ⟩ = n ph (ω LO ) ⟨a * p ⟩ = n ph (ω LO ) + 1 (4.99)
where n ph is determined from Eq.(4.91). Owing the relatively flat behavior of the LO mode with respect to Q p in Fig. 4.4, it is reasonable to assume that the frequency of the LO mode ω LO is independent of Q p . Recalling Eq.(4.20) and Eq.(4.21), and using the fact that:

1 A dr exp (i (-q ± q p ) • r) = δ (q ∓ q p ) (4.100)
the scattering matrix elements associated to the phonon wavevector Q p = q p + q pz u z can be expressed as:

M P OP nn ′ (Q p , q) = e i ℏω LO 2Ω 1 ϵ ∞ GaN - 1 ϵ 0 GaN × dzψ n (z)ψ n ′ (z)         n ph (ω LO )
exp(iq pz z) q 2 p + q 2 pz δ(q -q p ) P honon absorption

+ n ph (ω LO ) + 1 exp(-iq pz z) q 2 p + q 2 pz δ(q + q p ) P honon emission         (4.101)
Since the phonon emission and absorption terms are proportional to a delta function with different arguments, we treat them separately (i.e., we calculate the scattering rates of each).

To get the scattering matrix elements combining all phonon wavevectors Q p , scattering with each phonon wavevector can be considered independent and so we sum the squared magnitude of the matrix elements associated to each:

|M P OP nn ′ (q)| 2 = Qp |M P OP nn ′ (Q p , q)| 2 = qp qpz |M P OP nn ′ (Q p , q)| 2 (4.102)
The delta functions imposes q p = q and q p = -q for absorption and emission respectively so that the sum over q p simplifies and we get:

|M P OP nn ′ (q)| 2 = qpz |M P OP nn ′ (q pz , q)| 2 (4.103)
and the sum can be transformed to an integral:

|M P OP nn ′ (q)| 2 = T 2π dq pz |M P OP nn ′ (q pz , q)| 2 (4.104)
where T is the thickness of the channel (Ω = A × T ) and M P OP nn ′ (q pz , q) is given by :

M P OP nn ′ (q pz , q) = e i ℏω LO 2A 1 ϵ ∞ GaN - 1 ϵ 0 GaN n ph (ω LO ) + 1 2 ∓ 1 2 dzψ n (z)ψ n ′ (z) exp(±iq pz z) q 2 + q 2 pz (4.
105) The upper sign is for the absorption and the lower sign is for the emission of a phonon. It can be noticed that the matrix elements only depend on the norm of the vector q. Here, it is important to note that if we want to include multisubband screening and so to use the dielectric matrix (see Eq.(4.83)), we need to calculate the screened matrix for each wavevector component q pz as: M P OP scr (q pz , q) = ϵ -1 (q, ω LO )M P OP (q pz , q) (4.106)

and then to integrate numerically its squared magnitude over q pz in Eq.(4.104). In the case we screen only diagonal element using the scalar dielectric function, then we can divide the squared magnitude after calculation of the integral in Eq.(4.104) by the squared scalar dielectric function:

|M P OP scr nn (q)| 2 = |M P OP nn (q)| 2 /|ϵ D (q, ω)| 2 .
In this case, it is useful to have an analytical expression for the integral over q pz in Eq.(4.104). To do so, we first inject Eq.(4.105) in Eq.(4.104) and then we use the fact that:

dz f (z) 2 = dzdz ′ f (z)f * (z ′ ) (4.107) 
This allows writing:

dz ψ n (z)ψ n ′ (z) dq pz exp(±iq pz z) q 2 + q 2 pz 2 = dzdz ′ ψ n (z)ψ n ′ (z)ψ n (z ′ )ψ n ′ (z ′ )
× dq pz exp(±iq pz (z -z ′ ))

q 2 + q 2 pz (4.108)
The integral over q pz can be calculated using the residue theorem which gives dq pz exp(±iq pz (z -z ′ ))

q 2 + q 2 pz = π q exp(-q|z -z ′ |) (4.109)
After that, it is easy to obtain the targeted and simple formula:

|M P OP nn ′ (q)| 2 = e 2 ℏω LO 4A 1 ϵ ∞ GaN - 1 ϵ 0 GaN n ph (ω LO ) + 1 2 ∓ 1 2 
I nn ′ (q) q (4.110)
where I nn ′ is defined in Eq.(4.97).

Figure 4.5: POP limited mobility vs n s of an AlGaN/GaN electron channel. The mobility is depicted in four cases: (i) multisubband static screening of the matrix elements (i.e., we multiply the matrix elements in Eq.(4.105) by the inverse of the dielectric matrix ϵ -1 (q, 0) and then calculate numerically the sum over q pz in Eq.(4.104)), (ii) multisubband dynamic screening of the matrix elements (i.e., we apply Eq.(4.106) and then calculate numerically the sum over q pz in Eq.(4.104)), (iii) intra-subband dynamic screening of the matrix elements (i.e., we divide only the diagonal squared amplitude of the matrix elements in Eq.(4.110) by |ϵ D (q, ω LO | 2 ) and (iv) unscreened (i.e., we simply use the squared magnitude of the matrix elements given by Eq.(4.110)). The formalism to calculate the mobility is described in Subsection 1.3 (Eq.(4.45) for the scattering rates and Eq.(4.59)) for the mobility). The energy of the Polar optical phonons is ℏω = 92 meV.

Effect of multisubband dynamic screening on POP limited mobility

To better understand the importance of including screening on the POP scattering, the POP limited mobility is calculated against n s in an AlGaN/GaN channel and shown in Fig. 4.5. It it calculated in several cases: assuming static screening (in red), not considering screening (unscreened, in black full lines) and finally taking into account dynamic screening (both dotted lines). The first thing that can be noticed is that at low n s , the dynamic screening cases are more close to the unscreened case but as n s increases, the dynamic screening cases approaches the static screening case and finally, at n s = 10 13 cm -3 , dynamic screening is equivalent to the static screening case. This is because as n s increases, the plasma frequency of the 2D electron channel increases (see Subsection 2.1.5) and becomes superior to the frequency of POP such that electrons can more effectively screen the time dependent POP potential. Hence, this proves the importance of including dynamic screening in the calculations to better assess POP limited mobility. The 2DEG densities (of AlGaN/GaN channel) is around 0.7 -1 × 10 13 cm -2 at V G = 0 V. At these densities, assuming that the POP potential is unscreened induces a non negligible underestimation of the mobility (see Fig. 4.5). Despite this, the POP potential is often left unscreened in calculations of the 2DEG mobility in the literature [START_REF] Ridley | Mobility of Electrons in Bulk GaN and AlxGa1-xN/GaN Heterostructures[END_REF][START_REF] Berdalovic | A Comprehensive Model and Numerical Analysis of Electron Mobility in GaN-Based High Electron Mobility Transistors[END_REF][START_REF] Anderson | Polar-Optical Phonon-Limited Transport in Degenerate GaN-Based Quantum Wells[END_REF]. For the 2. Scattering potentials and associated matrix elements for the different mechanisms 2DEG densities studied, the calculation would be more accurate by assuming the POP potential to be statically screened, rather than unscreened.

A second thing that can be noticed from Fig. 4.5 is that the POP mobility resulting from multisubband dynamic screening (unfilled squares) is only slightly higher that the one resulting from dynamic screening of only intra-subband (unfilled triangles) transitions. Therefore, as long as a high precision in the calculation is not necessary, we can screen only the intra-subband transitions because it simplifies the calculation. First, because we do not need to calculate the dielectric matrix, we use the scalar function instead. And secondly because it avoids doing the sum over q pz in Eq. (4.104) numerically, since we can use directly Eq.(4.110) and divide the diagonal element by the scalar dielectric function squared.

Surface optical phonons scattering (only in Al 2 O 3 /GaN electron channel)

High-κ insulators such as HfO 2 and Al 2 O 3 are composed of polar molecules. Transverse optical (TO) vibrations of these polar molecules induce oscillating electric fields that penetrate over a small distance in the channel material. This is why they are called surface optical phonons. The importance of their effect on the transport properties of MOS systems including high-κ insulators has been highlighted by Fischetti et al. [START_REF] Massimo | Effective Electron Mobility in Si Inversion Layers in Metal-Oxide-Semiconductor Systems with a High-κ Insulator: The Role of Remote Phonon Scattering[END_REF][START_REF] Fischetti | Long-Range Coulomb Interactions in Small Si Devices. Part II. Effective Electron Mobility in Thin-Oxide Structures[END_REF] by use of a semi-classical framework.

Assuming an infinite Al 2 O 318 on top of an infinite GaN, the frequencies of the surface optical (SO) modes ω SOi that propagate at the Al 2 O 3 /GaN interface are obtained by solving the secular equation [START_REF] Massimo | Effective Electron Mobility in Si Inversion Layers in Metal-Oxide-Semiconductor Systems with a High-κ Insulator: The Role of Remote Phonon Scattering[END_REF]:

ϵ Al 2 O 3 (ω) + ϵ GaN (ω) = 0 (4.111)
where ϵ Al 2 O 3 (ω) and ϵ GaN (ω) are the frequency dependent dielectric constants of our two polar materials. This relation stems from the continuity of the propagating magnetic and electric fields induced by polar vibrations at the interface. For Al 2 O 3 , we consider two TO modes, noted ω T O1 and ω T O2 (ω T O1 < ω T O2 ) and for GaN, one TO mode is considered and is noted ω T O3 .

The frequency dependent dielectric constants can thus be written [START_REF] Massimo | Effective Electron Mobility in Si Inversion Layers in Metal-Oxide-Semiconductor Systems with a High-κ Insulator: The Role of Remote Phonon Scattering[END_REF]:

ϵ Al 2 O 3 (ω) = ϵ ∞ Al 2 O 3 + ϵ 0 Al 2 O 3 -ϵ int Al 2 O 3 ω 2 T O1 ω 2 T O1 -ω 2 + ϵ int Al 2 O 3 -ϵ ∞ Al 2 O 3 ω 2 T O2 ω 2 T O2 -ω 2 (4.112) ϵ GaN (ω) = ϵ ∞ GaN + ϵ 0 GaN -ϵ ∞ GaN ω 3 T O3 ω 2 T O3 -ω 2 (4.113)
ϵ int Al 2 O 3 is the dielectric constant at an intermediate frequency in-between ω T O1 and ω T O2 . The contribution of the 2D electron channel plasma frequency (Eq.(4.88)) on ϵ GaN (ω) is not considered in Eq. (4.113). The value for ω T O2 found in [START_REF] Frederick | Surface Phonons in Thin Aluminum Oxide Films: Thickness, Beam-Energy, and Symmetry-Mixing Effects[END_REF] is 578 cm -1 which gives ℏω T O2 ≈ 71 meV while for GaN, looking at Fig. 4.4, ω T O3 is around 560-570 cm -1 which gives ℏω T O3 ≈ 69-70 meV.

Since ω T O2 is very close to ω T O3 we assume ω T O2 = ω T O3 in the following calculations. This allows solving the secular equation Eq.(4.111) analytically 19 leading to the two following SO frequencies:

ω 2 SO1 ≈ ω 2 T O1 ϵ 0 Al 2 O 3 + ϵ 0 GaN ϵ int Al 2 O 3 + ϵ 0 GaN , ω 2 SO2 ≈ ω 2 T O2 ϵ int Al 2 O 3 + ϵ 0 GaN ϵ ∞ Al 2 O 3 + ϵ ∞ GaN (4.114)
The scattering potential induced by SO modes takes the same form as the POP potential (Eq.(4.98)), but the amplitudes (terms that are factors of the exponential functions) are not the same and the propagating field is only in the transport plane (x,y) and vanishes in the z direction. It can thus be written as [START_REF] Massimo | Effective Electron Mobility in Si Inversion Layers in Metal-Oxide-Semiconductor Systems with a High-κ Insulator: The Role of Remote Phonon Scattering[END_REF]:

V SOi (q p , r, z) = A ∓ SOi (q p )exp (±i(q p .r -ω SOi t)) exp(-q p z) (4.115)
where the upper sign is for absorption and the lower for emission of a phonon. The term exp(-q p z) makes the potential vanish rapidly away from the interface. To determine the amplitude of the two SO modes A ∓ SOi (q p ), we can follow the procedure outlined in [START_REF] Massimo | Effective Electron Mobility in Si Inversion Layers in Metal-Oxide-Semiconductor Systems with a High-κ Insulator: The Role of Remote Phonon Scattering[END_REF] (see also [START_REF] Esseni | Nanoscale MOS Transistors: Semi-Classical Transport and Applications[END_REF]), that is, for each phonon TO mode, we calculate the difference in the squared amplitude between a frequency where the phonon does not respond and a frequency where the phonon fully responds. For instance, applying this procedure to the mode TO1 means that when the phonon TO1 does not respond, we consider ω T O1 ≪ w < ω T O2 and obtain 

ϵ Al 2 O 3 (ω) + ϵ GaN (ω) = ϵ int Al 2 O 3 + ϵ 0 GaN (see Eqs.
ω ≪ ω T O1 < ω T O2 and obtain ϵ Al 2 O 3 (ω) + ϵ GaN (ω) = ϵ 0 Al 2 O 3 + ϵ 0 GaN .
It is assumed that TO2 responds in both cases. Then, the squared amplitude of the potential induced by the mode SO1 is obtain from the difference between the two amplitudes (i.e., when it fully responds and when it does not)):

A ∓ SO1 (q p ) 2 ≈ ℏω SO1 n ph (ω SO1 ) + 1 2 ∓ 1 2 2A 1 q p 1 ϵ int Al 2 O 3 + ϵ 0 GaN - 1 ϵ 0 Al 2 O 3 + ϵ 0 GaN (4.116)
Following the same procedure for the mode TO2 (in this case, TO1 does not respond), it leads to:

A ∓ SO2 (q p ) 2 ≈ ℏω SO2 n ph (ω SO2 ) + 1 2 ∓ 1 2 2A 1 q p 1 ϵ ∞ Al 2 O 3 + ϵ ∞ GaN - 1 ϵ int Al 2 O 3 + ϵ 0 GaN (4.117)
The squared magnitude of the scattering matrix elements associated to the mode SOi (i = 1 or 2)can be obtained using Eq.( 4.20) and the potential in Eq. (4.115). It gives:

M SOi nn ′ (q) 2 = A ∓ SOi (q p ) 2 dzψ n (z)ψ n ′ (z)exp(-qz) 2 (4.118)
It can be mentioned that the matrix elements only depends on the norm of q. For SO scattering, we employed dynamic screening in the scalar approximation by dividing the squared magnitude of the diagonal matrix elements by |ϵ D (q, ω SO1 )| 2 for mode SO1 and |ϵ D (q, ω SO2 )| 2 for mode equation by (ω 2 T O1 -ω 2 )(ω 2 T O2 -ω 2 ). This leads to an equation having the form A ω 2 2 + B ω 2 + C which is a quadratic equation that can be solved analytically. To simplify the solutions at the end, we assumed ωT O2 ≫ ωT O1 which in particular enabled us performing a first-order linear expansion to the solutions.

2. Scattering potentials and associated matrix elements for the different mechanisms SO2.

Coulomb scattering

Impurities such as foreign atoms present in the channel or in the dielectric (Al 2 O 3 or AlGaN in our case) can be ionized. A doping atom, for example, carries a +e or -e charge on whether it is a donor or an acceptor, respectively. Charges can also be present at the interface between two materials, induced for example by dangling bonds. The potential created by these charges causes the electrons to scatter, this mechanism is called Coulomb scattering. The scattering potential created at the coordinate (0, z) by a point charge +e located at (r, z c ) is the Poisson Green's function G(r, z, z c ) defined in subsection 2.1.2. Its 2D Fourier transform is noted G(q, z, z c ) and is also defined in subsection 2.1.2. Recalling Eq.(4.20), the scattering matrix elements associated to this point charge reads:

M CO nn ′ (q, z c ) = 1 A dzψ n (z)ψ n ′ (z)G(q, z, z c ) (4.119)
At this level, M CO nn ′ (q, z c ) must be screened. Screening of only intra-subband transitions with the scalar dielectric function gives nearly the same results as the screening of both intra-and intersubband transitions (multisubband) with the dielectric matrix in terms of mobility so we use the scalar dielectric function ϵ D (q, 0) because it is more simple and divide the diagonal matrix elements by it. If we consider a volume density N (z c ) of point charges whose positions are statistically not correlated, the squared magnitude of the scattering matrix elements associated to all these point charges is obtained by summing the squared magnitude of each:

M CO nn ′ (q) 2 = A dr dz c N (z c ) M CO scr nn ′ (q, z c ) 2 = A dz c N (z c ) M CO scr nn ′ (q, z c ) 2 (4.120)
Note that, whether the point charges are positive or negative, it does not change the squared amplitude of the matrix elements and therefore the sign of the charge has no impact on the mobility 20 . If there are acceptors and donors in the channel with respective ionized densities N - A and N + D , then the total density of charges that induce Coulomb scattering would be N = N - A + N + D .

Interface roughness scattering

When calculating the transport properties, it is important to take into account that the interface between the two materials where the electron channel forms is rough. This is all the more true since we know that in MOS devices the interface roughness is the main mechanism limiting transport at high vertical field (when n s is around 10 13 cm -2 ) [START_REF] Ando | Electronic Properties of Two-Dimensional Systems[END_REF][START_REF] Takagi | On the Universality of Inversion Layer Mobility in Si MOSFET's: Part I-Effects of Substrate Impurity Concentration[END_REF][START_REF] Takagi | On the Universality of Inversion Layer Mobility in Si MOSFET's: Part II-Effects of Surface Orientation[END_REF]. Interface roughness can be viewed as a fluctuation of the dielectric thickness in the transport plane as depicted in Fig. 4.6. As such, it cannot be reduced to a simple scattering potential because it perturbs [START_REF] Prange | Quantum Spectroscopy of the Low-Field Oscillations in the Surface Impedance[END_REF][START_REF] Ando | Screening Effect and Quantum Transport in a Silicon Inversion Layer in Strong Magnetic Fields[END_REF] and the scattering matrix elements can thus be written as (see Eq.(4.11)):

M IR0 nn ′ (q) = 1 A A dz ψ n (z)ψ n ′ (z) Ĥrz -Ĥz exp(iq.r) dr (4.121)
To obtain an explicit expression for M IR0 nn ′ (q), we can define z ′ = z -∆(r) and then perform a first order linear expansion on the z dependent functions (f (z) = f (z ′ ) + ∆(r) df /dz) appearing in Ĥrz . These are the wavefunctions ψ n and the potential ϕ. This procedure is explained with more details in [START_REF] Esseni | Nanoscale MOS Transistors: Semi-Classical Transport and Applications[END_REF][START_REF] Ando | Electronic Properties of Two-Dimensional Systems[END_REF][START_REF] Jin | Modeling of Surface-Roughness Scattering in Ultrathin-Body SOI MOSFETs[END_REF]. Moreover, as clearly exposed in [START_REF] Ando | Screening Effect and Quantum Transport in a Silicon Inversion Layer in Strong Magnetic Fields[END_REF][START_REF] Jin | Modeling of Surface-Roughness Scattering in Ultrathin-Body SOI MOSFETs[END_REF], roughness does not reduce only to the perturbation described in Eq.(4.121) because it also induces a fluctuation of the electron density, noted δn(r, z), along the transport plane. δn(r, z) can also be approximated thanks to a first order linear expansion:

δn(r, z) = n(z ′ ) -n(z) = -∆(r) dn dz (z) (4.122)
Since the Poisson equation is linear, the potential created by a charge -eδn(r, z ′ ) is determined by multiplying this charge by the Poisson Green's function. Finally, the squared magnitude of the scattering matrix elements accounting for the perturbation of the 1D effective mass Hamiltonian (Eq.(4.121)) and for the fluctuation of the electron density (Eq.(4.122)) can be written (see [START_REF] Ando | Electronic Properties of Two-Dimensional Systems[END_REF][START_REF] Ando | Screening Effect and Quantum Transport in a Silicon Inversion Layer in Strong Magnetic Fields[END_REF][START_REF] Jin | Modeling of Surface-Roughness Scattering in Ultrathin-Body SOI MOSFETs[END_REF] for a complete derivation):

M IR nn ′ (q) 2 = Γ GP N nn ′ + Γ q nn ′ 2 |∆(q)| 2 (4.123)
where Γ GP N nn ′

is the generalized Prange-Nee term [START_REF] Prange | Quantum Spectroscopy of the Low-Field Oscillations in the Surface Impedance[END_REF] stemming from the perturbation of the 1D effective mass Hamiltonian (Eq.(4.121)) and is given by [START_REF] Jin | Modeling of Surface-Roughness Scattering in Ultrathin-Body SOI MOSFETs[END_REF]: The term Γ q nn ′ stems from the fluctuation of the electron density and is given by [START_REF] Ando | Screening Effect and Quantum Transport in a Silicon Inversion Layer in Strong Magnetic Fields[END_REF][START_REF] Jin | Modeling of Surface-Roughness Scattering in Ultrathin-Body SOI MOSFETs[END_REF]:

Γ GP N nn ′ = dzψ n (z)ψ n ′ (z) -e dϕ dz + (E z n -E z n ′ ) dzψ n (z) dψ n ′ (z) dz (4.124)
Γ q nn ′ = dzψ n (z)ψ n ′ (z) dz c G(q, z, z c ) -e dn(z c ) dz c (4.125)
∆(q) is the Fourier transform of ∆(r). In the calculations, the auto-covariance function of the roughness ∆(r) is considered exponential. In this case, the squared amplitude of ∆(q) is given by [START_REF] Goodnick | Surface Roughness at the Si(100)-${\mathrm{SiO}}_{2}$ Interface[END_REF]:

|∆(q)| 2 = 1 A dr∆(r)exp(-iq.r) 2 = 1 A π∆ 2 SR Λ 2 SR 1 + q 2 Λ 2 SR 2 -3/2 (4.126)
where ∆ SR is the root-mean-square and Λ SR is the correlation length. Again, it should be noted that the squared magnitude of the scattering matrix of interface roughness only depends on the norm of q. A second important information is that we found that in our case, the inclusion of the term Γ q nn ′ does not change the mobility (its effect is negligible compared to the term Γ GP N nn ′ ) 21 . It is likely that this is due to the fact that we limit ourselves to sheet densities n s ≤ 10 13 cm -2 so that the fluctuation charge -eδn has a negligible effect. Fig. 4.7 depicts the interface roughness (IR) limited mobility and shows the importance of including screening. It also indicates that the use of the scalar dielectric function (screening of only intra-subband scatterings) is a good approximation. The IR limited mobility will therefore be screened in the scalar approximation. The IR mobility decreases with increasing n s because electrons are getting closer to the interface.

Neutral impurity scattering

Non-ionized foreign atoms also induce a perturbation potential and can therefore scatter electrons. Their inclusion in the formalism is important because in materials like GaN and Al 2 O 3 which both have large band gaps, the energy level of the impurities in the gap can be far from the bands such that even at room temperature or above, impurities are not necessarily ionized. Neutral impurities were employed for instance in modeling of FDSOI (Fully depleted silicon on insulator) devices to account for short channel mobility reduction [START_REF] Cros | Unexpected Mobility Degradation for Very Short Devices : A New Challenge for CMOS Scaling[END_REF][START_REF] Pham-Nguyen | Mobility Enhancement by CESL Strain in Short-Channel Ultrathin SOI MOSFETs[END_REF][START_REF] Ben Akkez | Study of Substrate Orientations Impact on Ultra Thin Buried Oxide (UTBOX) FDSOI High-K Metal Gate Technology Performances[END_REF][START_REF] Di Santa Maria | Comprehensive Kubo-Greenwood Modelling of FDSOI MOS Devices down to Deep Cryogenic Temperatures[END_REF] but also in modeling of electron transport in bulk 4H-SiC samples [START_REF] Pernot | Electrical Transport in N-Type 4H Silicon Carbide[END_REF][START_REF] Pernot | Electrical Transport Properties of Aluminum-Implanted 4H-SiC[END_REF].

To take into account neutral impurity scattering in our framework, we use Erginsoy idea [START_REF] Erginsoy | Neutral Impurity Scattering in Semiconductors[END_REF], that is, we assume that the scattering potential of a neutral impurity is the hydrogen potential scaled by the effective mass and dielectric constant of the medium. But Erginsoy model is made for 3D transport. In the case of a 2D electron channel, one must consider the non-uniformity of the electron density and the screening produced by the 2D electron gas. In other words, in order to compute the scattering matrix elements using Eq.(4.20), we need to calculate the 2D Fourier transform of hydrogen atom potential. We did so by using the 3D Fourier transform that was already calculated in literature [START_REF] Ouisse | Stationary Occupied State in a Coulomb Potential with Electron Screening[END_REF][START_REF] Neville | A Treatise on the Theory of Bessel Functions[END_REF] and then we calculated the 2D Fourier transform by performing an inverse 1D Fourier transform. Below, we explain how the 3D Fourier transform was obtained in literature and then explain the calculation of the 2D Fourier transform because the procedure is not obvious (and not available in the literature). The scaled hydrogen potential, in its 1s ground state, is given by [START_REF] Bates | Atomic and Molecular Processes[END_REF]:

V H (R) = -e 4πϵR (a k R + 1) exp(-2a k R) (4.127)
where a k is the reciprocal effective Bohr radius which is the inverse of the effective Bohr radius (a k = 1/a B with a B = 4πϵℏ 2 m Γ e 2 ). The hydrogen potential V H (R) is a radial function of the distance R to the nucleus. As explained by Ouisse [START_REF] Ouisse | Stationary Occupied State in a Coulomb Potential with Electron Screening[END_REF], the 3D Fourier transform of a radial function can be expressed as a Hankel transform. Taking our definition of the Fourier transform, it means that the 3D Fourier transform of V H (R) is [START_REF] Ouisse | Stationary Occupied State in a Coulomb Potential with Electron Screening[END_REF]:

V H (Q) = (2π) 3/2 √ Q ∞ 0 dR R 3/2 J 1/2 (QR)V H (R) (4.128)
where Q is the norm of the 3D reciprocal vector Q and J 1/2 is the Bessel function of order 1/2. By replacing V H (R) in the integral by its expression in Eq.(4.127), we obtain two integrals to calculate (because there are two terms in Eq.(4.127)). These two integrals have be calculated analytically in Watson's mathematics book [START_REF] Neville | A Treatise on the Theory of Bessel Functions[END_REF] (page 386). Using these results, the 3D Fourier transform V H (Q) reads [START_REF] Ouisse | Stationary Occupied State in a Coulomb Potential with Electron Screening[END_REF]:

V H (Q) = - e ϵ    1 4a -2 B + Q 2 + 4a -2 B 4a -2 B + Q 2 2    (4.129) 144 
2. Scattering potentials and associated matrix elements for the different mechanisms where we have replaced a k by a -1 B . Now, we can recall that Q = q + q z u z such that Q 2 = q 2 + q 2 z and V H (Q) can be noted V H (q, q z ). The 2D Fourier transform of hydrogen potential can be obtained from the 3D Fourier transform V H (q, q z ) by calculating the inverse 1D Fourier transform (in the q z direction) as:

V H (q, z) = 1 2π dq z V H (q, q z )exp(iq z z) (4.130)
By replacing V H (q, q z ) by its expression in Eq.(4.129) (where we have replaced Q 2 by q 2 + q 2 z ), we obtain:

V H (q, z) = - e 2πϵ          dq z exp(iq z z) 4a -2 B + q 2 + q 2 z I 1 (q,z) + dq z 4a -2 B exp(iq z z) 4a -2 B + q 2 + q 2 z 2 I 2 (q,z)          (4.131)
The calculation of the integrals I 1 (q, z) and I 2 (q, z) is similar so we will just explain the calculation of I 2 (q, z) because it is a bit more complicated. First, we perform the variable change u = q z / 4a -2 B + q 2 and then use 1 + u 2 = (u -i)(u + i) where i is the imaginary number. It follows that:

I 2 (q, z) = - e 2πϵ 4a -2 B 4a -2 B + q 2 3/2 du exp i 4a -2 B + q 2 z u (u -i) 2 (u + i) 2 (4.132) 
We note T (u) the function appearing in the integral over u. To calculate this integral, we can employ the residue theorem. The denominator of T (u) has two zeros (i and -i) and they are of order 2. In the case z > 0, we can choose a contour in the positive portion of the imaginary plane. Inside this contour, T (u) has one residue, noted Res(T, i), which is given by:

Res(T, i) = d du (u -i) 2 T (u) (u = i) (4.133)
Following the residue theorem, the integral of T (u) for z > 0 equals 2πiRes(T, i). Similarly, in the case z < 0, the contour is taken in the negative portion of the imaginary plane and the residue of T (u) inside this contour is:

Res(T, -i) = d du (u + i) 2 T (u) (u = -i) (4.134)
In the case z < 0, the integral of T (u) is 2πiRes(T, -i). As a result of the residue theorem, I 2 (q, z) can be expressed as:

I 2 (q, z) = 2π a -2 B 4a -2 B + q 2 3/2 1 + 4a -2 B + q 2 |z| exp -4a -2 B + q 2 |z| (4.135) 145 
Chapter 4. Low field electron transport For the calculation of I 1 (q, z), the procedure is similar 22 and leads to:

I 1 (q, z) = π 4a -2 B + q 2 exp -4a -2 B + q 2 |z| (4.136)
Finally, injecting I 1 (q, z) and I 2 (q, z) expressions into Eq.(4.131) allow obtaining the 2D Fourier transform of the scaled hydrogen potential:

V H (q, z) = -e 2ϵ 4a -2 B + q 2   1 + 2a -2 B 4a -2 B + q 2 + 2a -2 B 4a -2 B + q 2 |z|   exp -4a -2 B + q 2 |z| (4.137)
Note that z here is the distance to the impurity and will now be replaced by z -z H where z H is the position of the neutral impurity. It is interesting to remember that the distance over which a point charge has an effect is determined in particular by the factor -q appearing in the exponential term of G(q, z, z c ) (exp(-q|z -z c |)). In the case of a neutral impurity, the factor is -4a -2 B + q 2 and so it is higher that q in absolute value. This means the potential created by a neutral impurity has a smaller range of action than the one created by a point charge. The higher the effective mass and the lower the dielectric constant, the larger the effective Bohr radius a B will be and therefore the range of the potential created by the neutral impurity approaches the one of the point charge.

Similarly to the Coulomb scattering case, the scattering matrix elements associated to one neutral impurity located at z = z H reads:

M N nn ′ (q, z H ) = 1 A dzψ n (z)ψ n ′ (z)V H (q, z -z H ) (4.138)
At this point, M N nn ′ (q, z H ) diagonal elements have to be screened. And the squared magnitude of the scattering matrix elements associated to a volume density N N (z H ) of neutral impurities whose position are statistically uncorrelated is obtained as:

M N nn ′ (q) 2 = A dz H N N (z H ) M N nn ′ (q, z H ) 2 (4.139) 
Fig. 4.8 gives the neutral impurity limited mobility in Al 2 O 3 /GaN channel resulting from these expressions for the matrix elements in the case where these are screened (diagonal elements divided by ϵ D (q, 0)) and also in the case where they are unscreened. The mobility is given as a function of the electron sheet density n s and is compared to the mobility resulting from Erginsoy formula [START_REF] Erginsoy | Neutral Impurity Scattering in Semiconductors[END_REF]. At low n s (10 11 -10 12 cm -2 ), the calculations tend to Erginsoy formula because the channel is not yet clearly formed and so electrons are distributed over the volume (they are distributed over a relatively large thickness in GaN) so that the configuration is close to the one described by the 3D transport model of Erginsoy. This validates the calculation of the 2D Fourier transform of hydrogen potential. As n s increases, the calculated mobility increases both The unscreened mobility is obtained using Eq.(4.139) and then calculating the mobility with the formalism described in Subsection 1.3. The screened mobility is obtained the same way but by dividing the diagonal elements in Eq.(4.138) by ϵ D (q, 0):

M N scr nn (q, z H ) = M N nn (q, z H )/ϵ D (q, 0).
in the unscreened and screened cases. In both cases, this is because electrons come closer to Al 2 O 3 /GaN interface and they are less impacted by neutral impurities located below the channel away from the Al 2 O 3 /GaN interface. In the screened case, the mobility increases even more due to the screening produced by the 2D electron channel. Fig. 4.9 depicts the Coulomb limited mobility and the neutral impurities limited mobility in Al 2 O 3 /GaN electron channel and it is clear that, for the same density of impurities, Coulomb scattering has more impact on the mobility. This is because the potential of a neutral impurity is weaker, due in particular to the term 4a -2 B + q 2 appearing in the exponential and in the denominator of the first term in Eq.(4.137). The Poisson Green's function (G(q, z, z c )) instead, has a term q both in the exponential and in the denominator [START_REF] Esseni | Nanoscale MOS Transistors: Semi-Classical Transport and Applications[END_REF].

Summary of this section

The calculation of the scattering matrix elements of all mechanisms that will be considered have been detailed together with the inclusion of dielectric screening. The scattering mechanisms treated are: acoustic phonons of GaN (deformation potential and piezoelectric potential), polar optical phonons of GaN, surface optical phonons stemming from polar vibrations in Al 2 O 3 , interface roughness, Coulomb (interface charges and ionized impurities) and neutral impurities. Note that the expression of the 2D Fourier transform of the scaled hydrogen potential (Eq.(4.137)) has not, at the best of our knowledge, been reported in literature so that the inclusion of neutral impurities in a 2D type transport framework brings a bit of originality. Regarding the screening, we demonstrated the importance of including dynamic screening to properly assess the POP limited mobility. Also, the scalar dielectric function approximation, that consists in screening only intra-subband transitions, is found to be a relatively good approximation.

A few remarks on the calculation of the mobility

In the code, we define once for all a grid of kinetic energy E for the first subband, between 0 and E max and we calculate the scattering rates of all subbands in the range [E z 0 , E z 0 + E max ]. Moreover, since the matrix elements and scattering rates only depend on the norm of q, we also define, once for all, a q-grid between 0 and q max = 2 √ 2m Γ E max /ℏ (q max correspond to a transition between the state k(E z 0 + E max ) and k ′ = -k(E z 0 + E max )). E max is chosen large enough to take into account all the transitions contributing to transport. The squared matrix elements are tabulated on the q-grid. When calculating the scattering rates (Eq.(4.44) or Eq.(4.45)), at each energy E, for each n and n ′ , we compute q = q nn ′ (θ) (Eq. (4.46) or (4.47)) on a θ-grid. We then interpolate linearly the tabulated values of the matrix elements to compute the integral over θ. Note that the first quantity that we compute is the Poisson Green's function G(q, z, z c ) (in the q-grid and for all z and z c mesh points required) because it does not depend on the gate voltage. Then, the steps to compute the effective mobility in Al The aim of this study is to contribute to the understanding of the mechanisms limiting transport in order to pave the way for optimization but also to provide guidelines for improving TCAD mobility models and therefore have more predictive TCAD simulations. 4.12 for the four samples and for temperatures ranging from 298 K to 423 K. As we can noticed, p-doping has a detrimental effect on the mobility, both at low n s and at high n s , although the effect is greater at low n s . The task now is to calculate the mobility in the four samples as a function of the sheet density n s and the temperature in an attempt to account for these experimental observations.

Effect of p-doping in/below the channel on the mobility

Samples

1D Schrödinger-Poisson simulations

The GaN:C and the p-doping are simulated taking into account incomplete ionization as explained in chapter 3, Sec. 3.4.4. This means 2/3 of Carbon atoms in GaN:C are consid- The electron density n(z) vs depth z obtained from simulations is shown in Fig. 4.14 for all samples. Two important points can be highlighted. First, by bringing the high level of p-doping closer to the interface (A → B → C → D), the electron channel becomes more confined (i.e., less widened) and gets closer the Al 2 O 2 /GaN interface. Secondly, when n s increases from 2.10 12 cm -2 to 10 13 cm -2 , the electron channel of sample A, that does not have p-doping, becomes much more confined and the dark space changes significantly, going from about 1.9 nm to 1.1 nm. If we compare to sample C which has a high p-doping level near the interface, the dark space changes less, it goes from 1.0 nm to 0.8 nm and the confinement of the channel also changes less when n s increases. Regarding sample B, whose high p-doping level is far from the interface, it finds itself a little between samples A and C.

Mobility measurements vs calculations

The material properties used in the calculations are given in Tables. 4.1 and 4.2. The intrinsic transport limitations are the phonons. They make it possible to account for the drop in mobility when the temperature increases. Acoustic phonons (deformation potential (ADP) and 4.1). [START_REF] Bernardini | Polarization-Based Calculation of the Dielectric Tensor of Polar Crystals[END_REF] and optical modes ω from [START_REF] Ruf | Phonon Dispersion Curves in Wurtzite-Structure GaN Determined by Inelastic X-Ray Scattering[END_REF] 2 E G , ϵ 0 from [START_REF] Yatabe | Characterization of Electronic States at Insulator/(Al)GaN Interfaces for Improved Insulated Gate and Surface Passivation Structures of GaN-Based Transistors[END_REF], effective mass from [START_REF] Perevalov | Electronic Structure of α-Al2O3: Ab Initio Simulations and Comparison with Experiment[END_REF] and the rest from [START_REF] Massimo | Effective Electron Mobility in Si Inversion Layers in Metal-Oxide-Semiconductor Systems with a High-κ Insulator: The Role of Remote Phonon Scattering[END_REF] [START_REF] Frederick | Surface Phonons in Thin Aluminum Oxide Films: Thickness, Beam-Energy, and Symmetry-Mixing Effects[END_REF]. (ϵ int ≈ ϵ ∞ (ω T O2 /ω LO2 ) 2 as explained in [START_REF] Massimo | Effective Electron Mobility in Si Inversion Layers in Metal-Oxide-Semiconductor Systems with a High-κ Insulator: The Role of Remote Phonon Scattering[END_REF] with ω LO2 taken from [START_REF] Frederick | Surface Phonons in Thin Aluminum Oxide Films: Thickness, Beam-Energy, and Symmetry-Mixing Effects[END_REF]) piezoelectric potential (PE)), polar optical phonons (POP) and surface optical phonons (SO) are taken into account in the calculations. Fig. 4.15 compares all the phonons limited mobility, highlighting the dominance of POP. ADP and PE are above 10000 cm 2 .V -1 .s -1 so that their effect on the total mobility is very small compared to SO and POP. The total phonon limited mobility is also shown and it is slightly above 1000 cm 2 .V -1 .s -1 at room temperature, which is much higher than the experimental effective mobility whose maximum value is around 150 cm 2 .V -1 .s -1 (see Fig. 4.12), thereby confirming that phonons are far from being the main scattering mechanism limiting transport.

E G m Γ α ϵ 0 ϵ ∞ ϵ int ω LO ω T O i (eV) (m 0 ) (eV -1 ) (ϵ 0 ) (ϵ 0 ) (ϵ 0 ) (meV) (meV) GaN 1 3.4 0.2 0.186 10.28 5.7 - 92 ω T O3 =70 Al 2 O 3 2 7.0 0.4 - 9 3.2 7.27 - ω T O1,T O2 =48, 70 1 E G , m Γ from [28]. ϵ 0 , ϵ ∞ from
The Coulomb scattering induced by the p-dopants in samples B, C and D, is included in the simulations using directly the experimental profiles N A (z) in Fig. 4.11b. As the incomplete ionization is taken into account, the ionized p-dopants are considered as Coulomb centers and those non-ionized can be considered as neutral impurities. However, in the n s range studied, all the p-dopants located at the level of the channel are ionized by field effect, so there are not really non-ionized p-dopants in the simulations that contribute to scattering. That being said, another important point is that the mobility is already strongly degraded in sample A, which is not p-doped, so it is necessary to include other defects.

To get ahead, the only way to account for the low effective mobility observed in sample A and for the detrimental effect of p-doping on mobility (samples B, C and D), is to reinforce scattering mechanisms induced by defects whose effects are felt close to the Al 2 O 3 /GaN interface. Among these, there are the interface charges (ICs) (Coulomb scattering) but also the interface roughness (IR) which is known as a limiting mechanism in MOS devices [START_REF] Ando | Electronic Properties of Two-Dimensional Systems[END_REF][START_REF] Takagi | On the Universality of Inversion Layer Mobility in Si MOSFET's: Part I-Effects of Substrate Impurity Concentration[END_REF][START_REF] Ghibaudo | Transport in the Inversion Layer of a MOS Transistor: Use of Kubo-Greenwood Formalism[END_REF], especially at high n s . A high density of ICs having the same sign would induce a high V TH shift, which is not observed. Alternative defects which do not affect the V TH are neutral impurities (NIs). That is why, we assume a part of the defects located near the interface to be NIs. We considered If we go to sample B then C, IR limited mobility has a strong impact even at low n s . For instance, at n s = 3.10 12 cm -2 , the IR limited mobility of sample A is well above 1000 while the IR limited mobility of sample C is about 200 cm 2 .V -1 .s -1 . At n s = 10 12 cm -2 , IR is the second most important mechanism limiting the transport in sample C whereas for sample A, IR does not have an effect. As explained when describing Fig. 4.14, this is because the electron channel of sample A becomes more confined and its dark space reduces noticeably from low n s to high n s , so its IR limited mobility (in Fig. 4.18) decreases a lot when n s increases. In contrast, the electron channel of sample C does not change much from low n s to high n s because it is confined due to p-doping. That is why the IR limited mobility of samples C (in Fig. 4.18) does not change much when n s increases. However, IR limited mobility cannot explain on its own the reduction in effective mobility induced by p-doping. ICs and NIs limited mobilities are also reduced by p-doping and their effect on transport is important, especially at low n s (see Fig. 4.18). Another anecdotal and expected information is that SO phonons also have more effect with p-doping, due to the fact that the SO potential (Eq.(4.115)) decays away from the interface. The SO limited mobility drops by about 16 % from sample A to sample C (but the effect of SO phonons is negligible in any case).

As a consequence, the overall good agreement between calculations and experimental data on various samples strongly suggests that the transport limitations mostly come from interface roughness and from defects located near Al 2 O 3 /GaN interface because it seems to be the only way of explaining both the degraded mobility and the detrimental effect of p-doping on the mobility. We illustrated the effect of interface charges and neutral impurities in this study but the exact origin of these defects is unknown. They can be due to Al 2 O 3 itself or related to the interface.

In the calculations conducted in samples B, C and D, the Mg concentration profiles are given in Fig. 4.11b and all the Mg atoms have been described as acceptors with an activation energy e A = 0.16 eV. But, the Mg activation rate is unknown (i.e., it is not sure that all Mg atoms are acceptors, with a position in the gap which is about 0.15-0.20 eV above the valence band). In Fig. 4.20, the experimental mobility of each sample is compared to the calculated mobility 3. Results: low field mobility of Al 2 O 3 /GaN electron channel considering different Mg activation rates. What we first observed is that the best agreement with the experimental data is obtained when all the Mg atoms are acceptors (100 % activation, calculations depicted in Fig. 4.16). But since the change in mobility remains small by varying the activation of Mg from 75 % to 100 %, this does not constitute an irrefutable proof that all the Mg atoms are activated. In Fig. 4.20, we see that at 50 % of activation, calculations are less in agreement with experiments, especially for sample C and D. For instance, the difference in mobility obtained in the calculations between sample C and D is too low compared to the experimental case. At 10% activation, calculations greatly underestimate the experimental variations. These comparisons suggest that more than 50% of the Mg atoms are activated. Note that in these samples, as the p-doped layers are not thick enough (< 200 nm), it is difficult to evaluate the activation of Mg via the 1/C2 vs V G method used in the previous chapter. Thus, the analysis of the mobility appears to be valuable also because it provides information regarding the activation of Mg.

Effect of the proximity of the GaN:C layer (samples without p-doping)

As shown in Fig. 4.13, the Fermi level in GaN:C is uniform and pinned at around 0.8 eV from the valence band. In sample A (Al 2 O 3 /GaN:UID/GaN:C), which is not p-doped, it is clear that this GaN:C layer determines the electric field in GaN:UID and so in the channel. And we can guess, just by looking at the bands of sample A in Fig. 4.13, that by reducing the distance between the GaN:C layer and the Al 2 O 3 /GaN interface (i.e., the GaN:UID thickness), the electric field in the channel will increase and so the electron channel will be more confined and closer to Al 2 O 3 . This implies that the proximity of the GaN:C layer to the Al 2 O 3 /GaN interface has a similar effect as the proximity of p-doping to this interface 24 . Hence, by getting the GaN:C layer closer to Al 2 O 3 , we expect the mobility to decrease because the electron channel gets closer to the interface and so closer to ICs, NIs and IR. This is what we observed from measurements carried out on samples E and F, represented in Fig. 4.21(right). They are equivalent but only differ by the GaN:UID thickness. Note that samples E and F are not compared to sample A because of different process/epitaxy conditions. The measurements of their effective mobility is shown in Fig. 4.21(left) and it can be noticed that the mobility decreases by getting the GaN:C layer closer to Al 2 O 3 . Calculations, reported in Fig. 4.22(a), are consistent with the measurements. The mobility decreases by reducing GaN:UID thickness because the electron channel is more confined and closer to interface defects (ICs, NIs and IR), as illustrated in Fig. 4.22(b). But the difference in mobility between the 250 nm and 50 nm case is higher in the calculations than in measurements. Since Carbon SIMS data were not available on these samples, the best way to explain this discrepancy is the uncertainty on GaN:UID thicknesses of the samples measured. Indeed, if we consider a Carbon density of 10 18 cm -3 in the channel (voluntarily exaggerated), whether neutral or ionized, the associated neutral or Coulomb limited mobility is above 5000 cm 2 .V -1 .s -1 when n s ≥ 4 • 10 12 cm -2 (see Fig. 4.9). This is too high to account for the observed drop in 3. Results: low field mobility of Al 2 O 3 /GaN electron channel mobility between the 250 nm and 50 nm case. Accordingly, as for the p-doped GaN layer under the electron channel, it seems that the effect of the GaN:C layer on the mobility is purely electrostatic. Hence, the above observations support the hypothesis concerning interface defects and the pinning of the Fermi level in GaN:C. The temperature behavior of the effective mobility from 77 K to 298 K, measured in sample A, is shown in Fig. 4.23(left). It can be noticed that at high n s , the mobility almost does not depend on the temperature while at low n s , the mobility increases when the temperature increases. It is an opposite effect to the phonons which decreases the mobility when the temperature increases. Therefore, phonons have a negligible effect at low temperature (i.e., below room temperature). In contrast, at high temperatures (i.e., above room temperature) the mobility measured in sample A was given in Fig. 4.12 and it clearly decreases with increasing temperature over the whole n s range. We therefore deduce that above room temperature, the phonons dominated by POP, begin to reduce the mobility, even if this reduction remains relatively small because the phonons are not the dominant mechanism.

Low temperature behavior

Returning to Fig. 4. 23(left), this increase in mobility with increasing temperature can be attributed to Coulomb-type impurities such as ICs or to neutral impurities. As pointed out by Sah et al. [START_REF] Sah | The Scattering of Electrons by Surface Oxide Charges and by Lattice Vibrations at the Silicon-Silicon Dioxide Interface[END_REF], electrons are scattered mostly with impurities located within a thermal wave length λ th = 2π ℏ 2 2m Γ k B T . When the temperature increases, the thermal energy of electrons increases so the thermal wave length of electrons decreases. This means less electrons will be scattered so the mobility increases. We calculated the mobility from 77 K to 298 K including only ICs, NIs and IR (IR is included to account for the mobility at high n s ). It is shown in Fig. 4.23(center) in case we use more NIs than ICs and in Fig. 4. 23(right) in the case we use more ICs than NIs. The agreement with the measurements is good, especially regarding the temperature dependence. What is interesting is that the high density of defects placed at the interface (ICs and NIs) not only explains the low value of the mobility but also its temperature dependence. Consequently, this analysis of the low temperature behavior further supports the assumption of a high density of defects near the Al 2 O 3 /GaN interface. The mobility was measured on three p-doped samples, represented in Fig 4 .24. Sample G is equivalent to samples C and D previously studied except that its mobility is lower at high n s (see Fig 4.24), which we attributed to a higher roughness. Samples H and I are similar but they have an additional AlN inter-layer of 1 nm and 3 nm, respectively, located between Al 2 O 3 and GaN. Note that the dielectric process of these samples was not performed at CEA-Leti. This can explain some differences compared to the previous studied samples. As can be noticed in Fig. 4.24, the AlN inter-layer improves the mobility and this improvement is greater at 3 nm. This indicates that at least part of the defects that we have located at the Al 2 O 3 /GaN interface (charges and/or neutral impurities and/or roughness) are due to Al 2 O 3 .

Introduction of an AlN interlayer to increase the mobility

To calculate the mobility of sample G, we used the same density of interface charges and neutral impurities as before (same as samples A, B, C and D) but we changed the roughness root mean square to ∆ SR = 0.7 nm to account for the low mobility observed at high n s . For samples H and I, the interface charges and neutral impurities that were previously located at Al 2 O 3 /GaN interface are now assumed to be located at Al 2 O 3 /AlN interface. The interface roughness is considered at AlN/GaN interface 25 with ∆ SR = 0.7 nm, same as sample G. For all samples, we took into account the Coulomb scattering induced by p-dopants. The results of these calculations are shown in Fig. 4.25. As it can be seen, the mobility increases by including the AlN inter-layer and this is because the interface charges and neutral impurities are further away from the electron channel by a distance t AlN (thickness of AlN). On these distances, the scattering potentials have much less effect. In fact, they have nearly none in sample I which is nearly only impacted by interface roughness over the whole n s range. The bad agreement with experimental data, especially at high n s , is thought to be caused by our assumption of keeping the same ∆ SR in samples H and I as in sample G. That is why, for sample H, we set ∆ SR to 0.57 nm and for sample I, we set ∆ SR to 0.55 nm. The mobility curves resulting from this modification are shown in Fig. 4.26(left). The agreement with experimental curves is better at high n s but in the rest of the n s range, the effect of the AlN inter-layer on the mobility is overestimated in the calculations compared to experiments. A possible way to explain this and to have a better agreement with experiments is to assume that there are also defects like charges at the AlN/GaN interface. By considering an interface charge σ AlN/GaN = 2.8 • 10 12 cm -2 , the mobility curves shown in Fig. 4.26(right) are a bit more in agreement with experiments.

What this study on AlN shows is that at least part of the defects degrading the mobility of Al 2 O 3 /GaN electron channel come from Al 2 O 3 . It is probable that the roughness at the Al 2 O 3 /GaN interface is higher than that at the AlN/GaN interface. This is supported by the experimental curves in Fig. 4.24 because the AlN has more effect at high n s than at low n s . The fact that the beneficial effect of AlN is smaller at low n s suggests that a part of the defects that we previously located at Al 2 O 3 /GaN interface are not caused by Al 2 O 3 . In other words, it suggests that a part of the defects are present at the GaN top surface whatever the insulator on top. This could explain why including interface charges at AlN/GaN interface (Fig. 4.26(right)) leads to better agreement with experiments.

Conclusion of this section

This study, based on the comparison between measurements made on different samples and semiclassical calculations, strongly suggests that the low field transport at the Al 2 O 3 /GaN interface is mainly limited by interface roughness and impurities/defects located near the interface such as interface charges or neutral impurities. In particular, we have shown that the only way to account for both the degraded mobility and the impact of p-doping on the mobility is to assume a large amount of defects close to the Al 2 O 3 /GaN interface. The other phenomena illustrated, which are, the effect of the proximity of the GaN:C layer, the low temperature behavior of sample A, and the increase in mobility induced by the introduction of an AlN inter-layer between Al 2 O 3 and GaN, support the initial hypothesis (near-interface impurities/defects and important effect of interface roughness). It is interesting to note that the total density of near-interface impurities/defects (charges and neutral impurities) used in the calculations to account for the experimental mobility is of the same order of magnitude as the polarization of GaN which is is small (9 and for the first and around 10 for the second). In fact, we checked this assumption by employing the model of Gamiz and Roldan [START_REF] Gámiz | Scattering of Electrons in Silicon Inversion Layers by Remote Surface Roughness[END_REF] for remote surface roughness.

2DEG mobility from 77 K to 300 K

The 2DEG is part of our transistor in the access region (see Fig. 1.22) and there is no gate to control its density so the 2DEG density that contributes to transport is that at equilibrium. It is obtained by integrating the C GC (V G ) measurements up to V G = 0 V (n s = 1 e V G V T H1 C GC (V )dV ) 27in a gated and squared Van der Pauw test structure (200 µm * 200 µm). The resistance is obtained as explained in chapter 2 and the mobility is extracted by split-CV technique. The mobility of the 2DEG is given in Fig. 4.27. It is slightly above 2000 cm -2 .V -1 .s -1 at room temperature and reaches 13 000 cm -2 .V -1 .s -1 at 77 K. This is close to the value reported by Siddique et al. [START_REF] Siddique | Improved Electrical Properties of AlGaN/GaN High-Electron-Mobility Transistors by In Situ Tailoring the SiNx Passivation Layer[END_REF] which is about 13 500 cm -2 .V -1 .s -1 at 77 K and is the highest value we found for an AlGaN/GaN stack grown on Silicon substrate. Thus, it seems that the epitaxy of the transistor is well optimized in comparison to the literature. Fig. 4.27 also gives the mobility limited by all phonons and the total phonon limited mobility. It can be noticed that above 250 K, phonons are sufficient to account for the experimental mobility. Since the operating temperatures are higher than or equal to 300 K, seeking to further optimize the mobility does not seem useful because the limitations are intrinsic. It would be more interesting to seek to increase the 2DEG density while maintaining a high mobility. Returning to Fig. 4.27, we can mention that the calculated phonon limited mobility is below the experimental mobility above 250 K which means that the Figure 4.27: Experimental mobility of the 2DEG (at V G = 0 V) as a function of temperature (from 77 K to 300 K) (unfilled squares) and calculated mobility associated to GaN phonons (PE, ADP, POP) and total phonon limited mobility. The stack is represented on the right. For the calculation, the parameters are the same as before. The material parameters of AlGaN, AlN and SiN are the same as in chapter 3. Measurements are performed as explained in Chap. 2, Sec. 3.3. calculation is inaccurate. It is possible that this stems from the approximation in Eq. 4.41 which could be inexact for POP scattering since it is an inelastic and anisotropic mechanism [START_REF] Marin | Implicit versus Explicit Momentum Relaxation Time Solution for Semiconductor Nanowires[END_REF]. Unfortunately, we did not had time to go beyond this approximation. Note that not taking into account dynamic screening of POP potential would lead to even more inaccuracy since the POP limited mobility would be even smaller. The experimental mobility at 77 K cannot be explained fully with phonons. Other scattering mechanisms whose total mobility is about 20 000 cm -2 .V -1 .s -1 must be introduced to account for experiments. Following the literature, these could be alloy disorder, dislocations, ionized impurities or roughness.

Effect of a p-doped GaN layer under the 2DEG on its mobility

Fig. 4.28 exposes measurements of the 2DEG mobility on two stacks, one which does not have a p-doped GaN layer under the 2DEG and one which have a p-doped layer at 100 nm below the 2DEG. It can be observed that this p-doped layer does not affect much the mobility. At low n s , it has nearly no effect while at high n s it decreases the mobility by about 2.5 % which is very small. Since the p-doped layer has much less effect at low n s , it means that it does not induce more Coulomb scattering. Its slight effect at high n s could be due to the fact that electrons are more confined and closer to the AlN/GaN interface so that the effect of AlGaN alloy disorder or interface roughness is more important. Hence, the effect of this p-doped layer is very small on the mobility. Its major negative impact on the resistance comes from the reduction of the 2DEG density. The difference is approximately 1.2 • 10 12 cm -2 between the cases without and with the p-doped GaN layer. Finally, it may be interesting to recall that in the case of Al 2 O 3 /GaN stack, the p-doping away from the interface (sample B for example) had a great effect on the mobility due to defects at the interface level. On the contrary, in the AlGaN/GaN case (2DEG), the p-doping has very little effect on the mobility because the interface is clean and free of defects.

Conclusion of this section

We have shown that the mobility of the device developed at CEA-Leti achieves very high 2DEG mobility, in particular close to the maximum value reported at 77K on devices grown on Silicon substrate. Moreover, it appears that for temperatures above 250 K, the mobility is nearly only determined by polar optical phonons such that further optimization will not lead to a better mobility at operating temperatures of the device. The optimization should be oriented to increase the 2DEG density. Last, the p-doped GaN layer located below the 2DEG has almost no effect on the 2DEG mobility but it reduces the 2DEG density.

Conclusion of this chapter

In this chapter, the main purpose was to contribute to the understanding of the mechanisms limiting transport in the Al 2 O 3 /GaN electron channel by comparing calculations coming from physical models with measurements carried out on various samples. Before presenting the results, we have precisely described the theoretical foundations, namely the semi-classical formalism. This treats electrons as wave-packets whose velocity can be described from the effective mass and whose scattering rate induced by a perturbation, called scattering mechanism, is obtained from Fermi's golden rule. Macroscopic data such as electron density and low field mobility are obtained using the linearized Boltzmann transport equation combined with the relaxation time approximation.

Then we described separately the effect of each scattering mechanism by putting in equation the so-called scattering matrix elements which describe the interaction between the perturbation potential and the wavefunctions. The mechanisms considered are: acoustic phonons (deformation potential and piezoelectric potential), polar optical phonons, surface optical phonons, Coulombtype impurities, neutral impurities and interface roughness. Besides, the dielectric screening, an important physical phenomenon that affects the matrix elements has been precisely taken into account in the random phase approximation. Dynamic screening of polar optical phonons, that is, the response of the electron channel to the time dependent polar optical phonon potential has also been considered and was shown to have a non negligible effect on mobility calculation.

The most important result obtained during this thesis is presented in the third section of this chapter. This is the effect of GaN p-doping on the mobility of Al 2 O 3 /GaN electron channel. By comparing calculations to experiments conducted on samples with varying proximity of p-doping to the Al 2 O 3 /GaN interface, we are able to explain not only the degradation of the mobility in the undoped sample but also the detrimental effect of p-doping on the mobility. We found that, due to p-doping, the mobility decreases because the electron channel is more confined and located closer to Al 2 O 3 , thereby enhancing scattering mechanisms located near the Al 2 O 3 /GaN interface. The overall good agreement between calculations and experimental data on various samples strongly suggests that the transport limitations mostly come from interface roughness and from impurities/defects located near Al 2 O 3 /GaN interface. We illustrated the effect of interface charges and neutral impurities in this study but the exact origin of these impurities/defects remains unknown. They can be due to Al 2 O 3 defects, GaN surface defects or to interface-related defects. The effect of p-doping on mobility also strongly suggests that more than 75 % of Mg is activated as a shallow acceptor. The low temperature behavior of the undoped sample from 77 K to 298 K further supports the existence of near-interface impurities/defects, especially because this hypothesis allows to account not only for the low value of the mobility but also for its low temperature dependence. Likewise, the proximity of the GaN:C layer to the interface induces a similar effect as the proximity of p-doping because of the Fermi level pinning in GaN:C so that it also further supports the existence of near-interface impurities/defects. Last, the inclusion of

Conclusion of this chapter

an AlN inter-layer between Al 2 O 3 and GaN increases the mobility. This can be attributed to the lower roughness of AlN/GaN interface compared to Al 2 O 3 /GaN interface but also to the fact that, thanks to AlN, Al 2 O 3 is farther from the electron channel such that the effect of impurities/defects induced by Al 2 O 3 is weakened. Nevertheless, we think that these two reasons cannot fully explain experimental data and we believe that there are remaining impurities/defects near AlN/GaN interface but not induced by Al 2 O 3 .

Last, we have highlighted that the 2DEG mobility of the power transistor developed at CEA-Leti is close to the maximum value reported at 77 K for a device grown on Silicon substrate. Moreover, at operating temperatures, that is, above room temperature, the low field transport seems only determined by polar optical phonons of GaN, as expected from literature. The pdoped GaN layer below the 2DEG does not change much its mobility but reduces its electron density. We believe that the path for optimizing 2DEG's resistance is to increase the 2DEG density. The equations determined in chapter 3, in particular those describing V T H1 , can be valuable for this task.

Conclusion and perspectives 1 Conclusion

The GaN-based MOS-HEMT transistor, under development at CEA-Leti, is meant for power converters in the low-voltage market (< 900 V). The objective of the thesis was to understand what governs the electrostatic and low-field lateral electron transport properties in Al 2 O 3 /GaN and AlGaN/GaN electron channels, both involved in the MOS-HEMT transistor.

Chapter 2 presents electrical characterization methods, most of which are well known. But certain precautions must be taken, in particular to prevent the gate voltage stress, which becomes significant above room temperature, from impacting the measurements. This makes it important to always check the repeatability of the measurement. To overcome the important gate voltage stress for temperatures above 298 K, a new technique to extract the effective mobility by the split-CV method, based on fast and simultaneous capacitance and current measurements was validated and employed. This technique was applied to extract the effective mobility of the Al 2 O 3 /GaN electron channel for temperatures ranging from 298 K to 423 K.

In chapter 3, the electrostatic properties of SiN/AlGaN/GaN and Al 2 O 3 /GaN stacks are investigated by comparing the gate-to-channel capacitance vs gate voltage curves obtained experimentally to those obtained by Schrödinger-Poisson simulations. We have highlighted a new method allowing to estimate the charges at the SiN/AlGaN and AlGaN/GaN interfaces, based on the knowledge of V T H1 (threshold voltage of the AlGaN/GaN channel) and V T H2 (threshold voltage of the SiN/AlGaN channel). We have experimentally varied the polarization of AlGaN by varying the Al fraction from about 23 % to 27 % and found that the interface charge obtained at AlGaN/GaN interface is close to theoretical expectations and that its dependency with Al fraction has the expected trend, thus validating that the polarization of AlGaN varies in a non-negligible way. Despite this variation, the interface charge at SiN/AlGaN interface was found to be very low and independent of Al fraction, thereby proving, differently from what was done before, that the negative polarization charge of AlGaN at the SiN/AlGaN interface is compensated. Regarding the Al 2 O 3 /GaN stack, we studied it by exploiting the 1/C2 vs V G method and the gate-to-channel capacitance in stacks with different doping conditions in GaN and different Al 2 O 3 thicknesses. This allows dissociating the interface (plus oxide) charges and the doping charges. The interface charge obtained in Al 2 O 3 /n-GaN stack was found to be very low and positive, thus confirming that the negative polarization charge of GaN at Al 2 O 3 /GaN interface is compensated. Then, it has been noticed that p-doping only slightly increases the V TH , which moreover does not depend on the oxide thickness. Since we proved that the effective doping density N - A -N + D is superior to 5.10 17 cm -3 , the non dependence of the V TH with the oxide thickness is most likely due to positive charges at Al 2 O 3 /p-GaN interface which exactly compensate the negative sheet charge induced by p-doping.

The last chapter dealt with low-field electron transport with the aim of better understanding what limits the effective mobility of Al 2 O 3 /GaN channel, and, checking the 2DEG mobility optimization. At first, we precisely described the semi-classical formalism and the treatment of each scattering mechanism, allowing calculating the mobility. In particular, we highlighted the importance of the dynamic screening of polar optical phonons, but also a way of dealing, at first order, with the effect of neutral impurities on the mobility of a 2D electron channel. Then, the mobility of Al 2 O 3 /GaN electron channel was calculated and compared to measurements performed on several samples. One of the most significant results was obtained by comparing the calculations to experiments conducted on samples with varying proximity of p-doping to the Al 2 O 3 /GaN interface. We found that, due to p-doping, the mobility decreases because the electron channel is more confined and located closer to Al 2 O 3 , thereby enhancing scattering mechanisms located near the Al 2 O 3 /GaN interface. These are interface roughness and impurities/defects whose effect is significant at low electron sheet density such as interface charges and neutral impurities. These near-interface scattering mechanisms make it possible to obtain an overall good agreement between calculations and measurements on various samples for temperatures ranging from 298 K to 423 K. Furthermore, the low temperature behavior of the undoped sample from 77 K to 298 K and the effect of the proximity of the GaN:C layer to the interface further supports the existence of near-interface impurities/defects. The inclusion of an AlN inter-layer between Al 2 O 3 and GaN increases the mobility. This can be attributed to the lower roughness of AlN/GaN interface compared to Al 2 O 3 /GaN interface but also to the fact that, Al 2 O 3 is farther from the electron channel such that the effect of impurities/defects induced by Al 2 O 3 is weakened. Concerning the 2DEG mobility, it seems well optimized because its value is almost equivalent to that limited by phonons at room temperature and above.

Limits of the work and perspectives

Despite the fact that we have obtained a number of additional information regarding the electrostatic and low-field electron transport properties, a number of elements are incomplete. Our work leaves questions unanswered:

• By which mechanisms is the negative polarization charge of AlGaN at the SiN/AlGaN interface compensated ? Same question for the negative polarization charge of GaN at the Al 2 O 3 /GaN interface.

• What is the origin of the positive charges at the Al • Is it possible that the mechanisms compensating the negative polarization charge at Al 2 O 3 /GaN interface are the same as those which compensate the negative sheet charge induced by p-doping ?

• What is the origin of the impurities/defects close to the Al 2 O 3 /GaN interface which are responsible for the degraded mobility of Al 2 O 3 /GaN electron channel ? Is it possible that these impurities/defects are the mechanisms which compensate the negative polarization charge at the Al 2 O 3 /GaN interface ? (this question arises because it is curious to note that the density of interface charges plus the sheet density of neutral impurities is about 2 × 10 13 cm -2 to account for the experimental mobility. And the polarization of GaN is known to be around 2.1 × 10 13 cm -2 .)

Furthermore, the calculations/equations we have established and compared to experiments can be employed as guidelines for device performance optimization. Two parameters can be optimized: the 2DEG density at V G = 0 V and the mobility of Al 2 O 3 /GaN electron channel. The guidelines for the first are given in chapter 3 (equations describing V T H1 ) and the guidelines for the second are given in chapter 4 (effect of p-doping and of the AlN inter-layer on the mobility for example).
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 12 Figure 1.2: Classification of Si, SiC and GaN based devices regarding their operating frequency and switching power. Taken from [3].
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 13 Figure 1.3: Expected short term applications of GaN-based devices market. Taken from [5].
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 14 Figure 1.4: (a) Hexagonal wurtzite crystal structure (Source: Wikipedia). (b) The red parallelepiped is the unit cell of the hexagonal lattice and (a 1 , a 2 , a 3 ) are its primitive vectors.
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 15 Figure 1.5: Representation of the wurtzite tetrahedron in the Ga polar and N polar cases. The sum of dipoles associated to each bond is also represented.
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 16 Figure 1.6: Simplified 2D representation of GaN structure in the Ga polar case (left) and corresponding simplified dielectric scheme showing the dipoles associated to each tetrahedron (right). The sum of the dipoles results in a negative surface charge at the top and positive surface charge at the bottom (in the N polar case, we have the opposite).

Chapter 1 .

 1 Introduction a 0 [Å] c 0 [Å] u 0 [c 0 ] P sp [C.m -2 ] GaN 3

Figure 1 . 7 :

 17 Figure 1.7: (a) Lattice constant a 0 (x) and (b) lattice constant c 0 (x) for Al x Ga 1-x N. The points correspond to experimental measurements (HRXRD) and the solid lines are linear fits to experimental data. The dashed lines have been obtained from DFT calculations [12]. This figure is taken from [12].
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 21 m i terms are integers and (b 1 , b 2 , b 3 ) are primitive vectors of the reciprocal lattice and can be expressed to meet the condition e i G.R = 1 as,
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 19 Figure 1.9: (a) 2D plane (b 1 , b 2 ) of the reciprocal lattice showing the first Brillouin surface in this plane. The smallest volume centered at a node allowing filling all the space is an hexagon. (b) In 3D, The first Brillouin zone of a wurtzite lattice is a hexagonal prism. For reasons of symmetry, the study of the wavefunctions and energies can be limited to the triangular prism represented in red and defined by the points Γ, A, K, M , H, L.

  Figure 1.10: (a) GaN and (b) AlN band structures calculated in [21]. Figure taken from [21].

Figure 1 .

 1 Figure 1.11: Left: Simplified 2D representation of an Al 0.5 Ga 0.5 N layer stacked on top of a GaN layer (Ga polar case). Right: Corresponding simplified dielectric scheme showing the dipoles associated to each material and the resulting polarization charges.(P AlGaN sp
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 1 Figure 1.12: Polarization-induced interface charge σ pol AlGaN/GaN versus Al mole fraction x (Eq. (1.31)).
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 113 Figure 1.13: Conduction band (left axis) and Electron density (right axis) versus Depth in an Al x Ga 1-x N/GaN stack with x = 0.25. They are obtained with self-consistent 1D Schrödinger-Poisson calculations (detailed in chapter 3).
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 1 Figure 1.14: STEM picture of an AlGaN/GaN sample taken from Ref. [32].
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 1 Figure 1.15: Cross-sectional TEM images of a stack showing the AlN NL deposited on Si and the transition layers Al x 1 Ga 1-x 1 N/Al x 2 Ga 1-x 2 N with x 1 < x 2 . Taken from Ref. [16].
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 1116 Figure 1.16: Vertical leakage current versus vertical voltage measurements applied on Al-GaN/GaN devices with and without C-doped GaN layer (GaN:C is the C-doped layer). Sample A has not intentional C-doping ([C] < 5 • 10 17 cm -3 ) while samples B and C are intrinsically and extrinsically C-doped ([C] ≈ 2 • 10 19 cm -3 ), respectively. This figure was taken from Ref. [67].
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 117 Figure 1.17: Formation energy vs Fermi level for C Ga and C N level GaN under (a) Ga-rich conditions and (b) N-rich conditions. This figure was taken from Ref. [74].
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 118 Figure 1.18: Simplified scheme showing the main features of a Normally-ON AlGaN/GaN transitor (Schottky gate case).
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 119 Figure 1.19: Representation of a cascode HEMT. Scheme taken from [90].
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 121 Figure 1.21: Example of a vertical GaN transistor. Figure taken from [94].
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 122 Figure 1.22: Representation of the full recess MOS-HEMT developed at CEA-Leti.
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 21 Figure 2.1: (a) View from above: Van der Pauw squared structure. (b) Side view:SiN/AlGaN/GaN stack (Note that there is always a thin AlN between AlGaN and GaN). For simplicity, we do not show the layers below the GaN channel.
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 22 Figure 2.2: (a) View from above of the test transistor. (b) Side view of the test transistor used to characterize the Al 2 O 3 /GaN electron channel. For simplicity, we do not show the layers below the GaN channel.

  not influenced by access and gate corners resistances. The derivative of the resistance R = V D /I D (V G ) with respect to L G is obtained from a linear regression based on the measurements performed at L G = 20, 30, 40, 50 and 60 µm. The relative error Rs-R corrected s R corrected s
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 23 Figure 2.3: Illustration of a capacitance vs V G measurement in Al 2 O 3 /GaN case. For the SiN/AlGaN/GaN case, the principle is the same but applied on the Van der Pauw structure in Fig. 2.1.
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 25 Figure 2.5: Comparison between a small-signal C GC (V G ) measurement at f = 100 Hz and a QSCV C GC (V G ) measurement with a ramp speed v = 5 V/s. Measurements are performed on an Al 2 O 3 /GaN test transistor (Fig. 2.2) which does not have p-doping in GaN.
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 27 Figure 2.7: Illustration of the experimental setup.
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 28 Figure 2.8: Backward and forward fast I D (V G ) measurements at different L G . Left : gate voltage ramp speed v = 0.1 V/µs. Right : gate voltage ramp speed v = 0.01 V/µs.
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 29 Figure 2.9: (a) C GC (L G ) extracted at V G = 4 V with the fast C GC measurements and QSCV measurements. A parasitic capacitance is extracted in the fast C GC measurement (intersection with y-axis) and is corrected in (b). (b) C GC (V G ) characteristics obtained with fast C GC (V G ) and QSCV measurements at different L G . For fast C GC (L G ) measurements, v = 0.01 V/µs. W G = 200 µm.
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 213 Figure 2.13: Experimental effective mobility µ ef f vs n s extracted by split-CV method (using Eq.(2.11)) at T = 298 K for L G = 60 µm. The mobility is extracted at IMEP-LAHC using usual slow measurements and at CEA-Leti using the fast measurement technique.
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 31 Figure 3.1: Flowchart illustrating the self-consistent numerical resolution of 1D Schrödinger and Poisson equations. Blue lines illustrate the case where the classical description of carriers is used, in which case, the Schrödinger equation is not solved. We only showed the equations for electrons (n(z)) but the same procedure goes for holes. Note also that if incomplete ionization model is considered, N + D and N - A need to be recalculated at each iteration with Eq. (3.42) and Eq. (3.43), respectively, just as the carrier densities, and have to be included in the calculation of dρ/dϕ.
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 32 Figure 3.2: Quantities obtained from 1D Schrödinger-Poisson calculations and from 1D Poisson calculations (with classical description) applied on a gate metal/Al 2 O 3 /GaN stack at V G = 3 V. (a) electrostatic potential ϕ(z), (b) the conduction band E c (z) = E b (z) -eϕ(z), (c) The wavefunctions ψ n (z) of the first three subbands (for the quantum description case) and (d) the electron density n(z).
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 33 Figure 3.3: Quantities obtained from 1D Schrödinger-Poisson calculations and from 1D Poisson calculations (with classical description) applied on a gate metal/Al 2 O 3 /GaN stack. (a) Gate-tochannel capacitance C GC vs gate voltage V G obtained with quantum and classical description of the electron density, (b) Energy E z n of the first three subbands and (c) Percentage of occupation of each subband.
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 2 C GC (V G ) and I D (V G ) measurements over a V G range enabling the extraction of V T H1 and V T H2 on samples with different Al fraction x, AlGaN thicknesses (t AlGaN ) and channel thicknesses (t ch ) (see Fig.3.5a). t ch is the distance betwen the AlGaN/GaN interface and the p-doped GaN layer.3-Comparison between measurements, Schrödinger-Poisson (SP) simulations and analyticalcalculations in order to estimate the interface charges and N - A in the p-doped layer.
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 35 Figure 3.5: (a) Representation of the structure measured (the Mg concentration in the p-doped layer is around 10 18 cm -3 ). (b) Gated van der Pauw square structure with 200 µm length.
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 36 Figure 3.6: (a) Simulated structure and parameters that will be studied. (b) C GC (V G ) characteristic obtained from SP (Schrödinger-Poisson) simulations. AlGaN parameters are calculated with x = 0.25, t AlGaN = 20 nm and t ch = 100 nm.A small negative value is considered for σ SiN/AlGaN in this illustrative simulation because otherwise V T H1 would be positive and so there would be no 2DEG at V G = 0 V.
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 622 Figure 3.7: Conduction band energy E c vs depth obtained at V G = V T H1 with SP simulations. Same parameters as in Fig. 3.6b are used.

Figure 3 . 8 :

 38 Figure 3.8: Conduction band energy E c vs depth z in GaN obtained at V G = V T H1 with SP simulations. Same parameters as in Fig. 3.6b are used.
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 70 Substituting ϕ(t ch ) in Eq. (3.69) and replacing F (0 + ) by its expression in Eq. (3.70) leads to a quadratic equation for W dep :

80 )

 80 Substituting Eq.(3.80) in Eq.(3.63) and then Eq.(3.63) in Eq.(3.77) gives an equation for V T H2 :

2 .

 2 Figure 3.9: Conduction band energy E c vs depth z in GaN obtained for V G varying between V T H1 and V T H2 with SP simulations. Same parameters as in Fig. 3.6b are used.

Figure 3 .

 3 Figure 3.10: C GC (V G ) characteristics obtained with SP simulations : (a) by varying σ AlGaN/GaN , (b) by varying σ SiN/AlGaN and (c) by varying N - A .

Figure 3 .

 3 Figure 3.11: V T H1 (t ch ) -V T H1 (t ch = 100 nm) obtained from experimental C GC (V G ) measurements and from calculations Eq. (3.83) for various N - A values. 8 samples are considered experimentally and the V T H1 is extracted at C T OT /2.

Figure 3 .

 3 Figure 3.12: (a) C GC (V G ) measurements at 1 kHz (dash lines) and I D (V G ) measurements (full lines) performed on devices with different Al concentration x in the Al x Ga 1-x N barrier (x = 0.228, 0.245 and 0.266). (b) The experimental transconductance g m = dI D /dV G is plotted in the right axis (full lines). Note : I D (V G ) measurements are performed with V D = 100 mV applied between 2 consecutive ohmic pads (see Fig. 3.5) as explained in chapter 3 sec. 1.2.

Figure 3 . 13 :

 313 Figure 3.13: Electron density vs depth obtained from SP simulations for V G ranging from 0 to 15 V. AlGaN parameters are calculated with x = 0.25.

Figure 3 .

 3 Figure 3.14: C GC and I D (V G ) measurements and simulations obtained by the authors of Ref. [144]. They included donor D it at the SiN/GaN interface and their stack is SiN/GaN (thin)/AlGaN/GaN. Taken from [144].

  (3.56) and (3.57) since σ SiN/AlGaN and σ AlGaN/GaN are determined from fitting Schrödinger-Poisson simulations to experimental data. However, it can be seen by looking at Eq. (3.82) that the evaluation of σ SiN/AlGaN is impacted by the workfunction of the gate metal W F , the electron affinity χ AlGaN and the conduction band offset ∆E AlGaN/GaN c . The value of W F was experimentally determined in Ref.[START_REF] Vitale | Work-Function-Tuned TiN Metal Gate FDSOI Transistors for Subthreshold Operation[END_REF]. If we assume that the uncertainty on W F is 0.3 V, which is voluntarily exaggerated, it leads to an uncertainty for σ SiN/AlGaN of 0.3 × C SiN /e ≈ 1.5 × 10 11 cm -2 (see Eq.(3.82) and consider E f -E c = 0 eV). ∆E AlGaN/GaN c is given in Eq.(3.55) taken from Ref. [12]. χ AlGaN is determined from ∆E AlGaN/GaN c and χ GaN using χ AlGaN = ∆E AlGaN/GaN c + χ GaN . The values of χ GaN determined in literature varies between 3 and 4.1 eV

Figure 3 . 17 :

 317 Figure3.17: C GC (V G ) curves obtained with SP simulations without AlN spacer and with an AlN spacer of 0.7 nm. The total polarization of AlN P AlN is attenuated in some simulations: only 40% of its polarization is considered in orange lines (with triangular mark) and 80% in green lines. Both AlGaN and AlN are assumed fully strained to GaN (no relaxation). The Al fraction x in AlGaN is x = 0.22 which leads to a theoretical interface charge (in the case without AlN) σ AlGaN/GaN = 1.1 • 10 13 cm -2 . AlGaN thickness is 20 nm in the case without AlN (AlGaN replaces AlN) and 19.3 cm in the case with AlN. (The charge at SiN/AlGaN has been fixed at -3 • 10 11 cm -2 in all cases)

= 1 . 1 •

 11 , C GC (V G ) simulations are displayed without an AlN spacer and with an AlN spacer considering different polarization rates (P R) of AlN (P R = 1.0 means the total polarization of AlN is considered in the simulations and P R = 0.4 means only 40 % of AlN polarization is considered). The interface charges that have been considered in simulations are: Chapter 3. Electrostatic properties In the case without AlN spacer: σ AlGaN/GaN = P GaN -P AlGaN (x = 0.22) = P GaN sp -[P sp (x = 0.22) + P pz (x = 0.22)] 10 13 cm -2 (×e) In the case with an AlN spacer and 40 % of its polarization considered (P R = 0.4): σ AlGaN/AlN = 0.4P AlN -[P sp (x = 0.22) + P pz (x = 0.22)] = 0.4 [P sp (x = 1) + P pz (x = 1)] -[P sp (x = 0.22) + P pz (x = 0.22)] = 0.25 • 10 13 cm -2 (×e)

Fig. 3 .

 3 Fig. 3.18 displays C GC (V G ) measurements on Al 2 O 3 /n-GaN samples with varying t ox , and the associated 1/C 2 (V G ) curves. C ox is extracted from the capacitance measured at V G = 4 V (C ox =

Figure 3 .

 3 Figure 3.18: (left) Experimental C GC vs V G (1 kHz) in Al 2 O 3 /n-GaN stacks with oxide thicknesses t ox varying from 10 to 20 nm (measurements are done on large and circular gate area). (right) 1/C2 vs V G calculated from the C GC (V G ) curves on the left.

Figure 3 .

 3 Figure 3.19: (a) Illustration of the method for extracting the V FB from the measurements. (b) V FB vs 1/C ox obtained from the measurements shown in Fig. 3.18. The value of the density of interface charges σ Al 2 O 3 /GaN extracted from V F B (1/C ox ) slope is also given. Note that we also extracted V FB from the value of V G at (C max + C min )/2 and it gave the same slope.

Figure 3 .

 3 Figure 3.20: C GC (V G ) experimental curves (points, taken from Fig. 3.18) and C GC (V G ) simulations (Schrödinger Poisson (quantum description) and Classical Poisson with Fermi statistics (classical description)). For simulations, we used W F = 4.7. For Al 2 O 3 , ϵ ox = 9ϵ 0 and E Al 2 O 3 g

Figure 3 . 21 :

 321 Figure 3.21: Electron density n vs depth z obtained from Classical-Poisson and Schrödinger-Poisson in an Al 2 O 3 /n-GaN stack at V G = 1.5 V (left) and at V G = 4.5 V (right). The dark space is also represented.

Figure 3 . 22 :

 322 Figure 3.22: Representation of the stacks compared in this section (section 3.4). The GaN:C is layer is about 0.6 µm and has a C concentration of about 2 • 10 19 cm -3 . The p-doped GaN layer has an Mg concentration of about 10 18 cm -3 .

Figure 3 .

 3 Figure 3.23: (a) Subthreshold gate-to-channel-and-bulk capacitance C G-CB vs V G measurements (1 kHz) on several samples (Bulk, source and drain contacts are shorted and connected to the LOW terminal of the LCR meter). (b) 1/C2 G-CB vs V G measurements (only p-GaN case (obtained from black points in (a))) and linear regressions. The voltage range in (b) corresponds to the depletion range. Outside this range the capacitance is nearly constant with respect to V G .

Figure 3 . 24 :

 324 Figure 3.24: Density of effective ionized acceptors extracted from the 1/C2 slope in Fig. 3.23b and Eq.(3.94). Two values of the dielectric constant ϵ GaN are chosen from two different studies[START_REF] Ambacher | Two-Dimensional Electron Gases Induced by Spontaneous and Piezoelectric Polarization Charges in N-and Ga-Face AlGaN/GaN Heterostructures[END_REF][START_REF] Bernardini | Polarization-Based Calculation of the Dielectric Tensor of Polar Crystals[END_REF] to prove that the imprecise knowledge of ϵ GaN does not affect much the resulting N - A -N + D .

  (3.42) and (3.43)) in the self-consistent simulations. 2/3 of Carbon atoms in GaN:C are considered as deep acceptors with an activation energy e A = 0.8 eV and 1/3 are considered as shallow donors with activation energy e D = 0.1 eV. Since [C] ≈ 2 • 10 19 cm -3 , the following parameters are used to simulate the GaN:C layer: • N A = 1.3 • 10 19 cm -3 , e A = 0.8 eV • N D = 0.7 • 10 19 cm -3 , e D = 0.1 eV In Fig. 3.25, the conduction and valence bands of Al 2 O 3 /GaN:UID stack including the GaN:C layer with the above parameters are depicted in red full lines. It can be noticed that in GaN:C,

Figure 3 . 25 :

 325 Figure 3.25: Valence and conduction band of Al 2 O 3 /GaN:UID/GaN:C system at V G = 0 V obtained from Schrödinger-Poisson simulations including incomplete ionization for Carbon atoms. Full lines correspond to the case where 2/3 of C atoms are deep acceptors and 1/3 are shallow donors and dotted lines correspond to the case where all C atoms are deep acceptors (N A =[C]).In the GaN:UID layer, a slight n-doping of N + D = 10 14 cm -3 is considered but it does not affect the simulations.

  all Mg atoms are ionized (N A = N - A ). All simulations below include the GaN:C layer and incomplete ionisation for both C atoms in GaN:C and Mg atoms in p-GaN (even if for Mg is has no effect).

Figure 3 . 26 : 3 . 4 . 5 Fig. 3 .

 3263453 Figure 3.26: Valence and conduction band of Al 2 O 3 /p-GaN/GaN:C system and Al 2 O 3 /p-GaN (infinite) system including incomplete ionization for both Mg and C atoms (V G = 0 V). The density of acceptors in the p-GaN layer (Mg atoms) is N A = 8 • 10 17 cm -3 (it corresponds to the experimental median (see subsec. 3.4.2)) with an activation energy e A = 0.16 eV.

Figure 3 .

 3 Figure 3.28: C GC vs V G Schrödinger-Poisson simulations at t ox = 10, 20 and 30 nm for the cases Al 2 O 3 /GaN:UID and Al 2 O 3 /p-GaN with different N A value in p-GaN and without interface charges. Note that the capacitance is zero below threshold because only the charge of the electron channel (the first 50 nm below Al 2 O 3 /GaN interface are integrated) is considered when calculating the C GC . This is to be consistent with measurements which only probe the channel charge variation since the LOW terminal is only connected with the channel.

Figure 3 . 29 :

 329 Figure 3.29: Left: Sheet density of negative charges below the interface induced by p-doping forN A = 8 • 10 17 cm -3 at V G = V T H with V T H extracted at (C max + C min )/2. z 0 (N - A -p)dz ′ → 5.5 • 10 12 cm -2 .Right: Band diagram (V G = V T H , the 3 t ox curves are identical in GaN). For V G ≥ V T H ,the sheet density of negative charge induced by p-doping does not vary because the electron channel screens the effect of the gate voltage on the p-GaN such that the depletion width does not vary. That is why the negative sheet charge is extracted at V G = V T H .

  (4.2) and (4.3)) and the bracket notation has been included for the purposes of the following calculation. If now, Eq.(4.8) is injected in Eq.(4.7) and then multiplied by the conjugate ⟨Ψ n ′ k ′ (r)|, it follows:

Figure 4 . 2 :

 42 Figure 4.2:|∂f 0 /∂E| = 1 k B T f 0 (1 -f 0 ) plotted against E -E F at different temperatures T.

Figure 4 . 4 :

 44 Figure 4.4: Phonon dispersion of wurtzite GaN along the main directions of the Brillouin zone obtained by Ruf et al. [173]. The filled circles are measurement obtained from inelastic xray scattering and the lines are calculations. This figure was taken from [173]. (LO means longitudinal optical and TO means transverse optical)

  (4.112) and (4.113)) whereas when the phonon TO1 fully responds, we consider

Figure 4 . 6 :

 46 Figure 4.6: Scheme representing a perfect (dotted lines) and a rough interface (red lines).

Figure 4 . 7 :

 47 Figure 4.7: Interface roughness (IR) limited mobility vs n s in Al 2 O 3 /GaN electron channel with ∆ SR = 0.45 nm and Λ SR = 1 nm. The mobility is calculated in three cases: considering (i) multisubband screening, (ii) Intra-subband screening and (iii) without screening (unscreened).

Figure 4 . 8 :

 48 Figure 4.8: Neutral impurity limited mobility vs n s for an uniform density of neutral impurities N N = 10 17 and N N = 10 18 cm -3 in GaN. Calculations are performed in an Al 2 O 3 /GaN stack.Erginsoy model in full lines is obtained with the formula µ N = (e 3 m Γ )/(20ϵ GaN ℏ 3 N N )[START_REF] Erginsoy | Neutral Impurity Scattering in Semiconductors[END_REF]. The unscreened mobility is obtained using Eq.(4.139) and then calculating the mobility with the formalism described in Subsection 1.3. The screened mobility is obtained the same way but by dividing the diagonal elements in Eq.(4.138) by ϵ D (q, 0): MN scr 

Figure 4 . 9 :

 49 Figure 4.9: Neutral impurities limited mobility and Coulomb limited mobility vs n s in Al 2 O 3 /GaN electron channel for the same uniform density of impurities in GaN.

2 O 3 /

 23 GaN or AlGaN/GaN electron channel at each n s and at each temperature are the following: • 1D Schrödinger-Poisson simulations to obtain the wavefunctions and the potential • Calculation of the scalar dielectric function (for ω ∈ [0, ω LO , ω SO1 , ω SO2 ]) • Calculation of the matrix elements of each mechanism without forgetting screening • Calculation of the scattering rates using Eq.(4.44) except for POP and SO phonons for which Eq.(4.45) is used. Then, we use Eq.(4.48) to obtain the total scattering rate.• Calculation of the effective mobility with Eq.(4.59)

Figure 4 . 10 :

 410 Figure 4.10: Effective mobility µ ef f vs n s measured in AlGaN/GaN (blue) and Al 2 O 3 /GaN (red) channels from 77 K to 300 K (measurements are performed as explained in section 3.3).

Fig. 4 .

 4 Fig.[START_REF]IEA. Global Electric Car Registrations and Market Share[END_REF].11a illustrates the four samples that have been measured. Sample A has no p-doping. Samples B, C and D only differ by the p-doping concentration profile N A (z) below the Al 2 O 3 /GaN interface. In Fig.4.11b, the experimental profiles N A (z) are given for samples B, C and D. The maximum p-doping concentration is approximately N Amax ≈ 1.2 • 10 18 cm -3 . For sample B, the high level of p-doping is about 90 nm below the Al 2 O 3 /GaN interface but there is still residual p-doping near the interface. For sample C, the high level of p-doping is more close to the interface, at about 10 nm. And for sample D, the high level of p-doping is stuck to the interface over a thickness of about 100 nm. All these samples have the same 2 µm thick GaN:C layer, with a C concentration at [C]≈ 2 . 10 19 cm -3 , located at 160 nm from the Al 2 O 3 /GaN interface in sample A or just below the p-doped layer (samples B, C and D). Low field mobility measurements have been performed using the split-CV technique based on fast and simultaneous current and capacitance measurements (as explained in chapter 2, Sec. 3.2). They are shown in Fig.4.12 for the four samples and for temperatures ranging from 298 K to 423 K. As we can noticed, p-doping has a detrimental effect on the mobility, both at low n s and at high n s , although the effect is greater at low n s . The task now is to calculate the mobility in the four samples as a function of the sheet density n s and the temperature in an attempt to account for these experimental observations.

Figure 4 .

 4 Figure 4.11: (a) Studied stacks. (b) p-doping concentration N A (z)= [Mg](z) profiles from SIMS (Secondary Ion Mass Spectrometry) data. As can be deduced from the N A (z) profiles (by looking at the depth z where N A (z) decreases sharply), the p-doped GaN is approximately 260 nm thick in sample B, 160 nm thick in sample C and 100 nm thick in sample D.

Figure 4 . 12 :

 412 Figure 4.12: Experimental low field effective mobility µ ef f of Al 2 O 3 /GaN channel in the four samples, plotted against n s for temperatures ranging from 298 K to 423 K. For sample D, we only did the measurement at T = 298 K because the temperature regulator was no longer working. Measurements are performed using the fast split-CV technique presented in Chap. 2, Sec. 3.2.

Figure 4 . 13 :

 413 Figure 4.13: Valence and conduction bands in sample A and C at V G = 0 V obtained from Schrödinger-Poisson simulations.

Figure 4 . 14 :

 414 Figure 4.14: Electron density n(z) vs depth z obtained with Schrödinger-Poisson simulations applied on samples A, B, C and D. Top: n s = 2.10 12 cm -3 and bottom: n s = 10 13 cm -3 . N A (z) profiles in Fig. 4.11b are used in the simulations of samples B, C and D. The wavefunctions penetration is considered in the calculations (the effective mass of the oxide is given in Table4.1).

Figure 4 . 15 :

 415 Figure 4.15: All phonons limited mobility and total phonon mobility as a function of n s at T = 298 K (left) and as a function of temperature at n s = 5.10 12 cm -2 (right). These calculations are done on sample A.
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 417324 Figure 4.17: Same calculations as in Fig. 4.16(right) but changing the two following parameters: σ Al 2 O 3 /GaN = 7.10 12 cm -2 and N s n = 1.42 • 10 13 cm -2 . (Sample D is not calculated)

Figure 4 . 18 :

 418 Figure 4.18: Calculated interface roughness, Coulomb (ICs + p-dopants) and neutral impurities limited mobility vs n s for samples A, B and C. It corresponds to the calculations exposed in Fig. 4.16(right) with σ Al 2 O 3 /GaN = 1.42 • 10 13 cm -2 and N s n = 7 • 10 12 cm -2 . N A (z) profiles in Fig. 4.11b are used in the calculations.

Figure 4 . 19 :

 419 Figure 4.19: Comparison between the Coulomb limited mobility due to ionized p-dopants only, due to ICs only and due to ICs + p-dopants. Calculated in Sample C. It is clear that p-dopants have a negligible effect compared to ICs. The same goes for samples B and D.

Figure 4 . 20 :

 420 Figure 4.20: Comparison between experimental and calculated mobility at T = 298 K in the four samples by considering different percentage of Mg activation, i.e. we rescale the profiles of Fig. 4.11b (0.1×[Mg](z), 0.5×[Mg](z) and 0.75×[Mg](z)).

Figure 4 . 21 :

 421 Figure 4.21: Experimental effective mobility µ ef f vs n s of samples E and F which are represented to the right of the plot. In sample E, the distance between the GaN:C layer and the Al 2 O 3 /GaN interface is about 250 nm and in sample F, it is about 50 nm (Carbon SIMS data unavailability on these samples induces an uncertainty on GaN:UID thicknesses). Measurements are performed using the fast split-CV technique (see Chap. 2, Sec. 3.2) at T = 298 K.

Figure 4 .

 4 Figure 4.22: (a) Calculated effective mobility µ ef f vs n s at T = 298 K for different distances between the GaN:C layer and the Al 2 O 3 /GaN interface. The parameters used in the calculations are σ Al 2 O 3 /GaN = 6 • 10 12 cm -2 , N s n = 1.75 • 10 13 cm -2 , ∆ SR = 0.63 nm and Λ SR = 1.5 nm. (b) Electron density vs depth z at fixed n s obtained from simulations with different distances of the GaN:C layer to the interface.

Figure 4 .

 4 Figure 4.23: Left: Experimental µ ef f vs n s for temperatures ranging from 77 K to 298 K in sample A (measurements at 77 K and 100 K gave the same results). Center: Calculated µ ef f vs n s without considering phonons with: σ Al 2 O 3 /GaN = 7.5 • 10 12 cm -2 , N s n = 2 • 10 13 cm -2 and ∆ SR = 0.62 nm. Right: Calculated µ ef f vs n s without considering phonons with: σ Al 2 O 3 /GaN = 2•10 13 cm -2 , N s n = 7.5•10 12 cm -2 and ∆ SR = 0.65 nm. Measurements are performed as explained in Chap. 2, Sec. 3.3.

Figure 4 . 24 :

 424 Figure 4.24: Experimental effective mobility µ ef f vs n s of samples G, H and I which are represented to the right of the plot. Sample G does not have an AlN interlayer, sample H has a 1 nm AlN interlayer and sample I has a 3 nm AlN interlayer. Measurements are performed using the fast split-CV technique (see Chap. 2, Sec. 3.2) at T = 298 K.
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 425 Figure 4.25: Calculated effective mobility µ ef f vs n s . For sample G, we used σ Al 2 O 3 /GaN = 1.42 • 10 13 cm -2 , N s n = 7 • 10 12 cm -2 and ∆ SR = 0.7 nm. For samples H and I, the interface defects are relocated at the Al 2 O 3 /AlN interface and unchanged. So we used charges with a density σ Al 2 O 3 /AlN = 1.4 • 10 13 cm -2 and neutral impurities that are now centered at Al 2 O 3 /AlN interface with N s n = 7 • 10 12 cm -2 . For sample H and I, the interface roughness is only considered at the AlN/GaN interface (not at Al 2 O 3 /AlN) with the same parameter as sample G, i.e. ∆ SR = 0.7 nm. For all the calculations, Λ SR = 1.5 nm.
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 426 Figure 4.26: Calculated effective mobility µ ef f vs n s . Same parameters as in Fig. 4.25 are used except that the root mean square of sample H is set to ∆ SR = 0.57 nm and the one of sample I is set to ∆ SR = 0.55 nm. Left: considering no interface charges at AlN/GaN interface. Right: considering interface charges at AlN/GaN interface with a density σ AlN/GaN = 2.8 • 10 12 cm -2 .

4 .

 4 Figure 4.28: Experimental effective mobility of the 2DEG vs n s extracted by split-CV technique on a gated and squared Van der Pauw structure at T = 298 K . Measurements are shown for 20 devices of each stack represented on the right, one without a p-doped GaN layer under the 2DEG and one with a p-doped GaN layer under the 2DEG. Measurements are performed as explained in Chap. 2, Sec. 3.3.

  

  

  2. GaN and AlGaN material propertiesd 31 [pm/V] C 11 [GPa] C 12 [GPa] C 13 [GPa] C 33 [GPa]

	GaN	-1.6	390	145	106	398
	AlN	-2.1	396	137	108	373
	Table					

Table 1 .

 1 4: Main material properties plus JFOM and BFOM figures of merits of GaN, 4H-SiC and Si[START_REF] Meneghini | GaN-Based Power Devices: Physics, Reliability, and Perspectives[END_REF].

				2. GaN and AlGaN material properties
		Si	4H-SiC GaN
	E G [eV]	1.12 3.23	3.4
	ϵ r	11.7 9.66	9.5
	µ [cm 2 .V -1 .s -1 ]	1440 950	1000 (Bulk) 2200 (2DEG)
	E crit [MV.cm -1 ]	0.3	2.5	3.3
	v sat ×10 7 [cm.s -1 ] 1	2	2.4
	κ th [W.cm -1 .K]	1.3	3.7	2.5
	JFOM [s -1 .V]	0.48 8.0	12.6
	BFOM [TW.cm -2 ] 0.4	127	302

Table 1 .

 1 

	-1 ]	0.4	3.8	1.5
	Cost	Moderate	Expensive Cheap

5: Properties of the main substrate materials for GaN epitaxy

[START_REF] Pearton | GaN and ZnO-Based Materials and Devices[END_REF][START_REF] Liu | Substrates for Gallium Nitride Epitaxy[END_REF]

. 20 3. GaN based power transistors

  section, MOS-HEMT architecture is meant for normally-OFF operations and a p-doped GaN layer under the electron channel is commonly used to increase the V T H . The study of the gate metal/Al 2 O 3 /GaN stack is conducted with the aim of evaluating what is the effect of p-doping on the threshold voltage V T H . More specifically, we want to understand why the p-doping only slightly increases the V T H while it is expected to have a large effect on it. To investigate this issue, the V T H of Al 2 O 3 /GaN stacks is studied with different doping conditions in GaN (n-doped, p-doped, unintentionally doped) and with systematic variation of Al 2 O 3 thickness.

1 Test structures and sheet resistance measurement 1.1 Definition

  

	Chapter 2
	Electrical characterization methods:
	Advances and limitations
			To
	outcome this issue, stress-relief layers are employed. Furthermore, since in power transistors,
	high drain voltages are applied, a semi-insulating and thick layer is required. Often, this is done Purpose
	by using a highly C-doped GaN layer in which the Fermi-level is pinned sufficiently far above This chapter aims to present the experimental methods and the precautions taken
	the valence band due to C N deep acceptors. to obtain reliable measurements. We do not interpret, report or analyze important
		experimental results in this chapter.
	Naturally, transistors based on the AlGaN/GaN hetejunction are normally-ON due to the intrin-
	sic 2DEG channel. But for power applications, normally-OFF devices are required and several
	architectures exist to achieve normally-OFF operations. CEA-Leti is developing the full recess Contents MOS HEMT, in which, the AlGaN/GaN heterojunction is fully etched followed by Al 2 O 3 oxide 1 Test structures and sheet resistance measurement . . . . . . . . . . . . . . . . . . . . . . . . . deposition, giving rise to a MOS type gate stack. 1.1 Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
		1.2	For the SiN/AlGaN/GaN stack: 2DEG analysis . . . . . . . . . . . . . . . . . . . . . .
	1.3 Finally, the aim of this thesis, reported in section 4, is to investigate what governs the electro-For the Al 2 O 3 /GaN stack: Al 2 O 3 /GaN electron channel analysis . . . . . . . . . . . . 2 Capacitance vs voltage measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
	static and low-field lateral electron transport properties of the Al 2 O 3 /GaN electron channel and 2.1 Small-signal technique . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
	2.2 the AlGaN/GaN electron channel (=2DEG) which are both part of the full recess MOS-HEMT Quasi-static technique . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.3 Precautions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . transistor. 3 Split-CV mobility: Definition, issues and new method for reliable high temperature mobility
		extraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
		3.1	Definition and issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
		3.2	New method for fast and simultaneous C GC (V G ) and I D (V G ) measurements . . . . . .
		3.3	A few words about low temperature measurements: from 77 K to 298 K . . . . . . . .
	4	Conclusion of this chapter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Al 2 O 3 /GaN stack: Al 2 O 3 /GaN electron channel analysis To

  evaluate the Al 2 O 3 /GaN electron channel, we mostly employed test transistors 1 , depicted in Fig. 2.2. The gate width is W G = 200 µm unless stated otherwise and several gate lengths L G are used: 20, 30, 40, 50, 60 µm. The sheet resistance in low field regime is obtained by applying a low drain voltage V D = 50 mV, measuring the drain current I D (V G ) and using 2 :

  [START_REF] Cheng | Flat GaN Epitaxial Layers Grown on Si(111) by Metalorganic Vapor Phase Epitaxy Using Step-Graded AlGaN Intermediate Layers[END_REF] µm for temperatures ranging from 298 K to 423 K are presented in Fig.2.10. From these measurements, the effective mobility µ ef f extracted by split-CV method is shown in Fig.2.11. It is plotted against n s which is obtained from the C GC (V G ) measurement using Eq.(2.10). The split-CV method is known not be sufficiently accurate at low n s , i.e. when n s < 10 12 cm -2[START_REF] Mouis | Accurate Determination of Transport Parameters in Sub-65 Nm MOS Transistors[END_REF]. This is because n s is extracted by integrating the C GC (V G ) and so, low n s , corresponds to the integral of C GC (V G ) up to a value not far from the V T H . But the C GC (V G ) is not well defined close to the V T H . For this reason, we will only investigate µ ef f (n s ) for n s > 10 12 cm -2 . The n s dependence of the mobility is more apparent using a logarithmic (log) scale for n s . That is why the n s is always in log scale in chapter 4 where we analyze in detail the µ ef f (n s ) curves.

	3. Split-CV mobility: Definition, issues and new method for reliable high temperature
	mobility extraction
	Figure 2.11: Experimental effective mobility µ ef f vs n s extracted by split-CV method (using
	Eq.(2.11)) from the C GC (V
	Figure 2.10: Capacitance C GC (V G ) and drain current I D (V G ) for temperatures ranging from 298
	K to 423 K obtained with the new fast measurement technique. When changing the temperature,
	the probe tips are thermalized during 10 to 15 min. The sample has a gate width W G = 200 µm
	and L G = 60 µm, the test structure is illustrated in Fig. 2.2. The stack below the gate is Al 2 O 3
	(30 nm)/GaN:UID (160 nm)/ GaN:C (2 µm), etc... . (Here we just present the measurement,
	the details about the stack will be given when analysing them)

G ) and I D (V G ) measurements shown in Fig.

2

.10 (n s (V G ) is obtained using Eq.(2.10)). Left: n s in linear scale from 0 to 10 13 cm -2 . Right: n s in log scale from 10 12 to 10 13 cm -2 . Figure

2

.12: Experimental effective mobility µ ef f vs n s extracted by split-CV method (using Eq.(2.11)) at different L G and at T = 298 K.

Calculation formalisms 1.1 Schrödinger equation 1.1.1 Effective mass approximation

  Since the extraction of the mobility by split-CV method requires performing two measurements (capacitance and sheet resistance) on the same sample, the BTI can lead to inaccurate mobility extraction because the V T H can change after the first measurement. To avoid this undesirable effect, the mobility in Al 2 O 3 /GaN electron channel for temperatures ranging from 298 K to 423 K is obtained from a new method based on fast and simultaneous current and capacitance measurements.

	Chapter 3
	Electrostatic properties

The purpose of this chapter is to describe the electrostatics of the SiN/AlGaN/GaN stack (access region of the MOS-HEMT transistor) and of the Al 2 O 3 /GaN stack (MOS region of the transistor). The study is based on the comparison between Schrödinger-Poisson simulations and measurements. Thus, in the first section, the theoretical foundations of the Schrödinger-Poisson simulations are given. In section two, we investigate the SiN/AlGaN/GaN stack with the objective of estimating the interface charges at SiN/AlGaN and AlGaN/GaN interfaces with different Al fraction in AlGaN. Another objective is to estimate the effective density of acceptors in the p-doped layer below the 2DEG. In the third section, we study Al 2 O 3 /GaN stacks with different doping conditions in GaN. The main goal is to understand why the p-doping only slightly increases the V TH when it is expected to have a large effect on it.

Purpose
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Table 3 .

 3 1: Material parameters at T = 300 K used in the simulations. GaN and AlN: Ref.[START_REF] Bernardini | Polarization-Based Calculation of the Dielectric Tensor of Polar Crystals[END_REF] 

	2. Electrostatic investigation of SiN/AlGaN/GaN stacks
		GaN	AlN SiN Gate metal
	Bandgap E g (eV)	3.44	6.16	5.0
	Relative permittivity ϵ r 10.28 10.31 7.0
	Electron affinity χ (eV)	3.5	1.8	
	m * ⊥	0.2	0.3	
	m * //	0.2	0.3	
	∆E c (.../GaN ) (eV)			1.3
	Workfunction W F (eV)			4.7

3.6a

. σ SiN/AlGaN and σ AlGaN/GaN are the total fixed interface charges at the SiN/AlGaN and AlGaN/GaN interfaces.

  2. Electrostatic investigation of SiN/AlGaN/GaN stacks spectively. The first term in the RHS corresponds to the charge induced by donors D it and the second term is the charge induced by acceptors D it . Eq. (3.84) implies that for a donor D it with an energy level E ds , then, we can roughly say that when E F < E ds , this donor state is ionized (+e charge) and when E ds < E F , this donor state is not ionized (no charge). For an acceptor D it with an energy level E as , when E F < E as , this acceptor state is not ionized (no charge) and when E as < E F , this acceptor state is ionized (-e charge). When V G lies between V T H1 and V T H2 in our measurement, the Fermi level E F at the SiN/AlGaN interface almost entirely sweeps the GaN gap (from E v to E c )

Table 3 .

 3 2. Electrostatic investigation of SiN/AlGaN/GaN stacks x t AlGaN [nm] σ SiN/AlGaN /e [cm -2 ] σ AlGaN/GaN /e [cm -2 ] 2: Interface charges obtained by fitting Schrödinger-Poisson simulations to experimental

	0.228	20	-3 × 10 11	1.00 × 10 13
	0.228	24	-3 × 10 11	1.00 × 10 13
	0.239	16	-3 × 10 11	1.08 × 10 13
	0.245	20	-3 × 10 11	1.10 × 10 13
	0.252	16	-3 × 10 11	1.16 × 10 13
	0.266	20	-3 × 10 11	1.19 × 10 13

3 Electrostatics in gate metal/Al 2 O 3 /GaN stacks 3.1 Purpose

  What controls the V TH of the MOS-HEMT transistor (fig.1.22) is the gated MOS region composed of Al 2 O 3 oxide. The aim of this section is to better understand what limits the increase of the V TH in gate metal/Al 2 O 3 /GaN stacks. For this purpose, C GC (V G ) measurements on stacks with systematic variation of Al 2 O 3 thickness and different doping conditions in GaN are exploited. The doping conditions are a thick n-doped GaN (n-GaN), a thick UID-GaN (unintentional doped) and a thick p-doped GaN (p-GaN). The p-doped layer is chosen thick because a sufficiently doped layer screens the effect of the gate voltage on the layers below it (this is not true for the UID-GaN since it is unintentionally very slightly doped). It is also convenient because it allows determining the effective doping density.

  .[START_REF] Viey | Investigation of nBTI Degradation on GaN-on-Si E-Mode MOSc-HEMT[END_REF] Assuming no charges inside the oxide, the potential drop in Al 2 O 3 is proportional to the field, ∆V Al 2 O 3 = -F ox t ox . Then, applying Gauss's theorem in Al 2 O 3 /GaN interface without forgetting that the flat band condition implies a zero electric field in GaN and assuming a fixed interface charge σ Al 2 O 3 /GaN , it leads to:
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	1. Semi-classical formalism
	3.6
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  ij terms are the piezoelectric coefficients of GaN. The terms C l and C t are the longitudinal and transverse elastic constants obtained with the relations: 11 + C 33 -2C 13 -4C 44 )

	⟨e 2 t ⟩ =	1 7 2 e 2 33 + 35 (e 33 -e 31 -e 15 ) 2 + 4 35 e 33 (e 31 + 2e 15 ) + 16 105 e 15 (e 33 -e 31 -e 15 ) + 8 (e 31 + 2e 15 ) 2 105	16 35	e 2 15
	e C l = C t = C 44 + 1 3 (2C 11 + C 33 ) -2 15 (C	2 15	(C 11 + C 33 -2C 13 -4C 44 )

3 Results: low field mobility of Al 2 O 3 /GaN electron channel 3.1 Context and purpose

  In contrast to the effective mobility of AlGaN/GaN electron channel which reaches values above 2000 cm 2 .V -1 .s -1[START_REF] Chen | Room-Temperature Mobility above 2200 Cm 2 /V•s of Two-Dimensional Electron Gas in a Sharp-Interface AlGaN/GaN Heterostructure[END_REF][START_REF] Siddique | Improved Electrical Properties of AlGaN/GaN High-Electron-Mobility Transistors by In Situ Tailoring the SiNx Passivation Layer[END_REF] at room temperature, the mobility of Al 2 O 3 /GaN electron channel stays always below 200 cm 2 .V -1 .s -1[START_REF] Kom Kammeugne | Y-Function Based Methodology for Accurate Statistical Extraction of HEMT Device Parameters for GaN Technology[END_REF][START_REF] Ando | Electrical Properties of GaN Metal-Insulator-Semiconductor Field-Effect Transistors with Al2O3/GaN Interfaces Formed on Vicinal Ga-Polar and Nonpolar Surfaces[END_REF][START_REF] Ando | Impact of Gate Electrode Formation Process on Al2O3/GaN Interface Properties and Channel Mobility[END_REF][START_REF] Nifa | Characterization and Modeling of 2DEG Mobility in AlGaN/AlN/GaN MIS-HEMT[END_REF]. To get ahead of what we are going to show in the next two sections, Fig.4.10 displays the experimental effective mobility of AlGaN/GaN and Al 2 O 3 /GaN electron channels measured in our samples for temperatures ranging from 77 K to 298 K. Not only is the difference in mobility large, but we also observe a strong temperature dependence for the AlGaN/GaN case, while the mobility of Al 2 O 3 /GaN channel is almost constant with temperature. This indicates that for the AlGaN/GaN case, the mobility is mainly limited by phonons, while for the Al 2 O 3 /GaN case, it is mainly due to defects. This is interesting because the difference between the two cases is that, in the Al 2 O 3 /GaN case, GaN has been etched (recessed) before Al 2 O 3 deposition. One could wonder if this etching of GaN done after the epitaxy is responsible for the difference in mobility observed between Al 2 O 3 /GaN and AlGaN/GaN electron channels. This seems unlikely because even in the case where the GaN is not etched after epitaxy and before Al 2 O 3 deposition, Ando et al.[START_REF] Ando | Electrical Properties of GaN Metal-Insulator-Semiconductor Field-Effect Transistors with Al2O3/GaN Interfaces Formed on Vicinal Ga-Polar and Nonpolar Surfaces[END_REF][START_REF] Ando | Impact of Gate Electrode Formation Process on Al2O3/GaN Interface Properties and Channel Mobility[END_REF] reported an effective mobility below 180 cm 2 .V -1 .s -1 at Al 2 O 3 /GaN channel. One could also wonder if the volume defects in GaN are responsible for the degraded effective mobility in Al 2 O 3 /GaN electron channel. This is also very unlikely because if this was the case, the AlGaN/GaN channel would also have a degraded mobility (because the GaN channel appears to be identical in both cases except for the etching). Therefore, all of this points to one direction, namely defects originating from the Al 2 O 3 itself and/or located near the Al 2 O 3 /GaN interface. As we will see, all the results presented in this section, based on comparisons between measurements and calculations, go in this direction.In this section, low field effective mobility measurements performed on Al 2 O 3 /GaN channel as a function of n s and the temperature (high and low temperatures) are compared with calculations (explained in the two previous sections: 1 and 2). The mobility in Al 2 O 3 /GaN channel is extracted in different configurations: by varying the proximity of GaN p-doping to the Al 2 O 3 /GaN interface23 , by varying the proximity of the GaN:C layer to the interface and finally by introducing an AlN inter-layer (1 nm and 3 nm thick) between Al 2 O 3 and GaN.

  2 • 10 18 cm -3 . For sample B, the high level of p-doping is about 90 nm below the Al 2 O 3 /GaN interface but there is still residual p-doping near the interface. For sample C, the high level of p-doping is more close to the interface, at about 10 nm. And for sample D, the high level of p-doping is stuck to the interface over a thickness of about 100 nm. All these samples have the same 2 µm thick GaN:C layer, with a C concentration at [C]≈ 2 . 10 19 cm -3 , located at 160 nm from the Al 2 O 3 /GaN interface in sample A or just below the p-doped layer (samples B, C and D). Low field mobility measurements have been performed using the split-CV technique based on fast and simultaneous current and capacitance measurements (as explained in chapter 2, Sec. 3.2). They are shown in Fig.

Table 4 .

 4 1: Material parameters used in the calculations. The conduction band offset between Al 2 O 3 and GaN is 1.7 eV[START_REF] Zhang | Chemical Bonding and Band Alignment at X2O3/GaN (X = Al, Sc) Interfaces[END_REF].

	D ac [eV] e 15 [C/m2]	e 31	e 33	C 11 [N/m2]	C 13	C 33	C 44
	9.1	-0.3	-0.49 0.73	3.74 • 10 11	7 • 10 10 3.79 • 10 11 10 11

Table 4 .

 4 

2: Acoustic phonons material properties. D ac is the deformation potential, e ij are the piezoelectric coefficient and C ij are the elastic constants. They are all taken from

[START_REF] Ambacher | Two-Dimensional Electron Gases Induced by Spontaneous and Piezoelectric Polarization Charges in N-and Ga-Face AlGaN/GaN Heterostructures[END_REF] 

except D ac which is taken from

[START_REF] Berdalovic | A Comprehensive Model and Numerical Analysis of Electron Mobility in GaN-Based High Electron Mobility Transistors[END_REF]

.

  2 O 3 /GaN interface or inside Al 2 O 3 which compensate the negative sheet charge induced by p-doping ? Is it possible that they 2. Limits of the work and perspectives are induced by interface states or by defects inside Al 2 O 3 which emit or capture electrons until a zero field is obtained in Al 2 O 3 ?

Metastable means that the system is not in the ground state but in a local minimum.

x is the fraction of Al atoms in AlxGa1-xN. x = 0.25 means 25% of Ga sites are occupied by Al. AlxGa1-xN with x = 1 corresponds to AlN and x = 0 corresponds to GaN.

The stress tensor describes the compression, stretching and shearing forces applied to the material

the deformation tensor describes the relative displacement of atoms induces by the forces

GaN, AlGaN, AlN, InN etc...

The spatial probability density represents the probability of presence of an electron in a small volume.

The demonstration of Eq. (1.25) is not obvious. It starts by expanding the wavefunctions in Fourier series which is allowed because periodic boundary conditions are applied to the finite ideal crystal.

An anti-site can be a Ga atom located in a N site or a N atom located in a Ga site.

A self-interstitial corresponds to the case where a Ga or N atom occupy a normally unoccupied site in the crystal lattice.

A semi-insulating layer can be viewed as a highly resistive layer

Some capacitance measurements exposed in chapter 3 have been performed on circular test structures with very large gate area (diameter=600 µm)

This formula can be demonstrated employing the continuum form of Ohm's law and using the fact the current is obtained locally by multiplying the current density by a small surface dS perpendicular to the transport direction

Maximum frequency because higher the frequency, faster the measurement and so lower the gate voltage stress

The effect of gate voltage stress has been studied for instance in[START_REF] Viey | Influence of Carbon on pBTI Degradation in GaN-on-Si E-Mode MOSc-HEMT[END_REF], it changes the VT H of the device.
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For low field transport, a low V D is applied on a long gate length device, so the variation of ϕ in the transport direction remains negligible

fixed here mean that these charges are independent of the electrostatic potential

The quantum area can also contain the oxide if we consider wavefunctions penetration in the oxide

Electrostatic investigation of SiN/AlGaN/GaN stacks 2 Electrostatic investigation of SiN/AlGaN/GaN stacks

We will initially neglect the AlN spacer. This hypothesis will be discussed later.

The 2DEG density at equilibrium (VG = 0) is directly linked to VT H1: ns = 0V T H1 C(V )dV ≈ CT OT |VT H1|where CT OT is the total capacitance above the 2DEG.

Secondary-ion mass spectrometry

Measurements are conducted at room temperature

The SiN is thick (73 nm) so that these small variations should induce appreciable modifications of VT H1 and VT H2.

See for example the variation of Ec relatively to EF to the left of the AlGaN in Fig.3.9

To be more precise, it has been replaced by AlGaN

The theoretical polarization corresponds to the spontaneous plus piezoelectric polarization of a sufficiently thick AlN layer.

Lithium Niobate has a Ferroelectric polarization

The p-doped layer beneath the channel of the MOS-HEMT transistor is not thick, it is arround 150 nm. This is to avoid reliability issues related to free holes which can be trapped inside the oxide and so reduce the V TH . A thick layer is used here to be able to measure the activated p-doping density.

Note that the V FB could also be extracted from the VG at which Y (VG) = Ymax/3 where Y (VG) is the Maserjian function and Ymax its maximum value. See[START_REF] Ghibaudo | Improved Method for the Oxide Thickness Extraction in MOS Structures with Ultrathin Gate Dielectrics[END_REF] for the details.

This relation can be derived the same way as was derived V FB in subsec. 3.3.2 except that for V FB the flat band condition imposes a zero electric in GaN whereas for the V TH we must apply Gauss's theorem and it leads to an expression with the total sheet charge in p-GaN.

This is because the reciprocal space unit lattice vectors are inversely proportional to the real space unit lattice vectors so that ∆r ≈ 1/∆k. This relationship can also be justified via Heinsenberg's uncertainty principle: to obtain a finite broadening of the wave-packet in real space, broadening along the reciprocal space is required.

This is not a demonstration. To demonstrate Eq.(4.5), we must calculate the time derivative of the expected value of the position operator ⟨r⟩

More generally, the perturbation does not reduce to a potential term and is not always static. Here we make this assumption to illustrate the origin of Fermi's golden rule. But the derivation in the general case is similar

The complete derivation of Fermi's golden rule can be found in[START_REF] Esseni | Nanoscale MOS Transistors: Semi-Classical Transport and Applications[END_REF] for example.

It correspond to the terms other than Vsc(r) in the square brackets of Eq.(4.7)

A static perturbation is for instance the potential created by a ionized impurity which is at a fixed position or the perturbation induced by interface roughness which obviously does not depend on time

in scattering means an electron of another state come in the state (r, k, t) and out scattering means an electron of the state (r, k, t) goes to another state

The consideration of Γ valley only is justified because the other valleys are too high in energy so that their contribution to low field transport is minor.

We do not give more details because the assumption made just after makes it pointless. We just wanted to expose the origin of the the term cos(θ) often appearing in literature

Scattering potentials and associated matrix elements for the different mechanisms

To be exact, it is the 2D Fourier transform of the potential

inter-subbands scattering means a transition from one band n to another n ′ with n ′ ̸ = n

Note that we would have nearly the same curves in an AlGaN/GaN channel so the remarks that follows are general

The rule for units conversion for the frequency is: 1 THz = 4.136 meV = 33.356 cm-1 

Note that between two adjacent unit cells, the vibrations are not necessarily in phase

Al2O3 is 30 nm thick so this assumption is fully justified. The gate has no effect on the propagating fields from such a distance[START_REF] Massimo | Effective Electron Mobility in Si Inversion Layers in Metal-Oxide-Semiconductor Systems with a High-κ Insulator: The Role of Remote Phonon Scattering[END_REF].

To solve Eq.(4.111), we inject the dielectric constants from Eqs. (4.112) and (4.113) and then multiply the

This is true only in the first order approximation (Fermi's golden rule).

Note that we voluntary skipped the terms associated to the fluctuation of the polarization charge and of the image potential because they have no effect in our case (see[START_REF] Jin | Modeling of Surface-Roughness Scattering in Ultrathin-Body SOI MOSFETs[END_REF] for the definitions)

The main difference for I1(q, z) is that the function T (u) is note the same. Its denominator is (u -i)(u + i) so that in the case z > 0 for instance, the residue would be the value of (u -i)T (u) at u = i.

Results: low field mobility of Al 2 O 3 /GaN electron channel

it can be recalled that Mg is used as p-dopant in GaN because it is the only known effective p-dopant atom for GaN

Similar but less important than p-doping because in a p-doped layer the Fermi level is even closer to the valence band and so the potential well will be steeper.

The remote surface roughness stemming from the roughness at Al2O3/AlN interface has a negligible effect and this is mostly because Al2O3 is very thick and also because the difference of permittivity between AlN and Al2O3

Alloy disorder stems from the potential created by the random distribution of Al atoms in AlGaN over the periodic lattice sites

VT H1 is the negative voltage required to completely deplete the 2DEG
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The standard deviation σ N is set to σ N = 1.5 nm and will always remain at this value. N s N represents the integrated density of NIs located near the interface, in units of cm -2 . Therefore, the parameters that are adjusted to account for the low effective mobility in sample A are: the density of interface charges, noted σ Al 2 O 3 /GaN , the roughness parameters, i.e., the correlation length Λ SR and the root mean square ∆ SR and finally the integrated density of NIs, N s N , located near the interface (and also the standard deviation σ N which has already been fixed). Of course, these parameters are not changed when calculating the mobility of the different samples, they are the same in all samples (A, B, C and D). The only thing that changes between the samples is the inclusion of the p-doping profiles in Fig. 4.11b for the 1D Schrödinger-Poisson simulations and for the Coulomb limited mobility induced by these p-dopants. In Fig. 4.16, the effective mobility µ ef f is calculated from 298 K to 423 K for the four samples and is compared to experimental measurements. With the same set of parameters, a good agreement with the experiments is obtained for all the samples, especially at high n s , but a high density of ICs and NIs was required to account for the low value of µ ef f . The ICs/NIs proportion can be modified without significantly changing the results, as illustrated in Fig. 4.17 where we reduced 

Results: low field mobility of AlGaN/GaN electron channel

Compared to the study of transport in the Al 2 O 3 /GaN channel which has been very little studied in the literature, transport in the 2DEG (i.e. the AlGaN/GaN channel) has been studied a lot [START_REF] Berdalovic | A Comprehensive Model and Numerical Analysis of Electron Mobility in GaN-Based High Electron Mobility Transistors[END_REF][START_REF] Hsu | Electron Mobility in ${\mathrm{Al}}_{x}{\mathrm{Ga}}_{1\ensuremath{-}x}\mathrm{N}/\mathrm{G}\mathrm{a}\mathrm{N}$ Heterostructures[END_REF][START_REF] Ridley | Exact Electron Momentum-Relaxation Times in GaN Associated with Scattering by Polar-Optical Phonons[END_REF][START_REF] Jena | Dislocation Scattering in a Two-Dimensional Electron Gas[END_REF][START_REF] Gurusinghe | Two-Dimensional Electron Mobility Limitation Mechanisms in ${\mathrm{Al}}_{x}{\mathrm{Ga}}_{1\ensuremath{-}x}\mathrm{N}/\mathrm{GaN}$ Heterostructures[END_REF][START_REF] Bellotti | Alloy Scattering in AlGaN and InGaN: A Numerical Study[END_REF][START_REF] Yu | Thermal Budget Increased Alloy Disorder Scattering of 2DEG in III-N Heterostructures[END_REF]. The mechanisms that have been treated are phonons, dislocations, alloy disorder 26 , interface roughness and ionized impurities. In practice, since recently, the mobility obtained in AlGaN/GaN devices grown on Silicon substrates is greater than 2000 cm -2 .V -1 .s -1 at room temperature and rises above 15 000 cm -2 .V -1 .s -1 at temperatures below 50K [START_REF] Siddique | Improved Electrical Properties of AlGaN/GaN High-Electron-Mobility Transistors by In Situ Tailoring the SiNx Passivation Layer[END_REF].

Considering these large temperature variations and also the fact that the phonon limited mobility predicted by calculations is about 2000 cm -2 .V -1 .s -1 at room temperature, it clearly appears that from room temperature (working temperature of the transistor), it is the phonons and more precisely the polar optical phonons that govern the low field transport limitations [START_REF] Ridley | Mobility of Electrons in Bulk GaN and AlxGa1-xN/GaN Heterostructures[END_REF][START_REF] Ridley | Exact Electron Momentum-Relaxation Times in GaN Associated with Scattering by Polar-Optical Phonons[END_REF][START_REF] Gurusinghe | Two-Dimensional Electron Mobility Limitation Mechanisms in ${\mathrm{Al}}_{x}{\mathrm{Ga}}_{1\ensuremath{-}x}\mathrm{N}/\mathrm{GaN}$ Heterostructures[END_REF]. For all these reasons, our study of the transport properties of the 2DEG is not exhaustive. The objectives are: verifying the 2DEG mobility optimization in the devices developed at CEA-Leti by performing measurements from 77K to 300K and, evaluating the impact of the p-doped layer under the 2DEG on its mobility. 
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