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Introduction

On the sixteenth of August 1858, the first official telegraphic message crosses the Atlantic; queen Victoria of the United Kingdom congratulates the newly elected American president, James Buchanan. After four years of research, hundreds of thousands of pounds and a series of failed expeditions, the first transatlantic telegraph cable is finally achieved. The Telegraph Construction and Maintenance Company, led by Cyrus W. Field, finally prevailed on the Atlantic sea. An undersea telegraph cable now links Newfoundland and Ireland. The cable is in itself 3500 km long, and is made of at least 600 tons of copper and 200 tons gutta-percha, a natural polymer similar to rubber allowing its isolation in water. In order to unfold this gigantic cable, the two biggest ships of the United Kingdom and the United States, the Agamemnon and the Niagara, have been requisitioned. Unfortunately, the cable only works for three weeks and the New World will have to wait six more years before being permanently linked with Europe. If Stefan Zweig decided to dedicate one of his twelve short stories from his work "Decisive Moments in History" to this particular moment, it is because for the first time in history, all the continents inhabited by humanity can communicate almost instantly, thus creating some sort of "universal conscience".

Since then, numerous breakthrough innovations in telecommunications, from the use of electromagnetic waves for wireless telegraph by Marconi, to the internet and the different generations of mobile networks (1G to 4G), led to the internet, as we know it today. In January 2021, the estimated number of people connected to the Internet was of 4.66 billion, and 92.6% of that number through mobile devices [START_REF]Internet users in the world 2021[END_REF].

The next step in the evolution of telecommunications is the fifth generation of mobile networks (5G). The three main objectives of this new generation are higher data rates, lower latency and the Internet of Things (IoT). Between 4G and 5G, the average data rates would go from 20 Mbps to 100 Mbps and the latency would decrease from 50 ms to 1 ms. The IoT consists in connecting an important number of objects that can transfer data over a wireless network without human intervention. The opportunities that arise from such possibilities are endless.

However, to attain such objectives there are some technological difficulties to overcome. For example, to have better data rates, it is necessary to use higher frequency bands because of the overcrowded lower ones. Yet, the size of devices is directly linked to their working frequency, meaning new fabrication processes are necessary. Moreover, the increasing number of connected devices comes with an increasing number of hardware pieces.

Unfortunately, this hardware is mainly made from metals which become scarcer and more difficult to extract [START_REF] Alain | L'ÉPUISEMENT DES MÉTAUX ET MINÉRAUX : FAUT-IL S'INQUIÉTER ?[END_REF]. What Cyrus W. Field did in the 19 th century is not possible today anymore:

Entire mines of iron and copper were depleted to make this single rope, entire forests of rubber trees were bled to produce the envelope of gutta-percha intended to cover such a gigantic length.

Nonetheless, just as much as the discovery of gutta-percha allowed for isolated undersea cables, new materials discovered in the 90s could solve both problems mentioned above: new fabrication processes for higher frequencies and available resources. These new materials are the nanomaterials derived from Carbon, one of the most abundant and easily accessible element on earth.
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Graphene and carbon nanotubes (CNTs) received a lot of attention in the past decades, for their exceptional properties. In 2010, A.K. Geim and K.S. Novoselov received the Nobel price in Physics only six years after physically isolating Graphene. In 2013, the European Union has set up a research initiative, the Graphene Flagship, which will receive 1 billion euros in 10 years to investigate new applications of graphene and other 2D materials.

In this work, we will investigate the possible use of CNTs for Radio Frequency (RF) and millimeter-wave (mm-wave) devices. In particular, we will study the possibility of creating a new type of heterogeneous integration fabrication process for mm-wave devices using bundles of CNTs.

The research reported in this thesis was funded by the Agence Nationale de la Recherche (ANR) as part of the project TRiCOT (Emerging Technology for RF and Millimeter-wave Circuits based on Carbon Nanotubes). This project was in the context of ultra-compact millimeter-wave systems manufacturing and in particular we planned to develop E-band demonstrators [START_REF] Balakrishnan | Real-Time Imaging of Self-Organization and Mechanical Competition in Carbon Nanotube Forest Growth[END_REF][START_REF] Kumar | Chemical Vapor Deposition of Carbon Nanotubes: A Review on Growth Mechanism and Mass Production[END_REF][START_REF] Nebol'sin | Development of lateral faces during vapor-liquid-solid growth of silicon whiskers[END_REF][START_REF] Nebol'sin | Role of Surface Energy in the Vapor-Liquid-Solid Growth of Silicon[END_REF][START_REF] Hernadi | Fe-catalyzed carbon nanotube formation[END_REF][START_REF] Li | Large-Scale Synthesis of Aligned Carbon Nanotubes[END_REF][START_REF] Sen | Carbon nanotubes by the metallocene route[END_REF][START_REF] Nikolaev | Gas-phase catalytic growth of single-walled carbon nanotubes from carbon monoxide[END_REF][START_REF] Liu | Preparation of Fe-filled carbon nanotubes by catalytic decomposition of cyclohexane[END_REF][START_REF] Nerushev | Particle size dependence and model for iron-catalyzed growth of carbon nanotubes by thermal chemical vapor deposition[END_REF][START_REF] Roux-Levy | Nanostructures de carbone dédiées aux interconnexions hautes fréquences[END_REF][START_REF] Hata | Water-Assisted Highly Efficient Synthesis of Impurity-Free Single-Walled Carbon Nanotubes[END_REF][START_REF] Patole | Growth interruption studies on vertically aligned 2-3 wall carbon nanotubes by water assisted chemical vapor deposition[END_REF][START_REF] Brun | Carbon nanotubes based nanopackaging dedicated to innovative high frequency interconnections[END_REF][START_REF] Meyyappan | Carbon nanotube growth by PECVD: a review[END_REF][START_REF] Cometto | Use of carbon nanotubes for passive radio-frequency devices[END_REF]. An original concept of functionalized interposer has been proposed, in particular by integrating a beamforming circuit ( In the project, RFIC Lab was responsible for the simulation and design of the slow-wave devices. III-V Lab is an industrial research laboratory under the guidance of Nokia, Thales and CEA Leti. III-V Lab conducts R&D activities in the field of micro/nano-electronics and photonics semiconductor components for different application: telecoms, defense, security, safety, space etc. In the project III-V Lab was responsible for the test of the devices robustness.

This PhD thesis is organized as follows :

In the first chapter, the basic notions about CNTs and Vertically Aligned CNTs (VACNTs) are presented. From the properties of single CNTs to the fabrication process and characterization methods.

The three next chapters treat three different aspects of the CNT based functionnalized interposer.

In the second chapter, the possibility of guiding electromagnetic (EM) waves using an air filled Surface Integrated Waveguide (SIW) with lateral walls of VACNT is studied. The devices are simulated, fabricated and measured. Different fabrication processes are tested as well as different designs.

License CC BY-NC-ND 4.0

In the third chapter, the potential slow-wave properties of VACNTs are investigated.

In the fourth chapter, the performances of interconnects made of VACNTs are studied.

Finally, a conclusion and perspectives are proposed in a last part.

Chapter 1: Carbon Nanotubes and Nanopackaging

Since Feynman's famous lecture "There is plenty of room at the bottom" at California Institute of Technology in 1960 [START_REF] Feynman | There's Plenty of Room at the Bottom[END_REF], researchers and engineers have pushed the dimensions of systems further and further into the infinitely small. This allowed for an increase in calculus speed and number of functions in an ever-decreasing space. In May of 2021, IBM announced the first chip with transistors 2 nm wide (that is smaller than the width of a strand of DNA), allowing for an improvement of performances by 45% or of energy consumption by 75%, compared to today's 7 nm transistor chips [START_REF]IBM Unveils World's First 2 Nanometer Chip Technology, Opening a New Frontier for Semiconductors[END_REF]. More than that, it has been possible for a few decades now to manipulate matter atom by atom, making atomic scale devices possible. This technology is of particular interest in fields as important as quantum computing [START_REF] Fang | Towards atomic and close-to-atomic scale manufacturing[END_REF] where recent results published by Google AI already show the utmost potential [START_REF] Arute | Hartree-Fock on a superconducting qubit quantum computer[END_REF], [START_REF] Arute | Quantum supremacy using a programmable superconducting processor[END_REF] or artificial molecular machines [START_REF] Aprahamian | The Future of Molecular Machines[END_REF]. However, in order to have a new generation of atomic scale systems, one must think of ways to package them. Indeed, the conditions for these circuits to work (Ultra High Vacuum (UHV) and surface quality) make it difficult to have a standalone chip [START_REF] Joachim | Nanopackaging Requests for Atomic Scale Circuits and Molecule-Machines[END_REF]. Furthermore, the scale of these devices raises the issue of filling the gap between the atomic scale and the rest of the components linked to it, typically at the millimeter or micron scale.

These issues are tackled by nanopackaging, the field of research that is defined as "the packaging of devices and systems with nanoscale materials and processes for improved performance, functionality, reliability and cost" [START_REF] Raj | Foreword Special Section on Nanopackaging[END_REF]. There are many different subsections to this field: the use of DNA and its assembling properties to make nano-scale assembly [START_REF] Brun | Deoxyribonucleic Acid for Nanopackaging: A promising bottom-up approach[END_REF], [START_REF] Filoramo | DNA Metallization Processes and Nanoelectronics[END_REF], atomic scale surface preparation to host atomic scale circuitry [START_REF] Joachim | Nanopackaging Requests for Atomic Scale Circuits and Molecule-Machines[END_REF], material engineering using nanomaterials to tune dielectric properties [START_REF] Jiang | Dielectric Properties of SiO2/MMT/LDPE Micronano Composites[END_REF] or for better soldering performances [START_REF] Del Carro | Low-Temperature Dip-Based All-Copper Interconnects Formed by Pressure-Assisted Sintering of Copper Nanoparticles[END_REF], [START_REF] Bistarelli | Evaluating CNT-Based Interconnects : A Nummerical Tool to Characterize Hybrid CNT-Copper Interconnects[END_REF], graphene nanoribbon interconnects [START_REF] Das | A Short Review on Graphene Nanoribbon Interconnect[END_REF], [START_REF] Agrawal | N-Doped Zigzag Graphene Nanoribbons For Nanoscale Interconnects[END_REF], to cite a few.

The focus of this work will be on a particular subsection: nanopackaging for millimeter-wave (mm-wave) devices1 using CNTs. This field of research stemmed from the observations below.

The global demand for higher data rates and the overcrowded lower frequency bands has led communicating devices to work at higher frequencies. Because higher frequencies mean smaller dimensions and because of the demand for more functions in a smaller space, RF devices have shrunk considerably. The smaller dimensions combined with the physical phenomena at higher frequencies has led to packaging issues. Indeed, the parasitic effects that could be neglected at lower frequencies now become limiting [START_REF] Prfi | Technical Discussion on mmWave Packaging[END_REF]. To overcome these limitations, one of the solutions is to use nanomaterials, such as Carbon Nano Tubes (CNTs), for they have exceptional properties and are becoming more and more accessible. Their unique properties allow to overcome unwanted physical phenomena and their scale permits easy integration in small mm-wave devices.

Because this work is focused on the use of CNTs for nanopackaging of mm-wave devices, this first chapter will consist of a presentation of CNTs and Vertical Aligned CNT (VACNT) bundles, followed by a state of the art of VACNT bundles nanopackaging in the mm-wave band. In the first part, we will present CNTs and their properties, their fabrication process, their characterization methods and the modelization tools to model them. In the second part, we will present the following applications for CNTs in mm-wave packaging: thermal management, electromagnetic EM shielding, antennas and level 0 interconnects.
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From Graphene to CNTs

Due to the impact their discovery had on the research of the 20 th century, the paternity of CNTs is subject to debate [START_REF] Monthioux | Who should be given the credit for the discovery of carbon nanotubes?[END_REF]. However, we can safely say that it is in 1991, with Ijima's article [START_REF] Iijima | Helical microtubules of graphitic carbon[END_REF], that the research community really started to investigate CNTs and their numerous applications. Since then, numerous articles have been published, some that show through theory and experience the exceptional properties of CNTs, and others, which find innovative ways to use their properties. We will give in this section a description of CNTs so as to be able to understand their properties.

The most common way to describe CNTs is to say they are a rolled-up sheet of graphene, only a few nanometers in diameter. This presupposes the knowledge of what graphene is. In this section we will describe graphene and its properties and from there give a more complete description of CNTs.

The Allotropes of Carbon and Graphene

Carbon has six electrons and its electronic structure is 1s2 2s2 2p2. When it is excited (by absorbing energy), one of its 2s electron is promoted into the 2p sublevel (Figure 1a). This explains why carbon usually makes four covalent bonds2 . However, for example, we know the four covalent bonds of methane (CH4) to be equivalent. Yet, the s orbitals and p orbitals are not of the same shape as shown in Figure 1b. It is in order to solve the apparent problem that Linus Pauling developed the theory of hybridization.

Figure 1 : a. Electronic structure of carbon and excited carbon [START_REF] Monthioux | Who should be given the credit for the discovery of carbon nanotubes?[END_REF], b. Shape of the s orbital and the p orbitals (probability of presence of the electron) [START_REF] Iijima | Helical microtubules of graphitic carbon[END_REF] In this theory, electrons from the s sublevel and p sublevel can make a hybrid sublevel called sp, sp2 or sp3 depending on the number of bonds needed. In Figure 2, the different types of hybridization are shown for carbon, as well as the associated orbital shapes. We can say that for sp3 hybridization, the orbitals are a mix of 25% s shape and 75% p shape, for sp2 33% and 66% and for sp 50% and 50%, which explains the different shapes. For different molecules, carbon will behave differently, for CH4 the hybridization will be sp3, for ethylene (C2H4) it will be sp2 and for carbon dioxide (CO2) it will be sp. Note that carbon always shares four electrons, which means certain covalent bonds are doubled in organic chemistry, this is what is explained by hybridization theory.

License CC BY-NC-ND 4.0 It is partially due to the different hybridization possible (i.e. possible number of bonds) that carbon allotropes3 are numerous, some of them are shown in Figure 3. In particular, in graphene ((h) in Figure 3), we can see that each atom of carbon makes three covalent bonds, which means, the electronic structure of carbon is sp2 hybridized. For each carbon atom, there are three σ-bonds from the direct overlap of the sp2 orbitals and one π-bond made from the overlap of the p orbital, this is shown in Figure 4. When two π-bonds overlap, which is the case here, the p orbital of each atom overlaps the p orbital of the three neighboring atoms; the π-bonds are called delocalized. These delocalized π-bonds (electrons moving freely above and below the nuclei lattice) can give a first understanding of carbon nanotube properties.

Electronic Properties of Graphene

To describe graphene's electronic properties, we will start by calculating the band diagram. We begin by defining the Bravais net and the first Brillouin zone of the honeycomb structure of graphene in Figure 5. License CC BY-NC-ND 4.0

Two atoms are sufficient to describe entirely the structure, we name them A and B. We obtain the full net by translating the red zone along the a1 and a2 vectors. δ1, δ2 and δ3 are the vectors giving the three nearest B atoms from an A atom.

We have,

𝒂 𝟏 = 𝑎 2 ( 3 √3 
)

𝒂 𝟐 = 𝑎 2 ( 3 -√3 )
And,

𝜹 𝟏 = 𝑎 2 ( 1 √3 ), 𝜹 𝟐 = 𝑎 2 ( 1 -√3
), 𝜹 𝟑 = -𝑎 ( 1 0 )

The vectors b1 and b2 defining the reciprocal lattice, are defined by:

a i .b j =2πδ ij
With 𝛿 𝑖𝑗 , the Kronecker operator 4 .

This leads to,

𝒃 𝟏 = 2𝜋 3𝑎 ( 1 √3 
)

𝒃 𝟐 = 2𝜋 3𝑎 ( 1 -√3 )
As we have seen in 1.1.1, the relevant atomic orbital to consider is the p one forming π bonds, which is in the perpendicular direction of the lattice. In a tight-binding representation, we have, the following Hamiltonian [START_REF] Leggett | Lecture 5: Graphene: Electronic band structure and Dirac fermions[END_REF] (Hamiltonian of tight binding with the nearest neighbors, with obvious notations):

Ĥ TB,𝑛.𝑛. = -𝑡 ∑ (𝑎 𝑖𝜎 † 𝑏 𝑗𝜎 + H. c. )

𝑖𝑗=𝑛.𝑛. 𝜎

Where, 𝑡 is the integral overlap between two p orbitals (2.7 eV [START_REF] Cresti | Charge transport in disordered graphene-based low dimensional materials[END_REF]), i and j the indices of the nearest neighbors, 𝜎 the spin of the electron equal to ±1, 𝑎 𝑖𝜎 (and its conjugate 𝑎 𝑖𝜎 † ) the annihilation (creation, respectively) operator for electrons on site A, 𝑏 𝑗𝜎 (and its conjugate 𝑏 𝑗𝜎 † ) the annihilation (creation, respectively) operator for electrons on site B and H. c. the Hermitian conjugate.

We also know that, because the potential is periodic (net of carbon atoms), we can use Bloch's theorem. The wave functions ψ solution of Heisenberg equations (eigenvalues of the Hamiltonian) are of the form:

𝜓(𝒓) = 𝑒 𝑖𝒌.𝒓 𝑢(𝒓)
With, 𝒓 the position, 𝒌 the wave vector and 𝑢 has the same periodicity as the structure of the crystal.
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This leads to the Hamiltonian in function of 𝒌 [START_REF] Terrones | Science and Technology of the Twenty-First Century: Synthesis, Properties, and Applications of Carbon Nanotubes[END_REF]:

Ĥ 𝑘 = ( 0 ∆ 𝑘 ∆ 𝑘 * 0 ) ∆ 𝑘 ≡ -𝑡 ∑ exp 𝑖𝐤 ⋅ 𝜹 𝒍 3 𝑙=1
To find the energy bands equations in function of 𝒌, the last step is to determine the eigenvalues of Ĥ 𝑘 :

𝐸 ± (𝐤) = ±𝑡 (1 + 4 cos 3𝑘 𝑥 𝑎 2 cos √3𝑘 𝑦 𝑎 2 + 4 cos 2 √3𝑘 𝑦 𝑎 2 ) 1 2
This allows us to plot the band diagram in Figure 6: We can note that there are particular values for which 𝐸 ± (𝐤) is equal to zero. This happens exactly in the two points K and K' from Figure 8. These points are called Dirac points. We have what we call a degenerate band, graphene is a perfect semi-metal, a semi-conductor with a gap equal to 0.

By performing a linear approximation around these points [START_REF] Wallace | The Band Theory of Graphite[END_REF], we can extract particular properties of the electrons. If we take 𝐤 = 𝐊 + 𝛅𝐤, with |𝛅𝐤| << |𝐊| we have :

𝐸 ± (𝛿𝐤) = ±ℏ𝛿𝑘𝜈 𝐹
With, ℏ, Planck's constant divide by 2π and 𝜈 𝐹 , Fermi's velocity equal to 3𝛾 0 𝑎 2ℏ ≃ 1 × 10 6 m. s -1 .The dispersion equation is linear unlike the usual cases of 2D gases for which the relation is quadratic [START_REF] Poumirol | Étude des propriétés électroniques du graphène et des matériaux à base de graphène sous champs magnétiques intenses[END_REF]. The effective mass is thus equal to zero and the charges behave like relativist particles with speed 𝜈 𝐹 that does not depend on their energy. However, there are limits to this approximation, because there are interactions with the defaults in the graphene License CC BY-NC-ND 4.0 net. In that case we also need to have 𝐸 𝐶 < 𝛾 0 where 𝐸 𝐶 = ℏ𝛿𝑘 𝐶 𝜈 𝐹 is the energy of the charge carriers, in order to have the aforementioned properties [START_REF] Sarma | Theory of carrier transport in bilayer graphene[END_REF].

To go further, in [START_REF] Castro Neto | The electronic properties of graphene[END_REF] the band diagram is determined while also taking into account the interaction with the second nearest neighbors. The equation remains the same, only a second term with lower 𝛾 0 for tight binding with the further neighbors, is added. The band diagram is shown in Figure 7. It is no longer symmetric with respect to the Fermi level, but the properties stay true around the Dirac points. Now that we have the electronic properties of graphene, we can properly determine those of CNTs. First, let us describe CNTs.

Different CNTs and Chirality

Single wall CNTs (SWCNT) are described, mathematically and physically, as a rolled-up sheet of graphene. To define the different types of CNTs, and because it will have an impact on their properties, we define the chiral vector Figure 8. This vector, Cv defines the winding of the sheet of graphene to form a SWCNT. The properties of the CNT will depend on it. The vector Cv is defined using the base vectors (a1, a2) of the graphene sheet, and a couple of scalars (n,m):

𝑪 𝒗 = 𝑛𝒂 𝟏 + 𝑚𝒂 𝟐
We can then define the translation vector T as:

𝑻 = 𝑡 1 𝒂 𝟏 + 𝑡 2 𝒂 𝟐 With, 𝑡 1 = 2𝑚 + 𝑛 𝑑 𝑅 , 𝑡 2 = - 2𝑛 + 𝑚 𝑑 𝑅 ,
𝑑 𝑅 = GCD of (2𝑚 + 𝑛) and (2𝑛 + 𝑚)

The length of Cv defines the diameter of the CNT, while the length of T defines the distance from which the CNT will repeat itself, (CNTs being periodic structures). If we define a as the distance between two carbon atoms (a=0.142 nm), we have: From the couple of scalars (n,m), we can define the following three different types of configuration shown in Figure 9:

||𝑪 𝒗 || = √3𝑎 √ 𝑛² + 𝑚² + 𝑚𝑛 ||𝑻|| = √3𝑎 2 √3(𝑡 1 2 + 𝑡 2 2 ) + 4𝑡 1 𝑡 2
 If m=0, the configuration is called "zig-zag"  If n=m, the configuration is called "armchair"
 In all the other cases, the configuration is said to be "chiral"

License CC BY-NC-ND 4.0 These different conformations will give the CNTs different properties. While armchair tubes are always metallic, others can be semi conducting or metallic (see I.2.1). More precisely, if n=m the tube will be metallic, if n-m is a multiple of three and n≠m, the tube will be quasi-metallic with a very small band-gap 5 , and in all other cases the nanotube is a moderate semi-conductor.

We can note that controlling the chirality of the CNTs during the fabrication process is of crucial importance, because it will determine their behavior. Many works have been published on this subject [START_REF] Liu | Chirality-Controlled Synthesis and Applications of Single-Wall Carbon Nanotubes[END_REF], [START_REF] Sanchez-Valencia | Controlled synthesis of single-chirality carbon nanotubes[END_REF], however, to this date, the growth processes used do not permit it. That being said, if the chirality of the CNTs is random, the probability for a CNT to be metallic is approximately 1/3 rd .

Multiwall CNTs

Multiwall Carbon Nanotubes usually have bigger dimensions, their diameters are bigger and they are longer. They consist of multiple SWCNTs sharing the same axis, each of them called a shell, as shown in Figure 10. Even though it is not the case in Figure 10, the inner shells can have their own chirality. What does not vary is the distance between each shell, that we shall name d, that is equal to Van Der Walls length (0.34 nm).

CNT Properties

Because CNTs are directly derived from graphene, we can deduce CNT electronic properties from the ones of graphene. That is why, using the knowledge of the previous section, we will deduce the properties of CNTs.

SWCNT Band Diagram

As we have said earlier, CNTs are conductive or semi-conductor, depending on their chirality. We will try here to explain this particularity. Though we will mainly focus on the metallic properties of CNTs in this thesis, it is important to understand the semi-conductor behavior of SWCNT, for they are part of MWCNTs, the type of CNTs we will be using for our devices.

Because CNTs are rolled up sheets of graphene, the boundary conditions on the circumference are periodic. This means the wave vector is quantified [START_REF] White | Fundamental Properties of Single-Wall Carbon Nanotubes[END_REF]:

𝑪 𝒗 ⋅ 𝐤 = 2𝜋 ⋅ 𝑖
Where i is an integer.

We can deduce the electronic band structure of a CNT from the one of graphene. The quantization condition is reflected in Figure 11. Slices cut out of the band structure of the first Brillouin zone, indicated by the solid lines in Figure 11a. The condition for a CNT to be metallic is for one of the slice to cut one of the cones at the apex, indeed, the band gap will be equal to zero.

To obtain the band diagram of a CNT, we simply superimpose each of the lone-dimensional curves obtained from the cuts, as in Figure 12. Let us note [START_REF] White | Fundamental Properties of Single-Wall Carbon Nanotubes[END_REF] that the orientation of the slices depend on the chirality of the CNT and that the distance between two slices is:

2𝜋/||𝐶 𝑣 || = 2/𝐷
We define Tr and Cr as the reciprocal vectors of T and Cv. The condition for a slice to cut through the apex of the cone in K, is that the distance between X (the orthogonal projection of K on T) and K is a multiple of ||C r || (cf. Figure 13). It is shown in [START_REF] Dresselhaus | Physical Properties Of Carbon Nanotubes[END_REF] that we have:

||𝑋𝐾 ⃗⃗⃗⃗⃗ || = 2𝑛 + 𝑚 3 ||𝑪 𝒓 ||
Meaning, that the CNTs are metallic if 2n+m is a multiple of three. A good approximation, given the hypothesis we made, of what we said in 1.1.3.
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Band gap of the semiconducting CNTs

In order to calculate the band gap between the valence band and the conduction band, E 𝑔 , in semiconducting SWCNT, we can use the equation as a first approximation [START_REF] Perri | CNTFET Electronics: Design Principles[END_REF]:

E 𝑔 = 2𝛾 0 𝑎 𝐷
As we can see, the more the diameter increases, the more the gap decreases. With diameters important enough, at ambient temperature, the gap (between Fermi's level and the conduction band) is smaller than the energy given to the electrons by heat, E ℎ :

E h =k B T
With, 𝑘 𝐵 Boltzman constant in J.K -1 , and 𝑇, the temperature in K.

The electrons can go from the valence band to the conduction band, and the CNT behaves as a conductor.

Other models have been developed to calculate the energy gap, more precisely [START_REF] Gelao | A Formula to Determine Energy Band Gap in Semiconducting Carbon Nanotubes[END_REF], [START_REF] Araujo | Third and Fourth Optical Transitions in Semiconducting Carbon Nanotubes[END_REF].

Electronic Properties of Metallic SWCNTs

At the nanoscale, Ohm's law is no longer true, because conduction becomes quantized. In a CNT an electron can propagate on a finite number of channels. For a SWCNT, the number of channels is equal to two. Since a channel of conduction stems from the crossing of the conduction band and the valence band, and since those two cross only at the Dirac points K and K', the number of channel is indeed equal to two [START_REF] Cleuziou | Propriétés de transport électronique de nanotubes de carbone: des nanotubes hybrides au nano-SQUID[END_REF].

One of the more important characteristics of metallic CNTs when it comes to their conduction properties is the Mean Free Path (MFP). The MFP is the mean distance a charge carrier will travel without collisions with another particle. The longer the MFP, the lower the resistance. As we have seen in 1.2.1, an electron, or a hole, in a metallic SWCNT will behave as a Fermion.

It will behave as a relativist particle, with a half integer spin, respecting Dirac's equation. Its speed will be 𝜈 𝐹 . That is why we say charge propagation in CNT sis ballistic and not diffusive (Figure 14). The MFP has been studied and determined in [START_REF] White | Carbon nanotubes as long ballistic conductors[END_REF] :

MFP = 2√3𝜋𝑡 2 𝑟 2𝜎 𝐸 2 + 9𝜎 𝑡 2
With 𝜎 𝐸 and 𝜎 𝑡 the variances of the local energy, 𝑡 the jump energy to the nearest neighbor and 𝑟 the radius of the CNT, 𝑡 was determined to be 2.8 eV in [START_REF] Wilder | Electronic structure of atomically resolved carbon nanotubes[END_REF].

Even though much approximatively, the formula below is also used:

MFP ≈ 1000𝐷

With D, the diameter of the CNT. The MFP increases with the diameter.
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Electronic Properties of MWCNTs

As we said earlier, MWCNTs are composed of multiple SWCNTs sharing the same axis. We also showed earlier that there is roughly a probability 1/3 rd for a SWCNT to be metallic. Thus, a simple statistical calculus, leads us to think that MWCNT generally be metallic. Indeed, for a MWCNT with more than three shells, the probability for one shell to be metallic is very high (0.7 for three shells). And, if one shell is metallic, the whole CNT is metallic, provided you have contact with all the inner shells i.e. that the CNTs are not closed (cf. 1.3 Fabrication).

Defaults can exist in SWCNT, and they usually are present. They can arise from topological exceptions, wrong hybridization, missing bonds or even doping from other materials than carbon. These defaults, reduce the MFP of the charge carriers, and increase the resistance. It is worthy to note that for MWCNTs, these defaults affect the inner shells less because the outer wall shields them. This makes MWCNTs more likely to conduct. The outer wall itself is just as prone to defaults as a SWCNT.

Finally, the most important factor that makes MWCNTs "metallic" is its diameter. Indeed, its diameter is usually much bigger than for SWCNTs. This means that even if some shells are semi-conducting, because their diameter is big, the energy gap is small. As we saw in 1.2.2, at ambient temperature, the energy given to the electrons can allow them to jump from the valence band to the conduction band. For a temperature of 300K, a simple numerical application gives a minimum diameter of 20nm, if we want 𝑘 𝐵 𝑇 to be bigger than the gap between Fermi's level and the conduction band. Furthermore, even if the diameter is not quite 20 nm, the electrons still have a reasonable probability (𝑓 𝑖 ) to appear on Fermi's level, following Fermi-Dirac distribution:

𝑓 𝑖 = 1 exp ( |𝐸 𝑖 -𝐸 𝐹 | 𝑘 𝐵 𝑇 ) + 1
Where 𝐸 𝑖 is the energy level of the valence band just below 𝐸 𝐹 or the conduction band just above.

Because, there are an important number of sub-bands in a shell with a big diameter (1.2.2, number of slices proportional to D), their cumulative effect on the probability imply there can be numerous conductive channels. By consequent, a MWCNT with a lot of large shells can be a good conductor.
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The exact number of conductive channels in a shell can be calculated by adding the probabilities:

𝑁 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑠ℎ𝑒𝑙𝑙 ⁄ = ∑ 1 exp ( |𝐸 𝑖 -𝐸 𝐹 | 𝑘 𝐵 𝑇 ) + 1 𝑠𝑢𝑏 𝑏𝑎𝑛𝑑𝑠
For a MWCNT, the total number of channels is the sum of each number of channels per shells.

But the usually used formula stems from [START_REF] Naeemi | Compact physical models for multiwall carbon-nanotube interconnects[END_REF] approximation:

𝑁𝑐𝑎𝑛𝑎𝑢𝑥 𝑝𝑎𝑟𝑜𝑖 ⁄ (𝐷) ≈ { 𝑎 ⋅ 𝐷 + 𝑏, 𝐷 > 3 nm 2 3 , 𝐷 < 6 nm
With 𝐷 the diameter of the shell, 𝑎 = 0.0612 nm -1 and 𝑏 = 0.425. The error of this model is below 15% compared to the formula above. Because we know the internal diameter of a MWCNT is half the outer one [START_REF] Li | Multichannel Ballistic Transport in Multiwall Carbon Nanotubes[END_REF], we have:

𝑁 𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑠 𝑀𝑊𝐶𝑁𝑇 ⁄ = ∑ 𝑎 ⋅ 𝐷 𝑖 + 𝑏 𝑝 𝑖=1
With 𝐷 𝑖 , the diameter of the shell number i.

In [START_REF] Jiang | Universal expression for localization length in metallic carbon nanotubes[END_REF], they explain the exceptional inductance they found, using the formula above. Ballistic conduction was proved in [START_REF] Li | Multichannel Ballistic Transport in Multiwall Carbon Nanotubes[END_REF], where they found a MFP of 25um for a single MWCNT.

Other CNT Properties

In this section, we will do a brief list of the CNTs properties that have been reported in the literature.

CNTs can have huge aspect ratio, meaning their length can be considerably greater than their diameter (between 1 nm and 100 nm). In [START_REF] Zhang | Growth of Half-Meter Long Carbon Nanotubes Based on Schulz-Flory Distribution[END_REF], growth of CNTs a few decimeters long has been reported, and in [START_REF] Wang | Fabrication of Ultralong and Electrically Uniform Single-Walled Carbon Nanotubes on Clean Substrates[END_REF] an aspect ratio of 132,000,000:1 was measured.

CNTs have excellent strength. In [START_REF] Zhang | Ultrastrong, Stiff, and Lightweight Carbon-Nanotube Fibers[END_REF], Young's modulus 6 ranging between 100 GPa and 263 GPa have been measured, while 63 GPa is the value reported in [START_REF] Yu | Strength and Breaking Mechanism of Multiwalled Carbon Nanotubes Under Tensile Load[END_REF]. As a comparison, Young's modulus of diamond is 1 TPa and for steel 200 GPa. Furthermore, CNTs are also extremely flexible [START_REF] Ruelle | FUNCTIONALIZATION OF CARBON NANOTUBES VIA PLASMA POST-DISCHARGE SURFACE TREATMENT: IMPLICATION AS NANOFILLER IN POLYMERIC MATRICES[END_REF], [START_REF] Saito | Preparation and properties of carbon nanotubes[END_REF], they can bend with a 45° angle and still be in the elastic deformation domain and up to 110° without irreversible fracture.

CNTs have exceptional thermal conductivity. Numerous results have been published on thermal conductivity of CNTs at room temperature [START_REF] Samani | Thermal conductivity of individual multiwalled carbon nanotubes[END_REF]- [START_REF] Kim | Thermal Transport Measurements of Individual Multiwalled Nanotubes[END_REF]. Values range between 1750 and 5800 W/mK. Other materials used in electronics for their thermal properties, such as copper or aluminium, have thermal conductivity of 400 W/mK and 239 W/mK. The gap of performance is due to the difference in the mechanisms of heat propagation between metals and CNTs. In metals, mainly electrons propagate heat. In CNTs, thermal waves propagate through the vibration of each carbon atom; it is called phonon heat propagation. This has led to many studies regarding the possible use of CNTs in heat dissipation for electronics [START_REF] De | Carbon Nanotubes: Present and Future Commercial Applications[END_REF].

CNTs can withhold extreme current densities, up to 10 9 A.cm -2 (10 5 A.cm -2 for copper) and their conductivity can be as high as six fold the one of gold [START_REF] Banerjee | Current Status and Future Perspectives of Carbon Nanotube Interconnects[END_REF]. It is due to the ballistic transport

License CC BY-NC-ND 4.0 of charges. It makes them ideal for micron scale interconnects, because other conventional bulk materials are not as efficient due to electromigration, as we will see in Chapter 4.

Finally, CNTs have useful optical properties, mainly due to their narrow selectivity of the wavelength [START_REF]Carbon nanotube[END_REF]. For example, they can be used as optically controlled switches [START_REF] Franck | Mesoscopic electromagnetic model of carbon-nanotube arrays and scalable technological processes : Application to the fabrication of novel antennas[END_REF], or as light emitting diodes (LEDs) [START_REF] Misewich | Electrically Induced Optical Emission from a Carbon Nanotube FET[END_REF] and photo detectors [START_REF] Freitag | Photoconductivity of Single Carbon Nanotubes[END_REF].

Fabrication Processes

There are different methods to fabricate CNTs. Depending on the application, research teams or firms, tend to use one or the other. Indeed, if, a transistor (or a nano-needle) is a few nm in dimensions, in mm-wave packaging applications, the dimensions range from a few tens of microns to a few millimeters. This means the scale of production is very different; while one CNT is sufficient for a transistor application; in our case, we will need much more to do a 50x50x50 um bump interconnect, for example. Fortunately, manufacturing methods, allow the fabrication of single CNTs as well as billions of them in parallel. Furthermore, the length of CNTs and the other parameters of importance can be controlled through fabrication.

In this section, we will mainly describe the Chemical Vapor Deposition (CVD) growth processes. Because, the temperature of this process is around 700°C, it is not compatible with typical mm-wave devices. That is why we will explain the different ways we can incorporate CNTs in mm-wave devices, with a focus on the transfer process (the process we will use to fabricate our devices).

In this work, all the CNTs used for fabrication and characterization were grown by our partner in Singapore, CINTRA (special thanks to Simon Goh and Chun Fei Siah).

Arc Discharge and LASER Ablation 1.3.1.1. Arc Discharge

In Ijima's founding article [START_REF] Iijima | Helical microtubules of graphitic carbon[END_REF], the CNTs were fabricated using the arc discharge technique.

The method is quite simple to implement and was the most used in the premises of CNT based works.

Figure 15: Arc Discharge Method Setup [START_REF] Kingston | Fabrication of Carbon Nanotubes[END_REF] License CC BY-NC-ND 4.0

The setup (Figure 15) consists of two electrodes (an anode and a cathode) placed in a chamber filled by Helium at low pressure (between 200 and 900 mBar [START_REF] Journet | Large-scale production of single-walled carbon nanotubes by the electric-arc technique[END_REF]). Both electrodes are separated by approximately one millimeter. The anode is made of a metal containing carbon, and the anode of graphite. A current is applied and sent through the two electrodes.

The arc discharges created will heat both anode and cathode surfaces, and temperatures of 4,000 K and 3,500 K will be reached on the anode and cathode, respectively. The carbon in the anode will evaporate to the cathode and form carbon nanotubes structure on it.

We can note that a direct current (DC) is better than an alternative current (AC) to obtain CNTs of good quality (less defaults) and that an anode made of graphite will give MWCNT (in opposition to SWCNT for an anode made of metal containing carbon) [START_REF] Saito | Preparation and properties of carbon nanotubes[END_REF]. This method gives CNTs of good quality and is efficient to produce them in large numbers. However, the CNTs produced are all different in length and diameter.

LASER Ablation

Though LASER ablation was used before, R.E Smalley group was the first to use LASER ablation for the fabrication of CNTs in 1995 [START_REF] Guo | Catalytic growth of single-walled manotubes by laser vaporization[END_REF].

The setup is shown in Figure 16. It consists of a LASER, a furnace with a graphite (or metal containing carbon) target inside and a copper collector. To produce CNTs, the furnace has its temperature set to 1,500 K and a high energy pulsed beam (few hundred Joules) is sent on the target. The Laser beam scans the surface of the target to get a uniform temperature and carbon nanotubes stem from the target. Argon is sent in the chamber with a continuous flow in order to carry the carbon particles to the cooled copper collector, where they can be collected. The CNTs obtained with this method are mostly SWCNTs. They arrive on the collector agglomerated in bundles due to the Van Der Walls force. This process allows for excellent quality CNTs (purity up to 90% [START_REF] Scott | Growth mechanisms for singlewall carbon nanotubes in a laser-ablation process[END_REF]). Unfortunately, because this process is very expensive, not efficient for large-scale production, and the fact that the CNTs are disparate and in bundles (not aligned), it will not be used in our work.
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CVD Growth

CVD is a fabrication process that consists in depositing layers of chemical (in opposition to Physical Vapor Deposition (E beam evaporation)) on a surface using the reaction that happens between the volatile compound and the surface material. This process is often used in the industry to produce thin films.

For the fabrication of CNTs using CVD, the reaction taking place at the surface of the material is of the Vapor-Liquid-Solidification (VLS) type.

In this section, we will start by explaining the VLS mechanism, in order to describe the Thermal CVD (TCVD) and Plasma Enhanced CVD (PECVD) processes.

VLS Principle and Equations

The VLS method is a way to grow a crystal on a surface through direct adsorption of a gas phase. We will base what follows on the concrete example of CNTs, yet other crystal can grow using VLS, such as silicon nanowires [START_REF] Wagner | VAPOR-LIQUID-SOLID MECHANISM OF SINGLE CRYSTAL GROWTH[END_REF].

The objectif is to grow a CNT on a silicon substrate. If we were to take the substrate and put it in a chamber with a flow of carbonous gas and wait for the carbon atoms of the gas to precipitate in silicon to grow out of it as a CNT, we would not have results. The VLS simply proposes to add in the equation a little droplet of liquid gold (or alloy in general) typically a few nm in diameter. Though what happens is not fully understood yet [START_REF] Balakrishnan | Real-Time Imaging of Self-Organization and Mechanical Competition in Carbon Nanotube Forest Growth[END_REF], the carbon atoms from the gas will precipitate in the droplet and oversaturate it. Once there is no more room for the new coming atoms, those push out of the droplet the ones already there. When the carbon atoms are pushed out, they arrange themselves to form a CNT (if it is silicon atoms in the gas, they form Silicon crystals). There is a schematic of the process in Figure 17. This process is called VLS, because we have the three states in the reaction, vapour for the gas, liquid for the alloy and solid for the crystal. License CC BY-NC-ND 4.0

Here are a few equations ruling the VLS mechanism [START_REF] Nebol'sin | Development of lateral faces during vapor-liquid-solid growth of silicon whiskers[END_REF], [START_REF] Nebol'sin | Role of Surface Energy in the Vapor-Liquid-Solid Growth of Silicon[END_REF]:

 The radius of the nanostructure (R) is given in function of the seed radius (r) by:

R = 𝑟√1 -( 𝜎 𝑙𝑠 𝜎 𝑙𝑣 ) 2
With, 𝜎 𝑙𝑠 and 𝜎 𝑙𝑣 , the liquid-solid and liquid-vapor interfaces tension energies. As expected, we have R smaller than r.

 The flux of adsorbed atoms in the droplet (Фads) is given by:

Ф 𝑎𝑑𝑠 = 𝛼 𝑃 𝐺 √2𝜋𝑚 𝐺 𝑘 𝐵 𝑇 𝐺
With, 𝛼 the effective adsorption coefficient, 𝑃 𝐺 the partial pressure of the gas, 𝑚 𝐺 the mass of the gas molecule, 𝑘 𝐵 Boltzmann's constant and 𝑇 𝐺 the temperature of the gas.

 The flux of desorbed atoms (Фdes) is given by:

Ф 𝑑𝑒𝑠 = 𝛼 𝑃(𝑟) √2𝜋𝑚 𝐺 𝑘 𝐵 𝑇 𝐺 With, P(r) = 𝑃 ∞ 𝑒 2𝛺 𝑙 𝜎 𝑙𝑣 𝑟𝑘 𝐵 𝑇 𝐺
With, 𝑃 ∞ the vapour tension for an infinite diameter seed and 𝛺 𝑙 the seed volume.

To have growth, we need to have:

Ф 𝑎𝑑𝑠 > Ф 𝑑𝑒𝑠
Which gives a minimal seed radius:

𝑟 𝑚𝑖𝑛 = 2𝛺 𝑙 𝜎 𝑙𝑣 𝑘 𝐵 𝑇𝑙𝑛( 𝑃 𝑃 ∞ ) Ф 𝑑𝑒𝑠
These equations allow us to better understand how we can tweak the growth parameters in order to obtain the geometry of CNT we want.

TCVD Growth

The steps of TCVD for CNT growth are as follows: catalyst preparation, growth of the CNTs and end of growth.

On the substrate (silicon wafer), we deposit the barrier and catalyst layer. The catalyst layer is a few nm in thickness of the wanted metal (iron for example). The barrier layer is made of alumina (Al2O3), for example. We then put the catalyst and substrate in the furnace and heat it. It ensues the formation of droplets of alloy, due to the difference of CTE coefficient between the silicon substrate and the catalyst. The barrier layer is here to ensure the formation of the seed by avoiding diffusion of the alloy in the substrate. We now have a substrate with multiple seeds of the wanted dimensions (it depends on the catalyst thickness and temperature) as seen in Figure 18. We then increase the temperature (between 550°C and 1200°C) and start the flow of gas inside the chamber. Carbon precipitates in the droplets and carbon nanotubes start forming. Different studies on different parameters show experimentally that:

 The different precursors [START_REF] Hernadi | Fe-catalyzed carbon nanotube formation[END_REF]- [START_REF] Liu | Preparation of Fe-filled carbon nanotubes by catalytic decomposition of cyclohexane[END_REF] impact the produced CNTs morphology [START_REF] Nerushev | Particle size dependence and model for iron-catalyzed growth of carbon nanotubes by thermal chemical vapor deposition[END_REF]  The alloys that work best for CNT growth are Fe, Co and Ni [START_REF] Roux-Levy | Nanostructures de carbone dédiées aux interconnexions hautes fréquences[END_REF]  The temperature affects the CNT structure [START_REF] Li | Large-Scale Synthesis of Aligned Carbon Nanotubes[END_REF]  The catalyst can also be solid [START_REF] Roux-Levy | Nanostructures de carbone dédiées aux interconnexions hautes fréquences[END_REF] The growth stops either when the gas flow is cut or when the droplets cannot adsorb the carbon atoms anymore. This happens when a layer of carbon is totally covering its surface (Figure 19).

It is worthy to note that we can add a vapor to augment the quality of our CNTs [START_REF] Hata | Water-Assisted Highly Efficient Synthesis of Impurity-Free Single-Walled Carbon Nanotubes[END_REF]. For example, if ethanol or water is added during the growth, it increases the quality by eliminating amorphous carbon. It also allows for longer CNTs, because the layer of carbon that can cover the seed is eliminated [START_REF] Patole | Growth interruption studies on vertically aligned 2-3 wall carbon nanotubes by water assisted chemical vapor deposition[END_REF]. A schematic is shown in Figure 19, to summarize the process. License CC BY-NC-ND 4.0

The plasma allows for lower temperatures, less dense forest and orientation of the CNTs [START_REF] Meyyappan | Carbon nanotube growth by PECVD: a review[END_REF].It also allows for self-standing CNTs as opposed to wavy CNTs from TCVD. As we have seen the temperatures of the TCVD process range between (550°C and 1200°C), which is not compatible with CMOS technology for example (400°C). The direction of the current in the plasma will be collinear to the axis of the CNTs. Finally, we can note that less dense forests can be useful if there is a need for single CNT measurement, where TCVD samples are two tightly packed.

Transfer Process

Due to the very high temperature processes we cannot grow our CNTs directly on our devices using TCVD [START_REF] Cometto | Use of carbon nanotubes for passive radio-frequency devices[END_REF]. Due to the lower density, and possible ionizing of the circuit [START_REF] Roux-Levy | Nanostructures de carbone dédiées aux interconnexions hautes fréquences[END_REF] we also chose not to use PECVD, though previous results have been obtained by this method [START_REF] Brun | Carbon Nanostructures Dedicated to Millimeter-Wave to THz Interconnects[END_REF].

The only remaining solutions is to grow separately our VACNT with CVD and find a way to transfer them on our devices using compatible temperature processes.

Some research teams use spray-coating [START_REF] Bondavalli | Nano-Graphitic based Non-Volatile Memories Fabricated by the Dynamic Spray-Gun Deposition Method[END_REF], brushing [START_REF]Air-brush deposition for high performance graphene based supercaps[END_REF] or even inkjet printing [START_REF] Tortorich | Inkjet Printing of Carbon Nanotubes[END_REF] but the resulting structure is fundamentally different then VACNT. Indeed, the CNT are oriented in a random order, this is what we call CNT Buckypaper.

Fortunately, there is a possibility to take the separately grown VACNTs bundles and bond them to a receiving substrate. Various methods of bonding have been investigated in the literature [START_REF] Kumar | Contact transfer of aligned carbon nanotube arrays onto conducting substrates[END_REF]- [START_REF] Zhu | Well-Aligned Open-Ended Carbon Nanotube Architectures: An Approach for Device Assembly[END_REF]. A schematic of the process is shown in Figure 22. The steps are: growth of the VACNT bundles by TCVD on a separate substrate, preparation of the receiving substrate, assembly of the two parts, bonding of the CNTs to the receiving substrate and mechanical removal of the growth substrate. As long as the bonding between the receiving substrate and the CNTs is stronger than the one with the growth substrate, we can simply pull away the two parts and the CNTs will be transferred.

Given the fact that we can grow CNTs in pattern using TCVD by simply patterning the catalyst [START_REF] Jeong | Effect of catalyst pattern geometry on the growth of vertically aligned carbon nanotube arrays[END_REF], we can transfer the shape we want. The resolution of the catalyst patterning is the one of classical photolithography process. That means we can have transferred VACNTs bundles almost as small as we wish, the theoretical limit is the size of a single CNT. It is this fabrication process that has been used throughout this thesis, the process will be described more precisely in Chapter 2.
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Modellization of VACNT bundles

A full quantum mechanical treatment would be the most accurate method to model our VACNT bundles. It can be applied using Density Functionnal Theory but it is not applicable in our case because of the too great difference of dimension between a single CNT and the rest of the mm-wave device (a few mm). Another solution, but still limited to the nanoscopic scale, is the joint solving of electromagnetic and quantum equations. We face one of the most common problem when trying to use nanomaterials at the bigger scale, the modellization of billions of elements.

In this section, we will start by developing the simple CNT circuit model in DC, and then develop circuit models in RF for SWCNT, MWCNTs and MWCNT arrays. We will conclude by presenting the bulk equivalent model from [START_REF] Franck | Mesoscopic Model for the Electromagnetic Properties of Arrays of Nanotubes and Nanowires: A Bulk Equivalent Approach[END_REF] for VACNT bundles.

CNT DC circuit model

In the case of DC, a CNT behaves as a resistance. Its resistance is decomposed as three types of resistances in series:

 The contact resistance Rc  The quantum resistance Rq  The CNT resistance RCNT
In this section, we will define and describe each of these resistances.

The contact resistance Rc

This resistance models the difficulty with which the electrons can go from the CNT to the material in contact with it. This contact resistance has mainly been studied for metals.

As we can expect, it depends on the contact surface (roughness, etc.) and the material. It varies between a few kΩ and a few MΩ [START_REF] Wakaya | Contact resistance of multiwall carbon nanotubes[END_REF]- [START_REF] Sun | Contact resistances of carbon nanotube via interconnects[END_REF].

We can add that the contact resistance depends on the shape of the end of the CNT. If it is closed (Figure 17) and only the outer shell is in contact with the surface, the resistance will be higher.

If it is open, and the contact is made with the inner shells as well, the resistance will be lower [START_REF] Lan | Measurement of metal/carbon nanotube contact resistance by adjusting contact length License CC BY-NC-ND 4.0 using laser ablation[END_REF].

Finally, the study in [START_REF] Sun | Contact resistances of carbon nanotube via interconnects[END_REF] shows contact resistance decreases with CNT diameter.

The quantum resistance Rq

The quantum resistance stems from the fact that electron propagation is CNTs is quantized (cf. I.2.1). There is a limited number of channels of conduction in a CNT, and only two spins can propagate in each. This limitation gives [START_REF] Suhir | Micro-and Opto-Electronic Materials and Structures: Physics, Mechanics, Design, Reliability, Packaging[END_REF]:

𝑅 𝑄 = ℎ 𝑁 𝑠𝑝𝑖𝑛 𝑁 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑒 2
With, h Planck's constant, e the elementary electron charge, Nspin the number of electron spin for the channel and Nchannel the number of conducting channels.

For a SWCNT, there are only two conduction channels giving a resistance of 6.45 kΩ. This value is quite high. To remedy the high resistance, CNTs are usually used in bundles in DC License CC BY-NC-ND 4.0 applications. Using MWCNT also reduces the resistance because the number of conducting channels is higher.

The Carbon Nanotube Resistance RCNT

This resistance contrarily to the quantum resistance, depends on the length of the CNT, it is distributed. Because electron propagation in CNTs is ballistic, it only appears if its length is bigger than the MFP. This resistance was measured in [START_REF] Park | Electron-Phonon Scattering in Metallic Single-Walled Carbon Nanotubes[END_REF], the formula is [START_REF] Suhir | Micro-and Opto-Electronic Materials and Structures: Physics, Mechanics, Design, Reliability, Packaging[END_REF]:

𝑅 𝐶𝑁𝑇 = 𝑅 𝑄 𝑙 𝑀𝐹𝑃
CNTs with few defects will increase MFP and thus, decrease resistance.

We can now obtain the DC resistance of bundles of VAMWCNT, the formula is obtained by summing the resistances defined above for an individual CNT and consider multiple similar CNTs in parallel:

𝑅 𝑏𝑢𝑛𝑑𝑙𝑒 = 𝑅 𝐶1 + 𝑅 𝐶2 +𝑅 𝑄 + 𝑅 𝐶𝑁𝑇 𝑁 𝐶𝑁𝑇
With RC1 and RC2 the contact resistances at each CNT end and NCNT the number of MWCNTs.

Though this formula is useful for Nanopackaging (DC interconnects in Chapter IV), we are mainly interested by the RF behavior of CNTs. We develop them in the next section.

RF circuit models 1.4.2.1. SWCNT RF circuit model

We will consider in this part the CNT to be "above a ground plane", meaning the CNT is parallel to a theoretically infinite metallic plane. We can then use the model of the transmission line to describe the propagation of an EM wave along the CNT. The distributed parameters of the CNT line are shown in Figure 23: License CC BY-NC-ND 4.0 RQ is also present but not distributed so not included in the RF transmission line model. There is no conductance because we consider the surrounding medium to be vacuum, which is lossless. The other five distributed components are thoroughly explained in [START_REF] Sarto | Single-Conductor Transmission-Line Model of Multiwall Carbon Nanotubes[END_REF], [START_REF] Li | Circuit Modeling and Performance Analysis of Multi-Walled Carbon Nanotube Interconnects[END_REF], and comes from Burke's article on Luttinger liquid theory applied to carbon nanotubes [START_REF] Burke | Luttinger liquid theory as a model of the gigahertz electrical properties of carbon nanotubes[END_REF].

The magnetic inductance LM and the electrostatic capacitance CES come from the classical electromagnetic equations for a conductive wire parallel to a ground plane:

𝐿 𝑀 = 𝜇 0 𝑙 2𝜋 𝑎𝑟𝑐𝑜𝑠ℎ( 𝑑 𝑎 ) 𝐶 𝐸𝑆 = 2𝜋𝜀 0 𝑙 𝑎𝑟𝑐𝑜𝑠ℎ( 𝑑 𝑎 )
With a the CNT radius, d the distance between the CNT and the ground plane (d>a), l the CNT length (dx) and 𝜀 0 and 𝜇 0 the vacuum constants.

The distributed resistance RCNT and RQ the quantum resistance remain the same because they depend on the number of channels, and it remains the same as in DC in RF, a priori.

The kinetic inductance LK and quantum capacitance CQ stem from the quantum effects of electron propagation in 1D conductors [refs]. The equations are:

𝐶 𝑄/𝑐ℎ𝑎𝑛𝑛𝑒𝑙 = 4𝑒 2 ℎ𝑣 𝐹 𝐿 𝐾/𝑐ℎ𝑎𝑛𝑛𝑒𝑙 = h 4𝑒 2 𝑣 𝐹
With h Planck's constant, e the elementary charge and 𝑣 𝐹 Fermi's velocity.

CQ will be negligible compared to CES and LM will be negligible compared to LK, for small CNT diameters [START_REF] Brun | Carbon Nanostructures Dedicated to Millimeter-Wave to THz Interconnects[END_REF].

MWCNT RF circuit model

We will consider in this part the MWCNTs to be open-ended, and that the contact is made with all the shells. A circuit model for such a case has been developed in [START_REF] Li | Circuit Modeling and Performance Analysis of Multi-Walled Carbon Nanotube Interconnects[END_REF].

The quantum resistance is adjusted with the number of conducting channels in the MWCNT.

The outer shell is simulated just the same way as a SWCNT would be. The inner shells, all with different diameters have the same distributed elements as in the previous part to the exception of CES, which does not have the same expression anymore (no longer wire parallel to the ground, but coaxial transmission), and LM, which is being considered to be 0. Furthermore, different physical phenomena that were not happening for SWCNT need to be modelled, the tunneling conductance GT between two shells and the mutual inductance between a shell and its two neighbors. The equations are:

𝐶 𝐸𝑆 = 2π𝜀 0 𝑙 ln ( 𝐷 𝑜𝑢𝑡 𝐷 𝑜𝑢𝑡 -2𝑑 ) 𝐺 = 1 σπ𝐷 𝑖𝑛 l License CC BY-NC-ND 4.0 𝑀 𝑠ℎ𝑒𝑙𝑙 = 𝜇 0 2π (ln ( 4𝑙 𝐷 𝑜𝑢𝑡 ) -1 + 𝐷 𝑜𝑢𝑡 + 𝐷 𝑖𝑛 𝜋𝑙
With, d the distance between the two shells (Van Der Walls), Din the diameter of the inner shell of the caxial structure, Dout the diameter of the outer shell and σ the tunneling conductivity between two shells. The circuit model is presented in Figure 24. 

Bundle of MWCNT Circuit Model

If we were to do hybrid simulations, combining the use of the circuit software ADS to HFSS for example [START_REF] Roux-Levy | Nanostructures de carbone dédiées aux interconnexions hautes fréquences[END_REF], the computer processor would not allow for billions of circuit lines in parallel each representing a CNT in a bundle. That is why we need to simplify the circuit first, by neglecting what can be neglected and sum what can be summed. To simplify the problem, we will consider every CNT to be the same if only for their position in space.

Mutual inductance, tunneling conductance and coupling capacitance are not considered, they were shown to be negligible in [START_REF] Stetter | Determination of the intershell conductance in a multiwall carbon nanotube[END_REF], [START_REF] Collins | Multishell conduction in multiwalled carbon nanotubes[END_REF].

The number of CNTs divides resistances and inductances in series, and capacitances in parallel are multiplied. We obtain, with the previous notations:

𝑅 𝑄/𝐵𝑢𝑛𝑑𝑙𝑒 = h 2𝑒 2 1 𝑁 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑁 𝐶𝑁𝑇 𝑅 𝐶𝑁𝑇/𝐵𝑢𝑛𝑑𝑙𝑒 = 𝑅 𝑄/𝐵𝑢𝑛𝑑𝑙𝑒 l MFP 𝐿 𝐾/𝐵𝑢𝑛𝑑𝑙𝑒 = h 2𝑣 𝐹 𝑒 2 𝑙 𝑁 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑁 𝐶𝑁𝑇 𝐶 𝑄/𝐵𝑢𝑛𝑑𝑙𝑒 = 2𝑒 2 h𝑣 𝐹 𝑙𝑁 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑁 𝐶𝑁𝑇 𝐶 𝐸𝑆/𝐵𝑢𝑛𝑑𝑙𝑒 = 2π𝜀 0 ln ( 𝑑 𝑎 + √ 𝑑 2 𝑎 2 -1) 𝑙𝑁 𝐶𝑁𝑇
This model is a circuit one, though very useful for interconnect modelling, lacks to represent certain aspects of the CNT forest we will use for our devices in this work. For example, we

License CC BY-NC-ND 4.0 cannot model EM characteristics such as the reflection of an EM wave on a VACNT bundle, or the radiation pattern of an antenna, etc.

That is why an equivalent bulk model was developed previously in our research team [START_REF] Franck | Mesoscopic electromagnetic model of carbon-nanotube arrays and scalable technological processes : Application to the fabrication of novel antennas[END_REF] and we will briefly explain the equation behind it in the next section.

The Bulk Equivalent model

The complete development of the model is explained thoroughly in [START_REF] Franck | Mesoscopic electromagnetic model of carbon-nanotube arrays and scalable technological processes : Application to the fabrication of novel antennas[END_REF], [START_REF] Franck | Mesoscopic Model for the Electromagnetic Properties of Arrays of Nanotubes and Nanowires: A Bulk Equivalent Approach[END_REF]. The steps of obtention are as follows: we first model individual CNTs as hollow metallic tubes; we then find the equivalent nanowires; and finally, we determine the bulk equivalent model properties (Figure 25). Because, the diameter of the CNTs is very small (few nm) compared to the wavelength we are working at (mm-wave), we consider the use of a bulk equivalent model to be coherent.

Slepyan and Masimenko [START_REF] Ya | Electrodynamics of carbon nanotubes: Dynamic conductivity, impedance boundary conditions, and surface wave propagation[END_REF] model CNT quantum properties by an equivalent hollow tube with complex conductivity. The conductivity is obtained using the semi-classical approximation based on Boltzman kinetic equation and tight-binding theory [START_REF] Hanson | Dyadic Green's functions and guided surface waves for a surface conductivity model of graphene[END_REF]. We have:

License CC BY-NC-ND 4.0 𝜎 𝐶𝑁𝑇,𝑠𝑢𝑟𝑓 ≃ 2𝑒 2 𝜈 𝐹 𝜋 2 ℏ𝑎(𝜈 + 𝑗𝜔)
With, e the elementary charge, vF Fermi's velocity, ℏ Planck's constant divided by 2π, 𝜈 is the relaxation frequency and 𝜔 the angular frequency. This formula is valid for SWCNTs only, and for 𝜔 < 3𝑣 𝐹 𝑎 , or a frequency below a few tens of THz [START_REF] Mikki | Mean-Field Electrodynamic Theory of Aligned Carbon Nanotube Composites[END_REF].

A bulk nanowire equivalent to this hollow tube is obtained by equalizing the impedances of the two types of tube (hollow, nanowire).

Finally, by averaging the conductivity of the nanowire bundle (bundle of vertically aligned nanowires in hexagonal geometry), we obtain the conductivity in the direction of the axis of the nanowires:

𝜎 𝐴𝑥𝑖𝑎𝑙 = 8𝑒 2 𝑣 𝐹 ℎ(𝜈 + 𝑗𝜔) 𝐷 𝐶𝑁𝑇
With, 𝐷 𝐶𝑁𝑇 the density of CNTs in the bundle in number/area. Also, by using the effective medium theory (Bruggeman), we have an expression linking the lateral conductivity of the equivalent material to the nanowire conductivity and the conductivity of the embedding medium (vacuum here). This leads to:

𝜎 𝑙𝑎𝑡𝑒𝑟𝑎𝑙 = 0 If, 𝛿 𝑟 ≥ 2( √ 𝜋 √3 -1)𝑎
With 𝛿 𝑟 the distance between two nanowires, and a the radius of the nanowire. This is verified in TCVD grown forests were the density reaches 10 15 CNTs/m 2 maximum [START_REF] Liu | Densification of Carbon Nanotube Bundles for Interconnect Application[END_REF].

To summarize, the bulk equivalent model for VACNT bundles conductivity is the following tensor:

∑ = [ 𝜎 𝑙𝑎𝑡𝑒𝑟𝑎𝑙 0 0 0 𝜎 𝑙𝑎𝑡𝑒𝑟𝑎𝑙 0 0 0 𝜎 𝐴𝑥𝑖𝑎𝑙 ]
This model has been developed for VASWCNT and has been compared to the circuit model from I.4.2.3 with good accordance [START_REF] Franck | Mesoscopic electromagnetic model of carbon-nanotube arrays and scalable technological processes : Application to the fabrication of novel antennas[END_REF] for interconnects. This model is the one we use in all the Finite Element Method (FEM) simulations of this manuscript.

Though the model was developed for VASWCNT arrays, it can still be used for bundles of MWCNT with good accordance with measurements results [START_REF] Roux-Levy | Nanostructures de carbone dédiées aux interconnexions hautes fréquences[END_REF]. Indeed, this model shows two important things common to all bundles of nanowires: the conductivity is anisotropic (provided the distance between the wires is sufficient) and the conductivity depends on the density of the array. Numerical applications are presented in Table 1. 

Characterization of VACNT bundles

The previous paragraphs show that some parameters will change the way VACNT bundles behave, especially electrically. Whether it is the number of shells, the type of CNTs, their diameter, their quality or more importantly, the density, the conductivity will vary greatly depending on these parameters. Moreover, all these characteristics will also impact all the other properties; thermal, mechanical, optical, etc. Thus, it is critical to have ways to characterize the grown samples from TCVD.

VACNTs bundles is a difficult material to characterize for a least two reasons:

-The main difficulty resides in its definition: billions of CNTs in parallel. Indeed, for a few tens of microns square, the bundle is already composed of billions of CNTs and it is the properties of the individual CNTs that give the bundle its properties. We would need to have the characteristics of each CNT to have the exact behavior of the bundle. Yet characterizing one CNT takes time, let alone billions of them.

-The second difficulty is the limitations implied by the fabrication process, we cannot have samples of any dimension we want, the bundles are to be supported by a substrate, they have to be perpendicular to the substrate, etc.

In this section, we will present a few of the characterization methods we have used to characterize our samples. These methods go from the observation of one CNT to the overall DC conductivity of a bundle.

Characterization of the CNTs

To determine the structure of the individual CNTs , two methods are usually used. TEM allows for "direct observation" of the CNT, while Raman and XPs allow scanning an area with multiple CNTs and extracting the average characteristics of this area.

Tunneling Effect Microscope (TEM)

The tunneling effect microscope is actually the first tool used to observe CNTs, it is widely used in the domain of nanotechnologies. It consists of sending electrons in a sample and measure the transmitted electrons. Because of the known equations of the tunnel effect, in function of what is transmitted, an image can be artificially created. This method allows to see as little as individual atoms.

To observe the TCVD grown CNTs used in this PhD work, we must fabricate a sample thin enough to allow for the tunneling effect to happen. In order to do that, CNTs are diluted in water and then a sample is kept between two glass plates. A TEM image obtained using this method is shown in Figure 26. We can see a MWCNT and determine its diameter and number of shells. We usually do several measurements and the mean gives the average CNT in the forest. 

Raman and XPs

Raman and XPS are used not for determining the geometry of the CNTs but their structural quality (type of covalent bonds). Both are Spectroscopy method. For Raman, a beam is sent toward the sample and the reflected beam is measured with a CCD captor. For XPS an X-ray beam is sent on the sample and the emitted phonons of the sample are measured.

Depending on the electronic structure of the sample, the shift in frequency (Raman), or the wavelength of the emitted (photoelectrons) will give information.

In our case, it will give us the amount of sp2, sp3, CO, etc. bonds in the sample. The ratio between the number of sp2 bonds and the rest gives the quality of the CNTs (for a perfect CNT there are 75% of sp2 bonds (1.1.1)). For a high ratio of sp2 bonds, we can deduce a high number of CNTs compared to other possible carbon structures without sp2 bonds. Results for Raman and XPS of our samples are shown in Figure 27. The different colors relate represent different growth processes tested in CINTRA. In the case of the Raman scan, the ratio between the two intensity peaks ID and IG is directly linked to the percentage of sp2 bonds. The smaller the ratio, the less defects will be present in the CNTs.

For different growth times (black, red and pink curves), 20 minutes, 30 minutes and 40 minutes the ratios are 0.783, 0.783 and 0.971 respectively. Which means if the growth time is too long, the quantity of defects will increase. Yet, in order to achieve a certain height, the growth time has to be increased; one must find a compromise. The XPS spectrum on the right gives the binding energy spectrum of the samples. Different binding energies correspond to different types of bonds. By measuring the area below the curve, it is possible to obtain the different percentage of each bond in the sample. These measurements complete well the Raman scan, and are in accordance.

Density measurements

The most used method to calculate the density of VACNT bundles is the use of a microbalance, conjugated with TEM observations. TEM observations give the average of the dimensions of the CNTs outer and inner diameter Rout and Rin, the average weight is given by [START_REF] Zhong | Semi-quantitative study on the fabrication of densely packed and vertically aligned single-walled carbon nanotubes[END_REF]:

m CNT =V CNT ρ graphite
With, 𝑉 𝐶𝑁𝑇 = 𝜋(𝑅 𝑜𝑢𝑡 3 -𝑅 𝑖𝑛 3 ), the average volume of the CNT and 𝜌 𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒 the density of graphite.

By measuring the weight of the substrate before and after CNT growth, one can obtain the number of CNTs, by dividing the total weight by the weight of the average CNT.

However, this method does not take into account that not all structures in the forest are CNTs.

There can be amorphous carbon, or other carbon oxygen composites, whose weight will be counted as CNT.

X-ray

In this section, we will explain the X-ray method developed by Hart's team in [START_REF] Bedewy | Mechanical coupling limits the density and quality of selforganized carbon nanotube growth[END_REF], [START_REF] Bedewy | Population Growth Dynamics of Carbon Nanotubes[END_REF]. This method is the most complete to determine accurately the CNT bundle density.

Figure 28 : Schematic of the X-ray characterization method [START_REF] Bedewy | Mechanical coupling limits the density and quality of selforganized carbon nanotube growth[END_REF] License CC BY-NC-ND 4.0

As shown in Figure 28, here is how the outline of how the method works: an X-ray beam is generated and it goes through a forest of CNT, we then gather the scattering data on a screen behind the forest.

Here is how it works precisely step by step:

Step 1: We apply Beer-Lambert-Bouguer law. We calculate the ratio between the intensity before and after the sample and we can infer the volume mass of the slice we are lighting.

𝜌 𝑚 = ln ( 𝐼 0 𝐼 ) 𝑡( 𝜇 𝜌 )
𝜌 𝑚 is the local mass density, 𝐼 0 the intensity before going through the forest, 𝐼 the intensity after the beam went through the forest, t the thickness of the forest (forest depth in the direction of the beam) and 𝜇 𝜌 the total mass attenuation coefficient (3 cm 2 /g for graphite for an X-ray energy of 10keV).

If we say all the CNTs are aligned, we can deduce their number directly from the mass density calculated above. We consider the tubes are hollow tubes with walls having the same density as graphite. We just need to know their radii, which can be done by TEM.

Unfortunately, the tubes are wavy. And, one tube takes more space if he is wavy than straight (Figure 29), the number of CNTs is an overestimate if we stick to the simple calculus. Plus, all the CNTs do not have the same diameter, we have to take an average of many measurements made by TEM (Figure 26) and it takes time.

Figure 29: Schematic of the space taken by wavy CNTs, Source: [START_REF] Bedewy | Population Growth Dynamics of Carbon Nanotubes[END_REF] With the X-ray method we are not only able to precisely determine the distribution of the diameters of the CNTs but also their waviness which allows us estimate very precisely the density of the forest.

Step 2: A series of scan for different distances to the top of the sample (middle of the focal spot to top) are then made. For each distance from the top of the forest, a scan is made, and the intensity in function of the scattering vector is plotted. In Figure 30, the scans are superimposed on the same graph. For each scan, the fitted model (explained below) is also plotted.

Figure 30: Measurements of the outcoming intensity function of the wavenumber for different heights [START_REF] Bedewy | Population Growth Dynamics of Carbon Nanotubes[END_REF] We then try to fit those curves (for each distance from the top) with the following model:

First the repartition of CNT diameters in the forest is supposed to be Gaussian, the probability of a CNT to have a diameter R is given by P(R) below:

𝑃(𝑅) = 1 𝑅𝜎√2𝜋 exp [ -(ln(𝑅) -𝜇) 2 2𝜎 2 ]
With,

𝜇 = ln(𝑅 ̅ ) - 1 2 ln (1 + 𝜎 𝑅 2 𝑅 ̅ 2 )
And,

𝜎 = ln (1 + 𝜎 𝑅 2 𝑅 ̅ 2 )
With 𝑅 ̅ the mean diameter and 𝜎 𝑅 the variance of the diameter.

The scattering model used is the one of the hollow tubes [START_REF] Wang | Characterizing the Morphologies of Mechanically Manipulated Multiwall Carbon Nanotube Films by Small-Angle X-ray Scattering[END_REF], it is described below:

𝐼(𝑞) = 𝐴𝐹(𝑞)𝑆(𝑞)
License CC BY-NC-ND 4.0 𝑆(𝑞) is the factor due to particle-particle scattering, it is equal to one because there are no such phenomenons for Carbon-Carbon bonds for these wavenumbers.

𝐹(𝑞) is the form factor, linking the scattering to the shape of the structures in the sample (hollow tubes in our case). It is given by the following equations:

𝐹(𝑞) = 𝐿𝜋 𝑞 𝐼 𝑐 (𝑞) 𝐼 𝑐 (𝑞) = ∫ 𝑃(𝑅)𝑓 2 (𝑞, 𝑅, 𝑐)𝑑𝑅 ∞ 0 ∫ 𝑃(𝑅)𝑑𝑅 ∞ 0 𝑓(𝑞, 𝑅, 𝑐) = 𝛥𝜌𝑅 2[𝐽 1 (𝑅𝑞) -𝑐𝐽 1 (𝑐𝑅𝑞)] 𝑞𝑅(1 -𝑐 2 )
With L the length of the CNTs, c the ratio of the outer and inner diameters of the CNTs and J1 the spherical Bessel function of the first kind.

We can vary 𝑅 ̅ , 𝜎 𝑅 and c to fit the experimental results. Once we are fitting the experimental data we have the repartition of the CNT diameters in our sample and we can go to the next step, which is obtaining the waviness of our CNTs.

Step 3: In order to obtain the waviness (or the corrected height c.f. Figure 29), we scan for different angles between the beam and the forest, we rotate the sample around the z-axis (angle φ different than the one in figure 28). We then have the experimental data I(φ), for different azimuthal scans. We can extract from it the corrected height of our CNTs (waviness) [START_REF] Bedewy | Population Growth Dynamics of Carbon Nanotubes[END_REF].

The corrected height of our CNTs, 𝛥𝑙 = 𝛬𝛥𝑧 , is given by:

𝛬 = ( 3 2𝑓 + 1 ) 1 2
With,

𝑓 = 1 2 (3〈𝑐𝑜𝑠 2 𝜙〉 -1)
And,

〈𝑐𝑜𝑠 2 𝜙〉 = ∫ (𝐼(𝜙)𝑠𝑖𝑛𝜙𝑐𝑜𝑠 2 𝜙)𝑑𝜙 𝜋 2 0 ∫ (𝐼(𝜙)sin (𝜙))𝑑𝜙 𝜋 2 0
From Step 2 and 3 we have the distribution of diameters and the corrected length respectively. Given that we have the volumic mass from Step 1, we can now determine the density of CNTs.

Measurements were made in CINTRA, by Chun Fei Siah, the PhD student of project TRiCOT working there, using the SWAXS Nanoinxider. The setup is shown in Figure 31. The intensity measurements for different heights are plotted in Figure 32. As we can see, the measurements are not exploitable. The forest has a height of 500 um (measure with SEM), which means we should have the different steps in intensity:

-For Z between 0 and 0.2 mm, the beam is partially blocked by the silicon wafer (radius of 100 um), the intensity should increase but still be low.

-For Z between 0.2 and 0.4 mm, the beam is totally blocked by the CNT forest (height of 500 um), the measurements give the CNT density.

-For Z between 0.4 and 0.7mm, the beam is partially blocked by the CNT forest, the intensity should increase to its maximum, when nothing is in between the source and the receptor.

However, this is not what is observed in Figure 32. The noise in the measurements is too high to extract coherent values.

License CC BY-NC-ND 4.0 The size of the beam was t0o important compared to the height of the CNT forest, which implied scattering noise from the silicon supporting the forest. Indeed the beam size in Hart's article is 10 um in diameter, which is 20 times smaller than the one we can obtain with the Xray machine in CINTRA. It is explained by the fact that Hart's team uses a synchrotron, an equipment to which, in this PhD work, we do not have access. Furthermore, the forest used in their article are a few millimeters high against a few hundred of microns in our case (the fabrication process we use aims for bigger density and we cannot achieve important heights).

If we consider the values between 0.3 mm and 0.4 mm to be correct, we can apply Beer-Lambert-Bouguer law. 𝐼 0 is taken to be the value of the measured intensity for Z=2mm, where the beam is well above the top of the CNT forest.

Step 2 and Step 3 are skipped and we consider straight CNTs with a radius of 5 nm. The thickness of the forest is 10 mm. The calculus is explained below.

The volumic mass of the forest (𝜌 𝑚 ) is given by:

𝜌 𝑚 = ln ( 𝐼 0 𝐼 ) 𝑡( 𝜇 𝜌 )
Numerical application :

𝜌 𝑚 = ln ( 1626090 1599850 ) 1 * 3 = 5.42 * 10 -3 𝑔/𝑐𝑚 3
The mass of a single CNT is given by:

𝑚 𝐶𝑁𝑇 = 𝜌 𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒 * 𝑉 𝐶𝑁𝑇
With 𝜌 𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒 being the mass density of graphite and 𝑉 𝐶𝑁𝑇 = 𝜋 * (𝑅 𝑜𝑢𝑡 2 -𝑅 𝑖𝑛 2 ) * ℎ the volume of a CNT (hollow tube of height h, outer diameter 𝑅 𝑜𝑢𝑡 and inner diameter 𝑅 𝑖𝑛 (taken to be equal to half of 𝑅 𝑜𝑢𝑡 , c.f 1.1.4)).

Numerical application (height of 1 cm, 𝑅 𝑜𝑢𝑡 and 𝑅 𝑖𝑛 , 5 nm and 2.5 nm from TEM observation): The number of CNTs in a given volume V is equal to:

𝑚 𝐶𝑁𝑇 = 2.
N CNT = ρ m *V m CNT
Numerical application for 1 cm 3 :

N CNT = 5.42*10 -3 1.33*10 -16 =4.07* 10 13 This means that the density of CNTs is equal to 4.07*10 17 CNTs/m 2 .

The density values for different Z are given in Table 2. The values we find are one order of magnitude than the highest values reported in the literature for as-grown CNTs (non modified after growth) [START_REF] Hata | Water-Assisted Highly Efficient Synthesis of Impurity-Free Single-Walled Carbon Nanotubes[END_REF], [START_REF] Zhong | Semi-quantitative study on the fabrication of densely packed and vertically aligned single-walled carbon nanotubes[END_REF]. However, the value we find is probably higher than the reality for two reasons. The first reason is that the size of the beam is quite bigger than in the reference, meaning there is probable reflection on the silicon wafer, leading to lower transmitted intensity and over evaluated density. The ratio of forest height to beam diameter is 40 times lower for our measurements than in the reference article [START_REF] Bedewy | Population Growth Dynamics of Carbon Nanotubes[END_REF]. The second reason is that the waviness of the CNT was not taken into account, thus reducing the effective volume occupied by a CNT, leading again to an over evaluation of the density.

Regarding the characterization set-up we used in Singapore, it would be possible to obtain results by opening the X-ray machine and use a diaphragm with the correct aperture, thus obtaining an available characterization method for the grown CNT forest. However, with this particular type of machine, the manufacturer does not allow the opening. It was decided to investigate other density measurements experimentations in order to cross the results with this set of measurements.

Densification

Another method that can be used for density measurement is densification. This method is interesting not only for the insight it gives on the density but also for the fabrication processes it gives way to.

The principle of the method is the following one:

Step 1: CNT shapes are grown, typically circular pillars or square ones.

Step 2: A liquid is dropped on them and, by capillarity; the CNTs will be drawn together. We assume the maximum density achieved after densification is the value given in [START_REF] Futaba | Shape-engineerable and highly densely packed single-walled carbon nanotubes and their application as super-capacitor electrodes[END_REF].

Step 3: By measuring the ratio of the initial surface to the one after densification, we will have the density of the CNTs we have grown before densification. The surface ratio is equal to the density ratio (density before densification (the unknown) and after densification (known)).

License CC BY-NC-ND 4.0 SEM pictures of this method, from experimentation in CINTRA, are shown below in Figure 33: Theoretically [START_REF] Futaba | Shape-engineerable and highly densely packed single-walled carbon nanotubes and their application as super-capacitor electrodes[END_REF], after densification, the density is equal to the maximum density attainable for CNTs. After densification, the distance between each CNTs and its neighbors is equal to Van der Waals distance. This gives a density of 10 17 CNTs/m 2 . This density is a theoretical value for bundles of SWCNTs (3 nm diameter), supposing that all the CNTs are perfectly vertical, it does not account for waviness. Furthermore, we probably have a density a bit lower for MWCNTs (our case) due to their bigger diameter (5nm). However, with this value, for samples fabricated in CINTRA, we find densities of 2.5*10 16 CNTs/m 2 .

This value is coherent with the values reported in the literature [START_REF] Hata | Water-Assisted Highly Efficient Synthesis of Impurity-Free Single-Walled Carbon Nanotubes[END_REF]. Yet, it is one order of magnitude higher than the highest density reported in Hart's article [START_REF] Bedewy | Population Growth Dynamics of Carbon Nanotubes[END_REF] (X-ray characterization). It is probably partially due to the fact that the CNTs used in [START_REF] Bedewy | Population Growth Dynamics of Carbon Nanotubes[END_REF] are not high density CNTs. Indeed, in order to obtain consequent heights (a few millimeters) it is not possible to achieve very high density. But it is also probably due to the fact that, pretty much as the microbalance method, this characterization does not take into account the waviness of the CNTs.

Nevertheless, this densification process can be interesting if we want to engineer different types of shapes. Here are a few examples of how to use the densification process in order to make interesting shapes (Figures 34): 

FIB-SEM-TEM blade

Because we could not use the X-ray method, and because we have doubts about the results obtained from the densification method, we decided to cross the previous results with another method. We came across the idea for this method due to an equipment that became newly available in Xlim during my PhD, we decided to call this method the FIB-SEM-TEM blade.

It consists in observing a TEM blade. This blade is of a different kind than in 5.1.1.Instead of diluting the CNTs in a liquid and then making the observation. The blade is cut out directly in the forest using a Focused Ion Beam (FIB). This is interesting because, we do not modify the way CNTs are arranged by diluting them. For example, if CNTs tend to intertwine themselves, forming ropes of several CNTs, we can observe it.

We decided implement this experimentation in Limoges. This experimentation relies on a FIB-SEM machine that was bought in common between XLIM and IRCER (a laboratory in Limoges researching on Ceramics). The engineers from XLIM (M. Rougier) and IRCER (M. Carles) in charge of this heavy equipment brought me their knowledge and competences, and realized the following steps of the process:

Step 1: We deposit a rectangle of platinum of 1um thickness on the top of the CNT forest (fabricated by CINTRA), in order to hold the CNTs together (Figure 35).

Step 2: We dig holes on each side of the deposited rectangle, in order to allow for the FIB to cut perpendicularly to the CNTs (Figure 35). Step 3: The FIB cuts the shape of the blade, while leaving a little support area (Figure 36). Step 4 : A probe comes in and is soldered to the free end of the blade (Figure 37).

Step 5: The FIB cuts the last support of the blade (Figure 37).

Step 6: The blade is transported to a support fit for TEM observation (Figure 37). Step 7: The blade is soldered to the support using platinum.

Step 8: The probe is cut off using FIB. Step 9: The blade is then thinned to 100nm thickness using the FIB, and observed with the TEM.
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The TEM image of the blade is a projection of the slice into a plane. We observe the transmitted electrons. That means all the CNTs present in the blade will be projected on the plane of the image. Thus, we can count the number of CNTs present in a certain section of the blade. Given that we know the thickness of the blade (100 nm) and its width (width of the TEM image taken), we can deduce the number of CNTs per unit area. By analyzing different areas and different blades, we can have a mean estimate of the density. But more interestingly, we can see if CNTs are intertwined together (nanoropes).

Unfortunately, we encountered some problems, Due to the structure of TCVD grown CNTs, during step 3, the CNTs from the blade bend. It is because they are not hold by their bottom part anymore. As a result, only the upper half of the blade can be properly thinned and observed in the TEM. However, due to the thinning process (Step 9), a lot of platinum atoms deposit on the CNTs and since they are much heavier than carbon atoms, we cannot see the CNTs. Another longer blade will be fabricated for the defense in order to be able to observe the CNTs with TEM.

Conductive properties

The characterization processes we are trying to implement have one objective: determining the conductivity of our material, in order to provide an accurate model of the RF devices under consideration. Density measurements, give an estimate of the sample conductivity through the bulk equivalent model from 1.4.3. However, instead of determining the structure of the forest, to incorporate the values in an equivalent model, one can also try to experimentally measure its conductivity.

DC conduction

The measurement of VACNT bundle resistance grown by PECVD has been made in [START_REF] Brun | Carbon nanotubes based nanopackaging dedicated to innovative high frequency interconnections[END_REF]. The CNTs are grown using PECVD, which allows for this type of measurement between two gold lines (Figure 39). Indeed, the CNTs are horizontally grown. The grown CNTs are Double Wall CNTs (DWCNTs).

Figure 39 : Measurement Setup for DC and RF CNTs conductivity measurements [START_REF] Franck | Mesoscopic electromagnetic model of carbon-nanotube arrays and scalable technological processes : Application to the fabrication of novel antennas[END_REF] License CC BY-NC-ND 4.0

The resistance of the CNT bundle was measured using DC probes on the signal of the CPW lines, and removing the resistance due to the gold portions.

By defining the conductivity σ as:

σ = 𝐿 𝑅𝑆
with, L the length of the bundle, R the resistance and S the cross-section, the authors obtain a conductivity of 10 4 S/m. This value is quite low, but the density of CNTs obtained for PECVD growth is quite lower than for TCVD Because we do not choose the direction of growth in TCVD, we cannot use this method. We can think of methods if the possibility of transfer is taken into account, but the transfer method will induce a different behavior than directly grown CNT, with higher contact resistances.

RF conduction

The method from [START_REF] Brun | Carbon nanotubes based nanopackaging dedicated to innovative high frequency interconnections[END_REF] (1.5.3.1), can also be used for RF measurement. The authors simply measured the S-parameters of the structure using GSG probes connected to a VNA on the CPW lines. The equivalent parameters of the transmission line for the CNT bundle have been extracted from the RF measurements and deembedding

The use of the resonant cavity method [START_REF] Feuray | Evaluation of metal coating techniques up to 66 GHz and their application to additively manufactured bandpass filters[END_REF] is not applicable directly in our case. First, the area of the samples needed is too big for the fabrication utilities in CINTRA. Second, the anisotropy of the VACNTs does not allow for the usually used modes to appear. For detailed explanations, see Appendix 1.

To palliate this problem, we fabricated cavities using the transfer process (1.3.3). However, these measurements will strongly depend on the fabrication process, due to the assembly process, as we will see later in this work (see section 2.5).

To conclude, three different methods were investigated in order to evaluate the density of a CNT forest: X-ray measurements, densification, and FIB-SEM-TEM blade. Though we do not have definite results yet, we estimate the density to be around 10 15 CNTs/m 2 . By incorporating this estimate into P. Franck's model, we evaluate the axial conductivity of the CNTs that will be used in this work to be around 2*10 5 S/m. However, the CNTs conductivity can also be evaluated experimentally. To the knowledge of the author, no RF values have been reported in the literature, probably due to their uncommon anisotropic property and the restricting fabrication process. A process will be shown later in this work, but its results depend strongly on the fabrication process ( see section 2.5).

VACNT Bundles Nanopackaging Applications

We will now give examples of how VACNT bundles have been used, in the industry and in research, for nanopackaging. We will focus on the three following fields: Thermal Management, EMI shielding and Antennas. There are other ways to use CNTs for Nanopackaging such as Interconnects but they are not presented in this section, either because we will have a particular focus on it in the other chapters, or because they are not known to the author, the number of CNT published research being simply too great.
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Thermal Management

Of the different nanopackaging applications for VACNT bundles, thermal management is one of, if not the most, studied. With the downscaling of transistor circuitry and the increasing power needed for faster calculation [START_REF] Sri-Jayantha | Thermomechanical modeling of 3D electronic packages[END_REF], the power loss of chips has consequently increased. The excess power is mainly dissipated as heat, which increases chip temperatures, and becomes more and more critical as circuits are more and more 3D integrated. Indeed the stress induced by thermal variations will reduce the chips longevity, reliability and performances [START_REF] Sri-Jayantha | Thermomechanical modeling of 3D electronic packages[END_REF]. This evolution in electronic devices calls for better thermal management. Of the different solutions proposed, chip integration that allow for better heat dissipation are intensely studied, though other solutions such as processor architecture also give viable solutions. To reduce the temperature locally on the chip, one must transfer it first to a larger area than can itself be cooled via liquid or air convection. Thus many materials have been under scrutiny for their high thermal conductivity that allow for the quick transport of heat waves, mainly metals, but also VACNT bundles. We can note here that for thermal isolation, CNT buckypapers have shown very low thermal conductivity (74 W/mK at room temperature), meaning high isolation [START_REF] Faraji | Ultralight anisotropic foams from layered aligned carbon nanotube sheets[END_REF].

Not only do VACNTs bundles have theoretical exceptional thermal conductivity, they are also incredibly lightweight, and have interesting mechanical properties. This makes them ideal candidates for Thermal Interface Materials (TIMS) [START_REF] Yuan | Thermal Interface Materials Based on Vertically Aligned Carbon Nanotube Arrays: A Review[END_REF]. TIMs are used to improve heat transfer between the chip and the heat sink. The heat sink is the part that allows for dissipation of the heat in the surrounding medium. It usually is in the shape of multiple fins in parallel in order to maximize surface, for optimal convection, and in metal (e.g. copper). The problem is that if the contact is not good between the heat sink and the chip, the resulting thermal resistance will impact heat dissipation. That is why TIM materials are usually placed between the two, they have to fit the shape of the two surfaces in contact and are usually pastes. The topology of a chip with heat sink and thermal paste is presented in Figure 40. VACNTs bundles make ideal candidate for TIMs due to their mechanical and thermal properties. They can be used in three different ways, either, as is, or, embedded in a medium that can be a metal or a polymer, Figure 41.

License CC BY-NC-ND 4.0 Figure 41 : Different TIMs materials using VACNT bundles [START_REF] Yuan | Thermal Interface Materials Based on Vertically Aligned Carbon Nanotube Arrays: A Review[END_REF] The use of VACNT bundles as cannot happen through direct growth, for the temperature processes are too high. Different transfer processes have been studied and the most promising one (with the lower contact resistance) uses a layer of Indium, that penetrates a certain amount in the top of the CNT forest [START_REF] Tong | Dense Vertically Aligned Multiwalled Carbon Nanotube Arrays as Thermal Interface Materials[END_REF], the contact resistance was shown to decrease ten fold. However, because the conductivity of air is only 0.02 W/mK, the use of VACNT bundles will benefit greatly from an embedding medium with high thermal conductivity.

The first medium that was studied is copper [START_REF] Lee | Thermal resistance of CNTs-based thermal interface material for high power solid state device packages[END_REF]. It was inserted in the VACNT bundles using electrodeposition, and it was shown that the thermal conductivity increased. The problem is that it no longer was as flexible and could not fit the curves of the surfaces as well. Furthermore, it could not claim to be lightweight anymore.

This led to the study of different polymers as embedding media [START_REF] Wang | Crack-Free and Scalable Transfer of Carbon Nanotube Arrays into Flexible and Highly Thermal Conductive Composite Film[END_REF]- [START_REF] Borca-Tasciuc | Anisotropic Thermal Diffusivity Characterization of Aligned Carbon Nanotube-Polymer Composites[END_REF]. These materials show the best thermal conductivity of all the materials using CNTs. In [START_REF] Borca-Tasciuc | Anisotropic Thermal Diffusivity Characterization of Aligned Carbon Nanotube-Polymer Composites[END_REF] the thermal conductivity was measured to be 8.2 Wm -1 K -1 . Furthermore, these materials remain flexible.

Finally, it is worth to note that VACNTs can also be used directly as heat sinks due to their high aspect ratio as shown in [START_REF] Kordás | Chip cooling with integrated carbon nanotube microfin architectures[END_REF] . The performances were as good as a copper heat sink with a noticeable weight reduction. The heat sink was machined from a VACNT forest using laser. A picture of the heat sink and its performances are presented in Figure 42. As we can see, both types of fins have very similar performances, while copper is a bit better for higher H2 flows, VACNTs seem to be better for lower flows.

Antennas

With the scaling down of transistors (down to 7nm in today's processors) the limiting factor is no more the processing time but the communication between the chips (Multiple chips are put in parallel for faster calculations) [START_REF] Mahajan | Analyzing Two Stage CMOS LNA for Wireless Interconnect[END_REF]. The communication between the chips is done using classical interconnections, and the resulting delay becomes a limiting factor. In addition, as the number of transistors increases there will be less room for interconnects that will eventually interfere with one another. Furthermore, the size difference and the ensuing impedance mismatch, as well as the contact resistances are recurrent problems. It is because of this context that the idea of wireless interconnections is under particular scrutiny.

The idea is to replace interconnections by communicating antennas. An antenna working at a particular frequency, by having a given length, as shown in Figure 43, would replace each interconnection. Because the size of the antennas is inversely proportional to the working frequency, such interconnects would work in the 60 GHz to 100 GHz band [START_REF] Laha | A New Frontier in Ultralow Power Wireless Links: Network-on-Chip and Chip-to-Chip Interconnects[END_REF]. It is also possible for two chips to communicate using a set of nano antennas on each of them replacing interconnects, as it has been shown in [START_REF] Yan | Wave propagation channels for intra-chip wireless communication systems[END_REF], for nano metallic dipole antennas up to 90 GHz.

Figure 43 : Possible configuration of a system using CNT antennas [START_REF] Burke | Quantitative theory of nanowire and nanotube antenna performance[END_REF] CNTs as radiating elements have been particularly studied because of the possible size reduction of the antennas they could induce. On the one hand, studies show that the low speed of surface plasmons can shift the resonance frequency to the THz [START_REF] Wang | Radiation Properties of Carbon Nanotubes Antenna at Terahertz/Infrared Range[END_REF]- [START_REF] Kempa | Carbon Nanotubes as Optical Antennae[END_REF], and an antenna behavior of a bundle of MWCNTs has been observed in [START_REF] Wang | Receiving and transmitting light-like radio waves: Antenna effect in arrays of aligned carbon nanotubes[END_REF]. On the other hand, the following studies [START_REF] Burke | Quantitative theory of nanowire and nanotube antenna performance[END_REF], [START_REF] Hanson | A Common Electromagnetic Framework for Carbon Nanotubes and Solid Nanowires-Spatially Dispersive Conductivity, Generalized Ohm's Law, Distributed Impedance, and Transmission Line Model[END_REF], [START_REF] Hanson | Fundamental transmitting properties of carbon nanotube antennas[END_REF] show that due to the high kinetic inductance of CNTs, the speed of License CC BY-NC-ND 4.0 electromagnetic waves is only 2% of the one in vacuum, which allows for a 50 fold size reduction. This result is applicable for frequencies lower than THz but above 53 GHz, as shown in [START_REF] Hanson | Current on an infinitely-long carbon nanotube antenna excited by a gap generator[END_REF], for a dipole antenna.

The main problem of single CNTs antennae is impedance mismatch, which is why use of bundled VACNTs monopole antennae has been studied in [START_REF] Franck | Mesoscopic electromagnetic model of carbon-nanotube arrays and scalable technological processes : Application to the fabrication of novel antennas[END_REF], [START_REF] Roux-Levy | Nanostructures de carbone dédiées aux interconnexions hautes fréquences[END_REF], [START_REF] Brun | Monopole antenna based on carbon nanotubes[END_REF]. Different geometries (antenna with parabolic reflector, antenna array) at different frequencies (90 GHz and 300 GHz) have been studied, but experimental results

have not yet shown great potential.

The principal problem comes from the fabrication process, because the shapes with high aspect ratios (higher than 5) are difficult to transfer. In addition, the VACNT array should be particularly conductive (at least 10 6 S/m [START_REF] Franck | Mesoscopic electromagnetic model of carbon-nanotube arrays and scalable technological processes : Application to the fabrication of novel antennas[END_REF]) for good efficiency.

These antennas have been studied in XLIM before [START_REF] Roux-Levy | Nanostructures de carbone dédiées aux interconnexions hautes fréquences[END_REF], [START_REF] Brun | Monopole antenna based on carbon nanotubes[END_REF], but fabrication problems were encountered. As of today, with the transfer process developed by CINTRA, it should become possible to fabricate and measure such structures.

EMI Shielding

With dwindling dimensions, the distance between circuits diminishes, and EM interferences become a growing concern. To protect signal integrity, the use of shielding techniques is often used. As of today, the different methods used are numerous [START_REF] Gipprich | A new via fence structure for crosstalk reduction in high density stripline packages[END_REF]- [START_REF] Suntives | Using via fences for crosstalk reduction in PCB circuits[END_REF] , via fencing, grounding, guard rings, metal casting, etc. The idea is to shield a circuit from another using materials or structures that reflect or absorb the incident EM waves.

CNTs are widely studied for this application; they are either embedded in a material, mixed with other composites or coated to increase shielding performances [START_REF] Al-Saleh | Electromagnetic interference shielding mechanisms of CNT/polymer composites[END_REF]- [START_REF] Kong | Powerful absorbing and lightweight electromagnetic shielding CNTs/RGO composite[END_REF]. However, one of the most promising ways is to directly use densely packed VACNT arrays as walls [START_REF] Tan | A light-weight electromagnetic shield using high density carbon nanotube fence-wall for RF packaging[END_REF]. In order, for this to work, one must first be able to transfer the CNTs on a via fence, which was accomplished in CINTRA in collaboration with XLIM. When coupled with a via fence to avoid coupling through the substrate, the footprint does not increase, and the weight of the material make it particularly interesting for applications in which weight matter, such as satellites.

Though the material has a theoretical anisotropic conductivity, experimental results show an improvement in shielding of 10 dB as shown in Figure 44, equivalent to a kovar wall of the same dimensions. The comparison is made between the coupler without and with the CNT wall and with a kovar wall. As we can see, the measurements with a kovar wall show approximately the same isolation than the measurements with the VACNT wall. Furthermore, the improvement in isolation is around 10 dB between the measurements without the VACNT wall and with the VACNT wall.

To improve isolation, the use of a Faraday cage has been studied [START_REF] Tan | Carbon nanotubes based RF packaging solutions[END_REF]. But the problem of the electrical contact between the top plate and the top of the CNT walls is still being studied. This application seems promising and THALES Singapore has filed a patent [START_REF] Dunlin | CARBON NANOTUBE FENCE-WALL FOR RADIO FREQUENCY ISOLATION[END_REF].

Conclusion

We started this chapter by explaining what CNT were and what their properties were. We then explained the fabrication processes, thus describing what were VACNT bundles, the material we will be studying for different Nanopackaging applications. Because modeling and characterization are problems often faced when using nanomaterials at the bigger scale, we decided to present different ways to apprehend each of them. This allowed us to lay the foundations of VACNT Nanopackaging methods. We finished by presenting three different Nanopackaging applications used in the industry or still studied in research.

The next three chapters will each be focused on a different aspect to integrate VACNT bundles in mm-wave devices for packaging applications: air filled waveguides, slow-waves and interconnects. As we will see the three of them are constituent bricks of the idea developed in the TriCOT project, a functionalized interposer.
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Chapter 2: CNT Smart Interposer: A butler Matrix as Proof of Concept

As time goes by, the demand for mm-wave modules up to 100 GHz keeps on growing. They are used in more and more fields, high-resolution sensors, THz imaging, radars for autonomous vehicle, etc. But if one field in particular represents the need for such modules, it is 5G, the fifth generation of mobile networks. Indeed, the promises of 5G: higher data rates (at least equal to the fiber optic ones 10 Gbit/s, if not more), and lower latency (from 40-60 ms in 4G to 1-10 ms in 5G [4G vs 5G how will next generation improve on the last]), have pushed wireless systems to work at higher frequencies, in the millimeter wave band.

However, this colonization of the mm-wave band, associated with the increasing number of functions and need for miniaturization, faces a few technological bottlenecks, one of them being packaging. Indeed, the smaller dimensions, the proximity of the chips, and new the no more negligible high frequency phenomena, raise a few problematics: 3D heterogeneous integration, high frequency interconnection, densification, functionalization, etc.

To solve these problems, we propose a new type of packaging i.e. a functionalized interposer based on VACNT forest. We can note that the thermal and shielding properties of VACNT forest are of interest in this application. This concept was developed in the ANR project TRiCOT.

Interposers were first developed by IBM and Bell Labs in the 80s to allow for better chip to chip performances [START_REF] Knickerbocker | 3D silicon integration[END_REF]. As of today, interposers are used to minimize the footprint and increase performances of multiple chips modules [START_REF] Usman | Interposer Technologies for High-Performance Applications[END_REF], but none is functionalized, to the knowledge of the author. They consist of "substrates having through VIA interconnections at the same inputoutput (I/O) pitch as the chips on one of its sides (fine I/Os) and the same I/Os as of packages or boards on the other side (coarse I/Os compared to chips side)". Their purpose is to reroute and adapt pitches of the different connections.

Before explaining further the principle of our CNT functionalized interposer, we will explain the application which we have used it for, as to have a concrete example for the figures.

Recent announcements related to the E-band (60-90 GHz), demonstrated that it could be used as a complementary spectrum band to the lower band for 5G communication. The [71-86 GHz] sub-band is arranged into two 5 GHz bands [START_REF] Balakrishnan | Real-Time Imaging of Self-Organization and Mechanical Competition in Carbon Nanotube Forest Growth[END_REF][START_REF] Kumar | Chemical Vapor Deposition of Carbon Nanotubes: A Review on Growth Mechanism and Mass Production[END_REF][START_REF] Nebol'sin | Development of lateral faces during vapor-liquid-solid growth of silicon whiskers[END_REF][START_REF] Nebol'sin | Role of Surface Energy in the Vapor-Liquid-Solid Growth of Silicon[END_REF][START_REF] Hernadi | Fe-catalyzed carbon nanotube formation[END_REF][START_REF] Li | Large-Scale Synthesis of Aligned Carbon Nanotubes[END_REF] and [START_REF] Roux-Levy | Nanostructures de carbone dédiées aux interconnexions hautes fréquences[END_REF][START_REF] Hata | Water-Assisted Highly Efficient Synthesis of Impurity-Free Single-Walled Carbon Nanotubes[END_REF][START_REF] Patole | Growth interruption studies on vertically aligned 2-3 wall carbon nanotubes by water assisted chemical vapor deposition[END_REF][START_REF] Brun | Carbon nanotubes based nanopackaging dedicated to innovative high frequency interconnections[END_REF][START_REF] Meyyappan | Carbon nanotube growth by PECVD: a review[END_REF][START_REF] Cometto | Use of carbon nanotubes for passive radio-frequency devices[END_REF] to address 5G millimeter wave backhaul [START_REF] Du | 5G E-band backhaul system evaluations: Focus on moving objects and outdoor to indoor transmission[END_REF], [START_REF] Peleg | The Advantages of E-Band Wireless Systems in Mobile Backhaul Applications[END_REF]. Due to this need, the plan of TRICOT was to fabricate a phased array with a Butler Matrix in the [START_REF] Balakrishnan | Real-Time Imaging of Self-Organization and Mechanical Competition in Carbon Nanotube Forest Growth[END_REF][START_REF] Kumar | Chemical Vapor Deposition of Carbon Nanotubes: A Review on Growth Mechanism and Mass Production[END_REF][START_REF] Nebol'sin | Development of lateral faces during vapor-liquid-solid growth of silicon whiskers[END_REF][START_REF] Nebol'sin | Role of Surface Energy in the Vapor-Liquid-Solid Growth of Silicon[END_REF][START_REF] Hernadi | Fe-catalyzed carbon nanotube formation[END_REF][START_REF] Li | Large-Scale Synthesis of Aligned Carbon Nanotubes[END_REF][START_REF] Sen | Carbon nanotubes by the metallocene route[END_REF][START_REF] Nikolaev | Gas-phase catalytic growth of single-walled carbon nanotubes from carbon monoxide[END_REF][START_REF] Liu | Preparation of Fe-filled carbon nanotubes by catalytic decomposition of cyclohexane[END_REF][START_REF] Nerushev | Particle size dependence and model for iron-catalyzed growth of carbon nanotubes by thermal chemical vapor deposition[END_REF][START_REF] Roux-Levy | Nanostructures de carbone dédiées aux interconnexions hautes fréquences[END_REF][START_REF] Hata | Water-Assisted Highly Efficient Synthesis of Impurity-Free Single-Walled Carbon Nanotubes[END_REF][START_REF] Patole | Growth interruption studies on vertically aligned 2-3 wall carbon nanotubes by water assisted chemical vapor deposition[END_REF][START_REF] Brun | Carbon nanotubes based nanopackaging dedicated to innovative high frequency interconnections[END_REF][START_REF] Meyyappan | Carbon nanotube growth by PECVD: a review[END_REF][START_REF] Cometto | Use of carbon nanotubes for passive radio-frequency devices[END_REF] GHz band using the functionalized interposer technology.

The realization of such a device would serve as a proof of concept for the packaging technology.

The phased array is composed of three distinct elements: a SP4T switch, the Butler matrix and the array of antennas. Because we want to do a mm-wave package consisting of a phased array, we considered that two elements could be found as integrated chips, the SP4T switch and the butler matrix; the antenna array is an array of patch antenna directly on the RF substrate.

For a classical interposer technology, the topology is presented in Figure 45. And, in Figure 46, we have a schematic of the same package but with the functionalized interposer in which we have the Butler matrix, and the antenna array on top of the interposer. We can see that there is improvement in the footprint. Though it is not shown in the 2D drawings, one can mentally visualize how the CNT interposer allows multiplying vias, just as any other interposer. Such a property will be better developed in Chapter 4. We will now explain exactly, how we manage to functionalize the CNT interposer so that it behaves as a Butler Matrix.

To understand how a Butler matrix can be formed into a VACNT forest, one must first admit that for some propagating modes, the VACNT forest acts as a metallic wall, even though its conductivity is anisotropic. We will go over this property of the VACNT later in this chapter.

If we define where CNTs are placed on the RF substrate, we can create an air filled designs (delay lines, couplers and crossovers) needed as elementary blocks to design the Butler Matrix. The ground below the top substrate forms the cover of the structure, the walls are made of VACNT, and the bottom is metal from the top of the RF substrate. This is illustrated in Figure 47.

Our partners at RFIC lab developed the same principle for an interposer in [START_REF] Pelegrini | Interposer based on metallic-nanowire-membrane (MnM) for mmwave applications[END_REF]. The interposer differs by using porous alumina membrane filled with vertically aligned metallic nanowires. Therefore, the resulting SIW structures are not air-filled. Interesting results were published during the course of this PhD in [START_REF] Bertrand | Integrated Waveguides in Nanoporous Alumina Membrane for Millimeter-Wave Interposer[END_REF]. In this section, we will have a particular focus on the realization of waveguide with VACNTs walls. It is the base of the Butler Matrix and if we can make a waveguide, the other functions will be easily made afterwards. Thus, we will begin by a state of the art mainly about guiding structures at high frequency, so that we can compare to our results. We will then develop from previously obtained results by M. Cometto (previous PhD student [START_REF] Cometto | Use of carbon nanotubes for passive radio-frequency devices[END_REF]), and the problems faced, to our last batch of devices measured.

State of the art of high frequency Butler Matrixes

When it comes to interposers, the review [START_REF] Usman | Interposer Technologies for High-Performance Applications[END_REF] offers a good insight on the problematics and promises of the technology. Three technologies share the attention of the research field, silicon, organic and glass with glass seaming to be the most viable one. These technologies can be functionalized using Through Silicon Vias (TSV) [START_REF] Bertrand | Substrate Integrated Waveguides for mm-wave Functionalized Silicon Interposer[END_REF], [START_REF] Prigent | Substrate Integrated Waveguide Bandpass Filters implemented on Silicon Interposer for Terahertz Applications[END_REF].

In this section, we will focus our bibliography on Butler matrixes and wave guiding structures technologies for high frequency applications. [START_REF] Doan | Emerging Technology for RF and Millimeter-wave Circuits based on Carbone Nanotubes[END_REF] gives a more thorough study of the following state of the art and can be a good complement. A recapitulative table with the main values is given at the end of this section (2.1).

Beam Forming Networks and Butler Matrixes

At higher frequencies, attenuation is higher in air. This leads to a deterioration of the signal [161]. One solution to this problem is the use of high gain antennas. However, for None Line Of Sight communications, the signal needs to "find" the right direction. Thus, antennas that can scan a certain area, while having high gain, are of major importance. That is what led to the study of multi-beam antennas [START_REF] Bogale | Massive MIMO and mmWave for 5G Wireless HetNet: Potential Benefits and Challenges[END_REF]. In order to achieve such an antenna (without servos, for speed related issues) one needs beam-forming networks, devices that rely on the constructive/destructive interferences of an array of "isotropic" antennas. By tuning the delay of the signal brought to each antenna, we can obtain different directivity.
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There exist different types of beam-forming technologies that can be divided in two categories: active and passive. The search for passive beam-forming network (BFN) stems from the fact that component of BFNs are needed in large numbers, and consequently, should not be costly [START_REF] Obukhovets | Some New Trends in Phased Antenna Array Designing[END_REF]. There are numerous topologies that can be used for BFNs: the Butler matrix, the Blass matrix [START_REF] Casini | A novel design method for Blass matrix beam-forming networks[END_REF], the Nolen matrix [START_REF] Ren | A Novel 2-D $3\times3$ Nolen Matrix for 2-D Beamforming Applications[END_REF], Rotman's lens [START_REF] Wang | Design of a Rotman lens antenna array for wide-scan and beam uniformity applications[END_REF], the monopulse antenna [START_REF] Li | A Compact SIW Monopulse Antenna Array Based on Microstrip Feed[END_REF], etc. Depending on the size of the antenna array or the specific needs of the application, these topologies can vary slightly between two devices [START_REF] Vashist | A Review on the Development of Rotman Lens Antenna[END_REF], [START_REF] Tajik | Asymmetrical $4\times4$ Butler Matrix and its Application for Single Layer $8\times8$ Butler Matrix[END_REF].

The Butler matrix is by far the most studied topology, due to its advantages over the other counterparts, such as perfect matching, isolation and equal power division that can be obtained at the same time [START_REF] Nedil | Novel Butler matrix using CPW multi-layer technology[END_REF], [START_REF] Djerafi | Design and implementation of a planar 4×4 butler matrix in SIW technology for wideband applications[END_REF]. In addition, BM has a larger bandwidth, structural simplicity and lower losses.

The Butler matrix was first described by Jesse Butler and Ralph Lowe in [START_REF] Butler | Beam-forming matrix simplifies design of electronically scanned antennas[END_REF]. A Butler matrix usually has N inputs and N outputs, with N being a power of two. We will consider as a convention for the signal to be on the inputs side and the antennas on the output ports though the BM is perfectly symmetric and can receive as much as emit. The topology of a 4x4 BM is shown in Figure 48. (with λ the wavelength in the propagating medium), depending on the port chosen for the input signal, the phase increment of the four antennas will be: 45° for port 1, 135° for port 2, 270° for port 3 and 315° for port 4. This results in four different beam directions in the xy plane, 𝜃 1 = 14.5°, 𝜃 3 = 48.6° and their opposite due to the symmetry of the matrix. For 3D direction, one only needs to use two Butler matrixes for two antenna arrays perpendicular planes.

The three main focus on which researchers and industrials have worked regarding Butler matrixes are: reduction of the size of the structure, augmenting the bandwidth and reducing the side lobe level of the beam pattern [START_REF] Tajik | Asymmetrical $4\times4$ Butler Matrix and its Application for Single Layer $8\times8$ Butler Matrix[END_REF]. The two main transmission technologies used for fabricating Butler matrixes are Microstrip line technology and Surface Integrated Waveguide (SIW) technology.
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Microstrip Butler matrixes

This technology is probably the most used when it comes to Butler matrixes. It presents the advantages of being easy to fabricate as well as being well understood. A non-exhaustive list of Microstrip based structures is presented below in function of size reduction, bandwidth increase or side lobe reduction.

Because Butler matrixes have their size increase exponentially with the number of antennas (64x64 for MIMO in 5G has been reported in [START_REF] Hirokawa | A $64\mathrmx64$-way Twodimensional Beam-switching Butler Matrix for Multi-beam Massive MIMO[END_REF]) numerous research have been published on size reduction. One of the most conventional way to do so in Microstrip technology is to use meander lines as in [START_REF] Zulfi | Implementation of Meander Line Structure for Size Miniaturization of 4×4 Butler Matrix[END_REF], where a 34% size reduction has been reported in the 2.4GHz band.

[175] uses back to back bilayer Microstrip in the 4GHz band in order to avoid 0 dB crossover so as to simplify the design and consequently reduce size for 8x8 Butler matrix. In [START_REF] Nie | A switched-beam microstrip antenna array with miniaturized butler matrix network[END_REF], the use of stub loaded transmission lines allows for a 45% decrease in size at 2.4 GHz. In [START_REF] Wu | Miniaturization of 4×4 Butler matrix using high slow-wave factor structure[END_REF], at 1GHz, the use of slow-waves allows for the Butler matrix to as little as 5.8% of its original size.

To increase the bandwidth (up to 14% at 30 GHz) the idea is to avoid using branchline couplers which have a narrow bandwidth [START_REF] Tajik | Asymmetrical $4\times4$ Butler Matrix and its Application for Single Layer $8\times8$ Butler Matrix[END_REF]. This results in multilayer structures using most of the time three section directional couplers, or coupled line couplers [START_REF] Wincza | Broadband 4×4 Butler matrix in microstrip multilayer technology designed with the use of three-section directional couplers and phase License CC BY-NC-ND 4.0 correction Networks[END_REF]- [START_REF] Chen | Implementation of a low-loss wide-band flat-topped beam-forming network based on butler martix[END_REF].

Some results about side lobe reduction have been obtained in [START_REF] Trinh-Van | A Sidelobe-Reduced, Four-Beam Array Antenna Fed by a Modified $4\times4$ Butler Matrix for 5G Applications[END_REF]- [START_REF] Gruszczynski | Reduced Sidelobe Four-Beam $N$-Element Antenna Arrays Fed by $4times N$ Butler Matrices[END_REF]. The solutions rely on unequal split power.

Though the Microstrip technology can be used to make Butler matrixes in the mm-wave band [START_REF] Trinh-Van | A Sidelobe-Reduced, Four-Beam Array Antenna Fed by a Modified $4\times4$ Butler Matrix for 5G Applications[END_REF], [START_REF] Ashraf | AMC Packaged -Butler Matrix for Millimeter Wave Beamforming[END_REF], [START_REF] Zhang | A Compact Dual-Polarized Millimeter-Wave Multi-Beam Antenna for 5G Applications[END_REF], [189, p. 10] it is difficult to implement at these frequencies because of the higher radiation losses and manufacturing processes. Much more often, the SIW technology will be used.

SIW Butler Matrixes

Due to its lower insertion losses than planar structures, high quality factor, high power capability, low weight, etc. SIW has attracted a lot of interest for high frequency butler matrixes, ranging from 5G applications, to radars, and imaging systems [START_REF] Fenn | A Review of Adaptive Microwave and RF Phased Arrays for Thermotherapy Treatment of Cancer[END_REF], [START_REF] Chen | Research advances in phased array antennas for satellite communications[END_REF].

The reduction of size will be discussed in chapter 3. Basically, the methods used mainly rely on reducing the size of the SIW structure in itself [START_REF] Sun | Folded C-Type SIW Butler Matrix[END_REF] and multilayer topology [START_REF] Wincza | Reduced sidelobe multibeam antenna array with broadside beam fed by 4×8 Butler matrix[END_REF], [193, p. 38], [START_REF] Lian | Miniaturized Multibeam Array Antenna Based on E-Plane Butler Matrix for 5G Application[END_REF]- [START_REF] Yang | A Novel Millimeter Wave Multiple Beam Antenna with SIW Butler Matrix[END_REF].

To increase the bandwidth, many different solutions were explored [START_REF] Djerafi | A Low-Cost Wideband 77-GHz Planar Butler Matrix in SIW Technology[END_REF]- [START_REF] Yang | Design of Wideband Cavity-Backed Slot Antenna With Multilayer Dielectric Cover[END_REF], such as increasing the order of the modes to TE20 [START_REF] Mukherjee | Broadband Substrate Integrated Waveguide Cavity-Backed Bow-Tie Slot Antenna[END_REF], [START_REF] Luo | Bandwidth-Enhanced Low-Profile Cavity-Backed Slot Antenna by Using Hybrid SIW Cavity Modes[END_REF] or implementing multiple slots elements [START_REF] Ohira | 60-GHz Wideband Substrate-Integrated-Waveguide Slot Array Using Closely Spaced Elements for Planar Multisector Antenna[END_REF]- [START_REF] Chen | A Compact Cavity-Backed Endfire Slot Antenna[END_REF].

Finally, to reduce side lobes, [START_REF] Lian | Compact Substrate-Integrated 4 × 8 Butler Matrix With Sidelobe Suppression for Millimeter-Wave Multibeam Application[END_REF] proposes to reduce the number of crossovers. Though not many works have been published for SIW matrixes, the techniques from Microstrip are also applicable.

Other Technologies for High Frequency Passive Components

While the two technologies afore mentioned make up for a lot of percentage of papers, other technologies can be used. Though all of the technologies we will present in what follows, have not necessarily yet been put to the test of a full Butler matrixes, high frequency devices were fabricated and nothing suggests the technology cannot be transposed to a BM.
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First and foremost we have classical metallic volumic devices, such as [START_REF] Hirokawa | A $64\mathrmx64$-way Twodimensional Beam-switching Butler Matrix for Multi-beam Massive MIMO[END_REF], but as they are not really compatible with mm-wave packages (due to the dimensions attainable with the fabrication processes), and more often use for defense application, we chose not to develop.

The second technology is the groove-gap technology [START_REF] Kildal | Local Metamaterial-Based Waveguides in Gaps Between Parallel Metal Plates[END_REF]. It consists of replacing the lateral walls of rectangular waveguides by "beds of nails", thus making a metamaterial with a forbidden band, provided the dimensions are chosen correctly. It presents the advantage of not necessitating good contact between the cover and the top of the "bed of nails", which is very interesting for high frequency applications where leakage current is a crucial matter. Groove gap Butler matrixes have been demonstrated for 5G applications [START_REF] Gutierrez Bernal | Design of a wide band Butler matrix in groove gap waveguide technology[END_REF] or higher frequencies [211, p. 3], [START_REF] Tamayo-Domínguez | 3-D-Printed Modified Butler Matrix Based on Gap Waveguide at W-Band for Monopulse Radar[END_REF]. The problem of this technology is again that it takes a lot of space if air filled. For higher frequencies groove gap can be substrate integrated [START_REF] Vosoogh | A V-Band Inverted Microstrip Gap Waveguide End-Coupled Bandpass Filter[END_REF], [START_REF] Deng | Slow-Wave Substrate Integrated Groove Gap Waveguide[END_REF] and have a much smaller footprint.

There is also the air filled SIW technology, a technology well mastered by our partners in Grenoble RFIC Lab. This technology was reported in [START_REF] Parment | Broadband transition from dielectric-filled to air-filled Substrate Integrated Waveguide for low loss and high power handling millimeter-wave Substrate Integrated Circuits[END_REF] by Ghiotto, who still works on this topic to this day at IMS Bordeaux. This technology consists of SIW for which the propagation zone is of air. The vias are still embedded in a substrate, but by stacking differently machine substrate, one can achieve such a feat. It has the advantages of enduring higher powers than classical SIW [START_REF] Martin | Configurable Perforated Air-Filled Substrate Integrated Waveguide (AFSIW) For Generic High-Performance Systems on Substrate[END_REF], and having low insertion losses [START_REF] Parment | Low-loss air-filled Substrate Integrated Waveguide (SIW) band-pass filter with inductive posts[END_REF]. Let us note that, because air is the propagating media, it has a higher footprint, which can be reduced using slow-wave [START_REF] Corsi | Partially-Air-Filled Slow-Wave Substrate Integrated Waveguide in Metallic Nanowire Membrane Technology[END_REF].

Finally, additive micro manufacturing processes derived from MEMS, have allowed high frequency devices to be made. Since the original publication [START_REF] David | 3D micro-fabricated high-Q 140 GHz filter[END_REF] by Blondy's team in Limoges, other devices using the same fabrication process were made [START_REF] Jguirim | Design and Additive Microfabrication of a Two-Pole 287-GHz Waveguide Bandpass Filter[END_REF], [START_REF] Jin | A 340GHz Cross-coupled Waveguide Filter Based on MEMS Process[END_REF]. The range of frequency is from 140GHz to 340GHz. It is due to the low attainable height by cleanroom electrolysis processes (200 um). However, one could apply this technology at lower frequencies, with slightly lower Q factors.

In Table 3 is a brief recap of the performances of the different technologies for 4x4 Butler matrixes. For more exhaustive recap tables, one may look at [START_REF] Doan | Emerging Technology for RF and Millimeter-wave Circuits based on Carbone Nanotubes[END_REF]. The difference in footprint and bandwidth between [START_REF] Fenn | A Review of Adaptive Microwave and RF Phased Arrays for Thermotherapy Treatment of Cancer[END_REF] and [START_REF] Chen | Research advances in phased array antennas for satellite communications[END_REF] is mainly due to the size reduction method implemented. Such methods will be described in Chapter 3.
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Previous results

In this section, we will present the previous results obtained by M. Cometto [START_REF] Cometto | Use of carbon nanotubes for passive radio-frequency devices[END_REF] on air filled waveguides with VACNT lateral walls, and the issues encountered.

Guiding of EM waves using CNT walls

Let us consider the waveguide shown in Figure 49. The waveguide consists of two parallel metallic plates (3 um of gold layer supported by a silicon substrate) and two lateral walls made of VACNTs. 

𝑓 𝑐 = 𝑢 ′ 2 √( 𝑚 𝑎 ) 2 + ( 𝑛 𝑏 ) 2
Where 𝑢 ′ is the speed of light in the propagating medium, and (m,n) a couple of integers that cannot both be 0, the order of the mode. Visually, these m and n numbers represent the number of half periods of the standing electric wave (magnetic for TM) in the cross-section plane of the waveguide (m along the a-dimension, n along the b-dimension of the waveguide).

If a is bigger than b, the fundamental mode is the TE10. In that case, the width of the waveguide determines the cutoff. In our case a 3 mm width gives a cutoff at 50 GHz. The height of 0.5 mm does not impact the cutoff, it was chosen due to fabrication possibilities. 7 HFSS solves Maxwell equations in each elements of the mesh and equalizes the continuity conditions at each frontier. In the case of an anisotropic material, Maxwell equations remain the same but with tensors for the material properties. Thus, HFSS allows having anisotropic materials in designs.

License CC BY-NC-ND 4.0 3D EM simulation confirm that only Transverse Electric (TE) modes can propagate in such a structure. This is explained by the fact that the current in lateral walls is longitudinal for Transverse Magnetic (TM) modes, i.e. in the direction of propagation. Indeed, such a current cannot exist in our anisotropic walls, which conductivity is in the z direction (Ohm's law). For the same reasons, TE modes of the type TE0n, with n a non zero integer, do not propagate in this device, because the theoretical necessary current is not aligned with the CNTs direction.

Due to the strong similarity in behavior to SIW, this type of structure can be considered as Air-Filled SIW.

In Figure 51 we have plotted the transmission (S21) of such a waveguide between 40 GHz and 120 GHz . The transmission losses for a density of 10 15 CNTs/m 2 are around 0.12dB in the passband for a length of 10 mm. The behavior of the waveguide in the whole E band is satisfactory, for a density above 10 13 CNTs/m 2 (insertion losses above -1dB on the band). The bandwidth of the waveguide ranges approximately between propagation of the fundamental first mode TE10 (50 GHz) and the second mode TE20 (100 GHz) (first second mode to appear).

First device design

To devise a way to excite the structure, it was chosen to short a CPW line on the bottom plane to the top cover using a VACNT stub (Figure 52). This solution was considered among others for various reasons we will detail later in II.4. The principle of this excitation is as follows. The CPW lines penetrates in the VACNT waveguide structure where after a certain length its signal is shorted to the metallization of the top of the waveguide. In order to have a good matching between the CPW line and the WG two things can be tuned, the taper before the stub and the penetrating length. By shorting the signal, a magnetic field is created around the short-circuited pillar and it couples with the magnetic field of the TE10 WG mode. One can note that if the pillar is at a short distance from the top layer (less than 10 um in our case) the excitation still works by coupling the resulting E field between the top of the stub and the cover, and the E field of the TE10 mode, Figure 53. The 3D EM simulations for such a structure (ideal contact with the stub) yield the following Sparameters, Figure 54. The whole structure was simulated, meaning both transitions and the waveguide. The adaptation is not -10 dB on quite the whole E band. Yet, by shifting the cutoff frequency to lower ones we could get such a result. Our targeted band for the TRiCOT project is 71-76 GHz or 81-86 GHz. 

First Designs Fabrication

All the fabrication steps for these devices were done in CINTRA.

The first design was fabricated using direct growth of the CNTs on the substrate [START_REF] Cometto | Use of carbon nanotubes for passive radio-frequency devices[END_REF]. However, due to the high growth temperature (around 700 °C), the gold layer flaked (Figure 55) and the measured waveguides showed no transmission. Indeed, the difference of Thermal Expansion Coefficient (TEC) between silicon and gold is important, 2.6e-6 K -1 and 14 K -1 reciprocally, and consequently when the temperature rises the gold layer expands more than the silicon substrate thus creating flakes when the temperatures decreases back to room temperature In accordance with the conclusions that we have deduced from this first run, it was decided to use a transfer process, with lower process temperatures. The design was also changed to showcase the different shapes that could be transferred. The triangles on the side of the walls are used as mechanical support for the top cover (Figure 47). The transfer process, developed and optimized by CINTRA in collaboration with XLIM, is described in Figure 57. Let us go through it step by step:

 Step 1: The CNTs are grown on separate substrate using TCVD



Step 2: The patterns of the waveguide (pillars, walls, support and markers) are deposited on top of the CNT forest in gold. This is done by using evaporation (E beam) through a shadow mask 8 .



Step 3: The patterns of the waveguide (pillars, walls, support and markers) are deposited on top of the bottom substrate in SAC 305 9 . This is done by using evaporation (E beam) through a shadow mask.

 Step 4: The separately grown VACNTs and the bottom substrate are aligned with one another and contact is made. Pressure and temperature profiles are applied so as to have good gold-SAC-gold bonding. Temperatures do not go above 200°C.



Step 5: The two substrates are separated, CNTs remain only where there was bonding. 8 Metallic plate with holes used as a mask for certain applications. 9 Alloy used for soldering purposes, Tin, Silver (3%) and Copper (0.5%), hence the name. Only remains the cover for the device to be fully assembled, at this step of the project it was simply manually deposited. Later in this work, different assembly processes were investigated.

First Design Measurements

These measurements, as well as all the RF measurements of this PhD,were made in XLIM, in the PLATINOM platform, with the precious help of Damien Passerieux. The measurements were divided in two bands: 10 MHz to 65 GHz and 65 GHz to 105 GHz. The equipment can be pushed to have 10 MHz to 110 GHz but the results are not yet coherent.

For the 10 MHz-65 GHz band, the measurements were made using 125 um pitch infinity probes, a probe station made in XLIM and a PNA-X. The 65 GHz-105 GHz S-parameters were measured using the following bench: a Vectorial Network Analyzer (VNA), PNAX N5247A from Keysight, coupled to two millimeter-frequencies converters from VDI. The probe station is the PM8 from Cascade Microtech and the probes are the Infinity|110-S-GSG-100-BT from Cascade Microtech. Pictures of the benches are shown in Figure 58. Quite a few devices were measured, one of the measurements is presented in Figure 59. As we can see, the transmission between around 70 GHz is noisy but gives an idea of the Sparameters. More importantly, we can estimate a -3 dB cutoff frequency around 50 GHz, from the S21 behavior. We witness the same cutoff frequency as simulated, which partly validates the EM modeling of our devices. Unfortunately, the transmission level after 50 GHz hovers around -15 dB, much less than in the simulations (around -1 dB).

Figure 59 : Measurement S-parameters of a waveguide fabricated using the transfer process (design Figure 56) in the 10 MHz-110 GHz band, in red, transmission, in blue, adaptation [START_REF] Cometto | Use of carbon nanotubes for passive radio-frequency devices[END_REF] Because the cover is manually attached, measurements applying different pressures on the cover of a same device were also made (Figure 60). License CC BY-NC-ND 4.0

The red curve represents the transmission of the device, when pressure was applied on the cover during the measurement, the blue one, is the measurement after releasing pressure and the green one is for a cover gently set on top of the CNTs without other pressure than the one from its weight. As we can see, changing the pressure on the cover impacts the transmission.

The explanation is that it is probably due to the nature of the contact between the cover and the top of the CNT walls. Because there is no solder, by applying pressure, the leakage decreases.

The poor contact between the cover and the top of the CNTs was confirmed in [START_REF] Cometto | Use of carbon nanotubes for passive radio-frequency devices[END_REF] by SEM observation and EM backsimulations showed that a gap as little as 1 um could explain such losses (Figure 61). It was also shown in [START_REF] Roux-Levy | Nanostructures de carbone dédiées aux interconnexions hautes fréquences[END_REF] that by applying too much pressure the CNTs were crushed which led to a height reduction down to 20 um (the simulated optimal height is of 200 um). For a CNT height of 20 um, the simulations show a transmission level around -15 dB [START_REF] Roux-Levy | Nanostructures de carbone dédiées aux interconnexions hautes fréquences[END_REF].

Though the transmission levels are very low, the fact that we estimate a cutoff frequency at 50 GHz is encouraging. It shows that the CNTs are at least conductive to a certain amount and it shows the equivalent bulk model used for VACNTs gives a good estimation of the EM behavior.

To conclude, the poor performances of the waveguide can come from different things:

 The poor contact between the CNT walls and the bottom and top metallic covers -try different fabrication processes for better contacts -change the excitation method to limit the unknowns (pillar contact)

-characterize the CNTs and the assembly process.

In what follows we will go more in details about these three actions, in order.

Changes in the Fabrication Process

The way the devices are assembled and the mode propagating (TE10) make them particularly prone to leakage currents and sensible to this type of assembly. That is why the fabrication process was particularly studied.

In this section we will present the different changes that were introduced in the fabrication process, during this PhD work, and the different observations that were made. These technical evolutions have been elaborated in close collaboration between CINTRA and XLIM. The work presented in this section relied heavily on Chun Fei Siah and Simon Goh fabrications in Singapore. The different structures were fabricated in CINTRA and measured in XLIM.

Assembly of the cover

Because it is the one major unknown of the fabrication process. The first thing that was studied is the attachment of the cover.

Design Changes

The first thing to do in order to improve the fabrication process was to make the design compatible with the fabrication process. The effect of wall thickness is shown in Figure 62.

License CC BY-NC-ND 4.0 As we can see, changing the wall thickness does not impact transmission and adaptation, as long as the wall is thicker than 200 um. For an isotropic metal, the skin depth δ is given by: With, 𝜇 0 = 4𝜋 * 10 -7 * 1 𝐹/𝑚, the permeability of free space, 𝜇 𝑟 = 1, the relative permeability of our metal, 𝜎 = 1.62 * 10 5 𝑆/𝑚, the conductivity of our metal (according to chosen density), and 𝑓 = 50 𝐺𝐻𝑧. We obtain a skin depth of 5 um, which is coherent with our simulations. Though skin depth evaluation might not be directly applicable to an anisotropic material, which is our case, it can give insight.

δ = 1 √𝜋𝜇 0 𝜇 𝑟 𝜎𝑓
Thus, it was decided to keep the exact same dimensions as the waveguide in Figure 52 but to have bigger lateral CNT walls 10 , and to add some space on the sides in case we might need spacers 11 , as shown in Figure 63.

Devices in 2.3.1.2 and in 2.3.1.3 have the same design as in Figure 52 but it does not change the conclusions that were drawn. The use of groove gap technology was also investigated . The idea was to replace our lateral walls, by periodic structures made of CNTs. Each wall would consist in a bed of VACNT bumps. In a similar way that bed of nails is used in classical waveguides, the bundles of VACNTs would replace the "nails". The interest behind the groove gap technology is that waves cannot propagate between the top cover and the lateral walls (bed of nails), thus, pushing aside the contact issue. Unfortunately, the anisotropy of the VACNTs does not allow for the forbidden band to appear.

The changes in the air-filled waveguide design that fundamentally change the behavior of the structure are explained in 2.4 to 2.6. This small change in the design presented here was done for simpler fabrication processes, but does not change the response of the structure in itself.

Gold-SAC-Gold cover attachment

To make sure there is no gap, the first proposition is to solder it using the process described in Figure 64.

The attachment process is as follows:

Step 1: Fabricate the bottom part of the device and transfer the CNTs as in Figure 57.

Step 2: Fabricate the cover of the waveguide using classical photolithography processes.

Step 3: Using a Shadow Mask, deposit gold on top of the transferred CNTs

Step 4: Deposit SAC305 on the cover of the device where we want soldering to happen with the CNTs

Step 5: Assemble the two parts, and solder with proper pressure and temperature profile. As we can see, the measurements show no cutoff frequency at 50 GHz. The problem with this process lies in the use of the shadow mask. Indeed, the shadow mask is difficult to align with the bottom device without crushing our CNT walls and pillars 12 . The height of the device was measured at 20um using SEM. The shadow mask probably has ripped some part of the VACNTs walls off, because we do not see a cutoff, in the transmission. 12 This is not a problem during the transfer process, because the crushed CNTs are not transferred. 

H20E glue on the cover

The second method to solder the cover to the top of the CNTs, that was investigated was a simpler one. The idea originated from our partners in Palaiseau, the III-V lab. It consisted in covering the cover with H20E glue and then gluing the cover directly on the top of the CNTs.

There are pros and cons to this method.

The main advantage is that it is easy to implement, one simply needs to find a way to spread a uniform layer of H20E on the cover. The method used to do it was artisanal serigraphy, two pieces of 50 um-thick tape were placed on the sides of the cover, and an initial dot of glue was spread using a doctor's blade so as to fill uniformly the area. After removing the pieces of tape the resulting layer of H20E is about 50 um. The cover was then gently deposited on top of the waveguide walls, with a weight of 10g, and cured for a night at 80°C (Figure 67). The main inconvenient of this process is that it could potentially degrade the transmission parameters. Indeed, adding a layer of H20E glue will greatly decrease the conductivity of the cover. Initially, the considered cover is in gold (with a conductivity of 4.1e -7 S/m), but by adding a layer of H20E glue, the transmitted wave will be degraded by the poor conductivity of the glue.

The H20E glue was characterized in XLIM using the resonant cavity method at 10 GHz (Appendix 1), an average conductivity of 3e 5 S/m was found .

Devices were fabricated in CINTRA and III-V lab, and the measurements done in XLIM, are shown in Figure 68. We determined the height of the WG using SEM. The picture is shown in Figure 69. As we can see, the distance between the top and bottom covers is 110 um maximum. Yet, the thickness of the silver glue layer is 50 um. That implies a WG height of 60 um, which is not optimum according to the 3D EM simulations (we remind that the optimal value between the top and bottom covers should be 200 um).

In order to see if the layer of silver decreased greatly the performances, we decided to try a similar process. Instead of spreading glue all over the cover, it was decided to put it only on top of the CNTs.

H20E glue by stamping

In parallel, of the other changes in the fabrication process, the use of spacers was introduced at this point. In order to avoid the crushing of the CNTs witnessed precedingly, the use of spacers was introduced in the fabrication process. Basically, they are pieces of silicon wafer (384um) that we intersperse between the bottom and top substrate, more on that in 2.4.

The fabrication process used in order to deposit glue only on top of the CNTs, thus theoretically diminishing the losses is described in Figure 70.
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As we can see on the images of Figure 71, the contact seems to be good, and this time, we have the correct height of 384 um, that is the height of the spacers used. However, transport from Singapore to Limoges might have damaged the structure. The measurements still show a transmission level around -15 dB, in Figure 72. The measurements are compared to the 3D EM simulation of the waveguide for a height of 384 um (Figure 72) The transmission level is still around -15 dB, however, the simulated S-parameters show that for a height of 384 um, the transmission parameter has greater amplitude variations, because the waveguide is not well adapted. Still, we have losses in the structure.

This time the attachment of the cover is good, as shown by a measurement of a waveguide with a cover that was only deposited and not soldered using H20E glue. The fabrication process was the same but the cover was not attached, meaning we have glue on top of the CNTs, but the cover was not bonded. The measurements are shown in Figure 73. As we can see, the transmission for the device which cover was only deposited (not bonded) (Figure 72) is lower than when the cover is bonded (Figure 73). This suggests that the contact between the cover and the top of the excitation pillar and bumps is happening. However, there might be an important contact resistance.

The losses of the structures can come from many variables, misalignment of the pillars, high contact resistance between CNTs and cover, low VACNT conductivity, bad electrical contact from transfer, etc. There is a need to simplify the structure in order to be able to extract data.

Which is what will be done in sections 4, 5 and 6 of this chapter.

Other Fabrication Process Changes

Our partners in CINTRA made many other fabrication changes and observations, as part of Chun Fei's PhD work in CINTRA for the TRiCOT project.. We will mention a few of them in this paragraph.

The use of Teflon spacers proved to be ineffective due to its high deformability. Indeed, height of devices were measured to be 50um while, 200 um spacers were used. The pressure applied for attachment of the cover was too great.

The growth of CNTs migrated from the Black Magic to the FirstNano CVD. This allowed for CNTs of better quality using H2O etching, but also potentially longer.

Because the CNTs are crushed during the transfer process, the height before and after transfer is not the same. An extensive study has been made to determine the height ratio in function of initial height. This allowed for a better control of our devices height.

To conclude, many different fabrication processes were tested but all show high losses. The losses can still come from too many parameters to allow us to conclude on poor conductivity of the CNTs. That is why it was decided to explore several changes in the design of the test structure, in order to have less unknowns. 

Different excitation methods

As the simulations show in Figure 74, if there is a gap too important between the top of the input/output pillar and the cover, while good contact is present with the top of the CNT walls, the transmission decreases greatly. The adaptation is also very sensitive to such a gap. As we said earlier, different areas grow at different speeds and behave differently during transfer. Furthermore, any misalignment or bending will reduce transmission levels. To remove this major experimental unknown, different ways of excitation were investigated.

Both of them will be presented in what follows. Due to the fragility of our devices no volumic excitation was studied [START_REF] Ye | Analysis of a New Method to Design a Coaxial-to-Rectangular Waveguide Transition[END_REF], [START_REF] Mohamed | Broadband Transition of Substrate-Integrated Waveguide-to-Air-Filled Rectangular Waveguide[END_REF], only planar to rectangular waveguide transitions. 

Short-Circuited CPW Line

The excitation method investigated by our TRICOT partners from Grenoble is presented in Figure 75. It is a well-studied method for the excitation of SIW structures [START_REF] Doan | Emerging Technology for RF and Millimeter-wave Circuits based on Carbone Nanotubes[END_REF], [START_REF] Kazemi | Development of an ultra wide band GCPW to SIW transition[END_REF]. In this design, the transition is modified a bit. The access line is a CPW which transition to a grounded CPW (GCPW) in the aperture, to finish short circuited in a triangular shape inside the cavity. The different parameters :

-Wcpw, Ws1, d, Wgcpw, Ws2, allow to tune the impedances of the lines, -lt1, θt1 and θt2 will determine the bandwidth and coupling of the excitation, -and Wwg the cutoff frequency of the waveguide. The different lengths simulated WG obey the following equation:

L 𝑖 = 𝐿 0 + iΔL , 0 < 𝑖 < 4
With ΔL = 0.9 mm close to a quarter wavelength. These different lengths were chosen in order to extract the intrinsic parameters [START_REF] Doan | Emerging Technology for RF and Millimeter-wave Circuits based on Carbone Nanotubes[END_REF] of the waveguide without the transition (Explanation of the Thru-Line calibration in Appendix 2) [START_REF] Souzangar | Numerical Multimode Thru-Line (TL) Calibration Technique for Substrate Integrated Waveguide Circuits[END_REF], shown in Figure 77. The quality factor (

β 2α
) at 80 GHz is about 400, and the attenuation is 0.015 dB/mm, for simulations with a density of 10 15 CNTs/m 2 (close to results in Figure 51). Unfortunately, to design such an excitation at these frequencies, there was a need for a low permittivity substrate, in order to allow transfer of energy to the propagating medium, i.e. air (permittivity equal to 1). And, to avoid propagation of substrate modes the substrate needed to be 254um thick maximum. This led to the use of ROGERS RT Duroid 5880 (with a thickness of 0.127 mm and a relative dielectric permittivity of 2.2), a flexible substrate 13 .

The assembly was too difficult (because of the flexible substrate), and colleagues at CINTRA observed delamination of the CNT forest on the substrate, Figure 78. We can observe the cutoff frequency around 50 GHz and a behavior in transmission globally similar to the theoretical one , except for the transmission level. This later is around -10 dB at 55 GHz and then slowly decreases with higher frequencies down to -20 dB at 110 GHz. The higher the frequency the more sensitive the mode is to poor contact with the lateral walls. In [START_REF] Doan | Emerging Technology for RF and Millimeter-wave Circuits based on Carbone Nanotubes[END_REF], more measurements are made and analyzed.

To conclude, this type of excitation can be a solution but it remains difficult to fabricate as the measurements show. The losses in transmission are quite high due to delamination of the CNTs on the flexible substrate which induces leakage.

Slot excitation

In this PhD work, we investigated the slot excitation approach to generate the TE10 mode in the WG. It was investigated because it was in adequacy with our final objective, the Butler Matrix. Indeed, we want to excite the array of antennas using slots, in order to gain space. This method is usually used to excite antennas [START_REF] Pozar | Microstrip antenna aperture-coupled to a microstripline[END_REF]- [START_REF] Ghassemi | SLOT COUPLED MICROSTRIP ANTENNA FOR ULTRA WIDEBAND APPLICATIONS IN C AND X BANDS[END_REF]. The principle is to have a microstrip on one side of a substrate and a slot in the ground plane on the other. We then assemble another substrate on the side of the ground plane with a patch antenna, the new substrate is between the slot and the antenna. The radiating fields through the slot will excite the antenna. The schematic oh this structure is shown in Figure 80, from the original article of D. M. Pozar [START_REF] Pozar | Microstrip antenna aperture-coupled to a microstripline[END_REF]. In our case we will consider this approach to excite the TE10 mode in the waveguide, the same way as in [START_REF] Arenas | Enhanced fluid characterization in the millimeter-wave band using Gap Waveguide Technology[END_REF]. The H-field of the microstrip will leak through the slot and couple with the Hfield of the TE10 propagating mode. The principle and design are shown in Figure 81. As we can see on Figure 81.a, a transition from CPW to microstrip is needed in our case. That is due to the fact that we do measurements using GSG probes. To optimize that transition different designs found in the literature were studied [START_REF] Arenas | Enhanced fluid characterization in the millimeter-wave band using Gap Waveguide Technology[END_REF]- [START_REF] Beeresha | CPW to microstrip transition using different CPW ground plane structures[END_REF], but the best performances were from the design in Figure 82.a. This method was previously investigated by Cometto in [START_REF] Cometto | Use of carbon nanotubes for passive radio-frequency devices[END_REF] but had transmission levels around -5 dB for only one transition (simulation between the CPW input and the middle of the CNT waveguide). We suppose it was due to the use of a silicon substrate for the CPW. Due to its high permittivity compared to the one of air, the propagating medium in the waveguide, the coupling was too low.

We propose to use ROGER 4003 of 254 um thickness, which permittivity is 3.3, as in [START_REF] Arenas | Enhanced fluid characterization in the millimeter-wave band using Gap Waveguide Technology[END_REF].

The main design rule to follow as a starting point is to place the slot at a distance of 𝜆 𝑔 4 , with 𝜆 𝑔 the guided wavelength in the microstrip, of the end of the microstrip line. Since the line is open ended we will have a maximum H-field there. The other parameters, such as the width of the waveguide, its height, the shape and orientation of the of the slot [START_REF] Cometto | Use of carbon nanotubes for passive radio-frequency devices[END_REF], [START_REF] Shi-Chang | Dual-polarized slotcoupled planar antenna with wide bandwidth[END_REF]- [START_REF] Zhang | Study of Microstrip Slotted EH2-Mode Leaky Wave Antenna from Circuit Perspective[END_REF], etc. will play on the adaptation. The best simulated results are shown in Figure 83.

License CC BY-NC-ND 4.0 As we can see the insertion losses are quite high (around -3 dB) in the 71-86 GHz band (TRiCOT application). Yet the simulations were made without dielectric and metallic losses, which means the losses are due to radiation. Using different shapes of slots one might obtain better results, or as it was shown in [START_REF] Cometto | Use of carbon nanotubes for passive radio-frequency devices[END_REF], by introducing VACNT in the waveguide for slowwave effect.

To conclude: The simulated performances of this type of excitation are far from as good as the performances (for the different types of slots tested so far) of the shorted CPW line excitation from the previous section. Furthermore, the fabrication process is quite complicated because the substrate has to be etched both on top (for the microstrip and CPW to microstrip transition) and on bottom (for the slot) and alignment is difficult to achieve perfectly. Also, due to the CNTs flexibility, our devices might not be so robust and having to put the probes on top of our devices is another challenge. Finally, the high losses we already witnessed in previous measurements, and the poor performances compared to the simulations of the waveguide with the shorted CPW excitation, did not encourage us to further invest ourselves with this excitation. Note regarding the Butler Matrix : However, the excitation of the antenna array, should be less difficult (from waveguide to patch antenna). The substrate used for antennas usually have a permittivity of 2.2 for better efficiency 14 .

To conclude the study of the different excitation methods described in this section 2.4, the best design is Grenoble's in terms of adaptation and transmission. But unfortunately it is too difficult to fabricate. The flexible substrate cannot be glued to another hard substrate below for reasons we will see in the next section (2.5). The slot excitation was deemed to have too low transmission to be fabricated, but by changing the substrate and the shape of the slot, one might get better results.

Characterization of the CNTs

Because we had troubles to explain the waveguide experimental S-parameter behavior, it was decided to study a simpler test structure : a rectangular cavity, excited by shorted CPWs. This allows two things: to have simpler designs with simpler backsimulations and analysis of the results; and to have a characterization method for the fabrication process.

From this point on, we will call "equivalent conductivity", the conductivity extracted from the cavity measurements. This conductivity comprises the conductivity of the VACNTs and the contact resistance due to transfer and assembly of the cover. This "equivalent conductivity" depends on the fabrication process, but it can be directly implemented in all the air-filled designs of the BM (waveguide, coupler, crossover) simulations. For cavities fabricated differently but with the same CNTs, we can obtain different values. These cavities allow to characterize in their whole (CNT quality, transfer quality, assembly quality) the fabrication processes, the higher the "equivalent conductivity", the better the fabrication process

The structure is presented below, in Figure 84. It is a rectangular cavity in all points similar to the previously shown waveguides, except for the excitation. As we want to extract from measurement the unloaded Q factor of the cavity, we don't need strong input/output coupling to generate resonance modes. Then, the cavity is excited using shorted CPW lines. 14 The energy stored in the substrate is equal to A table with all the dimensions of the cavity is given below. With such dimensions (and a density of CNTs equal to 10 15 CNTs/m 2 ) the resonant frequency is around 50 GHz, and the S21 around -10 dB at the peak, in order to determine the unloaded Q factor (by neglecting the external Q factor) . The excited mode is the TE101, we chose this mode because the electric field is aligned with the CNTs just as in the waveguide. The conductivity we determine is thus the one in the direction of the CNTs axis. If we wanted to determine the lateral conductivity we would have excited a TM mode, for which the currents are perpendicular to the CNTs.

The simulations for different CNT densities while keeping the same dimensions for the CPW input /output accesses show that the S-parameter are modified. That implies that the Q factor of the cavity varies. This is what was expected as the density determines the conductivity of the CNT wall. The S-parameters are shown in Figure 85. We now have a way to characterize the CNTs. Yet, one can argue that when we fabricate the cavities, depending on the contact resistance created by the transfer process or the closing of the cavity, we will have different quality factors, as explained earlier. That much is true. However, if we bear in mind that our objective is the interposer, or at least the waveguide, such a characterization is what we want. We characterize as a whole, the fabrication process and the CNTs.

Cavities were fabricated but we failed to see any obvious resonance at 50 GHz, as shown in Figure 86. We now need to come back a bit on an important point that was not mentioned until now. While we were measuring the devices, instead of placing them directly on the metallic chuck of the probe station, we would usually place an absorbent between the device and the chuck (in orange), as shown in Figure 87. This was done because it was observed, experimentally, that the measured S-parameters were less noisy., It was strange because the substrate we used was 500 um thick and the fields of a CPW are concentrated near the surface. The substrate was supposed to be big enough to isolate from the chuck. We thought it was due to the silicon being slightly conductive and interacting with the chuck. Meanwhile a cavity was being fabricated by the III-V lab. The cavity was fabricated using the process from 2.3.2, with silver glue all over the cover. An X-ray image of the cavity was taken to check the quality of the walls between the two silicon substrates in Figure 88. Our partners measured it and were not able to measure any resonance, without absorbent (Figure 87). Then new measurements were done with several absorbents and, finally, they obtained the results from Figure 89. These measurements were also confirmed in XLIM for the same cavity with the same absorbent, and with another RF high frequency absorbent (datasheet in Appendix 3), though the response is not as clean, probably due to transportation, Figure 91. The measured quality factor of the cavity is 17. However, the cavity height was measured to be 110 um, the thickness of the glue layer was taken at 30 um and the data sheet of the MF-117 absorbent was used (Appendix 3). This back-simulation gave us a density of 7e 12 CNTs/m 2 , Figure 86. Let us note we characterize the fabrication process too (with the defects due to the contact resistance and others) and that the density of the VACNTs is probably higher. We also noticed that the absorbent decreased transmission (during back-simulations), which prompted us to analyze the effect of the absorbent on the waveguide simulations.

We decided to redo all the 3D EM simulations of the WG with the different boundary conditions below the substrate. Until now, all the simulations by HFSS were made within an air box, which faces, distant of lambda/4 from every edge of the device, acted as a radiation boundary. It meant the device was surrounded by air in all directions.

The waveguide we simulated is shown in Figure 93, its cutoff frequency is at 25 GHz. We lowered the working frequency for faster simulations. We consider three boundary conditions (Figure 94):

-In the first case, we place a Perfect Electric Conductor (PEC) boundary condition on the airbox face in contact with the bottom face of the substrate, equivalent to the chuck -The second case is the one where air is surrounding the device (paragraph above),

-and the last one is the simulation of the measurement setup with the absorbent between the device and the chuck (PEC boundary condition on the bottom face of the absorbent). The results of the simulations are plotted in Figure 95. We notice two things:

-it is not possible to place our device directly on a ground plane without degrading greatly the performances because of parasitic modes in the substrate, -and, the use of an absorbent, while eliminating the parasitic modes, decreases the transmission levels from 1dB to 5 dB.

Furthermore, the simulations for the waveguide which cutoff is at 50 GHz, were done again, with stronger convergence conditions in terms of EM simulation and it appears that substrate parasitic modes start propagating after 80 GHz, as shown in Figure 96.

- At this point, it is important to note that all the measurements presented in section 2.3 were done using the RF absorbent from XLIM for cleaner results, though it has not been said earlier.

The measurements made on the orange absorbent were not as clean. It does not change the conclusions about the fabrication processes because the transmission levels remained at the same levels.

Still, as we have seen in simulations, the use of an absorbent greatly decreases the transmission levels measured (Figure 95). In order to check that the transmission levels around -15 dB that we measured in section 2.3 are not due to the absorbent, we decided to do the following experiment. We hoped to gain a few dBs, but at -15 dB the difference is les flagrant as we will see. Measurements of a new waveguide (H20E all over the cover) with Rohacell between the bottom substrate and chuck were made Figure 97. Rohacell having a permittivity similar to air, the idea was to have a measurement setup close to the simulation design with air all around (Figure 94). However, the transmission levels do not increase, since we are already as low as -15 dB. The measurements are a bit more noisy using Rohacell, probably due to the fact that at these frequencies its permittivity is not quite exactly of one. To conclude and summarize:

 Our initial guess that with a substrate thick enough, we would not have parasitic modes in the substrate because the fields of a CPW are concentrated on the surface was proven to be wrong. Because there are discontinuities in the input/output lines (excitation) we have to compare the thickness of the substrate to the wavelength in silicon λ silicon = c √εrf ≃1 mm, at 90 GHz. If we do not want substrate modes to appear the thickness should be below

𝜆 𝑠𝑖𝑙𝑖𝑐𝑜𝑛 8 ≃ 125 𝑢𝑚.
 The use of an absorbent below the substrate decreases the transmission levels greatly, and is not a viable solution, as it adds a layer to the mm-wave package.

 Elevating the bottom substrate on the sides so that it is above air is a complicated process (layer of air between motherboard and package), and works only for frequencies up to 70 GHz.

 The CNTs along with the transfer process using H20E glue were characterized and we found an equivalent density of 7e 12 CNTs/m 2 or a conductivity of 5.6*10 3 at 50 GHz.

On Grenoble side, simulations were made using air below the substrate as a boundary condition. This was probably due to the fact that they planned to measure their devices on a special foam [START_REF] Doan | Emerging Technology for RF and Millimeter-wave Circuits based on Carbone Nanotubes[END_REF] due to its fragility. However, when doing the simulations with a ground plane substrate modes appeared meaning this design is difficult to implement for the interposer application (Figure 46).

That is why we decided to change the design of the waveguide, so as to avoid substrate modes. Because the "equivalent conductivity" of the "CNTs and H20E glue assembly" was found to be 5.6*10 3 S/m, the fabrication process will also be changed.

New waveguide design without substrate modes

Design of the devices

To avoid substrate modes and dependence on the bottom substrate boundary condition, it was decided to use grounded CPW. Four designs were simulated:

 two pillar excited waveguides (Air-Filled SIW) of different lengths to extract their intrinsic properties with VACNT lateral walls in the band 81-86 GHz  a cavity resonating at 50 GHz to characterize the fabrication process  a cavity resonating at 80 GHz to characterize the fabrication process closer to our target band (81 to 86 GHz)

We decided to use pillar excited waveguides for different reasons: it will allow to see if such an excitation is possible; it will show the minimal size limit is now smaller with the new fabrication process (II.6.2); it was a design we were more familiar with in XLIM.

Should one want to try to do RFIC lab excitation method with vias, it should be possible, and a wider bandwidth would be achieved.

In the event the waveguides do not work, the process will still be characterized using the cavities (no pillars).

In order not to have substrate modes, vias were used around the CPW accesses and pillar.

The design rule is to have no resonating structures with length lower than

𝜆 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 8
, it is usually approximated by a distance between the vias below

𝜆 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 8
. The waveguide structure is shown in Figure 98. The design was made with a bottom substrate of alumina with a thickness of 254 um, the vias have a diameter of 150 um. We are at the lower limit of the fabricant's capabilities (Thin Film Products). The vias will be conic and might touch each other on the ground plane, but that is not a problem in our case. The height of the waveguide is 110 um for optimal performances. The input/output pillars' base are squares with 100um side. The simulated S-parameters for two lengths, 6 mm and 6.9 mm, are shown in Figure 99.

- The adaptation for both lengths is below 15 dB in the target band: 81-86 GHz, the insertion losses are around -1 dB. The two lengths allow to extract the intrinsic properties of the waveguide using a simple Thru-Line calibration (Appendix 2). We find a propagation constant of approximately 1320 rad/m at 83.5 GHz, and an attenuation constant of 0.012 dB/mm. We can note that we find very similar values than the ones extracted from the shorted-CPW design in Figure 77. This is logic because; we simulated our waveguides with the same parameters, in the end, the "intrinsic waveguide" (without the transmission) is the same.

- However, we can say their transition has better performances, wider bandwidth, lower insertion losses (0.5 dB instead of 1 dB for us), and better adaptation. This is partly explained by the CNT pillar (only 10 5 S/m).

Two cavities were also designed at 50 GHz (3.7 mm width, 5 mm length and 0.5 mm height) and 80 GHz (2.4 mm width, 2.86 mm length and 0.5 mm height). The designs and simulated S-parameters are shown in Figure 101. The same process of measurements and backsimulations explained in section 2.5, can be used with these new cavities. The cavities have been simulated with a height of 500 um. During fabrication 500 um thick spacers will be used.

Fabrication process

The fabrication process (CNTs, transfer and assembly) was characterized and we found that the equivalent conductivity was not high enough for acceptable performances. After several discussions with CINTRA, we decided to change the fabrication process. The fabrication process is described in Figure 102. Step by step, the process is as follows:

Step 1: The CNTs are grown on a separate substrate using pre-patterning of the catalyst so as to have the shapes of the pillar and walls. The resolution of the grown patterns is as low as the classical photolithography processes allow it. Thus allowing for pillars 100x100 um where we were limited to 200x200 um with a shadow mask.

Step 2: The substrate with the patterned CNTs is totally covered with a layer of gold using Ebeam.

Step 3: The patterned CNTs are transferred on the cover using gold to gold bonding.

Step 4: The transferred CNTs on the cover and the cover are totally covered with a layer of gold using E-beam. There are no particular shapes with gaps on the cover that we could short circuit.

Step 5: The cover with the transferred CNTs covered in gold is flipped onto the bottom part of our device and gold to gold bonded. (110 um spacers are used)

This process allows for theoretical overall better conductivity of our devices since only gold is used and no H20E glue. The fabrication process for the cavities is the same.
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Measurements

Two long and two short waveguides have been manufactured in CINTRA, and were measured in XLIM (10 MHz-67 GHz and 75 GHz-110GHz bands). The measurements are shown in Figure 103. As we can see, the transmission levels are much higher than with the previous designs. Of the four devices, only the second short waveguide (bottom right) has insertion losses similar to previous designs (around -10 dB). It is probably due to bending of the pillar on access 2, that was reported by CINTRA during the fabrication process.

In the targeted band 81-86 GHz band, S21 are now close to -5 dB in average. The return loss, is around -10 dB. The transmission and adaptation, in the 40-110 GHz band, are plotted on separate graphs in Figure 104, for the "top right" and "bottom left" measurements (second long waveguide and first short waveguide). The insertion losses are around -5 dB and the adaptation is below -10 dB for both waveguides in the frequency band (81-86 GHz).

The insertion losses are still quite important. They are probably due to two different factors:

-The "equivalent conductivity" of the CNTs -Miss-alignment or poor contact of the input/output pillars Indeed, we can note that the adaptation outside the band is around -5 dB, when in simulations (Figure 99) it is around -0.8 dB. This is typical of resistive dissipation of energy. This energy loss is due to the pillars. If the excitation pillars have a high resistivity, energy is dissipated. This phenomenon occurs before and after cutoff because the resistivity of the pillars do not vary much within this range of frequencies. The high resistivity of the pillars can be due to two things, a low "equivalent conductivity", and a gap between the top of the CNT pillars and the cover. Simulations of these phenomenons are shown in Figure 105 and 106. a.

- As we can see, the losses are mainly explained by the low "equivalent conductivity" of the CNTs. A gap between the top of the pillar and the cover creates poor adaptation that we do not see to this extent in our measurements. In order to do complete back-simulations, we would also need to know the exact positions of the excitation pillars, a misalignment changes the adaptation.

The measured propagation constants Alpha and Beta are given below, and superimposed with the simulated ones (Figure 107).

- As we can see, the measured losses are higher than the simulated ones. This is due to the lower conductivity of the walls in reality than in the simulations. Furthermore, Beta is higher in simulations than in measurements, probably due to different lateral dimensions between experimental and simulated waveguides.

A this point it is interesting to compare our results to the ones obtained in [START_REF] Bertrand | Integrated Waveguides in Nanoporous Alumina Membrane for Millimeter-Wave Interposer[END_REF], by the RFIC Lab team, for the same type of structure using nanoporous membrane filled with vertically aligned metallic nanowires. The structure and measurements are shown in Figure 108. As we can see, the results are quite similar. The insertion losses are quite high for these structures also. However, the adaptation is several dB better. The transition from CPW to the integrated waveguide, used for these structures, is the one described in 2.4.1. Compared to the pillar excitation, it has better simulated performances, and it is less sensitive to the fabrication processes. If we can find a way to implement this excitation in our structures, we can expect much better results.

In parallel, several cavities (50 GHz and 80 GHz) were fabricated and measured. The cavities were designed with weak coupling, for more accurate conductivity extraction. Due to high losses, the measurements are more difficult to interpret; the resonances are not clearly visible. Measurements of a 50 GHz cavity and of a 80 GHz cavity are shown in Figure 109. In order to improve the cavity measurements, and be able to extract conductivity measurements, two steps need to be taken. First, during the design, one should not aim for a resonance at -15 dB for a density of 10 15 CNTs/m 2 . Indeed, for lower densities the resonance peak might not be detectable in the noise of the measurements. Second, during the fabrication process, the spacers used should be bonded more strongly. Indeed, during transportation of the devices from CINTRA to XLIM, some spacers broke away from the cavities and might have damaged the CNT walls. In general, the height of the cavities is 500 um, much more than the 110 um of the waveguides, which make them much more prone to deterioration after transport.

Conclusion

In this chapter, we have studied the different possibilities and problems raised when it comes to the fabrication of air-filled waveguides based on VACNT bundles. Different fabrication processes were studied, and a characterization process was used to determine the "equivalent conductivity" of our process (from growth of the VACNTs to assembly). The characterization of one of the processes was made, showing a low "equivalent conductivity" around 5.6*10 3 S/m. This low value is due to the contact resistance from the transfer process and assembly of the cover and/or the quality of the CNTs. The characterization structure revealed the problems caused by substrate modes in our designs. This prompted the creation of other designs without this flaw. These devices were fabricated and measured. While the performances are better, they are not at the state of the art. The pillar excitation causes some problems in practice.

Chapter 3: VACNTs for slow wave effect

We showed in the previous chapter how it is possible to use VACNTs to guide electromagnetic waves. However, the propagating medium being air, which permittivity is one, it implies a bigger footprint. Furthermore, the chips on top of the interposer are getting smaller and smaller which make them unlikely to become the limiting factor in terms of footprint. Since we aim at using the CNTs as an interposer, the room on the RF substrate (usually materials with high permittivities such as alumina (9.8) or silicon (11.2)) might not be sufficient to host a whole Butler Matrix on top. That is why it is crucial to find a way to reduce the size of the interposer.

While until now we have not exploited the anisotropic conductivity of our VACNT bundles, per say, but rather used them as we would have isotropic metallic walls, interestingly, we can make use of the anisotropy of the nanomaterial for size reduction. This property of VACNT bundles is immensely profitable in that it allows for an important size reduction while avoiding the dielectric losses that come with high permittivity materials that are often used for this purpose.

In addition, the use of VACNTs for size reduction is perfectly compatible with the fabrication processes we have presented before.

In this chapter, we will start with a brief state of the art of the different technologies that allow the miniaturization of propagating RF devices. Next, we will explain more in details the slow wave effect. Then we will modelize the possible improvement of the devices using this technology. Finally, we will present an experimental proof of concept at 20 GHz in order to free ourselves from the fabrication uncertainties that were raised in chapter 2.

State of the art

With the increasing number of telecommunication channels in mobile phone, or for multimedia broad band applications, the number of devices needed has increased inside our connected appliances. Thus, the need for miniaturization is increasing [START_REF] Meier | Miniaturization and advanced functionalities of SAW devices[END_REF]. There are two main ways to miniaturize devices. The first one is to aim for higher integration and functionalization through new topologies and design methods, such as filter antenna co-design [START_REF] Zuo | An Integrated Approach to RF Antenna-Filter Co-Design[END_REF], [START_REF] Ni | A co-designed quasi Yagi antenna with coupled line filter[END_REF] or new ways of packaging [START_REF] Meier | Miniaturization and advanced functionalities of SAW devices[END_REF], [START_REF] Sato | Ultra-miniaturized and surface-mountable glass-based 3D IPAC packages for RF modules[END_REF]. The second one aims for miniaturization of the devices themselves using high permittivity materials [START_REF] Coq | Miniature microstrip filter using high-permittivity ceramic substrates (er = 90)[END_REF], or particular micro/nano engineered propagating mediums [START_REF] Jarchi | Effects of Metamaterial Loading on Miniaturization of Loop and Open Loop Microstrip Filters[END_REF]. The two approaches are not separate from each other and are often combined in the literature, such as 3D printed high permittivity ceramics [START_REF] Delage | Aerosol jet printing of millimeter wave transmission lines on 3D ceramic substrates made by additive manufacturing[END_REF] or highly integrated SAW packages [START_REF] Meier | Miniaturization and advanced functionalities of SAW devices[END_REF].

Since their development in the early 2000s by Ke Wu [START_REF] Deslandes | Integrated transition of coplanar to rectangular waveguides[END_REF], [START_REF] Wu | The substrate integrated circuits -a new concept for high-frequency electronics and optoelectronics[END_REF], SIW have drawn a lot of attention for their interesting properties. They consist of a thin dielectric substrate with metallic plates on top and bottom, pierced with rows of vias. The rectangular section made by the vias and the two metallic planes confine the fields, provided that the vias are close enough to each other compared to the wavelength. Compared to classical metallic waveguides, they have the advantage of being low weight, of having high integration capabilities while maintaining a rather low cost of fabrication. Compared to classical planar technologies such as CPW or Microstrip lines, SIW have lower radiation losses, due to the fields being confined in a rectangular section, and therefore higher quality factors. However, they do suffer from high footprints, the ratio between the height of the SIW and its width is usually quite large. In order to reduce this footprint, many research teams have studied ways to reduce the lateral dimensions [START_REF] Iqbal | Miniaturization Trends in Substrate Integrated Waveguide (SIW) Filters: A Review[END_REF]- [START_REF] Khalil | Substrate Integrated Waveguide miniaturization using Slow Wave and Half Mode techniques[END_REF]. In this section, we will have an overview of the different miniaturization methods described in the literature.

Ridged SIW

This first method is directly derived from the ridged technology in classical metallic rectangular waveguide [START_REF] Cohn | Properties of Ridge Wave Guide[END_REF]. The idea is to change the section of the waveguide by introducing a ridge in the waveguide, Figure 110. This ridge will decrease the cutoff frequency of the fundamental mode TE10. Indeed, the ridge being in the center of the waveguide, where the electrical field is maximum, will induce a capacitive load. For the same dimensions a and b, the waveguide will work at a lower frequency, which means miniaturization. We can note that for the first mode of superior order, TE20, the electric field is equal to zero in the center of the waveguide; the cutoff frequency of this mode remains almost the same. This implies a greater bandwidth. This method was used for SIW structures by simply replacing the ridge, by a row of blind vias [START_REF] Che | Propagation and band broadening effect of planar integrated ridged waveguide in multilayer dielectric substrates[END_REF] or a row of blind vias connected by a thin plate [START_REF] Sun | A compact broadband hybrid ridged SIW and GCPW coupler[END_REF] as shown in Figure 111. The fabrication process is similar to the LTCC one with multiple layers soldered together.

Figure 111 : Different topologies of SIW to improve bandwidth, ridges and air holes [START_REF] Iqbal | Miniaturization Trends in Substrate Integrated Waveguide (SIW) Filters: A Review[END_REF] License CC BY-NC-ND 4.0

This method is particularly used for increasing the bandwidth of the waveguides. It has been combined with the drilling of non-metallized holes near the metallic posts on the sides, to achieve a bandwidth improvement of 232% [START_REF] Bozzi | Broadband and compact ridge substrate-integrated waveguides[END_REF]. The idea is that by reducing the effective permittivity on the sides of the section, where the second mode maximum electronic fields are located, this mode is pushed even further into higher frequencies.

Folded SIW

This method is also directly derived from classical rectangular waveguides technology, it was first presented in [START_REF] Barrow | Hollow Pipes of Relatively Small Dimensions[END_REF]. The idea is that by bending a rectangular waveguide in its lateral dimensions, the fundamental mode will remain the same since the boundary conditions do not change. If the guide is bended enough it is equivalent to it being folded. Different folding topologies are presented in Figure 112. To the knowledge of the author, the first use of folded SIW is reported in [START_REF] Grigoropoulos | Compact folded waveguides[END_REF], for a T-shape topology. Since then, the C-shape has also been studied [START_REF] Nguyen-Trong | Variational Analysis of Folded Substrate-Integrated Waveguides[END_REF]- [START_REF] Che | Analysis and Experiments of Compact Folded Substrate-Integrated Waveguide[END_REF] even though it is more difficult to excite due the disappearance of the vertical symmetry of the electric field. Folded SIW devices in the literature include: a Quadri-Folded SIW bandpass filter in [START_REF] Zhang | Quadri-Folded Substrate Integrated Waveguide Cavity and its Miniaturized Bandpass Filter Applications[END_REF], a 180 GHz to 220 GHz bandwidth folded SIW [START_REF] Shahidzadeh Mahani | A mmWave Folded Substrate Integrated Waveguide in a 130-nm CMOS Process[END_REF], a ring coupler [START_REF] Ding | Miniaturized hybrid ring circuits using T-type folded substrate integrated waveguide (TFSIW)[END_REF], etc.

However, the fabrication processes require multi-layer technologies, such as LTCC, implying higher cost fabrication and the losses are usually slightly higher than in ordinary SIWs [START_REF] Iqbal | Miniaturization Trends in Substrate Integrated Waveguide (SIW) Filters: A Review[END_REF].

Half mode SIW

The first article which reports the use of half-mode SIW is published in 2006 [START_REF] Hong | Half Mode Substrate Integrated Waveguide: A New Guided Wave Structure for Microwave and Millimeter Wave Application[END_REF]. The idea is as follows. In a classical rectangular waveguide, and by extension for SIW, the fundamental mode is the TE10 (provided the width is bigger than the height). This mode has a symmetric

License CC BY-NC-ND 4.0 plane along the transmission's direction, which is equivalent to a magnetic wall. In the case of SIWs, the ratio of width to height is usually very high. This leads to the fact that simply "opening" the SIW in the middle, by removing any metallization will be equivalent to a magnetic wall. The resulting structure is called a half-mode SIW. It is shown in Figure 113. Half-mode and regular SIW structures present approximately the same insertion losses [START_REF] Hong | Half Mode Substrate Integrated Waveguide: A New Guided Wave Structure for Microwave and Millimeter Wave Application[END_REF]. However, in a complete integrated system, there are still some radiation losses that can affect the neighboring elements.

The use of this topology has been reported for couplers [START_REF] Liu | Half Mode Substrate Integrated Waveguide (HMSIW) 3-dB Coupler[END_REF], power dividers [START_REF] Chen | Design of a Six-Port Junction Using Half-Mode Substrate Integrated Waveguide[END_REF] and antennas [START_REF] Caytan | Half-Mode Substrate-Integrated-Waveguide Cavity-Backed Slot Antenna on Cork Substrate[END_REF], but the main use is for filter applications [START_REF] Nam | Constant-absolute-bandwidth frequency-tunable half-mode SIW filter containing no tunable coupling structures[END_REF]- [START_REF] Pelluri | Miniaturized Wide Stopband Half-Mode SIW Bandpass Filter[END_REF]. Indeed, the number of symmetric planes in the case of a circular cavity for the TE101 mode is infinite. This allows for consequential size reduction of the resonators. In [START_REF] Iqbal | Miniaturization Trends in Substrate Integrated Waveguide (SIW) Filters: A Review[END_REF] a list of different filters made with this technology, called partial mode SIW (PMSIW) devices, is given. With resonators as little as 1/32 nd of a cylinder [START_REF] Yang | Design of Compact Bandpass Filters Using Sixteenth Mode and Thirty-Second Mode SIW Cavities[END_REF], the authors obtain a 96.87% size reduction when compared a filter with full resonators. However, we can note that the size of the devices decreases logarithmically with the angle of the resonator.

Slot loaded SIW

The idea, for slot loaded SIW, is to shift resonance frequencies of cavities by inductive or capacitive loading. In order to load the resonators, the metallic surface is patterned and the generated reactive effects will shift the frequency [START_REF] Moitra | Modelling and analysis of Substrate Integrated Waveguide (SIW) and half-mode SIW (HMSIW) band-pass filter using reactive longitudinal periodic structures[END_REF]. Depending on the shape of the pattern and the mode of the cavity, one can shift differently the resonance frequency.

In [START_REF] Riaz | Miniaturization of SIW Cavity Filters Through Stub Loading[END_REF], the use of C-shaped slots on top of the resonators, such that they couple with the magnetic field, allow for a size reduction. In [START_REF] Iqbal | Tunable SIW Bandpass Filters With Improved Upper Stopband Performance[END_REF], the shifted mode is the TE102 using an Hshape slot in the middle of the cavity. In [START_REF] Chen | Miniaturized Dual-Mode Substrate Integrated Waveguide (SIW) Band-Pass Filters Loaded by Double/Single T-Shaped Structures[END_REF], the authors use a T-shaped open ended stub in the center of the cavity. In [START_REF] Alkhafaji | Compact Substrate Integrated Waveguide BPF for Wideband Communication Applications[END_REF], a size reduction of 70% is achieved using open ended semicircular slots. The structures are presented in Figure 114.

We can note that this method, is only applicable for the size reduction of filters or resonant cavities, which we do not have in a Butler Matrix. But such devices are always used to filter the signal coming from the antennas. Semicircular patterns [START_REF] Alkhafaji | Compact Substrate Integrated Waveguide BPF for Wideband Communication Applications[END_REF] Interestingly, it is perfectly possible to extrapolate this technique and to load the top metallic plate with smaller patterns (compared to the wavelength), that will have a distributed capacitive or inductive effect. In the circuit equivalent model of the waveguide, the values of the inductance and capacitance will vary and thus change the propagation constant. The designers can tune the design in order to increase/decrease one or the other and change the cutoff frequency. This has been done by Ke Wu's team in [START_REF] Jin | Slow-Wave Effect of Substrate Integrated Waveguide Patterned With Microstrip Polyline[END_REF] and [START_REF] Jin | Slow-Wave Propagation Properties of Substrate Integrated Waveguide Based on Anisotropic Artificial Material[END_REF]. By loading the top metallic plane with small Microstrip patterns acting as inductors in [START_REF] Jin | Slow-Wave Effect of Substrate Integrated Waveguide Patterned With Microstrip Polyline[END_REF] or by soldering active inductors [START_REF] Jin | Slow-Wave Propagation Properties of Substrate Integrated Waveguide Based on Anisotropic Artificial Material[END_REF], the authors manage a size reduction of 40% and 35% respectively. The designs are shown in Figure 115. 

Metamaterials Structures

Since the late sixties and the introduction of the notion of metamaterials by Veselago [START_REF] Veselago | The electrodynamics of substances with simultaneously negative values of epsilon and mu[END_REF], numerous applications have been found in the different fields of wave propagation. This field consists of engineering materials (by adding resonant structures small enough compared to the wavelength of the propagating wave) so as to obtain uncommon properties, such as negative permeability and/or permittivity.

Split Ring Resonator

Of all the possible metamaterials technologies the most studied is probably the split ring resonator (SRR). The magnetic susceptibility that ensues (coupling between the rings) allows for negative permeability, a property not found in conventional materials. In the field of RF devices, the most used is the complementary split ring resonator (CSRR), which is the dual of the SRR, because it allows for negative permittivities [START_REF] Marqués | Metamaterials with Negative Parameters: Theory, Design, and Microwave Applications[END_REF].

In the case of SIW devices, the idea is to pattern the metallic plates with such structures. In order to improve the frequency shifts, research has shown that adding stepped impedance to complementary split ring resonators structures was more efficient. In Figure 116, different structures are listed, that were implemented for SIW structures. In [START_REF] Danaeian | Miniaturization of substrate integrated waveguide filters using novel compact metamaterial unit-cells based on SIR technique[END_REF], the authors manage to reduce the footprint by 60% approximately compared to classical SIW structure.

This technology can be applied to waveguides as opposite to the one presented before. However, it has the inconvenient of being narrow band [START_REF] Zarghooni | Effect of stepped-impedance resonators on rectangular metamaterial unit cells[END_REF]. The behavior of the CSRR is not broadband because it is based on a resonating behavior. However, with different sizes of SRR broadband negative permittivity materials have been reported for higher frequencies (optics) [START_REF] Jones | Miniaturized folded ridged half-mode substrate integrated waveguide[END_REF]. In [START_REF] Yang | Folded Substrate Integrated Waveguide Based Composite Right/Left-Handed Transmission Line and Its Application to Partial $H$ -Plane Filters[END_REF], the folded SIW topology is used to incorporate the left handed material properties in the device. The plate used for folding is patterned to add distributed elements to the transmission line model, and decrease the cutoff frequency, as shown in Figure 117. The motifs can also be engraved on the top metallic plates as shown in the following articles [START_REF] Dong | Substrate integrated waveguide negativeorder resonances and their applications[END_REF], [287], [288, p. 3]. A size reduction of approximately 50% compared to classical SIW is obtained. Another drawback of these metamaterials is the decreasing size of the patterns at higher frequencies, which make it difficult to implement in classical fabrication processes for SIWs.

All the technologies mentioned above are often mixed in order to achieve even greater size reduction as shown in [START_REF] Jones | Miniaturized folded ridged half-mode substrate integrated waveguide[END_REF], [START_REF] Troudi | Design of Miniaturized Half Mode SIW BandPass Filter Using Metamaterial Unit Cell[END_REF], [START_REF] Kirino | A fast and slow wave combined-mode metamaterial ridged waveguide for array antenna applications[END_REF].

The Slow Wave Technology or decoupling Electrical and Magnetic fields

In the literature, the term slow-wave is generally used for any method that decreases phase velocity in propagating structure. Hence, all of the methods aforementioned can be considered as slow-wave technology and using high permittivity substrates can also be considered as slow-wave technology (phase velocity being directly linked to permittivity of the propagating medium). In previous articles the physical phenomenon that will be detailed in this section has been referred to as the slow-wave effect. That is why, in the ANR TRICOT project this is the term that was used. However, this term does not reflect the particularities of the phenomenon at stake and can lead to confusion with other technologies. In the following section it will rather be referred to as the decoupling of the electrical and magnetic fields.
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Planar slow wave

In the 70s, the democratization of planar transmission lines in the microwave ranges, and the performances of transistors such as the MESFET relied on the quality of the semiconductors used. Semiconductors, such as silicon or GaAs of the III-V family, with high resistivity allowed for transmission lines with good performances. Consequently, monolithic integration seemed liked a promising prospect. Yet, the wavelengths of the propagating waves at these frequencies were simply too big. The price of the semiconductors at that time was too high to make matching networks, filters or couplers integrated to the single crystal substrate [START_REF] Torrero | Circuits and devices: High-frequency components play catch-up: From RF to mm waves, improved circuit and packaging techniques have increased the density and performance of the latest components[END_REF]. It is for this reason that the slow-wave effect arising from decoupling the electric and magnetic fields was studied by Hasegawa in [START_REF] Hasegawa | Schottky slow-wave coplanar striplines on GaAs substrates[END_REF]- [START_REF] Hasegawa | Properties of Microstrip Line on Si-SiO2 System[END_REF], in order to reduce the dimensions.

The first article to theorize the existence of the slow-wave propagation mode is [START_REF] Guckel | A Parallel-Plate Waveguide Approach to Microminiaturized, Planar Transmission Lines for Integrated Circuits[END_REF], in which the authors study the behavior of interconnects on bi-layered substrates (Si-SiO2). However, the first article to experimentally observe the slow-wave propagation is [START_REF] Hasegawa | Properties of Microstrip Line on Si-SiO2 System[END_REF]. In this article, the microstrip on Si-SiO2 bi layered substrate is analyzed numerically using the model of the parallel plate waveguide (Figure 118). The introduced effective permittivity and permeability of the bi layer substrate allow for the characterization of the fundamental modes. The SiO2 layer is considered to be a lossless dielectric. Three different modes are characterized depending on the frequency and the conductivity/resistivity of the Si layer:

-The product of the frequency and the resistivity of the Si layer is high enough that the dielectric loss angle of this layer is small. In this case, the Si layer behaves as a dielectric substrate, and we have the conventional TEM propagation.

-The product of the frequency and the conductivity of the Si layer is high enough to yield a small depth of penetration. In this case, the Si layer behaves as a ground plane, and we have TEM propagation in the SiO2 layer. If the skin depth is too big, the system becomes highly dispersive.
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Figure 119 shows the different fundamental modes propagating in function of frequency and resistivity of the Si layer. The field distribution analytically determined in the article shows an interesting phenomenon that explains the low phase velocity. The electric field is concentrated in the SiO2 layer while the magnetic field is present in both layers. Meaning all the active power is transmitted through the SiO2 layer while the magnetic energy stored in the waveguide is mainly in the Si layer in that it is thicker (b2>> b1). The sum of these energies is transmitted in the propagation direction through the thin SiO2 layer. The propagation velocity slows down owing to the energy transfer at the interface.

This decoupling of the electric and magnetic fields was further exploited the authors in [START_REF] Hasegawa | Schottky slow-wave coplanar striplines on GaAs substrates[END_REF], [START_REF] Seki | Cross-tie slow-wave coplanar waveguide on semi-insulating GaAs substrates[END_REF] on GaAs substrates. Unfortunately, these structures had high losses because conduction takes places in a semi-conductor during the exchange of magnetic and electric energy.

Fortunately, more recently, the slow wave CPW structure in [START_REF] Seki | Cross-tie slow-wave coplanar waveguide on semi-insulating GaAs substrates[END_REF], that decoupled the electric and magnetic field using patterned floating ground strips perpendicular to the direction of propagation was later improved in order to have high quality factors by other teams in [START_REF] Cheung | Shielded Passive Devices for Silicon-Based Monolithic Microwave and Millimeter-Wave Integrated Circuits[END_REF]- [START_REF] Franc | Compact high-Q, low-loss mmW transmission lines and power splitters in RF CMOS technology[END_REF], due to new topologies attainable with the new fabrication processes. The structure is shown in Figure 120, as well as the measured quality factors that are the state of the art. Finally, in 2014, a slow-wave microstrip line using vertically aligned nanowires in a porous alumina substrate was showcased by our partners RFIC Lab [START_REF] Serrano | Modeling and Characterization of Slow-Wave Microstrip Lines on Metallic-Nanowire-Filled-Membrane Substrate[END_REF]. The structure is shown in Figure 121. Since then different passive devices were thought of using this technology, inverted microstrip [START_REF] Wang | Slow Wave Inverted Microstrip Line Based on Metallic Nanowire Filled Alumina Membrane[END_REF] and Butler Matrix [START_REF] Wang | A Compact Butler Matrix Design Based on Metallic Nanowire Filled Membrane Technology and Tunable Phase Shifter at 160 GHz[END_REF]. The idea is that the electric field cannot penetrate in the membrane while the magnetic field lines are left untouched. Indeed, on the one hand, the vertically aligned wires, do not allow a vertical electric field to exist (the electric field is vertical in the case of TEM mode). And, on the other hand, the magnetic field is not impacted because it is perpendicular to the direction of the metallic nanowires. The difference in the distribution of the field lines between a classical microstrip and a microstrip on a porous membrane with metallic nanowires is schematized in Figure 122. To conclude, the separation of the fields is the same in all the designs presented above. In terms of equivalent transmission line model : the capacitance (C) increases due to the smaller area occupied by the electric field, the inductance (L) remains the same because the magnetic field is not disturbed. For a transmission line the phase velocity (v φ ) is given by: v φ = 1 √𝐿𝐶 Thus, the phase velocity decreases, and we have the slow-wave effect. In order to augment the slow-wave effect one might aim to increase the inductance as well [START_REF] Cheung | Shielded Passive Devices for Silicon-Based Monolithic Microwave and Millimeter-Wave Integrated Circuits[END_REF].

Volumic slow wave with vias

The first article transposing the slow-wave technology (decoupling of the electric and magnetic fields) to SIW structures was published in 2014, by our partners in Grenoble [START_REF] Niembro-Martín | Slow-Wave Substrate Integrated Waveguide[END_REF]. A schematic of the structure's topology is shown below, in Figure 123. Two PCB layers compose the structure. The bottom layer consists of the lateral vias that make up the lateral walls, the bottom metallization and vias in the propagation zone. The top layer consists of the lateral vias that make up the lateral walls and the top metallic layer. The two layers are assembled together to form a SIW, which has a bed of blind vias in its propagation zone. The space between the blind vias has to be smaller than an eighth of a wavelength. The idea is the same as the one used for planar structures. The electric field for the TE10 mode cannot penetrate in the bed of vias because it is collinear to the vias. The magnetic field is perpendicular to the direction of the vias and is not obviously disturbed. The structure is simulated using the finite element method and the density of both electric and magnetic fields are plotted in Figure 124. The simulation results confirm the intuitive reasoning. The electric field is confined above the bed of blind vias, thus increasing the shunt capacitance, capacitance being inversely proportional to the distance between two metallic plates. The magnetic field is more or less left undisturbed and occupies the whole section of the guiding structure, meaning the inductance remains the same as in a classical SIW. As a result, the phase velocity decreases i.e. the equivalent permittivity increases.

The measurements of the S-parameters were in accordance with the simulated ones, and showed reduction of size of 40%. We can note that an excitation method (Microstrip to SIW) was proposed as well as a comprehensive study showing dependence of the blind vias' diameter and height for size reduction.

This idea was prolongated in [START_REF] Khalil | Substrate Integrated Waveguide miniaturization using Slow Wave and Half Mode techniques[END_REF], by instead of using two layers, with only one containing blind vias, the authors used three to have better ratio between the space occupied by the electric field compared to the space occupied by the magnetic field. The topology of the structure is shown in Figure 125.
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To overcome the losses that come from multilayer fabrication (also present in the bilayer original structure), the authors in [START_REF] Li | Single-Layer Slow-Wave Substrate Integrated Waveguide with Enhanced Capacitance[END_REF] come with the following idea. They virtually reduce to zero the distance between the top of the vias and the metallic top plane. The vias are simply not blind but connected to the top layer. In order to allow propagation, the top surface is patterned. The geometry of the structure and the spatial distribution of fields are shown in Figure 126. As we can see, the gaps between the top metallization and the top part of the "mushroom" vias allow the electric field to propagate on the surface. Meanwhile, the magnetic field occupies the whole substrate. The authors realize a band pas filter (BPF) using this technology and manage a size reduction of 58.8% compared to classical SIW structure.

Finally, in [START_REF] Zhang | Slow Wave Substrate-Integrated Waveguide With Miniaturized Dimensions and Broadened Bandwidth[END_REF], a 73% reduction of the longitudinal length is achieved. A schematic of the device is shown in Figure 127. This improvement of size reduction compared to [START_REF] Niembro-Martín | Slow-Wave Substrate Integrated Waveguide[END_REF] is explained by two things. First, the capacitance has increased because the surface of the capacitance has increased (the top of the vias is replaced by a full metallic plate). Second, the inductance increases. Indeed, by adding the patches on top of the vias, the current path is lengthened i.e. permeability is increased, as shown in Figure 128. 

Anisotropic metallic materials for slow-wave applications

At higher frequencies, the vias' diameter and interspace need to be smaller, the dimensions being directly linked to the wavelength. Unfortunately, current fabrication processes do not translate well to lower dimensions. This is what limits the technology presented before to frequencies below 30 GHz.

However, nanomaterials such as VACNTs or nanowires (NWs) might be an answer to such a technological bottleneck. The solution that was thought of in the project TRiCOT, was to replace the bed of blind vias by VACNTs or vertically aligned nanowires. Provided the density of the CNTs or NWs is sufficient, the behavior of the vertically aligned nanomaterials can be assimilated to a bulk anisotropic material. During the course of this PhD, our partners in Grenoble, RFIC Lab, published measurements of a waveguide (E band) partially filled with nanoporous alumina filled with vertically aligned nanowires as proof of concept [START_REF] Corsi | Partially-Air-Filled Slow-Wave Substrate Integrated Waveguide in Metallic Nanowire Membrane Technology[END_REF].

The electric field cannot penetrate in the aligned nanowires, but the magnetic field is undisturbed because perpendicular to the uniaxial conductivity. The propagation of the TE10 mode should be modified in the same way as with blind vias.

Application to the Butler Matrix

It is particularly interesting in our case to add VACNTs in the propagation zone of the air-filled SIW with VACNT walls. Indeed, the material used for the slow wave effect is the same than the one for guiding the electromagnetic waves. Thus, the fabrication process is easily modified to incorporate the slow wave effect in our functionalized interposer.

Simulations were made using the finite element method and the bulk equivalent model of our VACNTs, to verify the behavior of a partially filled waveguide with VACNTs. The simulation design is shown in Figure 129. The simulated structure consists only of the rectangular waveguide without the transition from CPW to rectangular TE10 mode. The excitations consist of waveports, which allows us to directly extract the propagation constants from HFSS. The height of the waveguide is taken to be 110 um and the width 2.7mm, the same dimensions as the last designed waveguide of Chapter 2. Height plays an important role in the slow-wave effect. The ratio between the height of the waveguide and the height of the slow-wave CNT pattern (h) is called the filling factor. The bigger the filling factor the bigger the propagation constant. The effect of height (h) of the VACNT pattern used for slow wave is plotted in Figure 130. With increasing aspect ratio, the field is more confined, leading to an increased capacitance and higher propagation constant.
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The frequency shift does not depend much on the width of the pattern as long as the width of the pattern is close to the width of the waveguide as shown in Figure 131. The width of the waveguide is of 2.7 mm. The cutoff frequency for pattern widths of 2 and 2.5mm is almost the same. It then decreases, for 1.5mm and 1mm. The effect of density is an important case to study. If the density of CNTs is not important enough, the conductivity will not be very high and the current going through the nanotubes will not be sufficient to create the magnetic field necessary for separate energy storage. In Figure 132, beta was plotted for different conductivities in the direction of the CNTs. As we can see, as long as the density is above 10 13 CNTs/m 2 (1.6*10 3 S/m at 50 GHz) it does not change the propagation constant much. For low densities, the behavior of the waveguide is different, there is a slow-wave effect since beta is higher, but it is probably more due to the VACNTs pattern behaving as a lossy metallic wall (c.f. 3.2.1). No cutoff frequency can be determined.

Finally, in all the simulations made before, the lateral conductivity 15 was taken to be zero. However, if there is too much lateral conductivity in the VACNTs, the slow-wave effect will not be happening at the same scale (smaller increase of beta). Indeed, the magnetic field cannot propagate unless its direction is perpendicular to the conductivity. In case of high lateral conductivity, the VACNTs will behave similarly to an isotropic metal, which does not allow for the slow-wave effect. The simulations were made for different lateral conductivities, and the results are plotted in Figure 133.

The simulations show an increase in Beta even for a lateral conductivity of 10 4 S/m. However, the slow-wave effect is much less visible, and a cutoff frequency cannot be extracted. That is because of the way the waveport is defined (Figure 127). In fact, in order to see the real behavior (TE10 mode propagating in a waveguide with a smaller section) there is a need for a Thru-Line calibration (see 3. Adding a slow-wave pattern to our final waveguide structure is quite simple (in simulation). If the properties of the VACNTs are supposed well known, the adaptation (71-76 GHz band) is even simpler to achieve because of a larger number of variables that can be changed. The design of the structure is shown in Figure 135 as well as the S-parameters. For a slow-wave pattern height of 75 um, in order to have the same cutoff frequency as the waveguide without slow-wave pattern (Figure 99) we need a waveguide width of 1.6 mm. This is equivalent to a lateral size reduction of 59%. Longitudinally, the size reduction can be obtained from the previous curves for the propagation constant. For further and more complete simulations regarding size reduction for the other passive elements of the Butler Matrix (couplers and crossovers) the reader can refer to [START_REF] Doan | Emerging Technology for RF and Millimeter-wave Circuits based on Carbone Nanotubes[END_REF] from our partners from the RFIC Lab in Grenoble.

Proof of concept at 20 GHz

Due to the fabrication difficulties, we had encountered for the simpler devices without the slowwave effect (Chapter 2), we decided to simplify the structure used for the proof of concept of the slow-wave effect based on VACNTs. Once the fabrication process of the air-filled structures is finalized, the insight gained because of this simpler experimentation will allow for an easier design.

The design we use in this section allows us to get rid of a certain number of unknowns (such as current leakage) and makes back-simulations easier. Furthermore, the lower operating frequency makes measurements easier, without the need of a transition design for the use of CPW probes. Yet, it allows us to have better insight on properties of the CNTs we used, as well as a proof of concept of slow wave effect.

Simulations

The chosen structure in order to highlight the slow-wave effect is presented in Figure 136. The structure consists mainly of an aluminum rectangular waveguide with a section of 8 mm width by 4.5 mm height (length of 10 mm or 15 mm). This waveguide has a cutoff frequency for the fundamental TE10 mode of 18.8 GHz. When connected to two WR51 waveguides, whose recommended bandwidth is 14.5 GHz to 22 GHz, the simulated S-parameters are plotted below (Figure 137).
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By adding CNTs inside of the aluminum waveguide, we should see a shift in the cutoff frequency. By comparing measurements for two different length of waveguides, we can extract the propagation constant using the TL calibration (Appendix 2). However, it is difficult to grow CNTs directly inside of the waveguide, given the fabrication process (Chapter I). The idea is to insert a metallic plate (copper in our case) which would itself support the CNTs, for an easier fabrication process.

The three cases we can compare are the following ones: an empty waveguide, the waveguide with a copper plate but without CNTs and the waveguide with the copper plate supporting CNTs (Figure 138). The fabricated copper plates have a width of 8 mm (same width as the waveguide). In reality, during fabrication, 100 um were removed, in order to make sure the insertion in the waveguide was possible. The thickness of the copper plates is approximately 500 um. Two length of copper plates were fabricated, 10 mm and 15 mm, for each length of aluminum waveguide. We can simulate the S-parameters of the three scenarios and superimpose the data on the same graph in order to see the frequency shift (Figure 139). In scenario B, when only the copper plate is inserted in the waveguide, the cutoff frequency does not shift compared to scenario A. This is expected because the cutoff frequency is determined by the width of the waveguide for the TE10 mode, and adding the copper plate only changes the height of the waveguide. In scenario C, the VACNTs pattern on the copper plate has the following dimensions: 500 um height, 8 mm width and 5 mm/10mm lengths for the 10 mm long and 15 mm long plates respectively. The filling factor, ratio of CNT height to waveguide height, is 12.5%. The cutoff is shifted to lower frequencies (approximately 1 GHz).of CNTs induce the slow wave effect and the cutoff is shifted to lower frequencies (approximately 1 GHz).

Fabrication of the devices

The two aluminum waveguides were fabricated in XLIM, using an electroerosion fabrication process . The two waveguides have different lengths (15 mm and 10 mm), in order to be able to extract the propagation constants by a simple Thru-Line calibration. Multiple copper plates were fabricated and sent to CINTRA in order to transfer CNTs on them.

In order to be able to transfer the CNT patterns on the copper plates, those were previously polished . Indeed, if the roughness of the receiving substrate during transfer is too high, (above several hundreds of nm) the CNTs do not adhere uniformly and transfer is not possible. Furthermore, given the high temperatures of the transfer process (200 °C) and the ambient humidity levels in Singapore (80% humidity in average in the year), we decided to electrolyze the copper plates with gold to avoid oxidation.

The CNTs were transferred using 500 um spacers, in order to obtain the wished height. A picture of the devices is shown in Figure 140. We can clearly observe a shift to lower frequencies of the cutoff frequency. Furthermore, the shift is roughly around 1 GHz, which is coherent with the measured heights of the CNTs placed on the copper plates (500 um).

Using the Thru-Line calibration (Appendix 2) we can extract the propagation constant of the waveguide in the three scenarios, the results are plotted in Figure 144 and superimposed with the simulations. First, we can note that the cutoff frequency of the simulated waveguide is a bit below the simulated one. This is due to the fabricated waveguides having a slightly larger width. Second, we can clearly see a shift for the measurements in scenario B. This is due to the copper plate being narrower (smaller width) than simulated. In that case, we have space between the sides of the copper plate and the lateral walls of the aluminum waveguide leading to capacitive effects and a frequency shift (ridged waveguide 3.1.1). Finally, because these effects should accumulate with the slow wave effect, we should have a bigger shift measured than in the simulations for a height of 500 um. But, as shown in Figure 145, during transfer, the CNTs can bend partially due to the force applied. This phenomenon has been observed before for other devices and close-up SEM images of the slow wave samples should give useful insight. In the bottom part of the slow-wave pattern the conductivity is anisotropic, and no slow-wave can propagate, reducing the equivalent filling factor and the slow-wave effect.

Figure 145 : SEM picture of the bending of the CNTs during transfer process on a previous device However, we do have high losses that we do not explain. These losses most likely come from lateral conductivity. That hypothesis will be tested later in section 3.5. .

Measurements for the sparse CNTs

Of the CNT samples that were made in CINTRA, it was decided to verify the impact of density on the slow-wave effect. On one of the copper plates that was sent, low density CNTs were transferred. The low density CNTs were obtained because of diffraction effect through the chromium mask while catalyst deposition for CNT growth. The difference of density is visible, in the SEM picture of Figure 146.

License CC BY-NC-ND 4.0 These measurements show that the slow-wave effect we are measuring is due to the conductivity of the CNTs. Indeed, in order to increase phase velocity, one can simply increases the effective permittivity. This can be done by inserting a high permittivity medium in the waveguide. In our case, for the shift we have and for a height of 500 um, we would need a material of permittivity 10. Though the conductivity of VACNTs has been proven before, the fabrication process could be flawed and the material a dielectric. However, from these measurements, we can infer we are witnessing field separation and slow-wave propagation. Indeed, for two different densities of the same material, the shift is almost the same. If the material was a dielectric, the permittivity would not be the same (effective medium approximation, Bruggeman's models) and the shift would vary.

However, we still have to determine the source of the losses witnessed. Back-simulations will be done in section 3.4.6.

DC measurements

To check if there was lateral conductivity, it was decided to do DC measurements. A schematic of the setup is presented in Figure 148. The DC measurement for sample 1 gives a resistance of 300 Ω. The measurement for sample 2 gives 30 Ω. The distance between the DC probes remained the same for the two measurements.

Silicon resistivity is above 10 4 Ω.m as given by the manufacturer datasheet. Furthermore, the resistance of the silicon wafer was measured (still for the same distance between the two DC probes) and was found to be 30*10 6 Ω. This means silicon resistance is very high compared to the measured value (300 Ω).
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We can approximate the measured value for sample 1 (𝑅 𝑠𝑎𝑚𝑝𝑙𝑒1 ) with the following formula (c.f. equivalent circuit Figure 146):

1 𝑅 𝑠𝑎𝑚𝑝𝑙𝑒1 = 1 𝑅 𝑙𝑎𝑡 + 1 𝑅 𝑣𝑒𝑟𝑡 + 𝑅 𝑠𝑖𝑙𝑖𝑐𝑜𝑛 + 𝑅 𝑣𝑒𝑟𝑡
With, 𝑅 𝑙𝑎𝑡 the lateral resistance of the CNTs, 𝑅 𝑣𝑒𝑟𝑡 the vertical resistance of the CNTs and 𝑅 𝑠𝑖𝑙𝑖𝑐𝑜𝑛 the resistance of the silicon wafer.

Because, we have:

𝑅 𝑠𝑖𝑙𝑖𝑐𝑜𝑛 ≫ 𝑅 𝑠𝑎𝑚𝑝𝑙𝑒1
We can make the approximation:

𝑅 𝑙𝑎𝑡 ≈ 𝑅 𝑠𝑎𝑚𝑝𝑙𝑒1
We can approximate the measured value for sample 2 (𝑅 𝑠𝑎𝑚𝑝𝑙𝑒2 ) with the following formula (c.f. equivalent circuit Figure 146):

1 𝑅 𝑠𝑎𝑚𝑝𝑙𝑒2 = 1 𝑅 𝑙𝑎𝑡 + 1 𝑅 𝑣𝑒𝑟𝑡 + 𝑅 𝑐𝑜𝑝𝑝𝑒𝑟 + 𝑅 𝑣𝑒𝑟𝑡
With, 𝑅 𝑐𝑜𝑝𝑝𝑒𝑟 , the resistance of the copper substrate. This resistance was measured and is negligible in front of the measured value.

Furthermore,

𝑅 𝑙𝑎𝑡 ≫ 𝑅 𝑠𝑎𝑚𝑝𝑙𝑒2

Meaning that we can make the approximation:

𝑅 𝑣𝑒𝑟𝑡 ≈ 𝑅 𝑠𝑎𝑚𝑝𝑙𝑒1 2 
Let us note here that 𝑅 𝑣𝑒𝑟𝑡 includes the contact resistance due to transfer and the contact resistance with the DC probe.

From these measurements, we can suppose the lateral conductivity of the forest is at least ten times higher than its axial conductivity.

Finally, the measured silicon resistance is 30*10 6 Ω i.e 10 5 times more than the evaluated lateral conductivity of the CNTs (300 Ω). If we consider an equivalent isotropic material similar to silicon with a resistance of 300 Ω, its resistivity would be 10 5 times lower. If we suppose our silicon resistivity is equal to 10 -4 S/m (datasheet ρ 𝑠𝑖𝑙𝑖𝑐𝑜𝑛 > 10 4 𝛺. 𝑚), this gives a lateral conductivity for the equivalent material of 10 S/m. The lateral conductivity of the VACNTs is probably close to this value.

Note: In all the above, we considered resistance to be directly proportional to the conductivity. However, this is not necessarily true, the field lines do not have the same shapes for different conductivities, the current path might differ leading to different coefficients between conductivity and resistance.

Back Simulations

In this section, we will try to explain the losses observed, through back-simulations, of the fabricated devices.

The first reason that was considered to explain the losses was the contact resistance due to transfer. Thus, we simulated our structures with a low conductivity layer between the copper plate and the bottom of the VACNTs pattern. The simulated propagation constants are plotted in Figure 149 for three different cases: (1) Ideal case: the contact resistance between the VACNTs and the copper is supposed to be zero, (2) Lossy transfer: a layer of 1 um is added between the CNTs and the copper plate with conductivity 10 S/m, (3) Levitating CNTs: the layer of 1 um is considered to be air (infinite resistivity). It seems like the quality of the transfer process does not impact the results. This is simply explained by the fact that as long as there is a region of space inside the waveguide where the conductivity is "anisotropic vertical" and the electric field cannot penetrate. The electric field is confined to a smaller area while the magnetic is not, giving birth to the slow-wave effect.

Note: Poor contact between the copper plate and the waveguide was also simulated, the slowwave effect is not impacted. It was verified in measurements by gluing the copper plate with silver glue, to no avail. This is coherent with the explanation given above.

The second hypothesis was poor axial conductivity inducing metallic losses due to the current inside the VACNTs pattern. The simulation results are plotted below (Figure 150). As we can see, the low density cannot explain the high losses. Also, we can note that we have different results from section 3.3 simulations. This is due to the definition of the waveports and the way the propagation constants are calculated in HFSS. It is unclear how HFSS deals with anisotropic materials in waveports, the present simulations together with the Thru-Line calibration give more accurate results.

The third hypothesis was the presence of lateral conductivity. The simulated results are plotted below (Figure 149). For each simulation two variables were changed, the axial conductivity (density of the CNTs/m 2 ) and the lateral conductivity. The idea was to find the correct couple to fit both the measured propagation constants Beta and Alpha. However, it seems like the couples fitting the measurements before cutoff are different from the ones fitting measurements after cutoff. The reason is probably that the height used is not the correct one due to bending of the CNTs (c.f. Figure 145). We can also note (Figure 151) that for higher values of lateral conductivity (100 S/m) the slowwave effect is less present, the propagation constant increases less. This is coherent because the magnetic field is hindered by lateral conductivity. At this point it is interesting to compare our results with [START_REF] Corsi | Partially-Air-Filled Slow-Wave Substrate Integrated Waveguide in Metallic Nanowire Membrane Technology[END_REF], from RFIC lab. The structure and measurements are shown in Figure 152 below.

The structure relies on the same principle as ours i.e. air-filled waveguide partially filled with an anisotropic conductive material. The measurements are made at a higher frequency (up to 70 GHz) than in our case (20 GHz). However, the same insertion losses are witnessed (Figure 152 b.). These losses are not explained in the article, their origin is under investigation.

In order to see if these losses are due to lateral conductivity (and not the fabrication process of the SIW), it would be interesting to replace the CNTs in our structure by this nanoporous membrane filled with metallic nanowires. 

Conclusion

We started this section with a brief state of the art of the existing miniaturization methods for SIW. We then had a particular focus on the slow-wave effect. The use of VACNTs for slowwave effect was then simulated for our structures (air-filled SIW with VACNTs walls) and different parameters of the slow-wave pattern were studied (height, width, density, etc.).

We then decided to showcase the slow-wave effect at lower frequencies (20 GHz), for easier fabrication. A new type of design was simulated and measured, and the propagation constants were extracted. To the knowledge of the author, the slow-wave effect due to CNTs was demonstrated for the first time. We then tried to explain the high insertion losses.

As perspectives, it would be interesting to replace the VACNTs of our device with other anisotropic conductive materials: nanoporous membrane filled with metallic nanowires, PECVD VACNTs with lower density, VACNTs coated with Boron-Nitride (an insulator) [START_REF] Wang | Facile fabrication of Hildewintera-colademonis-like hexagonal boron nitride/carbon nanotube composite having light weight and enhanced microwave absorption[END_REF], etc.
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Chapter 4: Interconnections

This last chapter describes a complementary work to the functionalized interposer technology presented in the previous chapters. It is dedicated to a prospective approach applied to RF interconnects based on VACNTs. The main idea is to propose an alternative technology to the wire-bonding one.

Fortunately, CNTs is an ideal material for high frequency interconnects. Indeed, CNTs possess properties particularly interesting in the case of interconnects. CNTs are highly electrically conductive [START_REF] Li | Multichannel Ballistic Transport in Multiwall Carbon Nanotubes[END_REF], highly flexible [START_REF] Yu | Strength and Breaking Mechanism of Multiwalled Carbon Nanotubes Under Tensile Load[END_REF], and highly thermally conductive [START_REF] Pop | Thermal Conductance of an Individual Single-Wall Carbon Nanotube above Room Temperature[END_REF], have low CTE [START_REF] Sinha | Modeling thermal conductivity and CTE for CNT-Cu composites for 3-D TSV application[END_REF], and can withhold extremely high current densities [START_REF] Hong | A flexible approach to mobility[END_REF]. These properties led to CNTs being intensely studied, in recent years, for high frequency interconnects [START_REF] Pacheco-Sanchez | Comprehensive review on high-frequency CNT-based interconnects[END_REF]- [START_REF] Sathyakam | On the Applicability of Triangular Carbon Nanotube Bundles as VLSI interconnects[END_REF]. Indeed, with higher frequencies, interconnects tend to get smaller, leading to certain technological issues (e.g. electro-migration [START_REF] Li | In-Situ Grown Graphene Enabled Copper Interconnects With Improved Electromigration Reliability[END_REF]) for other more conventional materials (metal alloys).

In particular, VACNTs bundles as flip-chip bumps have been studied in the past [START_REF] Roux-Levy | Nanostructures de carbone dédiées aux interconnexions hautes fréquences[END_REF], [START_REF] Brun | Carbon Nanostructures Dedicated to Millimeter-Wave to THz Interconnects[END_REF], [START_REF] Li | Circuit Modeling and Performance Analysis of Multi-Walled Carbon Nanotube Interconnects[END_REF]. However, the flip-chip technology has one major drawback; the "on wafer" measurements is not possible, due to the chip being face down. Furthermore, at higher frequencies (above 40 GHz), wire-bonds are usually not used the chip to the substrate carrier due to their high inductance behavior. That is why we propose an alternative approach (entirely compatible with the smart interposer) to connect chips on substrate carrier. The functionalized cover we propose is composed of CNT based RF and DC bridges respectively for RF and bias interconnects. The topology of the functionalized cover is described in Figure 153. In addition to the DC and RF interconnects, this cover allows the incorporation of other VACNTs packaging properties described in Chapter 1, such as EM shielding and thermal management of the MMIC. A schematic for such a structure is given below in Figure 154. This topology is particularly interesting because it has the advantage of the wire bonding process (MMIC chip facing upwards) while being transposable at higher frequency because the inductance of the VACNTs bridge (CNT bumps and line on the cover) is much lower.

In this chapter, we will start by a brief state of the art on interconnects technologies at high frequencies, we will then propose a test structure for the proof of concept of VACNTs bridges. This test structure will be simulated, the fabrication process will be slightly improved in order to be compatible with interconnects of a few microns, and measurements will be interpreted.

State of the art

In this section, we will go over the following different topics, in order:

-Problems of electro-migration in metallic interconnects -Wire bonding compensation at high frequencies -Previous results on VACNTs interconnects

Electro-migration in metallic interconnects

The use of higher frequencies in telecommunications implies smaller dimensions for passive devices. In particular, for interconnects, it means smaller diameter. Thus, it is possible that the electric field present in these interconnects creates very high current densities. For current densities above 10 6 A/cm 2 , the electro-migration phenomenon can appear.

When the electric field is high enough, the force applied to the metallic cations is higher than the force due to the "electronic wind". The resulting force (F) is given by: F = 𝑍 * 𝑞𝑬 = 𝑍 * 𝑞𝜌𝒋 𝒆 With, 𝑍 * the effective number of charges, 𝑞 the elementary charge, and 𝑬 the electric field given by product between the current density 𝒋 𝒆 and the resistivity of the material 𝜌. When this force is high enough the cations migrate toward the anode [START_REF] Ohring | Reliability and Failure of Electronic Materials and Devices[END_REF].
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The cations diffusion caused by electro-migration usually happens at the grain boundaries 16 of the metallic interconnects [START_REF] Rosenberg | Inhibition of Electromigration Damage in Thin Films[END_REF]. The equation linking the mass flux (𝐽) to this diffusion is given in [START_REF] Ohring | Reliability and Failure of Electronic Materials and Devices[END_REF] by: 𝐽 = -𝐷 * 𝑑𝐶 𝑑𝑥 + 𝐶𝐷 * 𝐹 𝑘𝑇 With, 𝐷 * the diffusion coefficient, 𝐶 the atom concentration, 𝑘 Boltzmann's constant, 𝑇 the temperature, and 𝐹 the generalized form of the moving force.

The moving force 𝐹 results from three phenomenon, the force from the electronic wind, the gradient of temperature and the mechanical stress [START_REF] Young | Failure mechanism models for electromigration[END_REF] With, 𝐾 the thermal conductivity of the material, 𝛺 the atomic volume, and 𝜎 the mechanical stress.

In the case of a homogenous material, the concentration gradient can be considered equal to zero, and for current densities around 10 6 A/cm 2 , the gradient of temperature also. We obtain the following simplified equation: This equations shows that after a certain time the flux of cations due to the electric field is compensated by the flux due to compression, giving a critical length below which there is no resulting mass transfer [START_REF] Young | Failure mechanism models for electromigration[END_REF]:

𝐿 𝑐 = 𝛺𝜎 𝑐 𝑍 * 𝑞𝜌𝑗 𝑒
As a result of the electro-migration effect, cracks can appear in the interconnect (as shown in Figure 154) leading to poor performances and even possible breakage.

Different solutions are proposed in the literature to palliate this problem, from changing the materials [START_REF] Li | In-Situ Grown Graphene Enabled Copper Interconnects With Improved Electromigration Reliability[END_REF], [START_REF] Zhu | Review on test vehicles for electromigration (EM) study in solder interconnects[END_REF] to changing the topologies [START_REF] Chen | Impact of side reservoir on electromigration of copper interconnects[END_REF]. 

Wire bonding Compensation

At higher frequencies (above 40 GHz), the reactance of wire-bonds (equivalent to an inductance) becomes difficult to compensate, resulting in poor adaptation and performances of the bonded devices. In this section, we will present the existing solutions to either reduce this reactance or compensate for it.

The first way to decrease wire-bonds inductance is to double them. Indeed, by putting two wire-bonds in parallel instead of one, the resulting inductance (𝐿 𝑒𝑞 ) is given by:

𝐿 𝑒𝑞 = 𝐿 1 𝐿 2 -𝑀 2 𝐿 1 + 𝐿 2 -2𝑀
With, 𝐿 1 the inductance of the first wirebond, 𝐿 2 the inductance of the second wire-bond, and 𝑀 the mutual inductance. Because, we have M < min(𝐿 1 , 𝐿 2 ), the resulting inductance is lower than 𝐿 1 and 𝐿 2 . We can also note that the mutual inductance is squared in the numerator and not in the denominator, meaning that decreasingM, will decrease the resulting inductance. In practice, the two wirebonds are placed as far to each other as possible. When the dimensions of the outgoing/ingoing pads, we have this typical V shape, shown in Figure 154.

License CC BY-NC-ND 4.0 Figure 156 : V shape of the doubled wire-bonds [START_REF]V-bonds[END_REF] Another similar way to reduce bonding reactance is to use bonding ribbons, for which the inductance is lower [START_REF] Lim | Process characterization of aluminum ribbon bond[END_REF].

However, the reactance of the wire-bonds cannot always be reduced enough and sometimes need to be compensated.

The most common compensation method is the use of capacitive pads "before" and "after" the wire-bond in order to make a  type filter and compensate the reactance (Figure 157). Unfortunately, this simple structure does not allow to compensate for wire-bonds with important reactance at higher frequencies. Furthermore, the behavior of the capacitive pad is frequency dependent making this method narrowband.

In [START_REF] Beer | Design and measurement of matched wire bond and flip chip interconnects for D-band system-in-package applications[END_REF] the authors propose two solutions to compensate for the reactance, matching with a higher order filter, and self-matching half-wave wire-bonds. The two solutions are presented in Figure 158. There are different inherent problems to these two methods, but the main one is the quite narrow bands. Finally, the authors in [START_REF] Valenta | Design and experimental evaluation of compensated bondwire interconnects above 100 GHz[END_REF] manage to compensate for a 150 um long wire-bond from 10 GHz to 180 GHz (Figure 159). The idea comes from [START_REF] Budka | Wide-bandwidth millimeter-wave bond-wire interconnects[END_REF], where a symmetric higher order filter centered on the wire-bond is used to compensate for it. This method is more broadband than in [START_REF] Beer | Design and measurement of matched wire bond and flip chip interconnects for D-band system-in-package applications[END_REF] because the filter is symmetric.

The problem of this method is that it implies that both sides of the wire-bond can be designed, the motherboard and the MMIC, which is usually not the case. The MMIC is usually supplied by a third party.

That is why VACNTs bridges can be particularly interesting.
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VACNT interconnects

The first millimeter-wave interconnect using VACNTs bundles was reported in [START_REF] Brun | Carbon Nanostructures Dedicated to Millimeter-Wave to THz Interconnects[END_REF]. The structure and measurements are presented in Figure 160. The structure is a flipped chip type structure. In this article, the chip consists in a CPW line.

Measurements and simulations are in good adequation. The fabrication process is as follows: the bottom and top substrates are fabricated using classical photolithography processes, VACNTs are grown at the bumps locations directly on the substrates using PECVD, the "chip" (or CPW line) is flipped onto the bottom substrate and the CNTs from top and bottom bumps intertwine to make one unique interconnect.

A former PhD student in XLIM, Philippe Roux-Lévy, then transposed this result to higher frequencies (75 GHz-105 GHz) [START_REF] Roux-Levy | Nanostructures de carbone dédiées aux interconnexions hautes fréquences[END_REF]. This was allowed by the introduction of VACNTs transfer in the fabrication process. The structure's design and measurements are shown in Figure 161. As we can see, good accordance is obtained between the simulated results and the measurements. The simulated performances of a gold bump of the same dimensions than the CNT bump are similar to what is measured. In [START_REF] Roux-Levy | Nanostructures de carbone dédiées aux interconnexions hautes fréquences[END_REF] the losses due to the bumps are extracted and found to be around 1.8 dB, a lot of the losses in Figure 161 are due to the CPW lines.

However, further investigation showed that the CNTs were crushed during the fabrication process [START_REF] Roux-Levy | Nanostructures de carbone dédiées aux interconnexions hautes fréquences[END_REF], changing slightly the interpretation of the results. The results are currently being further analyzed using different simulation methods combining 3D EM software and circuit simulation on ADS.

Functionalized Cover Proof of Concept

Design and Simulations

The design of the structure is shown in Figure 162. As in [START_REF] Roux-Levy | Nanostructures de carbone dédiées aux interconnexions hautes fréquences[END_REF], [START_REF] Brun | Carbon Nanostructures Dedicated to Millimeter-Wave to THz Interconnects[END_REF], the "chip" consists in a CPW line.

The CPW line is bonded to the input/output accesses through the VACNTs bridges when the cover is flipped. As we can see, the adaptation is below -10 dB on the whole 75 GHz to 105 GHz. We can notice that the performances are quite good on a large bandwidth, even though no optimization was done on the bridges geometry.

The same structure was simulated with wire-bonds of 25 um diameter (c.f. Figure 164). As we can see, the reactance of the wire-bonds does not allow for a good adaptation and good performances. 

Fabrication Process

As we said earlier, the VACNTs bumps are 50 um x 50 um x 50 um cubes. Yet the fabrication process used for the previous interconnects [START_REF] Roux-Levy | Nanostructures de carbone dédiées aux interconnexions hautes fréquences[END_REF], had a minimum size limitations of 200 um. The use of a shadow mask to deposit a gold layer on top of the CNT bumps did not allow for lower dimensions.

Here we propose a fabrication process (Figure 165) that allows us to have bumps as little as a few 100 nm 2 in section. The steps of the fabrication process are as follows:

Step 1: Grow the VACNTs bumps on a separate substrate

Step 2: Deposit gold via evaporation on the whole substrate in order to cover the bumps with a gold layer

Step 3: Fabricate using classical lithography process the CPW lines on the cover

Step 4 and 5: Transfer the CNT bumps on the cover using the transfer process (gold-gold bonding)

Step 6: Deposit a gold layer on top of the CNT bumps using the ZEISS Crossbeam 550, deposition process (resolution as low as 100 nm x 100 nm) Note: For Step 4, we cannot do the same as Step 2 in order to have a gold layer on top of our CNTs. If we evaporate gold all over the substrate we will short circuit our lines. For the waveguide fabrication, we could deposit gold through evaporation because there was no pattern on the cover.

Step 7: Fabricate using classical lithography process the Input/Output lines and the CPW on the bottom substrate

Step 8: Bond the functionalized cover to the bottom substrate through gold-gold bonding The process in step 4 i.e. the deposition process in the Crossbeam 550 is described in Figure 165. 

Measurements

The devices are currently being fabricated, the measurements will be added to the manuscript for the defense.

Conclusion

In this brief chapter, we proposed to investigate the performances of VACNT interconnects. A new type of CNT bridge for the high frequency interconnects of RF chips was designed and simulated. This prospective approach is an alternative one to the current technology for RF interconnect which is based on wire-bonding technology. In addition, the proposed approach offers the possibility to manage the chip thermal behavior and its EM shielding by applying the same design and fabrication process. That could be of large interest for the 3D packaging of future millimeter and sub-millimeter wave devices.

A new fabrication process was established using cutting edge technology available in our lab, allowing for lower pattern dimensions in future devices. Measurements and interpretation will be added for the defense.

Regarding the slow-wave technology, the test structure should be used to characterize other anisotropic materials, such as nanowires or BN coated nanotubes. Once the problem of the lateral conductivity is solved. The slow wave effect needs to be integrated in the structures of chapter 2 in order to reduce the footprint of the Butler matrix. Again the performances with the slow wave should be tested with an antenna array.

In the fourth chapter, once the interconnects are validated. The EM shielding and thermal management need to be investigated. This prospective part of this PhD work is very promising in the context of 3D heterogeneous integration for millimeter and submillimeter devices. It can offer numerous perspectives and impacts for a better management of RF interconnects and thermal behaviors and EM shielding. At the end of Step 1, the conductivity of the material consisting the cavity is known and the dimensions of the cavity also.

Step 2: In this step, the cover of the cavity is changed with the material of unknown conductivity.

The quality factors vary because the losses due to the Joule effect in the cover depend on its conductivity.

A decrease in the quality factor corresponds to an increase in 𝑃 𝑗 . This increase in 𝑃 𝑗 can directly be linked to the conductivity variation of the cover through the analytical expression of 𝑃 𝑗 . Indeed, 𝑃 𝑗 is the sum of the losses in the lateral walls, the bottom plane and the cover.

Note: The TE01p modes are used because the quality factor does not depend on the quality of the contact between the cover and the cavity. There is no leakage because there is no current at the interface.

Unfortunately, if we suppose we transferred CNTs on a metallic cover to close the cavity with, the fields would go through the CNTs, as the electric field is perpendicular to the direction of the CNTs. The CNTs would not be characterized.

Développement de Solutions Originales pour l'Intégration 3D de Dispositifs RF et Millimétriques à base de Nanotubes de Carbone

La montée en fréquence des dispositifs de télécommunication est intéressante pour plusieurs raisons. En effet, le nombre croissant de dispositifs connectés ces dernières années a fait que les bandes de fréquences plus basses, généralement utilisées, sont devenues surchargées. De plus, afin d'augmenter le débit des connexions sans fils (afin de pouvoir atteindre des niveaux comparables à ceux de la fibre optique) il est nécessaire d'augmenter les fréquences de fonctionnement. Toutefois, la montée en fréquence pose de réels défis technologiques au niveau de l'équipement à cause des dimensions plus petites, du comportement des matériaux traditionnels à hautes fréquences, d'effets parasites, etc. Nous étudions dans ce manuscrit les possibilités apportées par les nanomatériaux (en particulier les Nanotubes de Carbone (NTC)) dans le domaine du packaging pour les dispositifs millimétriques. Nous proposons dans un premier temps de décrire les propriétés physiques du matériau que nous utilisons, à savoir les paquets des NTC alignés verticalement. Dans un deuxième temps, une topologie innovante d'interposeur fonctionnalisé à base de NTC est proposé et une preuve de concept est fabriquée et mesurée. Dans un troisième temps, les effets de miniaturisation possibles grâce aux NTC sont étudiés et mis en évidence. Finalement, l'apport des NTC dans le domaine des interconnections est abordé.

Mots-clés : dispositifs millimétriques, nano-packaging, interposeur, NTC

Development of Original Solutions for the 3D Integration of RF and Millimeter-wave Devices Based on Carbon Nanotubes

The shift to higher frequencies of wireless communications is interesting for several reasons. Indeed, the increasing number of connected devices these last years has made the lower frequency bands (traditionally used) overcrowded. Furthermore, in order to increase the data rates of wireless communications (to match the ones of the fiber optics) it is necessary to increase the used frequencies. However, higher frequencies come with lower dimensions and more difficult fabrication processes, lossy behavior of the traditionally used materials, and parasitic effects that become no more negligible, etc. In this manuscript, we study the possibilities that nanomaterials (in particular Carbon Nanotubes (CNTs)) in the domain of packaging for millimeter-wave devices. In a first chapter, we describe the physical properties of the material we use, namely bundles of vertically aligned CNTs. In the second chapter, an innovative topology of a functionnalized interposer based on CNTs is presented, and a proof of concept device is fabricated and measured. In a third chapter, the miniaturization effects due to the use of CNTs are investigated and highlighted. Finally, the contribution of CNTs in the domain of high frequency interconnects is approached.
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 163 Figure 163 : Simulated performances of the VACNTs bridges

Figure 164 :
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 165 Figure 165 : Fabrication process of the VACNTs bridges
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 166 Figure166: Schematic display of the beam chemistry process of deposition. It shows the supply of precursor through the Gas Injection System (red). They (temporarily) stick to the surface and are decomposed by the beam into a volatile component (green) and a non-volatile component (blue) that deposits on the surface. Some neutral gas molecules in the vacuum chamber are shown in gray.[START_REF] Thermofischer | Chemical Surface Modification with SEM, FIB and DualBeam[END_REF] 
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Table 1 :

 1 Values of Conductivity (in S/m) for Different Densities and Different Frequency

	𝐷 𝐶𝑁𝑇 (CNTs/m 2 )	10GHz	20GHz	50GHz	80GHz	100GHz
	10 13	2.95e3	2.68e3	1.62e3	9.34e2	6.72e2
	10 14	2.95e4	2.68e4	1.62e4	9.34e3	6.72e3
	10 15	2.95e5	2.68e5	1.62e5	9.34e4	6.72e4
	10 16	2.95e6	2.68e6	1.62e6	9.34e5	6.72e5

Table 2 :

 2 Values of Conductivity (in S/m) for Different Densities and Different Frequency

	𝑍(𝑚𝑚)	0.3	0.35	0.4
	𝐷 𝐶𝑁𝑇 (CNTs/m 2 )	4.07*10 17	8*10 16	1.7*10 17

Table 3 :

 3 Recap of the performances of the different technologies at mm-wave

	Ref.	Technology Freq.	Footprint	BW	Transmission	Phase
			(GHz)	(mm x mm)	(%)	(dB)	Error (°)
	[187]	Microstrip	30	20 x 20	14%	-7 dB	±2.5°
	[195]	SIW	60	150 x 150	23%	-7.5dB	±1.4°
	[210]	Groove Gap 26	200 x 200	10%	-4dB	NA
	[196]	SIW	70	50 x 15	5%	-7dB	±5°

Table 4 :

 4 List of dimensions of the cavity

	Parameters	wc	lc	op	w	g	gs	ls	stubg hc
	Dimensions (um) 3730 4970 67	50	33	30	50	300	500

Table 5 :

 5 

	CNT Density (CNTs/ m 2 ) 1e13	1e14	1e15

Quality Factors of the cavity for different CNT densities (Height of cavity is 500um)

  . Inserting this in the previous equation we obtain:

	𝐽 = -𝐷 * 𝑑𝐶 𝑑𝑥	+	𝐶𝐷 * 𝑘𝑇	(-𝑞𝑍 * 𝐸 -𝐾	𝜕𝑇 𝜕𝑥	+ 𝛺	𝜕𝜎 𝜕𝑥	)
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Millimeter-wave devices are devices that operate at frequencies above 30 GHz, which is equivalent to a wavelength below 10mm, hence the name mm-wave devices.

A covalent bond happens when two atoms share one electron each to make a shared doublet. There is an overlap of two orbitals, one from each atom.

Different physical forms in which an element can exist; molecules made of the only element, arranged in different shapes.

It is equal to one if i=j, it is zero otherwise.

Energy gap between the valence electrons and the conduction electrons in a material. With that energy electrons can go from the valence band to the conduction one. This makes the material conductive.

Ratio between the axial force applied and the material deformation.

It was observed in CINTRA that growth of VACNTs bundles of different areas have different speeds, which leads to different heights. In the previous design, the support could be taller than the walls, which we want to avoid.

Physical pieces of a given height to intersperse between bottom and top substrate to avoid crushing of the device.

Hard and thin substrates with low permittivity are hard to find, because they are either porous (air inside of permittivity 1) or use more Teflon as constitutive.

The "lateral conductivity" is the conductivity in the directions perpendicular to propagation. In the conductivity tensor (section 1.4.3) it corresponds to the first two diagonal terms of the matrix (x and y directions).
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Conclusion

The research reported in this thesis was funded by the Agence Nationale de la Recherche (ANR) as part of the project TRiCOT (Emerging Technology for RF and Millimeter-wave Circuits based on Carbon Nanotubes). This project was in the context of ultra-compact millimeter-wave systems manufacturing and in particular we planned to develop E-band demonstrators [START_REF] Balakrishnan | Real-Time Imaging of Self-Organization and Mechanical Competition in Carbon Nanotube Forest Growth[END_REF][START_REF] Kumar | Chemical Vapor Deposition of Carbon Nanotubes: A Review on Growth Mechanism and Mass Production[END_REF][START_REF] Nebol'sin | Development of lateral faces during vapor-liquid-solid growth of silicon whiskers[END_REF][START_REF] Nebol'sin | Role of Surface Energy in the Vapor-Liquid-Solid Growth of Silicon[END_REF][START_REF] Hernadi | Fe-catalyzed carbon nanotube formation[END_REF][START_REF] Li | Large-Scale Synthesis of Aligned Carbon Nanotubes[END_REF][START_REF] Sen | Carbon nanotubes by the metallocene route[END_REF][START_REF] Nikolaev | Gas-phase catalytic growth of single-walled carbon nanotubes from carbon monoxide[END_REF][START_REF] Liu | Preparation of Fe-filled carbon nanotubes by catalytic decomposition of cyclohexane[END_REF][START_REF] Nerushev | Particle size dependence and model for iron-catalyzed growth of carbon nanotubes by thermal chemical vapor deposition[END_REF][START_REF] Roux-Levy | Nanostructures de carbone dédiées aux interconnexions hautes fréquences[END_REF][START_REF] Hata | Water-Assisted Highly Efficient Synthesis of Impurity-Free Single-Walled Carbon Nanotubes[END_REF][START_REF] Patole | Growth interruption studies on vertically aligned 2-3 wall carbon nanotubes by water assisted chemical vapor deposition[END_REF][START_REF] Brun | Carbon nanotubes based nanopackaging dedicated to innovative high frequency interconnections[END_REF][START_REF] Meyyappan | Carbon nanotube growth by PECVD: a review[END_REF][START_REF] Cometto | Use of carbon nanotubes for passive radio-frequency devices[END_REF]. An original concept of functionalized interposer has been proposed, in particular by integrating a beamforming circuit (Butler matrix). In this PhD work we investigated this new type of nanopackaging based on VACNTs for mm-wave devices. The different aspects of a functionalized interposer based on VACNTs were investigated.

We started this manuscript by describing the properties of the material used (VACNTs). We began by giving the theoretical equations that govern CNTs behavior. We then gave the properties of VACNTs that arose from these properties. Different methods to investigate the structure of VACNTs (particularly density) were developed. These experimentations gave us useful insights on the material.

In the second chapter, the design of an air-filled SIW with lateral walls of CNTs was investigated. The structure was designed and simulated using an equivalent bulk model developed for VACNTs. Different fabrication processes were investigated. A characterization method of our fabrication process was established. A new design, more robust was developed and to the best of our knowledge, very encouraging experimental performances have been measured for the first time, with transmission level at -5dB around 81-86 GHz. These measurements contribute to validate both the design and fabrication approaches, even if future improvements are needed.

In the third chapter, the miniaturization of the air-filled SIW was investigated. The miniaturization was necessary because the device being air-filled, it had a bigger footprint. The theory of the slow-wave effect has been described and applied to a dedicated test structure based on a TE10 mode waveguide. This later has been design and fabricated in order to validate the possible use of the VACNTs to provide a slow-wave effect. And to the best of our knowledge, the slow-wave effect due to CNTs has been experimentally showcased for the first time.

In the fourth chapter, an alternative RF interconnect approach based on VACNTs has been briefly described. The potential electrical performances of the RF VACNTs bridge has been studied and a test structure has been designed. The fabrication process is mainly based on the CNT transfer process used in the previous chapters, and a specific step has been proposed to allow the fabrication of small CNTs based interconnect (around 50umx50um in section). Unfortunately, the test structure is still under fabrication and it is not possible to present measurements in this manuscript.

The perspectives are numerous, let us go through them chapter by chapter.

Regarding the air-filled SIW, the design needs to be optimized in order to have a better excitation that has less losses. Then the fabrication process needs to be improved. In order to characterize different fabrication processes tested one should use the resonant cavities designed for this. Once this is done, one should design the other base bricks of the 4x4 Butler matrix, the couplers and the crossover. Once this is done, the performances of the whole Butler matrix should be tested with an antenna array. 

Appendices

Appendix 1. The resonant cavity characterization method for conductivity

In order to characterize the conductivity of a material the process is as follows.

Let us consider a resonating cavity with a removable cover made of the same material, as shown below.

Step 1: The resonating frequencies of the TE011 and TE012 modes are measured. The dimensions of the cavity can be extracted from these measurements. The quality factor of the resonant mode TE01p (with p an integer different from 0) is measured. We can deduce analytically the conductivity of the material in which the cavity is made. Indeed, we know the analytical expression of the fields in the cavity for the TE01p modes, and the quality factor (Q) is directly linked to the conductivity by the following equations:

With, 𝑊 𝑎 the stored energy and 𝑊 the energy lost in a period (T).

We have,

With 𝐇 and 𝐄 the magnetic and electric fields in the cavity, µ the permeability of the media in the cavity (usually air) and 𝜀 the permittivity of the media in the cavity.

𝑊 or the energy lost in a period is linked to the power lost in a period (P) by

𝑊 = PT

The power lost in a period can be written as the sum of, the power lost through coupling (Pex), the power lost through dielectric losses in the media (Pd) and the losses through the Joule effect in the walls.

Pex and Pd are usually considered equal to zero if the cavity is weak coupled and the loss tangent of the media is low, respectively.

Appendix 2. Thru Line calibration

The Thru-Line calibration principle is as follows.

Let us suppose we are trying to extract the S-parameters of a device named DUT (Device Under Test) and that this DUT is not directly measurable. Transitions (e.g. from CPW to SIW) are needed to excite the structure. Let us name these transitions X1 and X2. A schematic is given below:

If we have two devices of different lengths, the shorter one can be considered to be the Thru and the bigger one the Line.

The transfer matrices of these two devices are given by:

With, 𝑇 𝑋1 and 𝑇 𝑋2 the transfer matrices of the transitions X1 and X2 respectively, and 𝑇 𝐷𝑈𝑇 the transfer matrix of the DUT.

Let us define the matrix Q by:

All the matrixes are invertible because the devices are supposed passive.

We have, Q = 𝑇 𝑋1 𝑇 𝐷𝑈𝑇 𝑇 𝑋2 𝑇 𝑋2 -1 𝑇 𝑋1 -1 = 𝑇 𝑋1 𝑇 𝐷𝑈𝑇 𝑇 𝑋1 -1

Meaning that Q and 𝑇 𝐷𝑈𝑇 are similar.

Thus Q and 𝑇 𝐷𝑈𝑇 have the same eigenvalues.

Appendix 3. Data sheet MF-117 absorbent

The electromagnetic constants of the MF-117 high frequency absorbent were given by the manufacturer (EMERSON & CUMMING Microwaves Products). They are presented below: