Cécile Zakri 
  
Guilhem Larrieu 
  
Muhammad Ashraful-Alam 
  
Aurore Denneulin 
  
Laurent Pichon 
  
Delphine Corinne 
  
Jean-Luc Guillaume 
  
Serge Aude 
  
Carmen 
  
Michele, Josian Annie Franz 
  
Morgane, Dorina, Monica Hugo Chantal 
  
Thanasis 
  
Huy Adria Lorenzo 
  
Laetitia Chieu 
  
Khan, Chiara Raquel Carlos 
  

Bawedin for their helpful advice, honest feedback, and insightful questions related to my research.

I had a

Acknowledgment

This thesis would not have been possible without the help of many others. I had more than three super years at LMGP, LTM and IMEP-LAHC labs and more specifically in FunSurf and Prospect group. Time flew by and I will definitely miss the nice atmosphere in these labs. It was a great opportunity to meet so many wonderful people and learned lots of things from them. What is more important is that I really enjoyed doing research. My thesis supervised by Dr. Céline Ternon and Dr. Bassem Salem at LMGP lab. Therefore, first and foremost, I would like to thank my supervisors for believing in me, and letting me conduct my PhD in their groups. Céline, Thanks for being the strongest woman I have ever seen, managing everything with curiosity and wisdom. I literally enjoyed all the discussions and conversations with you. Bassem, it was a genuine pleasure to work with you. Thank you for being a heart-warming person with a great professional attitude. I learned to look into things with different angles to achieve good results and learned how to overcome my problems. As the last word for both of you, passion of research, positive attitude at your work have influenced me a lot. I would like also appreciate all the help and kindness of Dr. Jumana Boussey in all these three years. Jumana, beside of all your busy diary you made sure that we are emotionally in a good situation. Thank you so much.

Next, I would like to thank our amazing collaborators, Dr. Muriel Braccini and Prof.

Fabien Volpi at SIMAP. Thanks for arranging the experiments with a wonderful atmosphere. I started learning about mechanical properties of materials and how to measure my devices in your lab. I learned a lot and I am happy that the work we initiated together is going forward with different type of materials and future PhD students.

When mentioning all the labs in which I worked, I wish to thank my team members Thuy, Maxime, Fanny, Monica, Shruti, Sarah, Mouncif, Manuel and specially Adi, the internship who helped me a lot to do all the characterizations of percolation study. A special chapter of this story in LMGP and LTM is dedicated to Thuy and Maxime. They iii

Résumé

Ce travail porte sur l'étude des transistors à effet de champ flexibles composés de nanofils de silicium unique (SiNF) et de réseaux de nanofils de silicium, aussi appelés nanonets (SiNN). Tout d'abord, nous présentons une étude portant sur un transistor à nanofil de silicium unique et flexible. Nous montrons expérimentalement une excellente reproductibilité et stabilité à l'air dans le fonctionnement du dispositif. Ensuite, en s'appuyant sur les connaissances acquises lors du développement des dispositifs flexibles à nanofils unique, nous abordons la fabrication et l'étude fonctionnelle des résistors composés de SiNNs et flexibles. Ainsi, nous étudions les performances électriques des résistors flexibles sous flexion et sous traction. Nous montrons alors qu'en jouant sur la géométrie des dispositifs, il apparait différents comportements et donc fonctionnalités. D'une part, les dispositifs à base de SiNN dont la longueur du canal est courte sont des candidats appropriés pour des dispositifs électroniques dont les propriétés sont à long terme même sous contraintes mécanique. D'autre part, les dispositifs dont la longueur de canal est moyenne ou longue voient leurs propriétés impactées par la contrainte mécanique et sont donc de bons candidats pour des capteurs de flexion et de déformation. Par conséquent, notre technologie permet de combiner différentes géométries de dispositifs à nanonet sur une unique puce pour produire simultanément les capteurs et l'électronique de lecture. Par ailleurs, grâce à des mesures électrique in-situ sous traction combinées à des expérience de traction menées directement au sein d'un microscope électronique à balayage, nous explorons l'effet de la traction sur les jonctions NF/NF. Les résultats montrent que les jonctions NF/NF renforcent la cohésion des NNs râce à leur bonne résistance sous traction. Toutefois, l'élongation du réseau mène à l'élimination progressive des chemins de percolation et à une dégradation de la conduction.

Afin d'explorer plus avant la théorie de la percolation, des transistors à base de nanonets sur substrats rigides et en configuration grille arrière sont fabriqués et leurs caractéristiques électriques étudiée en détail. Nos résultats montrent que l'apparition du régime ix x de prépercolation est liée aux dimensions finies des systèmes. De plus, nous montrons que seuls les dispositifs à nanonets dont le canal est carré et de taille suffisante suivent les lois de la percolation présentes dans la littérature. Nous observons également pour la première fois une transition de phase dans le type de percolation basée sur trois facteurs importants des transistors à noonets: la tension de seuil, la longueur du canal et la densité des nanonets. Enfin, les phénomènes observés sont en bon accord avec les simulations Monte-Carlo menées lors de ce travail, ce qui signifie bien que les lois de percolation ne sont pas universelles et doivent prendre en compte un certains nombre de paramètres liés à la non-idéalité des systèmes réels. is the height profile of the bare silicon nanowire and the nanowire with an adsorbed F1 protein particle in (C) inset. The total height of F1 is ≈ 12 nm including a ≈ 2 nm linkage). The scale bar is 1 µm [START_REF] Li | Direct real-time detection of single proteins using silicon nanowire-based electrical circuits[END_REF]. . . . . . . . . 1.6 Silicon nanowire nanonets manufactured by vacuum filtration and then transferred to (a) Silicon/Si3N4 [START_REF] Nguyen | Monolithic fabrication of nano-to-millimeter scale integrated transistors based on transparent and flexible silicon nanonets[END_REF], (b) Kapton and (c) plastic [START_REF] Nguyen | Monolithic fabrication of nano-to-millimeter scale integrated transistors based on transparent and flexible silicon nanonets[END_REF], (d) glass substrates [START_REF] Nguyen | Monolithic fabrication of nano-to-millimeter scale integrated transistors based on transparent and flexible silicon nanonets[END_REF]. (e) The transmittance of SiNN with the three densities were shown in image (e), the transmittance of the substrate (bare glass) is also reported [START_REF] Nguyen | Monolithic fabrication of nano-to-millimeter scale integrated transistors based on transparent and flexible silicon nanonets[END_REF] [START_REF] Björk | Donor deactivation in silicon nanostructures[END_REF] Overview of the protocol for manufacturing nanonets. This process consists of five main steps: (1) dispersion of the silicon NWs in solution, (2) purification of the NW suspension by centrifugation, (3) analysis of the suspension by absorption spectroscopy, (4) assembly of the NWs into nanonets by vacuum filtration, and (5) transfer of the nanonet onto a substrate [START_REF] Legallais | Conception , étude et modélisation d ' une nouvelle génération de transistors à nanofils de silicium pour applications biocapteurs To cite this version[END_REF]. [START_REF] Kharisov | State of the art of nanoforest structures and their applications[END_REF] 1.17 Membranes obtained after vacuum filtration of nanowires having the same arbitrarily fixed absorbance (0.06 at 400 nm) and different filtered volumes (a) 10 mL, (b) 20 mL and (c) 35 mL [START_REF] Serre | Etude des propriétés structurales et électriques de réseaux aléatoires de nanofils de silicium. application à la détection d'adn[END_REF]. . . . . . . . . . . . . . . . . . . . [START_REF] Kharisov | State of the art of nanoforest structures and their applications[END_REF] 1.18 : (a) Image of the electrostatic spray system step [START_REF] Kim | Electrostatic spray deposition of highly transparent silver nanowire electrode on flexible substrate[END_REF] (b) SEM image of the electrostatic spray deposited nanowire network [START_REF] Kim | Electrostatic spray deposition of highly transparent silver nanowire electrode on flexible substrate[END_REF], (c) Schematic of the spray coating apparatus [START_REF] Assad | Spray-coating route for highly aligned and large-scale arrays of nanowires[END_REF] (d) representative dark-field optical image of spray-coated SiNWs on the SiOx/Si substrate and the constituent analysis of 700 SiNWs with respect to the flow direction [START_REF] Assad | Spray-coating route for highly aligned and large-scale arrays of nanowires[END_REF] for a representative (a) 20 nm p-Si NW device (channel length of 1 µm; from red to pink, V g = -5 V to 3 V); and (b) 20 nm n-Si NW device (channel length of 2 µm; from yellow to red, V g = -5 V to 5 V) in a standard backgated NW-FET geometry as illustrated. Insets in (a) and (b) are current versus gate-voltage (I ds -V g ) curves recorded for NWFETs plotted on linear (blue) and log (red) scales at V ds = -1 V and 1 V, respectively [START_REF] Li | Nanowire electronic and optoelectronic devices[END_REF]. . . . . [START_REF] Rabbani | Zero-bias photocurrents in highly-disordered networks of ge and si nanowires[END_REF] 1.28 (a) Source-drain voltage Vsd versus a gate voltage V g statistics of 36 nanowire parallel array FET devices. Each device consists of 500-1000 nanowires.
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Outline

Semiconductor materials can be used widely as fundamental building elements in today's electronic circuits. As predicted by Moore's law, the dimension of devices is shrinking into nanoscale. Semiconductor nanowires, particularly silicon nanowires (SiNWs) especially in the form of two-dimensional network called silicon nanonet, have attracted scientific interest and are regarded as a promising material for nanoscale devices. Silicon nanonets (SiNNs), are highly appealing as an alternative to amorphous Silicon or organic materials for various macro-electronic applications involving sensors and displays due to its flexibility, transparency, and reproducibility. However, despite the material's enormous potential, research in this field is still in its early stages so in this manuscript we worked on some aspect of these material which were intact. This manuscript provides a wide study on Silicon nanowires (single SiNWs) and nanonet (SiNN) based devices mounted on flexible and rigid substrates. A brief description of each of these chapters follows as: in Chapter 1, we provide a broad review over bottom-up functional devices based on SiNWs to demonstrate such devices belong to which stage in micro and nanotechnology. This review on silicon based devices helped us to have an overview of challenges and shortages in this area.

Then, the integration process of SiNW and SiNN based devices are explained. In this part, we briefly discuss the fabrication of the devices that will be used in chapters 3 

Outline

Chapter 3 reports on the fabrication and operation of a flexible single SiNW-FET. we will show that our established fabrication process is compatible with high temperature integration process and can survive encounters with a very strong base and acid.

In Chapter 4, we utilize fabricated rigid SiNN-FETs with a variety of NNs densities to explore both theoretically and experimentally the theory of percolation more in detail.

Finally, we carry out a tensile test to discover the electrical and mechanical micro and macro-behavior of flexible SiNNs samples in Chapter 5.

Chapter 1

Functional devices from bottom-up

SiNWs

This Chapter summarizes some of the essential aspects for the fabrication of functional devices from bottom-up silicon nanowires. After the introduction which constitutes the 1 st part, in the 2 nd part, the different ways of exploiting nanowires in functional devices, from single nanowires to large assemblies of nanowires such as nanonets (two-dimensional array of randomly oriented nanowires), are briefly reviewed. Subsequently, in the 3 rd and 4 th parts, the main properties of nanowires are discussed on the one hand, and on the other hand the properties of nanonets that benefit from the large numbers of nanowires involved. 

Introduction

The study of nano-objects reveals a new world in which the observed properties may differ from those of bulk materials. When the size of structures reaches the nanoscale, the ratio of surface to volume of the structures increases drastically [START_REF] Ramgir | Nanowire-based sensors[END_REF]. Since the number of atoms on the surface becomes comparable to the number in the volume, the physico-chemical properties of nanostructures are modified and even controlled by surface effects. These surface effects induce new properties compared to the bulk material that multiply the field of investigation. Over time, the study of nano-objects has increasingly become a scientific and technological revolution. Nanowires (NWs) can be defined as nanostructures that have diameters towards the nanometre scale (< 100nm).

Nanowires are still in an experimental stage and have not yet been used in real applications [2,[START_REF] Rosaz | Intégration 3d de nanofils si-sige pour la réalisation de transistors verticaux 3d à canal nanofil[END_REF] however there is a graceful evolution in NW based technology and investigations suggest that they can be used as the building blocks for the next generation electronics and very sensitive biosensors [2,4,5]. Another possible real application of nanowires is the nano-electromechanical systems (NEMS) due to their high Young's moduli [2,[START_REF] Yu | Nanotechnology: Role in emerging nanoelectronics[END_REF].

Nanorobots can also be aided by nanowires in the generation and conduction of their required energy [7].

In this review, we focus on synthesised silicon nanowires (bottom-up NWs) and do not consider nanowires formed by any etching techniques. These nanowires can be used vertically attached directly to their growth substrate [START_REF] Ternon | Carbon nanotube sheet as top contact electrode for nanowires: Highly versatile and simple process[END_REF][START_REF] Rosaz | Vertically integrated silicon-germanium nanowire field-effect transistor[END_REF] or detached from it to be transferred elsewhere and integrated into devices [START_REF] Arjmand | Development of a robust fabrication process for single silicon nanowire-based omega gate transistors on polyamide substrate[END_REF][START_REF] Rosaz | High-performance silicon nanowire field-effect transistor with silicided contacts[END_REF]. The mastery of the synthesis techniques allows obtaining nanowires of very small diameters, with controlled crystallinity and doping. In addition, surface engineering allows good control of their surface properties. Their quasi one-dimensional characteristic gives them remarkable properties for many applications such as electronics, optoelectronics, energy, and biomedical. In 1998, Morales and Lieber succeeded in synthesizing the first silicon and germanium nanowires with diameters less than 20 nm for lengths greater than 1 µm [START_REF] Morales | A laser ablation method for the synthesis of crystalline semiconductor nanowires[END_REF]. This major breakthrough was an immediate success within the scientific community as a new field of research in nanoelectronics.

It is possible to make conducting (e.g. Ni, Pt, Au), semiconducting (e.g. Si, InP, GaN)

and insulating (e.g. SiO2, TiO2) nanowires which can find different possible real application [2,[START_REF] Yu | Design and fabrication of silicon nanowires towards efficient solar cells[END_REF][START_REF] Chen | Semiconductor nanowire growth and integration[END_REF][START_REF] Appenzeller | Toward nanowire electronics[END_REF]. Among these nanowires, silicon nanowires (SiNWs) are considered as popular nanomaterials due to their exceptional electrical and mechanical properties and their conductivity can be controlled by the field effect behavior [2,[START_REF] Björk | Donor deactivation in silicon nanostructures[END_REF][START_REF] Patolsky | Nanowire nanosensors[END_REF][START_REF] Sohn | Mechanical Properties of Silicon Nanowires[END_REF]. In addition, their synthesis is very well controlled due to broad study in the literature, their integration in transistors takes benefits from the technological knowledge related to the manufacture of MOSFET, particularly for the production of electrical contacts [START_REF] Dasgupta | 25th anniversary article: Semiconductor nanowires -Synthesis, characterization, and applications[END_REF][START_REF] Schmidt | Silicon nanowires: A review on aspects of their growth and their electrical properties[END_REF]. Finally, NWs have a very high length-to-diameter ratio called form factor. Because of this one-dimensional shape, which is comparable to some biological molecules, NWs are the ideal transducer for bio-detection. In 2001, Lieber's group was the first to highlight the promising potential of SiNWs as biosensors [START_REF] Cui | Nanowire nanosensors for highly sensitive and selective detection of biological and chemical species[END_REF]. This technology still arouses curiosity today, silicon nanowires are still potential candidates for field effect transistors and advanced sensors [START_REF] Shao | Silicon nanowires -Synthesis, properties, and applications[END_REF][START_REF] Dhahi | A review on the electrochemical sensors and biosensors composed of nanogaps as sensing material[END_REF].

To appreciate the attractiveness of silicon nanowires (SiNWs) in a broad sense, we have shown in Fig. 1.1 the result of a search on the Of Knowledge website with the keyword "Si or Silicon" AND "nanowire" in the title. The first decade of the 21st century saw an explosion in the number of publications on silicon nanowires (Fig. 1.1), as their potential appeared extremely promising. These publications are mainly concerned with the synthesis, formation, characterization, and integration into functional devices that are mostly composed of a single nanowire or several nanowires in parallel. From 2012 onwards, we observe a steady decrease in the number of publications. This can be attributed on the one hand to the less innovative aspect of the topic over the years with increasingly complete coverage of knowledge on this material. On the other hand, the difficulty of producing functional devices in a reproducible and efficient manner with technologies that are transferable to industry and at reasonable costs tends to blunt the appeal of these materials.

A few years ago and based on this observation, some groups [START_REF] Sun | Aligned tin oxide nanonets for high-performance transistors[END_REF][START_REF] Morisot | Al2O3, Al doped ZnO and SnO2 encapsulation of randomly oriented ZnO nanowire networks for high performance and stable electrical devices[END_REF][START_REF] Langley | Flexible transparent conductive materials based on silver nanowire networks: A review[END_REF][START_REF] Legallais | Conception, étude et modélisation d'une nouvelle génération de transistors à nanofils de silicium pour applications biocapteurs[END_REF][START_REF] Serre | Etude des propriétés structurales et électriques de réseaux aléatoires de nanofils de silicium. application à la détection d'adn[END_REF] started to work on nanowire assemblies, also called nanowire networks and referred to as nanonets [29,[START_REF] Gruner | Carbon nanonets spark new electronics[END_REF]. Indeed, such assemblies benefit from advantageous nanometric properties as well as easy connection to macroscopic objects thanks to their large dimension.

In this review, properties, growth, and transfer methods of SiNWs in the form of a single or network are reported. To have a better view of devices based on these materials technological key parameters were discussed. Afterward SiNW based transistors as building blocks for most of the applications depicted in different common forms in particular single NW field effect transistors (SiNW-FETs), nanonet field effect transistors (SiNN-FETs), and multi-parallel channel field effect transistors (MPC-FETs). Ultimately, it is shown that SiNWs owing to their unique physical and chemical properties are promising candidates for the wide range of applications that differ from those of bulk silicon material.

From Nanowire-based to Nanonet-based Silicon

Devices

There is a broad variety of nanowire-based devices such as single nanowire, crossed nanowires, forest of upright nanowires, three-dimensional (3D) nanowire, or nanonet based devices, as schematically summarized in Fig. 1.2. Crossed nanowires device architectures, more complex than single NW devices, can open up new opportunities that differentiate NW-based devices from conventional paradigms. Depending on the choice of NWs, the structure can yield a variety of critical device elements, including transistors and diodes [START_REF] Li | Nanowire electronic and optoelectronic devices[END_REF]. Forest like and 3D NWs structures combining the properties of 1D and 3D nanostructures could have more interesting properties than simple arrays of in-plane nanowires because of their higher porosity and specific surface area [START_REF] Kharisov | State of the art of nanoforest structures and their applications[END_REF]. However, in this review, we will focus on single NW field effect transistors (SiNW-FETs), nanonet field effect transistors (SiNN-FETs), and multi-parallel channel field effect transistors (MPC-FETs).

Today, single nanowire devices and parallel nanowire devices are well known to the scientific community and widely reported in the literature. Nanonets-based devices, on the other hand, are less well known, especially in the context of semiconductor nanowires.

1. Functional devices from bottom-up SiNWs Nanonet, an acronym for NANOstructured NETwork, is a term that was introduced by George Grüner in 2006 [START_REF] Gruner | Carbon nanotube films for transparent and plastic electronics[END_REF], It refers to a network of one-dimensional, randomly oriented nanostructures on the surface of a substrate. Two types of nanonets can be distinguished according to the thickness of the film formed. On one hand, three-dimensional nanonets have a thickness comparable to or larger than the length of the nanostructures (Fig. 1.3a).

On the other hand, two-dimensional nanonets are defined by a film thickness comparable to the diameter of the nanostructures (Fig. 1.3b).

Considering the electronic properties, such three dimensional or two-dimensional networks are governed by percolation theory. Percolation is associated with a system in which randomly distributed objects of a given geometry may or may not form connections with each other [START_REF] Hammersley | Percolation processes[END_REF][START_REF] Kirkpatrick | Percolation and Conduction[END_REF]. A nanonet is then defined as percolating when a network of infinite size can communicate (e.g. conduct current) over the entire network via percolation paths that involve nanostructures and connections between nanostructures (Fig. 1.3b). The density of nanostructures is a key parameter to control this communication (conduction in the current, etc.) via the interconnections between nanostructures. As a result, there is a crit- ical density, called the percolation threshold, at which percolation pathways can be used to ensure communication in the nanonet. The manufacture of functional electrical devices from nanonets requires densities above the percolation threshold. Besides, nanonets are highly interesting because once the nanostructures are gathered to form the network, new properties appear and multiply the number of degrees of freedom. These properties are separated according to the intrinsic properties of the nanostructures and the macroscopic properties that come from the nanonet itself [START_REF] Gruner | Carbon nanotube films for transparent and plastic electronics[END_REF][START_REF] Serre | Percolating silicon nanowire networks with highly reproducible electrical properties[END_REF]. The particular properties of the nanonets are deeply described in section 4.

The literature on silicon nanonets remains scarce, despite the very well-controlled growth of NWs and excellent carrier mobility in bulk materials [START_REF] Hill | Interplay of Surface Recombination and Diode Geometry for the Performance of Axial p-i-n Nanowire Solar Cells[END_REF][START_REF] Sze | Resistivity, mobility and impurity levels in GaAs, Ge, and Si at 300[END_REF]. One of the plausible reasons for the lack of interest in these nanonets is the formation of an oxide that forms around the NWs when they are exposed to air. This native oxide is an electrical insulator and thus limits conduction across the junctions between NWs and the fabrication of long channel devices [START_REF] Heo | Large-scale assembly of silicon nanowire network-based devices using conventional microfabrication facilities[END_REF]. As a consequence, there is a deep-seated belief in the scientific community that it would be impossible to produce functional electrical devices based on Si-NW networks. To overcome this major disadvantage, Heo et al. [START_REF] Heo | Large-scale assembly of silicon nanowire network-based devices using conventional microfabrication facilities[END_REF] used intermediate metal contacts in the transistor channel to allow current to flow despite insulating junctions between SiNWs but such a solution has a profound impact on the nanonet and the advantages arising from the geometry of the nanonets are probably lost. The Lieber group [START_REF] Whang | Large-scale hierarchical organization of nanowire arrays for integrated nanosystems[END_REF] also made devices with arrays of silicon NWs, however, the length of the NWs remains close to the length of the channel and therefore the current can flow directly from one 1. Functional devices from bottom-up SiNWs contact to another without using junctions between NWs. Furthermore, SiNNs have also been studied by the Unalan group for photodetection applications [START_REF] Mulazimoglu | Silicon nanowire network metal-semiconductor-metal photodetectors[END_REF]. According to their observations, light makes it possible to reduce the height of the energy barrier at the level of the junctions between NWs and thus allow the passage of current through the devices.

However, even in that study, the length of the channel remains comparable to that of the NWs limiting the junction number to one maximum. As a result, few NW/NW junctions are involved in the conduction of the nanonet, which prevents the full benefits of network geometry from being exploited.

Generally, semiconducting nanonets, in comparison with metallic ones, are much less studied and, most of the time, when dealing with NWs, the reported work is an isolated study that is not followed by any other publication [START_REF] Sun | Aligned tin oxide nanonets for high-performance transistors[END_REF][START_REF] Mulazimoglu | Silicon nanowire network metal-semiconductor-metal photodetectors[END_REF][START_REF] Rabbani | Zero-bias photocurrents in highly-disordered networks of ge and si nanowires[END_REF][START_REF] Dalal | Synthesis of zno nanowires for thin film network transistors[END_REF]. We believe that the reason for this lies in the great sensitivity of semiconducting nanonets to their environment, which makes electrical properties unstable and weakly reproducible at first sight. But

Ternon's group has demonstrated that appropriate surface engineering and optimization of the effects resulting from the nanometric scale allow addressing this instability and low reproducibility. As a consequence, sensitivity can be controlled instead of endured [START_REF] Legallais | Material engineering of percolating silicon nanowire networks for reliable and efficient electronic devices[END_REF]. As a result, they developed a process for sintering junctions that makes nanonets insensitive to oxidation in the long term [START_REF] Ternon | Low Temperature Processing to Form Oxidation Insensitive Electrical Contact at Silicon Nanowire/Nanowire Junctions[END_REF] making possible their integration into electronic devices.

Among NWs, SiNWs are considered one of the most popular one-dimensional materials due to their functionality for nanoscale electronics without the need for complex and costly fabrication facilities. The main obstacles to the mass production of single NW devices including high resolution lithography technologies or elaborated process technology are still valid. There are a huge number of papers on single SiNWs but not all the other class of SiNW assembly like Silicon nanonet though they indicate being a good alternative for single NWs due to their easier integration and production in the large scale electronics.

These types of materials combine the advantage of NWs such as high sensitivity with the ability to be transferred on any kind of substrates, whether rigid or flexible.

Silicon Nanowire properties 1.3.1 Mechanical properties

Mechanical properties of nanowires are of considerable significance in device processing since changes in temperature, induced strain, and external stress can change the electrical conductivity of the nanowire due to internal dislocations or flexoelectricity [START_REF] Shu | Flexoelectric materials and their related applications: A focused review[END_REF][START_REF] Liang | Effects of surface and flexoelectricity on a piezoelectric nanobeam[END_REF]. The processing of VLSI (very large scale integration) induces compressive and tensile stresses via deposition of different materials which can cause failure in devices mainly due to delamination and electro-migration [START_REF] Wu | Synthesis and electrical and mechanical properties of silicon and germanium nanowires[END_REF]. Nanowires, which are 1D systems, are expected to have interesting mechanical properties due to their high aspect ratio compared to bulk materials and reduced number of defects per unit length [START_REF] Yu | Nanotechnology: Role in emerging nanoelectronics[END_REF][START_REF] Wu | Synthesis and electrical and mechanical properties of silicon and germanium nanowires[END_REF]. However, manipulating these materials for mechanical measurements is a challenging task [START_REF] Wu | Synthesis and electrical and mechanical properties of silicon and germanium nanowires[END_REF][START_REF] Feng | A study of the mechanical properties of nanowires using nanoindentation[END_REF]. The main methods which are used to investigate their mechanical properties are mechanical resonant, Atomic Force Microscope (AFM), and nanoindentation [START_REF] Sohn | Mechanical Properties of Silicon Nanowires[END_REF][START_REF] Feng | A study of the mechanical properties of nanowires using nanoindentation[END_REF]. The resonant method is used only for the determination of the elastic properties and is not easy to measure the applied force On the other hand, nanoindentation has the very good force and displacement resolution and control [START_REF] Feng | A study of the mechanical properties of nanowires using nanoindentation[END_REF].

Experiments, based on the AFM-based nanoindentation, showed that the stiffness of silicon nanowires is well described by the Herz theory [START_REF] Feng | A study of the mechanical properties of nanowires using nanoindentation[END_REF]. So, the wires with diameters in the range of 100 nm to 600 nm have elastic modulus values which are independent of the wire diameter and more or less identical to those of bulk silicon [START_REF] Feng | A study of the mechanical properties of nanowires using nanoindentation[END_REF]. This implies that the elastic characteristics of silicon nanowires with diameters larger than 100 nm are not affected by the finite size effect. Furthermore, the elastic modulus of nanowires with diameters of less than 100 nm was found to decrease with diameter [START_REF] Feng | A study of the mechanical properties of nanowires using nanoindentation[END_REF]. In contrast, computational studies do not support any size dependence of Young's modulus for SiNWs with a diameter greater than 10 nm [START_REF] Lee | First-principles calculation of mechanical properties of Si001 nanowires and comparison to nanomechanical theory[END_REF][START_REF] Park | Molecular dynamics study on size-dependent elastic properties of silicon nanocantilevers[END_REF]. In fact, some experimentalists disagree on the evolution of Young's modulus as a function of size [START_REF] Zhu | Mechanical properties of vapor -Liquid -Solid synthesized silicon nanowires[END_REF]. In many cases, experimentally depicted structures and the analogous theoretically simulated models have different dimensions, surface contours, or passivation. Therefore, it has been speculated that the surface effects should have a certain influence on the difference between experimental and theoretical data. Importantly, the experimental proofs of possible sources of such misconceptions have been provided, at least for the resonance and tensile tests [START_REF] Sadeghian | Some considerations of effects-induced errors in resonant cantilevers with the laser deflection method[END_REF][START_REF] Steighner | Dependence on diameter and growth direction of apparent strain to failure of Si nanowires[END_REF][START_REF] Sadeghian | Effects of size and defects on the elasticity of silicon nanocantilevers[END_REF][START_REF] Röhlig | Elastic properties of nanowires[END_REF][START_REF] Kim | Exploring nanomechanical behavior of silicon nanowires: AFM bending versus nanoindentation[END_REF]. Moreover, NWs can be used in the field of sensors and nano-electromechanical systems (NEMS) [START_REF] Feng | A study of the mechanical properties of nanowires using nanoindentation[END_REF][START_REF] Wu | Synthesis and electrical and mechanical properties of silicon and germanium nanowires[END_REF]. This is because, according to their tensile strength and Young's Modulus, they are very robust materials and have the ability to store elastic energy [START_REF] Wu | Synthesis and electrical and mechanical properties of silicon and germanium nanowires[END_REF][START_REF] Wanekaya | Nanowire-based electrochemical biosensors[END_REF]. Then, nanoscale resonators can be built from silicon nanowires with high oscillation frequencies (100MHz up to 1GHz) because of their excellent elastic properties [START_REF] Feng | A study of the mechanical properties of nanowires using nanoindentation[END_REF][START_REF] Wu | Synthesis and electrical and mechanical properties of silicon and germanium nanowires[END_REF]. The detection of molecules at atomic resolution was achieved with this nanoscale resonators [START_REF] Feng | A study of the mechanical properties of nanowires using nanoindentation[END_REF].

Electrical properties

The small sizes of SiNWs make their electronic and electrical properties strongly dependent on growth direction, size, morphology, and surface reconstruction. A well-known example is the size dependence of the electronic bandgap width of SiNWs irrespective of wire direction. As the nanowire diameter, d, decreases below 10 nm, the band gap of the nanowire widens and deviates from that of bulk silicon gradually (Equ. 1.1) [START_REF] Zhao | Quantum confinement and electronic properties of silicon nanowires[END_REF]. Moreover, the orientation of the NW axis and the surface have a great effect on the electronic properties of SiNWs [START_REF] Aijiang | Theoretical Study of Electronic and Electrical Properties of Silicon Nanowires[END_REF].

Band Gap ∝ 1 d n where 1 ≤ n ≤ 2 (1.1)
So, the electronic properties such as the band gap, valley splitting, and effective mass are also functions of the diameter [START_REF] Sacconi | Electronic and transport properties of silicon nanowires[END_REF]. These affect the transport properties of the nanowires [START_REF] Saitta | Ab initio molecular-dynamics study of electronic and optical properties of silicon quantum wires: Orientational effects[END_REF]. Hydrogen and oxygen terminated SiNWs have also been studied to gain an understanding of their optical and electronic properties [START_REF] Matsuda | Surface and electronic properties of hydrogen terminated Si [001] nanowires[END_REF][START_REF] Haick | Electrical characteristics and chemical stability of non-oxidized, methyl-terminated silicon nanowires[END_REF][START_REF] Yuan | Tunable electrical properties of silicon nanowires via surface-ambient chemistry[END_REF].

In the presence of perfect crystalline SiNW with four atoms per unit cell, three conductance channels are found corresponding to three s bands crossing the Fermi level [START_REF] Zhao | Quantum transport properties of ultrathin silver nanowires[END_REF].

Conductance variations are observed if one or two atoms are added or removed. Thus the conductance is affected by the crystalline structure of the nanowire [START_REF] Dhahi | A review on the electrochemical sensors and biosensors composed of nanogaps as sensing material[END_REF]. Furthermore, variations in the surface conditions, like scattering phenomena of carriers in nanowires, cause changes in conductivity [START_REF] Dhahi | A review on the electrochemical sensors and biosensors composed of nanogaps as sensing material[END_REF][START_REF] Wu | Synthesis and electrical and mechanical properties of silicon and germanium nanowires[END_REF] while it is also seen that scattering phenomena are NW diameter dependent [START_REF] Dhahi | A review on the electrochemical sensors and biosensors composed of nanogaps as sensing material[END_REF][START_REF] Wiecha | Strongly REFERENCES Directional Scattering from Dielectric Nanowires To cite this version[END_REF].

The large aspect ratio of nanowires makes their conductivity very sensitive to surface excitation by external charges [START_REF] Yu | Nanotechnology: Role in emerging nanoelectronics[END_REF][START_REF] Dhahi | A review on the electrochemical sensors and biosensors composed of nanogaps as sensing material[END_REF][START_REF] Wanekaya | Nanowire-based electrochemical biosensors[END_REF]. As it is seen in Fig. 1.4, a small surface perturbation can influence the entire section of the nanowire, whereas in the case of a thin film, only a fraction of its surface is influenced. This important property is the reason why silicon nanowires are so electrically sensitive to surface events. Thus, this phenomenon is the basis for the detection of single molecules and the use of silicon nanowires in biosensors [START_REF] Cui | Nanowire nanosensors for highly sensitive and selective detection of biological and chemical species[END_REF][START_REF] Shao | Silicon nanowires -Synthesis, properties, and applications[END_REF][START_REF] Wanekaya | Nanowire-based electrochemical biosensors[END_REF][START_REF] Nair | Design considerations of silicon nanowire biosensors[END_REF].

It has been shown that threshold voltage (V th ) can be significantly tuned by the NW diameter (d) [START_REF] Legallais | Role played by the nanowire/nanowire junctions in the electrical properties of semiconductor percolating silicon nanowire networks[END_REF][START_REF] Basori | Diameter dependent threshold voltage modification of resistive state switching in organometallic single nanowire devices (diameter 10-100 nm)[END_REF]. V th is linearly proportional to d in an NW field effect transistor (NWFET) due to the greater influence of the surface scattering processes. NWFETs based on thin nanowires exhibit a steep subthreshold slope with a small threshold voltage but low conductivity in comparison with NWFETs with larger diameters in which due to high short-channel length effects, they experience moderated subthreshold slope with a larger threshold voltage [START_REF] Mobility | Diameter-Independent Hole Mobility in Ge/Si Core/Shell Nanowire Field E ff ect Transistors[END_REF].

In addition, one of the major gains in 1D nanostructures is depletion or accumulation in the bulk of nanowires while in 2D structures such as thin film is happening only on the surface which causes lateral current shunting.

Additionally, the free carrier concentration in silicon nanowires depends on the size of the structure. It was shown that the donor ionization energy of silicon nanowires increases with decreasing nanowire diameter. Therefore, the free carrier density can be profoundly modified at diameter values much larger (> 10 nm) than those at which quantum and dopant surface segregation effects are set in [START_REF] Björk | Donor deactivation in silicon nanostructures[END_REF].

Thus, silicon nanowires exhibit charge trapping behavior and transport properties, tunable by surface engineering, that make them attractive for use in electronic devices such as MIS (Metal-Insulator-Semiconductor) structures and field effect transistors (FET).

Therefore, SiNWs are attractive for designing a wide range of functional devices such as flash memory, logic devices as well as chemical and biological sensors [START_REF] Wu | Synthesis and electrical and mechanical properties of silicon and germanium nanowires[END_REF][START_REF] Zhao | Quantum confinement and electronic properties of silicon nanowires[END_REF][START_REF] Roinila | Characterizing leakage current in silicon nanowire-based field-effect transistors by applying pseudo-random sequences[END_REF][START_REF] Feng | Growth mechanism of silicon nanowires and their quantum confinement effect[END_REF][START_REF] Baek | Intrinsic plasticity of silicon nanowire neurotransistors for dynamic memory and learning functions[END_REF][START_REF] Zhang | Design and Fabrication of Silicon Nanowire-Based Biosensors with Integration of Critical Factors: Toward Ultrasensitive Specific Detection of Biomolecules[END_REF].

1. Functional devices from bottom-up SiNWs 

Surface chemistry

As for bulk silicon, silicon nanowires are subject to surface oxidation when exposed to an oxidising atmosphere such as air. This native oxide is of poor quality and is accompanied by many oxygen-derived defects. Moreover, native oxides are a contamination source by metallic impurities [START_REF] Ahoulou | Functionalization and characterization of silicon nanowires for sensing applications: A review[END_REF] and are poorly stable in aqueous media [START_REF] Calistri-Yeh | Thermal stability of self-assembled monolayers from alkylchlorosilanes[END_REF]. Native oxide can be easily removed by using either chemical reactants such as buffer oxide etching (BOE) solution, diluted hydrofluoric acid (HF), HF vapor, gaseous ammonia (N H 3 ) or by physical etching method including argon (Ar) plasma etching. Most of these methods provide hydrogenated surfaces that are an interesting starting point for further functionalization in the frame of sensor applications [START_REF] Ahoulou | Functionalization and characterization of silicon nanowires for sensing applications: A review[END_REF][START_REF] Steinbach | The electronic properties of silicon nanowires during their dissolution under simulated physiological conditions[END_REF].

In contrast to bulk silicon or thin films, the oxidation kinetics of H-terminated silicon nanowires is very slowed down regardless of the oxidation temperature (ambient -900 • C) compared to planar structures [START_REF] Bashouti | Kinetic study of H-terminated silicon nanowires oxidation in very first stages[END_REF][START_REF] Liu | Oxidation of silicon nanowires for top-gated field effect transistors[END_REF][START_REF] Ma | Small-diameter silicon nanowire surfaces[END_REF][START_REF] Bashouti | Early stages of oxide growth in Hterminated silicon nanowires: Determination of kinetic behavior and activation energy[END_REF]. Moreover, it has been shown that below 100 nm in diameter, the smaller the diameter of the nanowires, the slower the phenomenon [START_REF] Liu | Oxidation of silicon nanowires for top-gated field effect transistors[END_REF]. This change in kinetics is commonly explained by compressive stress at the SiO 2 /Si interface retarding the interfacial reaction [START_REF] Bashouti | Kinetic study of H-terminated silicon nanowires oxidation in very first stages[END_REF][START_REF] Liu | Oxidation of silicon nanowires for top-gated field effect transistors[END_REF]. Then, this effect becomes more significant for a more curved surface [START_REF] Büttner | Retarded oxidation of Si nanowires[END_REF]. On this basis, Fazzini et al.

propose that since oxidation retardation is inversely proportional to nanowire diameter, this property can be used to homogenize the diameter of a given nanowire population [START_REF] Fazzini | Modeling stress retarded self-limiting oxidation of suspended silicon nanowires for the development of silicon nanowire-based nanodevices[END_REF]. Such a slowing down of oxidation is an extremely interesting phenomenon when it comes to making functional devices. Indeed, this unwanted oxidation has detrimental effects on the electronic properties of nanowires preventing it during silicon processing is an important task in every microelectronic processing. Thus, thanks to this slowing down of oxidation, silicon nanowires with a diameter lower than 10 nm can remain several days in the ambient air without oxidizing and can then be easily processed without any special precautions against oxidation [START_REF] Ma | Small-diameter silicon nanowire surfaces[END_REF].

Optical properties

Remarkably, small diameter (< 6 nm) SiNWs grown along most of the crystallographic orientations have a direct band gap [START_REF] Harris | Nature of the band gap of silicon and germanium nanowires[END_REF], meaning that the maximum of the valence band and the minimum of the conduction band occur at the same point in the reciprocal space.

This property has allowed envisaging the use of SiNWs as optically active materials for photonics applications [START_REF] Guichard | Tunable light emission from quantum-confined excitons in TiSi 2-catalyzed silicon nanowires[END_REF]. Silicon nanowires exhibit strong antireflective properties and are capable of enhancing optical absorption over that of bare bulk crystalline silicon [START_REF] Kumar | UV-VIS and photoluminescence spectroscopy for nanomaterials characterization[END_REF].

Nanowires can exhibit mechanical strain effects if exposed to light which has a wavelength comparable to their energy bandgap. This is due to their photoelastic properties [START_REF] Sohn | Mechanical Properties of Silicon Nanowires[END_REF]. In all, as yet it has been shown that SiNWs are found to process such remarkable optical properties as visible photoluminescence (PL) [START_REF] Sivakov | Roughness of silicon nanowire sidewalls and room temperature photoluminescence[END_REF][START_REF] Gonchar | Optical Properties of Silicon Nanowires Fabricated by Environment-Friendly Chemistry[END_REF], very low total reflection [START_REF] Gonchar | Optical Properties of Silicon Nanowires Fabricated by Environment-Friendly Chemistry[END_REF][START_REF] Osminkina | Optical properties of silicon nanowire arrays formed by metal-assisted chemical etching: Evidences for light localization effect[END_REF],

enhancement of Raman scattering [START_REF] Gonchar | Optical Properties of Silicon Nanowires Fabricated by Environment-Friendly Chemistry[END_REF][START_REF] Osminkina | Optical properties of silicon nanowire arrays formed by metal-assisted chemical etching: Evidences for light localization effect[END_REF][START_REF] Gonchar | Effects of light localization in photoluminescence and Raman scattering in silicon nanostructures[END_REF], coherent anti-Stokes light scattering [START_REF] Golovan | Coherent anti-Stokes Raman scattering in silicon nanowire ensembles[END_REF],

interband PL [START_REF] Osminkina | Optical properties of silicon nanowire arrays formed by metal-assisted chemical etching: Evidences for light localization effect[END_REF][START_REF] Gonchar | Optical properties of nanowire structures produced by the metal-assisted chemical etching of lightly doped silicon crystal wafers[END_REF] and efficiency of generation of third harmonics whereby light is generated at a wavelength which is 1/3 of the pump wavelength [START_REF] Osminkina | Optical properties of silicon nanowire arrays formed by metal-assisted chemical etching: Evidences for light localization effect[END_REF][START_REF] Zabotnov | Photon lifetime correlated increase of Raman scattering and third-harmonic generation in silicon nanowire arrays[END_REF].

Thermal properties

SiNWs could have applications in nano-and micro-scale thermoelectric power generators [START_REF] Chen | Silicon nanowires: The key building block for future electronic devices[END_REF][START_REF] Zhan | Miniaturized planar Si-nanowire micro-thermoelectric generator using exuded thermal field for power generation[END_REF]. Therefore, it is important to study their thermal conductivity. However for a major increment in the Seebeck coefficient, nanowires with a diameter less than 5 nm are required [START_REF] Pennelli | Optimization of the thermoelectric properties of nanostructured silicon[END_REF] the optimal diameter of NWs for good thermoelectric properties is between 1. Functional devices from bottom-up SiNWs 30 nm to 100 nm the thermal conductivity can be very small if rough nanowires are fabricated, while electrical conductivity and the Seebeck coefficient are very close to the bulk silicon [START_REF] Pennelli | Silicon nanowires: A breakthrough for thermoelectric applications[END_REF]. Two opposite phenomena compete within the nanowires with respect to the thermal conductivity. On the one hand, as the diameter of the nanowires decreases, the surface-to-volume ratio increases, which increases the surface scattering effects and thus decreases the thermal conductivity of the nanowires. On the other hand, it has been predicted that for very small diameters (< 1.5 nm), by a quantum confinement phonons effect, the thermal conductivity increases [START_REF] Paulo | Mechanical elasticity of single and double clamped silicon nanobeams fabricated by the vapor-liquid-solid method[END_REF][START_REF] Ponomareva | Thermal conductivity in thin silicon nanowires: Phonon confinement effect[END_REF]. One has to note that silicon nanowires when used within applications or experiments, may have a curved like shape and not be straight. As the phonon transport can be affected by their curvature, their thermal conductivity then changes. There is an additional obstructive mechanism to phonon transport particularly in the ballistic regime thanks to the deviation of phonon from the main heat flow direction due to its curvature. Therefore, thermal conductivity is reduced when the radius of the nanowire curvature increases [5]. The effect of the curvature on the thermal impedance has a greater effect when the radius of the curvature is one order smaller than the phonon mean-free path [5].

This observation is interesting since the thermal conductivity of silicon nanowires can be controlled by the proper shaping of the wire. For instance, the thermal conductivity of NWs with large roughness is found to be significantly below the prediction [5,[START_REF] Feser | Thermal conductivity of silicon nanowire arrays with controlled roughness[END_REF].

This is important in the use of silicon nanowires in next generation electronics because the shrinking of electronic devices towards the nanoscale region demands an increase in power dissipation per unit area [START_REF] Zhan | Miniaturized planar Si-nanowire micro-thermoelectric generator using exuded thermal field for power generation[END_REF][START_REF] Pop | Energy dissipation and transport in nanoscale devices[END_REF].

Silicon Nanonet Properties

Two-dimensional (2D) nanonets are very promising because, by an averaging effect, the structure provides an increase in the reproducibility of nanonet properties by minimizing the disparities existing between the NWs. It also compensates for potential failures in operation to the extent that NWs from the network which is not initially involved in conduction paths, can contribute to a new conduction path to bypass the failed NWs. Nanonets offer undisputed advantages thanks to the wise combination of the intrinsic properties of nanostructures with those of the nanonet. According to Zhao and Grüner, the "nanonet" morphology can be regarded as a fourth material phase in addition to monocrystalline, 1.4. SILICON NANONET PROPERTIES polycrystalline and amorphous structures [START_REF] Zhao | Nanonet as a scaffold with targeted functionalities[END_REF]. Finally, because of the coexistence of NWs and junctions within a conduction path, it is expected that the switching of the transistors from off state to the On state will be even more abrupt as the number of junctions increases [START_REF] Cazimajou | Analysis of the role of inter-nanowire junctions on current percolation effects in silicon nanonet field-effect transistors[END_REF]. However, to allow these advantages to be revealed and exploited, it is important that the dimensions of the nanonet be much larger than the length of the NWs and that the number of NWs involved in conduction is sufficiently large. Here important parameters impacting nanonet based devices besides ones from individual NWs, are the morphological quality of the nanonets, the density of NWs within the nanonet, the size of the nanonet, and particularly the distance between the two electrodes of the device compared to the length of NWs. Such degree of freedoms in nanonet, create vast opportunities in future applications.

Electrical conductivity

Above the percolation threshold, the current is likely to flow through percolation paths (also called conduction paths) that involve nanostructures and connections between nanostructures. These junctions between nanostructures appear as an energy barrier for carriers and are therefore likely to be more resistive than nanostructures [START_REF] Gruner | Carbon nanotube films for transparent and plastic electronics[END_REF][START_REF] Hu | Carbon nanotube thin films: Fabrication, properties, and applications[END_REF]. In that case, they can control conduction within the nanonet. As mentioned earlier these junctions generate additional resistance, so they can enormously affect percolation transport in nanowire network [START_REF] Cazimajou | Analysis of the role of inter-nanowire junctions on current percolation effects in silicon nanonet field-effect transistors[END_REF][START_REF] Fata | Effect of junction-to-nanowire resistance ratio on the percolation conductivity and critical exponents of nanowire networks[END_REF]. Such a two-dimensional network is normally governed by the theory of percolation. Percolation is often defined as a system in which randomly distributed objects of a given geometry can form or not form connections between each other [START_REF] Hammersley | Percolation processes[END_REF][START_REF] Seager | Percolation and conductivity: A computer study. II[END_REF]. A nanonet is then defined as a percolating system when a network of infinite size can communicate (e.g., conduct current) over the entire network via percolation paths that involve nanostructures and connections between nanostructures. The density of nanostructures is a key parameter to control the communication in the medium via the interconnections between nanostructures. As a result, there is a critical density, called the percolation threshold, above which percolation paths allow for communication in the nanonet. The fabrication of functional electrical devices from nanonets requires the use of densities above the percolation threshold.

1. Functional devices from bottom-up SiNWs

Porosity and optical transparency

Due to the very high aspect ratio of nanostructures, and by playing with the density and diameter of NWs, NNs can reach even 90% of optical transparency as illustrated in Fig.

1.6. Indeed, for a low-density percolating networks, nanonets are essentially composed of voids. In case of metallic NWs, this property makes nanonets particularly attractive as transparent electrodes [START_REF] Langley | Flexible transparent conductive materials based on silver nanowire networks: A review[END_REF]. With the same idea, in the case of semiconductor NWs, nanonets would be particularly attractive to form transparent transistors and transparent electronics in general. Moreover, the high porosity of the nanonet can allow the insertion of functional materials [START_REF] Hu | Carbon nanotube thin films: Fabrication, properties, and applications[END_REF], which is of high value when dealing with biosensors.

Mechanical strength and flexibility

Based on the excellent flexibility in individual nanowires which is diameter dependent and for diameter less than 100 nm is remarkable when these nanostructures are assembled as a nanonet, the entire network is capable of being subjected to mechanical deformation [START_REF] Cao | Medium-scale carbon nanotube thin-film integrated circuits on flexible plastic substrates[END_REF] (Fig. reffig6review) and can adapt to the substrate morphology [START_REF] Cao | Medium-scale carbon nanotube thin-film integrated circuits on flexible plastic substrates[END_REF][START_REF] Ternon | High aspect ratio semiconducting nanostructure random networks: Highly versatile materials for multiple applications[END_REF]. The flexibility in the choice of nanostructures and the unique structure of the network suggest a broad spectrum of applications for nanonets, as we will see in the following.

Fault tolerance and reproducibility

For electrical devices, conduction in a nanonet is ensured by multiple percolation paths that connect the two metallic contacts. Even if one path is faulty, many other conduction paths remain and can guarantee the functionality of the device [START_REF] Gruner | Carbon nanotube films for transparent and plastic electronics[END_REF].

Moreover, the macroscopic properties of a given nanonet are the result of a considerable number (for 1 × 1 cm 2 e.g. 10 6 -10 8 NWs) of nanostructures which makes it possible to smooth out the disparities that may exist from one NW to another. Therefore, the properties of the nanonets show less disparity than those of the population of nanowires that constitute it. This can be demonstrated by studying the electrical characteristics of the single nanowire or nanonet devices based on the same nanowire population, as Pauline Serre has done. With a technological work based on heavily doped NWs (degenerated), she produced single SiNW resistors and Si NN resistors (Fig. 1.7) [START_REF] Serre | Percolating silicon nanowire networks with highly reproducible electrical properties[END_REF][START_REF] Serre | Etude des propriétés structurales et électriques de réseaux aléatoires de nanofils de silicium. application à la détection d'adn[END_REF]. By studying numerous devices (10 single SiNW resistors, > 100 SiNN resistors), evidence of averaging effect is proven for nanonets. Indeed, the dispersion in the current of these two types of Silicon/Si3N4 [START_REF] Nguyen | Monolithic fabrication of nano-to-millimeter scale integrated transistors based on transparent and flexible silicon nanonets[END_REF], (b) Kapton and (c) plastic [START_REF] Nguyen | Monolithic fabrication of nano-to-millimeter scale integrated transistors based on transparent and flexible silicon nanonets[END_REF], (d) glass substrates [START_REF] Nguyen | Monolithic fabrication of nano-to-millimeter scale integrated transistors based on transparent and flexible silicon nanonets[END_REF]. (e) The transmittance of SiNN with the three densities were shown in image (e), the transmittance of the substrate (bare glass) is also reported [START_REF] Nguyen | Monolithic fabrication of nano-to-millimeter scale integrated transistors based on transparent and flexible silicon nanonets[END_REF].

devices is clearly different: 64% for single NW resistors, against 18% for SiNN resistors.

As a consequence, one of the main drawbacks of the single NW-based devices -lack of reproducibility-can be eliminated by the nanonet geometry.

Silicon Nanowire Growth

There are two major approaches to form nanowires. The "top-down" approach starts from bulk silicon in the form of a substrate or thin film silicon with the use of SOI substrate with the objective to etch the material until reaching the formation of high aspect ratio structures called nanowires but which section is not necessarily circular. Besides, the "bottom-up" approach is used to grow nanowires, either vertically on the substrate or inplane lying on the substrate. In the past few decades, there were extensive research for synthetic nanowire strategies focused on a bottom-up approach to understand the growth of nanostructures, tune the geometrical dimensions during growth, and form heterostructures. Here, we focus on bottom-up approaches that give the opportunity to detach the NWs and to collect them with the objective to form a nanonet by assembling the NWs.

Then targeted bottom-up syntheses are additive and can be done in two phases: vapour and solution phase. [START_REF] Brouzet | Fabrication and characterization of silicon nanowire p-i-n MOS gated diode for use as p-type tunnel FET[END_REF]. The concentration of dopants in nanowires is directly related to the ratio between the concentration of dopant gas and the concentration of silane [START_REF] Cui | Nanowire nanosensors for highly sensitive and selective detection of biological and chemical species[END_REF], which allows the doping of nanowires to be controlled with great precision during the growth. Two other gases can also be added during the synthesis of nanowires: hydrogen, H 2 , which is used as a carrier gas, and hydrogen chloride, HCl, which is used to prevent the diffusion of gold on the surface of the nanowires and thus inhibit the lateral and branch growth of the structures [START_REF] Cui | Nanowire nanosensors for highly sensitive and selective detection of biological and chemical species[END_REF][START_REF] Duan | High-performance thin-film transistors using semiconductor nanowires and nanoribbons[END_REF]. The silicon nanowires produced by VLS are of good crystal quality and can have a very high length at low costs. The length of the nanowires is controlled by the time of the growth and diameter of the nanowires depending on the size of the metallic nanoparticles [START_REF] Cui | Nanowire nanosensors for highly sensitive and selective detection of biological and chemical species[END_REF].

Vapor Phase

High pressure

The patented SyMMES technique [START_REF] Burchak | Scalable chemical synthesis of doped silicon nanowires for energy applications[END_REF] is similar to the CVD method and it aims to make its industrial scaling more easily, by limiting the hazard of the reactants, facilitating reactor design and producing nanowires in large quantities.

In Fig. 1.9 this method is shown for the solvent-free chemical synthesis of thin (10 ± 3 nm) SiNWs using diphenylsilane as a Si source and small (1-2 nm) gold nanoparticles (AuNP) as a catalyst in a sealed reactor at 420 • C and with a pressure < 10 bar. The catalyst nanoparticles are immobilized on micron-sized salt (NaCl) powder, which acts as a sacrificial 3D substrate easily removable by washing with water after NW growth.

Pure SiNWs are obtained at a high production yield of 1 mg cm -3 of reactor volume and with a 70% chemical yield. In this method, n-type doping of the SiNWs is achieved by adding diphenylphosphine at concentrations of 0.025 to 1.5 % as the dopant source [START_REF] Burchak | Scalable chemical synthesis of doped silicon nanowires for energy applications[END_REF]. Recently, the impact of the size/shape of SiNWs grown by this technique is also demonstrated on the electrochemical performance of conventional Li-ion batteries [START_REF] Keller | Effect of size and shape on electrochemical performance of nanosilicon-based lithium battery[END_REF]. (B) Solution-phase growth of nanowires through electrochemical deposition into anodic aluminum oxide (AAO). A similar segmentation process is possible [START_REF] Hill | Nanowire Synthesis: From Top-Down to Bottom-Up[END_REF].

Liquid (Solution) phase

The first liquid phase technique for SiNW growth is the direct counterpart of the VLS technique. Then the solution-liquid-solid (SLS) mechanism is fully similar to that of VLS, except that nanowire precursors are dissolved into a high-boiling liquid, such as squalene (C 30 H 62 ), and the catalysts are suspended therein, as described by Heitsch et al. [124]. The second method in liquid involves electrochemical phenomena. Here Anodic Aluminium Oxide (AAO) substrates are used for templated solution growth, using electrochemical deposition to fill the channels as shown in Fig. 1.8(B) [124]. Drawing upon the solutionphase synthesis of nanoparticles, redox reactions can also be used to produce nanowires [START_REF] Um | Versatile control of metal-assisted chemical etching for vertical silicon microwire arrays and their photovoltaic applications[END_REF]. Seed particles are first grown by a rapid reduction of a dissolved precursor with a strong reducing agent like sodium borohydride. Secondary growth is achieved with a weaker reducing agent, like L-Ascorbic Acid, to prevent additional seed particle production.

The nanowire anisotropy is achieved by controlling surface chemistry [START_REF] Hill | Nanowire Synthesis: From Top-Down to Bottom-Up[END_REF].

Summary on growth

Table 1.1 gives a simple comparison between the different techniques used for SiNW growth. We studied the various methods currently used in bottom-up SiNW growth. Gold is the most widely used catalyst for SiNW growth by CVD under VLS mechanism, as it offers a good size control. However, the recent advances in the mentioned SiNW growth techniques are still in its early stages. The most appropriate method for the growth will ultimately be determined by a number of factors, including the desired application, as well as the available process control and associated costs. SiNW properties can be finely-tuned for the desired application using the various growth methods available.

SiNW Collective Handling

After growth, the nanowires are detached from the substrate and dispersed in solution to allow collective manipulation (colloidal suspension). Depending on the chosen assembly technique, it is possible to form arrays with a preferred orientation which are then not necessarily percolating or to form randomly oriented arrays. The common points of all these methods are the low thermal budget (less than 200 • C) and the easy scalability. In the frame of electronic application and functional device formation, the formation of the percolating network is mandatory. As a consequence, when the applied method leads to a preferential orientation, a two-step process has to be used to allow the crossing of the NWs that is required to allow charge carrier displacement.

Network with preferential orientation 1.6.1.1 Drop-casting

The drop-casting is the simplest method to deposit NWs on top of a substrate. In this approach, a drop of a NW suspension is first deposited (literally "drop-casted") on the surface. Second, a drying process is applied to evaporate the liquid. The clear advantage of this approach is its simplicity and versatility. There is also an opportunity to even mix different nanowires in a suitable solvent via ultrasonication before drop-casting. The main drawback is related to the homogeneity of the NW distribution on the substrate surface.

Indeed, the drying process often induces shear forces that impact the NW positioning. As a consequence, drop-casting is well dedicated when the need in terms of positioning or density are not too restrictive.

Fluidic directed assembly

In this method, nanowires can be assembled into parallel arrays with the control of average separation as well as complex crossed nanowires arrays. In this technique, the nanowires are suspended in a solution like ethanol. Then, the suspension is sent through fluidic channel structures formed between poly(dimethylsiloxane) (PDMS) molds and a flat substrate.

As a consequence, the NWs tend to align in the flow direction. In this way, by building (D) [START_REF] Huang | Directed assembly of one-dimensional nanostructures into functional networks[END_REF].

the appropriate fluidic channel, parallel and crossed arrays of NWs can be readily achieved with single and sequential crossed flows (Fig. 1.10), respectively, for the assembly [START_REF] Huang | Directed assembly of one-dimensional nanostructures into functional networks[END_REF].

The same result can be obtained with chemically patterned substrate that preferentially attracts the NWs in the functionalized region (Fig. 1.10(A)).

The fluidic phase poses a challenge for single-nanowire control, accompanied to some extent by issues related to spacious microfluidic and large footprint electrodes [START_REF] Huang | Directed assembly of one-dimensional nanostructures into functional networks[END_REF].

Langmuir-Blodgett assembly

Another promising method to produce aligned arrays of NWs on various substrates is the Langmuir-Blodgett (LB) technique [START_REF] Whang | Large-scale hierarchical organization of nanowire arrays for integrated nanosystems[END_REF][START_REF] Jia | Nanowire Electronics: From Nanoscale to Macroscale[END_REF][START_REF] Park | Controlling orientation of V2O5 nanowires within micropatterns via microcontact printing combined with the gluing Langmuir-Blodgett technique[END_REF][START_REF] Tao | Langmuir-Blodgett silver nanowire monolayers for molecular sensing using surface-enhanced Raman spectroscopy[END_REF][START_REF] Liu | Large-scale integration of semiconductor nanowires for high-performance flexible electronics[END_REF]. In this technique, NW suspension is densely packed using a compression trough at an air-liquid interface. Dip coating can be then used to transfer the NWs onto receiver substrates by Van-der Waals, hydrophobic-hydrophilic, or electrostatic interactions when the substrate is lowered and withdrawn from the system, in the vertical direction as shown in Fig. 1.11a. This technique is frequently used in the assembly of highly ordered nanomaterials. By repeating the assembly process with a changed orientation of the substrate, hierarchical nanowire structures can also be produced as shown in Fig. 1.11(b,c, and d) [START_REF] Jia | Nanowire Electronics: From Nanoscale to Macroscale[END_REF].

The density of nanowires can be improved by adapting LB techniques to align the nanowires. Limitations of this technique include reorganization of the nanowires during dip coating that leads to overlapping features and gaps within the dense arrays of nanowires [START_REF] Whang | Large-scale hierarchical organization of nanowire arrays for integrated nanosystems[END_REF][START_REF] Tao | Langmuir-Blodgett silver nanowire monolayers for molecular sensing using surface-enhanced Raman spectroscopy[END_REF][START_REF] Liu | Large-scale integration of semiconductor nanowires for high-performance flexible electronics[END_REF].

Blown-bubble films

An approach with the potential for large scale transfer of well aligned NWs is the so-called blown-bubble film assembly (BBF). This approach involves the preparation of homoge-Fig. 1.12: Illustration of blown bubble films method and photographs of the directed bubble expansion process in the early and final stages [START_REF] Yu | Large-area blown bubble films of aligned nanowires and carbon nanotubes[END_REF].

neous polymer suspension of NWs, followed by the expansion of polymer suspension using a circular die, and finally the breaking by an external force and the transfer of the bubble film to the desired substrate. By tuning the preliminary concentration, well aligned, and controlled density NWs over large areas are achievable [START_REF] Yu | Large-area blown bubble films of aligned nanowires and carbon nanotubes[END_REF].

Blow-bubble approach is inexpensive and can be adapted to patterning nanowires on many different types of substrates (e.g., flexible, flat or curved). However, a challenge for these techniques is to control the viscosity of the bubble film in balance with a compatible surface coating on the nanowires, which has so far limited this demonstration to films of epoxy. Another challenge for this technique and for the alignment achieved using microfluidic flow is to precisely control the position of the deposited nanowires [START_REF] Whang | Large-scale hierarchical organization of nanowire arrays for integrated nanosystems[END_REF][START_REF] Yu | Nanomaterial-incorporated blown bubble films for large-area, aligned nanostructures[END_REF][START_REF] Zhang | Recent Progress in the Preparation of Horizontally Ordered Carbon Nanotube Assemblies from Solution[END_REF]. This method is highly attractive in a technology where device fabrication costs must be kept to a minimum and for transferring and aligning a variety of nanomaterials including SiNWs and CNTs [START_REF] Yu | Nanomaterial-incorporated blown bubble films for large-area, aligned nanostructures[END_REF][START_REF] Zhang | Recent Progress in the Preparation of Horizontally Ordered Carbon Nanotube Assemblies from Solution[END_REF].

Contact printing

"Printing" has usually been used to describe a method by which a layer of ink is transferred from a stamp to a substrate through a reversing reaction [START_REF] Krebs | Roll-to-roll fabrication of monolithic large-area polymer solar cells free from indiumtin-oxide[END_REF][START_REF] Aziz | Spray coating methods for polymer solar cells fabrication: A review[END_REF]. Fig. 1.13 contains an illustration of two different printing apparatuses. Printing methods thus include flexographic printing, offset printing, gravure printing, screen printing, and ink-jet printing. In the printing method, the choice of the solvents for ink preparation has been identified as an important parameter for active layer surface morphology [START_REF] Aziz | Spray coating methods for polymer solar cells fabrication: A review[END_REF][START_REF] Kopola | High efficient plastic solar cells fabricated with a high-throughput gravure printing method[END_REF][START_REF] Hoth | High photovoltaic performance of inkjet printed polymer:Fullerene blends[END_REF][START_REF] Voigt | Gravure printing inverted organic solar cells: The influence of ink properties on film quality and device performance[END_REF].

A simple but promising method is the contact printing (CP) technique developed by Javey et al. Here the particularity is that the NWs are kept on their growth substrate until the transfer, no need to form a suspension. So, during CP, nanowires are mechanically transferred by a shearing motion between the growth and the target substrate. In order to maximize the nanowire density and the alignment yield, the use of lubricants, such as mineral oil, is essential [START_REF] Roßkopf | Surface-controlled contact printing for nanowire device fabrication on a large scale[END_REF].

Yao et al. have developed significantly, the nanowire alignment, in CP by nanoscale combing technique [START_REF] Yao | A nanoscale combing technique for the large-scale assembly of highly aligned nanowires[END_REF][START_REF] Bensimon | Alignment and sensitive detection of DNA by a moving interface[END_REF]. In this technique, patterned resist windows opened by lithography utilize to store the nanowires partially within the so called anchoring regions [START_REF] Roßkopf | Surface-controlled contact printing for nanowire device fabrication on a large scale[END_REF][START_REF] Yao | A nanoscale combing technique for the large-scale assembly of highly aligned nanowires[END_REF][START_REF] Yao | Nanowire nanocomputer as a finite-state machine[END_REF], see Fig. 1.14. Inspired by this CP technique, Robkopf and Strehle expand the current scope by focusing on the low density nanowire assemblies, on dry friction to confine the nanowire deposition during CP [START_REF] Roßkopf | Surface-controlled contact printing for nanowire device fabrication on a large scale[END_REF]. Their motivation for dry friction was based on the fact that lubricants might act as a source of contamination in micro-device fabrication [START_REF] Holland | Effects of oil vapour contamination on the adhesion of zinc sulphide films to glass and silica[END_REF].

Therefore, they developed the concept of surface-controlled contact printing (SCCP) to avoid the need for lubricants, patterned resist, and post-print resist removal procedures.

SCCP method is based on the frictional force between an individual nanowire on the growth substrate and the target surface, as shown in Fig. 1.15. It has been shown that the material of the surface, the surface roughness, elevated structures, and nanoparticles can in principle be effective on the positioning of nanowires. Contact printing can be a promising alternative to transfer single-NWs highly controllable but still using lubricant is necessary for that. SCCP provides further possibilities to control the positioning of nanowires by lubricant free or dry friction interaction. The reduction of nanowire densities and lower alignment yields are still some drawbacks of this method [START_REF] Roßkopf | Surface-controlled contact printing for nanowire device fabrication on a large scale[END_REF][START_REF] Yao | A nanoscale combing technique for the large-scale assembly of highly aligned nanowires[END_REF].

Vacuum filtration

The Since the properties of nanonets are influenced by NW density, it is important to be able to control the density of nanonet. As the density of nanowires in nanonets is directly related to the number of nanowires in the suspension, the mastery of a technique of quantification of NWs is necessary. In Ternon's group, several techniques, such as Raman, infrared, fluorescence, and absorption spectroscopy, have been tested. Only the latter, has made it possible to obtain a measurement that is directly proportional to the number of nanowires in solution [START_REF] Serre | Etude des propriétés structurales et électriques de réseaux aléatoires de nanofils de silicium. application à la détection d'adn[END_REF][START_REF] Ferrer-Anglada | Synthesis and characterization of carbon nanotube-conducting polymer thin films[END_REF][START_REF] Gruner | Carbon nanotube films for transparent and plastic electronics[END_REF]. Then, for a given absorbance and a given NW geometry, the NN density is directly linked to the volume of the filtered suspension with high reproducibility. The greater the volume of filtered suspension, the greater the density in the nanonets (see Fig. 1.17).

Once the nanowire solution has been analysed, the silicon nanowires can be assembled by the filtration method with the schematic equipment in Fig. 1.16(4) [START_REF] Serre | Etude des propriétés structurales et électriques de réseaux aléatoires de nanofils de silicium. application à la détection d'adn[END_REF][START_REF] Muhl | Transparent conductive carbon nanotube films[END_REF][START_REF] Hu | Percolation in transparent and conducting carbon nanotube networks[END_REF].

The nanowire suspension is filtered for a few minutes through a nitrocellulose membrane.

The progressive accumulation of the nanostructures on the filter surface decreases the flow velocity in these areas and induces an increase in flow in the areas devoid of nanostructures.

These different flow velocities involved are at the origin of the self-assembly mechanism and the homogeneity of the nanonet. When the nanowire suspension is not homogeneous, i.e. contains aggregates from growth defects or clusters of NWs, it is possible to remove some of these elements by centrifugation as demonstrated by M. Legallais [START_REF] Legallais | Conception, étude et modélisation d'une nouvelle génération de transistors à nanofils de silicium pour applications biocapteurs[END_REF].

After filtration, NN can be transferred to the desired substrate either by the dissolution of the filter [START_REF] Wu | Transparent, conductive carbon nanotube films[END_REF] or by direct contact [START_REF] Zhang | Transparent, conductive, and flexible carbon nanotube films and their application in organic light-emitting diodes[END_REF]. For instance, Serre et al. [START_REF] Serre | Etude des propriétés structurales et électriques de réseaux aléatoires de nanofils de silicium. application à la détection d'adn[END_REF] and Legallais et al. [START_REF] Legallais | Conception, étude et modélisation d'une nouvelle génération de transistors à nanofils de silicium pour applications biocapteurs[END_REF] demonstrated this transfer can be carried out via a wet process by dissolving the membrane produced by vacuum filtration in an acetone bath. The adhesion of the nanonets to the surface of the substrates is simply due to Van der Waals [START_REF] Serre | Etude des propriétés structurales et électriques de réseaux aléatoires de nanofils de silicium. application à la détection d'adn[END_REF][START_REF] Legallais | Conception, étude et modélisation d'une nouvelle génération de transistors à nanofils de silicium pour applications biocapteurs[END_REF]. This process is well dedicated for SiNN [START_REF] Mulazimoglu | Silicon nanowire network metal-semiconductor-metal photodetectors[END_REF][START_REF] Serre | Role of nanowire length in morphological and electrical properties of silicon nanonets[END_REF] and can be adapted for a wide variety of nanostructures such as NWs of zinc oxide [START_REF] Demes | Mechanisms involved in the hydrothermal growth of ultra-thin and high aspect ratio ZnO nanowires[END_REF], germanium [START_REF] Aksoy | Transparent, highly flexible, all nanowire network germanium photodetectors[END_REF] or carbon nanotubes (CNTs) [START_REF] Hu | Percolation in transparent and conducting carbon nanotube networks[END_REF][START_REF] Wu | Transparent, conductive carbon nanotube films[END_REF]. Furthermore, the size of the nanonet is only conditioned by the size of the filter used and can therefore be easily enlarged. Finally, the formed nanonets can be transferred onto different types of substrates either rigid or flexible, insulating or conductive, opaque or transparent, depending on the characterization and the intended application as shown in Fig. 1.6, but still, there is some difficulty such as finding a flexible substrate which is compatible with Acetone. Vacuum filtration is a low-temperature process in film production, which affords films with some advantages such as surface uniformity and controllable thickness. Transferring NWs to a flexible substrate after being deposited on the filter depends on the substrate endurance towards acetone as most of the flexible substrates are attacked by it [START_REF] Legallais | Conception, étude et modélisation d'une nouvelle génération de transistors à nanofils de silicium pour applications biocapteurs[END_REF][START_REF] Feng | A facile method for preparing transparent, conductive, and paper-like silver nanowire films[END_REF].

Spray coating

One of the simple and efficient routes for the deposition of randomly dispersed nanowires or highly ordered and highly aligned even on a wide range of receiver substrates is spray coating. Spray coating is a technique in which nanowire suspension is electrostatically forced through a nozzle whereby a fine aerosol will be formed [START_REF] Assad | Spray-coating route for highly aligned and large-scale arrays of nanowires[END_REF][START_REF] Kim | Electrostatic spray deposition of highly transparent silver nanowire electrode on flexible substrate[END_REF]. The spray coating system consisted of a hot plate for controlling the temperature of the substrate, a pressure flow spray nozzle element, a nozzle movement, and an angle control module. Normally, the spray coating system is designed by taking to account the viscosity of NW suspension, the NW suspension supply, and other process variables [START_REF] Assad | Spray-coating route for highly aligned and large-scale arrays of nanowires[END_REF]. Ossama Assad et.al [START_REF] Assad | Spray-coating route for highly aligned and large-scale arrays of nanowires[END_REF] showed that by controlling these conditions and provided that the size of the generated droplet is comparable to the length of the single NW, the shear-driven elongation of the droplet results likely in the alignment of the confined NW in the spraying direction.

Since this technique has no limitation in substrates size, it has a great potential in large scale production and can replace spin-coating which is a conventional method [START_REF] Aziz | Spray coating methods for polymer solar cells fabrication: A review[END_REF].

However, the main concerns of utilizing the spray coating belong to higher film thickness and roughness.

As already mentioned, one of the key parameters in nanonet assembly is density. In spray coating, by controlling the concentration of the nanowire suspension or at the same time regulating the flow duration, it is possible to adjust the density of deposited NWs e.g.

for having high density deposited NWs, we should increase the spray coating duration. The level of density control over deposited NWs in this approach is similar to other techniques such as blown-bubble, and contact transfer techniques while in these two techniques we are dealing with just aligned nanowires. Spray coating method can be controlled under conditions of temperature, droplet size, spray coating angle, and airflow which makes this method interesting either in the wellaligned or well controlled density in large size of nanonet with a small lack in control over the low density of nanonets. Spray coating facilitates a low-cost uniform coverage over a large area which has a potential for immediate implementation in the industry and/or line production. In this technique, NWs film making by the spray coating method depends on the nozzle speed, diameter, and length of nanowires and is more beneficial for the high densities and large scale fabrication [START_REF] Assad | Spray-coating route for highly aligned and large-scale arrays of nanowires[END_REF][START_REF] Kim | Electrostatic spray deposition of highly transparent silver nanowire electrode on flexible substrate[END_REF].

Advantages and disadvantages of each techniques

As already discussed semiconductor NWs have demonstrated excellent performance for nanoscale electronics and due to their great mechanical flexibility, high yield, and low-cost bottom-up synthesis, they have outstanding potential to be used in flexible electronics.

As the assembly of NWs remains a challenge for practical large-scale application, various innovative NW assembly technologies have been investigated [START_REF] Wang | Directed assembly of nanowires[END_REF]. As a result below In order to fabricate devices based on a single SiNW, the best option in terms of simplicity and adaptability to varieties of substrates is drop-casting, but still this technique is not efficient and the number of devices out of each NW transfer is trivial and negligible.

However, other techniques such as Langmuir-Blodgett, blown-bubble, contact printing, and fluidic directed, are the best choices for multiple-parallel channel devices. Each technique has its advantages but still, Langmuir-Blodgett seems to be a better option over others. Finally, in order to have nanonet (assembly of randomly oriented nanowires), we deal with mostly two methods, vacuum filtration and spray coating in the other technique several transfer process in different angles are needed to produce arrays of nanowires with junctions so these latter methods are complex with low yield. Although in vacuum filtration technique, density regulation is much easier and the process is inexpensive, spray coating can prevail vacuum filtration because it is easily applicable on different substrates and large scale and it allows the selection of a random or aligned nanowire array. Generally, though all these methods have an advantage over direct growth methods, these methods extend the assembly procedures, which increase the risk of additional contamination and destruction of the intrinsic properties.

Silicon Nanowire Based Transistor

The small size and unprecedented ability to combine semiconductors with very different lattice parameters provide exciting new opportunities for devices. At the beginning of the 20th century, nanowire device researchers face the exciting challenge of deciding which devices, and thus which future applications, hold particular promise for this new class of material [START_REF] Thelander | Nanowire-based one-dimensional electronics[END_REF]. Among the many possibilities, the field effect transistor (FET) stands out as the modern workhorse of the semiconductor industry. Not surprisingly, most of the efforts in nanowire devices have focused on the fabrication of nanowire field effect transistors, as it is the building block of modern electronics and the most frequently fabricated device in history. FET is the dominant semiconductor device in digital and analog integrated circuits (ICs) [160], and the most common power device [START_REF] Valizadeh | Field Effect Transistors, A Comprehensive Overview: From Basic Concepts to Novel Technologies, Field Effect Transistors, A Comprehensive Overview: From Basic Concepts to Novel Technologies[END_REF]. It is a compact transistor that has been miniaturized and mass-produced for a wide range of applications. Silicon transistor technology, especially metal-oxide-semiconductor (MOS) technology, is scaling down as predicted by Moore's Law [START_REF] Sohn | Mechanical Properties of Silicon Nanowires[END_REF][START_REF] Moore | Cramming more components onto integrated circuits With unit cost[END_REF]. Originally, transistors had a three-dimensional active region (solid silicon substrate) then it was reduced to a two-dimensional geometry (silicon ultra-thin film on insulator (SOI)) to finally reach a one-dimensional structure with the introduction of nanowires (FinFET on SOI) [START_REF] Inaba | High performance 35 nm gate length CMOS with NO oxynitride gate dielectric and Ni salicide[END_REF][START_REF] Iwai | NiSi salicide technology for scaled CMOS[END_REF], as schematically illustrated in Fig.

1.19.

However, this scaling of the typical silicon transistor technology has almost reached its limits [START_REF] Shao | Silicon nanowires -Synthesis, properties, and applications[END_REF][START_REF] Wu | Synthesis and electrical and mechanical properties of silicon and germanium nanowires[END_REF]. Despite the advanced capabilities of fabrication tools, many physical effects can prevent the tools from performing satisfactorily when the device size is scaled down to the nanoscale. In addition, transistor scalability, performance, and power dissipation are three fundamental issues facing aggressive miniaturization. Furthermore, the leakage mechanisms associated with the size reduction of conventional silicon transistors down to the nanoscale include direct gate dielectric tunnelling, band-to-band tunnelling, and short channel effects. Finally, silicon has almost reached its intrinsic switching speed limit. Other semiconducting materials with higher carrier mobility could solve the problem but the required power dissipation levels in the nanoscale structure do not allow further downscaling [START_REF] Yu | Nanotechnology: Role in emerging nanoelectronics[END_REF].

Nevertheless, one dimensional structures (1D) are the smallest structures that can be used for efficient transport of electrons [START_REF] Yu | Nanotechnology: Role in emerging nanoelectronics[END_REF][START_REF] Wanekaya | Nanowire-based electrochemical biosensors[END_REF][START_REF] Hu | Chemistry and physics in one dimension: Synthesis and properties of nanowires and nanotubes[END_REF]. Semiconductor nanowires fall into this category and are obvious candidates to replace ultrathin-film SOI transistors [START_REF] Lu | Nanowire transistor performance limits and applications[END_REF]. Among semiconductor NWs, silicon nanowires have been studied more and are considered the most suitable for implementing nanowire transistors, as silicon dominates the semiconductor industry and its structure and doping can be precisely controlled [START_REF] Lu | Nanowire transistor performance limits and applications[END_REF]. However, the smaller the footprint of the manufactured devices, the higher the manufacturing cost and the more complicated it is to observe a good reproducibility and homogeneity of the In this section, we focus on nanowire transistors with the simplest geometry, namely a source electrode, a drain electrode, a channel consisting of a single nanowire, parallel nanowires, or a nanonet, as well as a full back gate or localized top-gate. Thus, we will present the most basic integration processes and then the typical electrical characteristics.

Integration process 1.7.1.1 Single nanowire FETs (single-SiNW-FETs)

Whether the approach is bottom-up or top-down, there is a phenomenal variety of integration processes and device geometries in the literature. There is a large number of studies presenting the fabrication of transistors with the simplest geometry, which we will describe in the rest of this paragraph [START_REF] Rosaz | High-performance silicon nanowire field-effect transistor with silicided contacts[END_REF][START_REF] Arjmand | Development of a robust fabrication process for single silicon nanowire-based omega gate transistors on polyamide substrate[END_REF][START_REF] Patolsky | Fabrication of silicon nanowire devices for ultrasensitive, label-free, real-time detection of biological and chemical species[END_REF], to the most complex transistors with variable doping along the nanowires and gate multiplicity allowing an electrostatic control of the doping and thus the control of the nature of the channel (P or N) [START_REF] Fasoli | Overview and status of bottom-up silicon nanowire electronics[END_REF][START_REF] Aouida | Hydrogen passivation of silicon nanowire structures[END_REF]. Even for the simplest geometry, there are integration subtleties that impact the properties of the manufactured transistor. A simple silicon nanowire transistor can be built as shown in The dark blue cylinder represents the nanowire which is the channel of the transistor.

The channel can be doped p-type or n-type. The top-gate of the transistor is shown in Fig. 1.21 (b,c) as a rectangular like plate labelled with G. The gate can be placed in a semi-cylindrical shape on the top of the nanowire or all around the nanowire [START_REF] Lu | Nanowire transistor performance limits and applications[END_REF]. SiNW transistors manufactured with a gate that surrounds the whole nanowire (all-around-gate) allow better current control through the channel and thus higher current densities can be controlled compared to a planar device. What is more, the all-around-gate allows the devices to be shrunk even more (down to 10nm) due to the excellent control of short-channel effects and leakage [START_REF] Wu | Synthesis and electrical and mechanical properties of silicon and germanium nanowires[END_REF]. The bottom-up approach, which is the subject of this paper, has caught our attention because it provides great flexibility in that nanowire growth and integration are two completely independent steps. Thus it is easy to choose the material, the length, the diameter, the type and the concentration of the dopants, and the orientation of the crystals because all these parameters can be adjusted during the synthesis. Today, the main limitation of this approach is the complexity of developing a method for large-scale transistor integration with high reproducibility.

For the simplest geometry (Fig. 1.21(a)), the bottom-up processes start with as grown SiNWs in both bottom-up (Fig. 1.22(i)) as described in part 5. Subsequently, the assynthesized SiNWs have to be transferred onto the desired substrate, generally including the back-gate, by using the simple drop-casting or one of the methods described in part 6 (Fig. 1.22(ii)). In some works, SiNWs are passivated in order to preserve them from the environment sensibility, low efficiency, and low life time [START_REF] Legallais | Conception , étude et modélisation d ' une nouvelle génération de transistors à nanofils de silicium pour applications biocapteurs To cite this version[END_REF][START_REF] Aouida | Hydrogen passivation of silicon nanowire structures[END_REF][START_REF] Yuan | Reducing Conductivity Variability in Si Nanowires via Surface Passivation for Nanoelectronics[END_REF]. Thereafter, 1. Functional devices from bottom-up SiNWs a photo-or electron-beam lithography process (Fig. 1.22(iii)) followed by metallization (Fig. 1.22(iv)) and lift-off (Fig. 1.22(v)) are utilized to pattern metallic electrodes to the SiNWs [START_REF] Rosaz | Intégration 3D de nanofils Si et SiGe pour la réalisation de transistors verticaux à canal[END_REF][START_REF] Patolsky | Fabrication of silicon nanowire devices for ultrasensitive, label-free, real-time detection of biological and chemical species[END_REF][START_REF] Chen | Silicon nanowire field-effect transistor-based biosensors for biomedical diagnosis and cellular recording investigation[END_REF]. Silicidation which is a process of the intermetallic compound formed by the reaction of metal and silicon can be performed in order to lower the access and/or series resistance of the device in contacts [START_REF] Rosaz | High-performance silicon nanowire field-effect transistor with silicided contacts[END_REF][START_REF] Weber | Silicon-nanowire transistors with intruded nickel-suicide contacts[END_REF][START_REF] Dellas | Silicide formation in contacts to Si nanowires[END_REF]. Eventually if desired, a top-gate can be added by an additional photolithography step. Generally, this type of integration process, based on drop-casting, yields only a low success rate in obtaining nanowire devices without allowing large statistical studies. However, this is sufficient to study the fundamental properties of single SiNWs devices. Furthermore, this method is clearly not suitable for the low-cost, mass production of SiNW devices. Therefore, the use of the techniques described in Part 6 that allow the assembly of SiNWs with controlled orientation and spacing over large areas is essential for the fabrication of complex logic circuits and high performance devices.

Silicon nanonet FETs (SiNN-FETs)

To qualify as a nanonet device, the geometry of the transistor must be such that the length of the channel is greater than the length of the nanowires so that no nanowires are able to bridge the two electrodes directly. The current flows from one contact (source) to another Thus, the fabrication starts with the assembly of the nanonets on the surface of the substrate including the back gate according to one of the methods described in section 6.

Then the fabrication process of back-gated SiNN-FETs, can be broken down into four main steps:

-Sintering of the NW-NW junctions and passivation of the NN to stabilize electrical properties (see section 8 -subsections "Sintering and surface and interface")

-NN patterning to define the channel geometry (Fig. 1.24 from (i-0) to (i-5)).

-Deposition of the source/drain contacts (Fig. 1.24 from (ii-0) to (ii-5)).

-Silicidation of the source / drain contact (see section 8 -subsection "Silicidation").

By doing the silicidation step, back-gate SiNN-based FETs are achieved. These steps can be modified due to the need and application. For example, one might need a local top-gate instead of a full back-gate hence some procedures will be added like deposition of the gate oxide, lithography of top-gate, and metal evaporation step to introduce top-gate.

In Although this integration process involves only simple and mastered steps, such integration has proven to be challenging since, to date, very few papers have presented the fabrication of this type of device. Moreover, up to date, there are works based on the SiNN devices on rigid substrates especially resistors and transistors but there is a great potential in the field of flexibility that is still unproven.

Multiple-parallel-channel FETs (MPC-FETs)

The realization of a multiple-parallel-channel field effect transistor (in reference to multiple parallel NWs as channels) can arise from two strategies. First, by choosing an appropriate 

Electrical characteristics of single SiNW-, SiMPC-and

SiNN-FETs

The operation of a single SiNW-based transistor is similar to that of a typical FET transistor. If the SiNWs are p-type and a positive/negative voltage is applied to the gate (G) then the carriers are depleted/accumulated and contrary, if the SiNWs are n-type and positive/negative voltage is applied to the gate then the carriers are accumulated/depleted (Fig. 1.28). Therefore, the variation of the SiNW conductance via the field-effect action allows for the transistor action to be implemented with SiNWs [START_REF] Li | Nanowire electronic and optoelectronic devices[END_REF][START_REF] Patolsky | Nanowire nanosensors[END_REF] P-type SiNWs have attracted greater interest than n-type ones. P-type SiNWs were fabricated and showed high performance characteristics. Their transconductance was about 10 times greater than typical planar devices and the holes' mobility was an order of magnitude larger too. Both the transconductance and mobility increased after surface modification of the SiNW. This implies that some of the electrical characteristics of the SiNW transistors can be controlled by proper surface modification as described in the next section. Therefore, the performance of SiNW transistors can exceed that of typical devices [START_REF] Wu | Synthesis and electrical and mechanical properties of silicon and germanium nanowires[END_REF].

As it will be discussed in the following section, the contact resistance of SiNW-FETs affects their performance significantly. Devices with titanium (Ti) source-drain contacts revealed variations in their transconductance and mobility after thermal annealing effects.

Other materials for the contacts, like silicide and nickel monosilicide, can reduce this , though a small number of nanowires with short channels will be found in the ensemble, affected by quasi short channel effect (SCE), these nanowires will degrade the total on/off current ratio. This an apparent quasi short channel effect for parallel array devices at such a large electrode spacing is not observed for single nanowires [176].

When MPC-FETs are obtained from a randomly oriented nanowire network, the same trend is observed: by decreasing the channel length, the on and off current increase (Fig. 1.29(A) and (B), 5 and 10 µm). Moreover, from this figure, one can notice a surprising and significant degradation of the subthreshold swing. Then MPC-FETs are interesting to increase the on-current, but in the same time, off-current also increases and the commutation ability degrades. Such behavior can be explained by the intrinsic disparity of the nanowire population. Indeed, whatever the method of bottom-up synthesis of NWs, it is possible to observe variations of diameters, doping, or surface properties from one nanowire to another. Such variations are responsible for different electrical behaviors for each NW. Thus, there is a dispersion of on-current, offcurrent, sub-threshold slope, and threshold voltages [START_REF] Islam | Variability and reliability of single-walled carbon nanotube field effect transistors[END_REF][START_REF] Shin | Impact of nanowire variability on performance and reliability of gate-all-around III-V MOSFETs[END_REF]. While this is not a major problem for the on-current, the existence of a single nanowire with a high off current will result in a high off current for the MPC FET. Similarly, if all the nanowires making up the MPC-FET switch successively, this will result in the MPC FET switching over a wide range of gate voltages [START_REF] Legallais | Role played by the nanowire/nanowire junctions in the electrical properties of semiconductor percolating silicon nanowire networks[END_REF]. In this context, NN-FETs appear to be promising for reconciling high current, high I on /I of f ratio, and fast switching, as illustrated in Fig. 1.29 (15-100 µm).

In In order to have a better understanding of the differences inherent to these three types of nanowire-based devices, Fig. 1.30 presents the transfer characteristics of a single-SiNW FET, an MPC FET, and an NN FET. All previous observations are summarized on that graph. The MPC-FET exhibit clearly the highest on-current but all other transistor parameters are poor. In contrast, and against all expectations, the NN FET maintains very good performance with fast switching and very low off-current while exhibiting an on-current up to 100 times higher than that of the single nanowire device, even though its Such a graph clearly shows that single-nanowire devices exhibit highly dispersed performance, even for a given channel length, while NN devices show much lower dispersion.

In conclusion, despite having lots of resistive junctions, SiNN based devices have good performance. Then the NW/NW junctions, which might initially appear to be a weakness of this type of system, are in fact an asset that allows good performance, good reproducibility, and high fault tolerance. analyses, the NWs are covered with about 2 nm native oxide [START_REF] Serre | Etude des propriétés structurales et électriques de réseaux aléatoires de nanofils de silicium. application à la détection d'adn[END_REF]. With a permittivity dielectric of 3.9, the silica layer, of amorphous structure, has good electrical insulating properties. The native thickness formed around the NWs is sufficient to inhibit the possible conduction by tunnelling from one NW to another and makes it impossible to fabricate percolating devices with SiNNs [START_REF] Heo | Large-scale assembly of silicon nanowire network-based devices using conventional microfabrication facilities[END_REF]. Subsequently, Pauline Serre showed that in the ab-1. Functional devices from bottom-up SiNWs sence of oxide, current can flow from one nanowire to the other via the junctions [START_REF] Serre | Percolating silicon nanowire networks with highly reproducible electrical properties[END_REF].

To do this, she studied the behavior of resistors based on NNs. Thus, as long as the devices are stored under nitrogen after deoxidation by hydrofluoric acid (HF) treatment, significant conduction is observed across the resistor. As soon as they are exposed to air, conductance decreases exponentially with air exposure time due to the progressive reoxidation of the NWs as shown in Fig. 1.32(a). Such a decrease in current observed in Fig. 

Surface and interfaces 1.8.1.1 Modulation thanks to interface surrounding the channel

The quality of the interface surrounding the channel is a key parameter for all electronic devices such as FETs as it influences many parameters, from high to low frequency noise [START_REF] Liu | Surface passivation performance of Atomic-Layer-Deposited Al2O3 on p-type silicon substrates[END_REF][START_REF] Liang | Atomic-layer-deposited (ALD) Al 2 O 3 passivation dependent interface chemistry, band alignment and electrical properties of HfYO/Si gate stacks[END_REF]. For example, a mechanism for filling or emptying traps at the NW/oxide interface leads to a memory effect as this gate dependency could compromise the operation of the transistor. According to the literature, the most commonly used oxides for passivation of silicon nanowires are silicon oxide (SiO 2 ), aluminium oxide (Al 2 O 3 ), and hafnium oxide (Hf O 2 ) [START_REF] Noor | Silicon nanowires as field-effect transducers for biosensor development: A review[END_REF][START_REF] Legallais | Material engineering of percolating silicon nanowire networks for reliable and efficient electronic devices[END_REF]. It has been shown Al 2 O 3 offers better chemical stability than silicon oxide while maintaining excellent sensitivity in the case of using them as sensors [START_REF] Reddy | High-k dielectric Al2O3 nanowire and nanoplate field effect sensors for improved pH sensing[END_REF][START_REF] Zhou | Long term stability of nanowire nanoelectronics in physiological environments[END_REF]. In their early work, Legallais et.al, studied SiNN FETs passivated by the native silicon dioxide layer which systematically grows when the silicon is exposed to air [START_REF] Legallais | Material engineering of percolating silicon nanowire networks for reliable and efficient electronic devices[END_REF]. It is known this native SiO 2 provides poor-quality interfaces and induces the formation of a high density of dangling bonds at the interface. On the basis of the foregoing, they opted for an alumina encapsulation layer as it is fully compatible with the integration process and can be easily etched before contact deposition, using HF treatment [START_REF] Legallais | Material engineering of percolating silicon nanowire networks for reliable and efficient electronic devices[END_REF]. Atomic layer deposition (ALD) was chosen for alumina deposition since it involves a self-limiting growth mechanism that enable the formation of high quality and homogenous thin film.

Moreover, this technique provides a conformal coating and properly encapsulates SiNWs while preserving the sintered NW-NW junctions (Fig. 1.34).

As native SiO 2 has a high density of dangling bonds at the interface this interruption in the periodic lattice structure acts as interface traps for carriers. These traps are responsible for the reduction of transistor performances. On the contrary, alumina provides a better quality interface and improved electrical characteristics, as clearly shown in Fig. 1.

35(A) and (B).

As a result, this study shows that proper material engineering of nanonets via alumina encapsulation allows to drastically enhance the electrical characteristics of back-gate FETs.

At the same time, although silicon nanowires are considered promising for future biomedical sensors, their limited stability under physiological conditions is a challenge for sensor development. Solving this issue by surface engineering as described above opens up new possibilities for sensor improvements [START_REF] Steinbach | The electronic properties of silicon nanowires during their dissolution under simulated physiological conditions[END_REF][START_REF] Klinghammer | Surface modification of silicon nanowire based field effect transistors with stimuli responsive polymer brushes for biosensing applications[END_REF][START_REF] Nikonov | Surface Preparation as a Step in the Fabrication of Biosensors Based on Silicon Nanowire Field-Effect Transistors: Review[END_REF]. 

Modulation thanks to functionalization under the channel

As previously stated, the complex electronic mechanisms involved in electronic devices are highly dependent not only on the energy barriers to conquer but also on the interface traps, which can induce modification of the charge carrier density thus changing the performances of the devices. The various interfaces on organic thin film transistors (OFETs) have already been reported [START_REF] Campbell | Controlling Schottky energy barriers in organic electronic devices using self-assembled monolayers[END_REF][START_REF] Kobayashi | Control of carrier density by self-assembled monolayers in organic fieldeffect transistors[END_REF][START_REF] Chua | General observation of n-type field-effect behaviour in organic semiconductors[END_REF] but the observed phenomena are poorly understood, and the roots of changes are numerous ranging from the neutralization of surface defects, the modification of the surface energy, and even the creation of interface dipoles. Celle et al.

focused on the control of the chemical nature of the interface between the gate oxide and the semiconductor, the place where the conduction channel is established in FETs (back gate -bottom contact structure Fig. 1.37) [START_REF] Celle | Self-assembled monolayers for electrode fabrication and efficient threshold voltage control of organic transistors with amorphous semiconductor layer[END_REF].

They show that thiolated self-assembled monolayer (SAMs) can be used to anchor source-drain gold electrodes on the substrate, leading to excellent electronic performances of the organic field-effect transistor (OFET) on the same level as those using a standard electrode process. It has been demonstrated that the threshold voltage is tunable while keeping nearly unchanged the other electrical properties by functionalization of the surface of the substrate under the channel. These self-assembled monolayers strongly modify the OFET characteristics, leading notably to charge carrier mobility [START_REF] Celle | Self-assembled monolayers for electrode fabrication and efficient threshold voltage control of organic transistors with amorphous semiconductor layer[END_REF][START_REF] Celle | Interface dipole: Effects on threshold voltage and mobility for both amorphous and poly-crystalline organic field effect transistors[END_REF].

SAMs are known to generate a built-in electric field, which modifies the carrier density in the transistor channel. For instance, it is seen that Fluorinated SAMs have the tendency to generate a local electric field that accumulates holes, and on the contrary, devices with 3aminopropyl-triethoxysilane (APTS), or triarylamine triethoxysilane derivative (TAATS) accumulate electrons, leading to the need for a very large negative gate bias to turn on organic semiconductor which is PolyTriArylAmine (PTAA), into hole accumulation 

Silicidation

Silicidation was commonly used since the '80s in MOSFETs in forming an alloy between metal and silicon during an annealing process in order to decrease the electrical contact resistance between the two materials. During this step, solid-state reactions occur by diffusion and/or nucleation processes of the thermally activated species. Depending on the experimental annealing conditions, different stable crystalline phases called silicides can form and are denoted M x Si y with M the metal used. Silicon has the particularity of associating with many metals, some of which are grouped in Tab. 1.3. Historically, the silicides T iSi 2 , CoSi 2 and more recently NiSi have been the most used by the microelectronics industry for their low electrical resistivity ranging 10-25 µΩcm [START_REF] Nishi | Handbook of semiconductor manufacturing technology[END_REF]. Nevertheless, Ti and Co based alloys require higher temperature annealing which may be responsible for the deactivation of the dopants contained in the silicon and implies an increase in contact resistance at the interface between silicide and Si [START_REF] Bhaskaran | Nickel silicide and titanium silicide formation: a comparison[END_REF]. Moreover, for some Co silicides, [START_REF] Chen | Silicide Technology for Integrated Circuits[END_REF]207,208]. ϕ bh corresponds to the barrier height on N-type silicon.

Si is the dominant diffusion species, which causes the formation of gaps or voids in the silicon. Following this phenomenon, the diffusion of Si gaps can also become considerable.

Thus, simultaneous flows of matter in one direction and of vacancies in the other lead to the appearance of porosities within the silicon, a phenomenon commonly known as the Kirkendall effect. This is probably one of the reasons why a high increase in the electrical resistance of Co silicides is observed when the channel length of MOSFETs is below 50nm [START_REF] Chen | Silicide Technology for Integrated Circuits[END_REF][START_REF] Lavoie | Towards implementation of a nickel silicide process for CMOS technologies[END_REF].

For the reasons stated above, NiSi silicide is today widely used due to its low electrical resistivity (10.5 -18 µΩcm) as well as its lower formation temperature (400 • C). Furthermore, Ni-based silicidation is a diffusion process in which Ni is the dominant diffusion species [START_REF] Lavoie | Towards implementation of a nickel silicide process for CMOS technologies[END_REF]. While, contrary to Co silicides, the gaps generated during thermal annealing are located in the metallic contact and avoid the appearance of porosities within the silicon. Nevertheless, the complexity of the Ni-Si phase diagram presented in Fig. 1.39 indicates the difficulty to control, during annealing, the formation of the desired NiSi phase.

Indeed, many crystalline and stable phases at room temperature are likely to form [START_REF] Robert | Front Matter, Handbook of Semiconductor Manufacturing Technology[END_REF].

Note that the variations in resistivity from one phase to another are very large, ranging from 7 to 150 µΩcm (Tab. 1.4).

Currently, the salicidation process []213 (an acronym for "self-aligned silicide") is used to achieve simultaneous silicidation of the source, drain. This technique consists in forming the Ni2Si phase by diffusion of Ni during the first annealing between 270-350 • C.

Then, after etching the excess of unreacted nickel, the NiSi silicide is formed after second annealing between 400 • C and 550 • C [START_REF] Tomita | Doctorial Thesis A Study on Formation of High Resistivity Phases of Nickel Silicide at Small Area and its Solution for Scaled CMOS Devices[END_REF]. According to Ottaviani, NiSi can only be formed after consumption of the entire metal reservoir, which explains the need to etch the excess Ni after the first annealing [START_REF] Mongillo | Transport properties and functional devices on CVD grown Silicon Nanowires[END_REF]. It was shown that the NiSi phase can form a low resistive Si-Ni interface for a thermal budget compatible with the specifications of today's microelectronics industry.

Silicidation of silicon nanowires with nickel

For silicon nanowires, the formation of a silicide also makes it possible to form an abrupt interface over the entire cross-section of the nanowire between the silicide and the nanowire, a variation in electrical resistivity between 10.5 and 150 µΩcm (Tab. 1.4). Thus, obtaining the NiSi phase in SiNWs is complex and the silicidation involves many parameters such as the crystal orientation [START_REF] Dellas | Silicide formation in contacts to Si nanowires[END_REF][START_REF] Dellas | Orientation dependence of nickel silicide formation in contacts to silicon nanowires[END_REF], the diameter of the nanowire [START_REF] Hsu | Fabrication of Ni-silicide/Si heterostructured nanowire arrays by glancing angle deposition and solid state reaction[END_REF], the thickness of the nickel film [219] or the thickness of the oxide surrounding the nanowire [START_REF] Chen | Kinetic manipulation of silicide phase formation in Si nanowire templates[END_REF]. According to the work of Ogata et al. [START_REF] Ogata | Ni-Silicide growth kinetics in Si and Si/SiO2 core/shell nanowires[END_REF], the diffusion length of silicide in SiNW evolves with the square root of the annealing time.

According to the literature carried out previously, the desired NiSi silicide of low electrical resistivity is formed at a temperature of about 400 • C for massive materials (Tab.

1.4). In the context of NW silicidation, the complex growth mechanisms involved do not allow to conclude on an optimal temperature and time for the formation of the NiSi phase Si atom (V N ixSii /Si) and the ratio of this volume to that of Si (V N ixSii /Si/V Si ) of each room temperature stable N i x Si y silicide [START_REF] Chen | Silicide Technology for Integrated Circuits[END_REF]208]. UNK is the acronym for unknown.

despite a rich literature on this subject. Nevertheless, according to the work of Ternon et al . [START_REF] Ternon | Low Temperature Processing to Form Oxidation Insensitive Electrical Contact at Silicon Nanowire/Nanowire Junctions[END_REF] and the studies of Byon et al. [START_REF] Byon | Systematic study of contact annealing: Ambipolar silicon nanowire transistor with improved performance[END_REF], an optimum of the electrical properties can be distinguished for annealing at 400 • C which is consistent with the NiSi formation temperature. Moreover, this temperature does not exceed the maximum temperature allowed for integration on the back-end of a reading circuit.

To complete the silicidation study, the impact of silicide existence on the electrical characteristics of SiNWs was also considered [START_REF] Legallais | An innovative large scale integration of silicon nanowire-based fi eld e ff ect transistors[END_REF]. The main advantage of silicide contacts over non-silicided contacts is better device performance by modifying the nature of the metal-semiconductor interface and thus, reducing series resistance [START_REF] Mongillo | Joule-assisted silicidation for short-channel silicon nanowire devices[END_REF][START_REF] Katsman | Formation and evolution of nickel silicide in silicon nanowires[END_REF][START_REF] Chou | Nucleation and growth of epitaxial silicide in silicon nanowires[END_REF][START_REF] Rosaz | High-performance silicon nanowire field-effect transistor with silicided contacts[END_REF].

Guillaume Rosaz showed that the NiSi silicide, formed at 400 • C in the nanowires, lowers the height of the Schottky barrier, thus favouring the injection of the carriers. The performance of the transistors is significantly improved by an increase in current accompanied by a decrease in subthreshold swing [START_REF] Rosaz | High-performance silicon nanowire field-effect transistor with silicided contacts[END_REF][START_REF] Rosaz | Intégration 3D de nanofils Si et SiGe pour la réalisation de transistors verticaux à canal[END_REF]. The thermally activated intrusion of nickel into the SiNW is an inexpensive and robust but not fully controlled process. They demonstrated that the silicidation reaction seems to be self-limited (see Fig. 1.41(c)).

The silicide region lessens the resistance of the contacts in two ways. First, the low sheet resistance of the silicide layer reduces the in-plane contact resistance, and second, the silicide reaction leads to an intimate and more reliable metal-semiconductor (MS) contact and transforms the contact surface initially on the surface of the NW into a contact surface on the cross-section of the NW. As a result, in terms of performance, the most channel SiNN-FET elaborated with a density of 42×10 6 NWs.cm -2 (drain-source bias of -4 V). Before annealing, the device exhibits and the state of 9 nA and 0.7 pA respectively, resulting in an on/off ratio of 10 4 . After annealing, the state reaches 170 nA while the state remains constant, corresponding to an enlarged on/off ratio >10 5 . Such improvement by one order of magnitude confirms the formation of a low resistive phase, enhancing hole injection at the metal/SiNW contact. 

Applications

Silicon nanowires can be exploited in many ways in electronic devices and can find numerous real applications such as displays, data storage, 3-D computing, lasers, smart cards, wearable electronics, high efficiency programming, ring oscillators [START_REF] Lu | Nanowire transistor performance limits and applications[END_REF][START_REF] Li | Nanowire electronic and optoelectronic devices[END_REF][START_REF] Yu | Nanotechnology: Role in emerging nanoelectronics[END_REF]. They have so far shown promising applications in areas ranging from biological sensors, thermoelectric convertors, opto-mechanical devices, piezoelectric sensors, and solar cells among others.

In this part, without being exhaustive, we summarized some applications for SiNW-based devices.

Photodetectors

Optical properties of SiNWs have allowed envisaging the use of SiNWs as optically active materials for photonics application. The ease of bandgap conversion from indirect to direct band due to dimension, crystallography, mechanical strain, and alloying allows SiNWs to be used in the optical applications e.g. photodetectors (PDs) and light emitters (LEs).

Since silicon nanowires have a superior ability to tune absorption with morphology, Um et.al reported that SiNWs with a coating of an indium oxide layer on it, lead to efficient carrier separation and collection, resulting in an improvement of quantum efficiency and by controlling the nanowire radii, can create a multispectral detector [START_REF] Um | Electrostatically Doped Silicon Nanowire Arrays for Multispectral Photodetectors[END_REF].

Memories

A self-alignment technique can be used to position the silicon nanowires, which could allow for lower production costs than current flash memory cards. SiNW based memory devices showed better stability at higher temperatures, no power consumption in the off-state, and very small switching energy (≈10 -14 J) [START_REF] Li | Silicon nanowire electromechanical switches for logic device application[END_REF].

With 

Biosensors

Sensors are important tools for life sciences and biochemistry. The use of sensors in these areas leads to the detection and diagnosis of diseases and to the discovery of new drugs [START_REF] Wiecha | Strongly REFERENCES Directional Scattering from Dielectric Nanowires To cite this version[END_REF][START_REF] Patolsky | Nanowire nanosensors[END_REF]. Microelectronic sensors based on thin film transistors and ion-sensitive filed-effect transistors (ISFETs) are used since the 1970s. They offered a cheap solution over the chemical sensors and could be integrated on a chip [START_REF] Wiecha | Strongly REFERENCES Directional Scattering from Dielectric Nanowires To cite this version[END_REF]. Nevertheless, the microelectronic sensors did not have the required characteristics to be used as biosensors because of their undesired sensitivity to temperature and light and because their parameters were not fixed over time. Also, solid-state electrodes were not reliable and this led to the use of chemical sensors [START_REF] Wiecha | Strongly REFERENCES Directional Scattering from Dielectric Nanowires To cite this version[END_REF]. Currently, the detection of biomolecules at low concentrations is achieved with fluorescent labeling and optical detection methods. However, this technique is expensive and time-consuming and thus silicon nanowires may be an alternative solution [START_REF] Singh | Properties and Transistor Applications of Silicon[END_REF][START_REF] Wiecha | Strongly REFERENCES Directional Scattering from Dielectric Nanowires To cite this version[END_REF].

Silicon nanowires can almost act as perfect biosensors due to their inherent properties [START_REF] Singh | Properties and Transistor Applications of Silicon[END_REF]. When used as sensors, their characteristics include ultrahigh sensitivity because the molecule being sensed depletes or accumulates the charges in the bulk of the nanowire [START_REF] Patolsky | Nanowire nanosensors[END_REF][START_REF] Singh | Properties and Transistor Applications of Silicon[END_REF]. In addition, direct label-free detection allows the molecules to be detected in real time which eliminates the time consuming labelling chemistry [START_REF] Wiecha | Strongly REFERENCES Directional Scattering from Dielectric Nanowires To cite this version[END_REF][START_REF] Patolsky | Nanowire nanosensors[END_REF][START_REF] Dhahi | A review on the electrochemical sensors and biosensors composed of nanogaps as sensing material[END_REF]. Another important characteristic is that they are non-radioactive and that sensor arrays can allow detection of different molecules in the same solution [START_REF] Wiecha | Strongly REFERENCES Directional Scattering from Dielectric Nanowires To cite this version[END_REF][START_REF] Dhahi | A review on the electrochemical sensors and biosensors composed of nanogaps as sensing material[END_REF].

Although SiNW sensors have great characteristics there are factors that can affect their performance. These include the surrounding environment of the nanowire and the electrostatic screening action of the ions in the solution. The performance of a sensor can be characterized by sensitivity, settling time, and selectivity. A simulation with a silicon nanowire with a length between 2 µm and 20 µm showed how the sensitivity can be influenced by several factors. The results showed that the sensitivity increases with reduced dopant density and decreased diameter and length. However, it is not possible to reduce these quantities as much as needed to achieve the maximum desired sensitivity due to the dopant fluctuations effect. Furthermore, this simulation revealed that the dielectric constant of the surrounding environment affects the sensitivity of SiNW. If the surrounding media is air then the sensor has greater sensitivity if it is designed to operate in the depletion mode. Finally, parasitic ions in the surrounding solution of the sensor screen the charge of the target molecule and reduce sensitivity [START_REF] Wiecha | Strongly REFERENCES Directional Scattering from Dielectric Nanowires To cite this version[END_REF]. (b.2) Simultaneous conductance and optical data recorded for a Si nanowire device after the introduction of influenza A solution. The images correspond to the two binding/unbinding events highlighted by time points 1-3 and 4-6 in the conductance data, with the virus appears as a red dot in the images [START_REF] Patolsky | Nanowire nanosensors[END_REF].

Experimental applications of SiNW sensors include the detection of proteins, DNA, pH, drug discovery, single viruses, glucose, arrays for parallel molecule detection, as shown in Fig. 1.44 [START_REF] Patolsky | Nanowire nanosensors[END_REF][START_REF] Chen | Applications of silicon nanowires functionalized with palladium nanoparticles in hydrogen sensors[END_REF][START_REF] Wanekaya | Nanowire-based electrochemical biosensors[END_REF].

Gas sensor

Silicon nanowires can find applications as gas sensors too. As an example, this was demonstrated for H 2 sensing when the surface of an n-type SiNW was coated with palladium nanoparticles (Pd particles). Good selectivity was demonstrated as no response was observed when exposed to N H 3 or N 2 O gases. However, when H 2 gas flowed over the sensor, the current flowing through was increased, as shown in Figure 45. Furthermore, the SiNW sensor responded faster (2.3 sec) than an ordinary macroscopic Pd wire sensor (more than 10 s) [START_REF] Chen | Applications of silicon nanowires functionalized with palladium nanoparticles in hydrogen sensors[END_REF]. 

Introduction

History of resistors and transistors

The Resistance was discovered by the year 1827 by Georg Simon Ohm, a German electrician. Georg Simon Ohm noticed that different materials that are considered electrically conductive, will not allow the current to flow within their body with the same ease. This phenomenon was influenced by the type of the material and some external parameters such as the temperature or the humidity of the atmosphere. G.S. Ohm described this behavior and gave the name "Resistance". He then announced Ohm's law that connects the resistance with the voltage and the current as follows:

R = V I (2.1)
The most fundamental and important passive elements are resistors. Every electronic circuit must contain at least one resistor. Resistors are used to mainly limit the current.

We can use resistors as testing loads in any testing circuit or more importantly resistors can be used as sensing resistors. Sensing resistors are defined as special type of resistors whose resistance changes by varying some parameters such as the force or pressure applied to them. There are numerous applications for sensing resistors in various fields such as resistive touchpads, foot pronation systems, portable electronics, etc. In particular, we will focus more on mechanical sensing resistors in chapter 5.

However, in most cases in electronics, one is dealing with very small signals, i.e. low voltages and currents. Most electrical devices and electromechanical switches require large currents to function, and some operate at significantly higher voltages. The term "transistor" refers to the transfer of resistance. The transistor serves as the link between low-power sensing/logic/control circuitry and high-power loads/switches. Transistors can be utilized as amplifiers, switches, sensors, displays such as organic lightemitting (OLEDs).

Julius Edgar

Existing technology

Between all the materials that can be used as a channel for fabricating resistors and transistors, SiNNs draw our attention due to their unique properties such as high fault tolerance, flexibility, good reproducibility, versatility, etc. Despite all the mentioned properties, one plausible reason for the lack of interest in using these nanonets in conventional electronics is the formation of an oxide that forms around the SiNWs when they are exposed to air. This native oxide is an electrical insulator and thus limits conduction across junctions between SiNWs and the fabrication of long channel devices [START_REF] Heo | Large-scale assembly of silicon nanowire network-based devices using conventional microfabrication facilities[END_REF]. To address this major drawback, Heo et al. proposed using the intermediate metal contacts in the transistor channel to allow current to flow despite insulating junctions between SiNWs.

Lieber's group [START_REF] Whang | Large-scale hierarchical organization of nanowire arrays for integrated nanosystems[END_REF] also realized devices with arrays of silicon NWs. However, the length of the NWs remains close to the length of the channel and consequently, the current can flow directly from one contact to another without using junctions between NWs. Silicon nanonets have also finally been studied by Unalan's group for photodetection applications [START_REF] Mulazimoglu | Silicon nanowire network metal-semiconductor-metal photodetectors[END_REF]. According to their observations, light decreases the energy barrier height at junctions between NWs and thus allows current to flow through the devices. However, the channel length remains comparable to that of NWs.

Resistors

Other studies on Si nanonets were performed at LMGP and LTM during Pauline Serre's thesis work [START_REF] Pauline | Etude des propriétés structurales et électriques de réseaux aléatoires de nanofils de silicium[END_REF]. She studied the electrical properties of resistors fabricated based on shadow mask technique with degenerated SiNWs networks (highly doped NWs) as a channel. She first showed that while the NWs are deoxidized, the devices can be electrically stabilized once they are kept under nitrogen [START_REF] Serre | Percolating silicon nanowire networks with highly reproducible electrical properties[END_REF]. Thus, in the absence of its native oxide, current can flow through the network via junctions between SiNWs. Furthermore, the realized devices exhibit excellent electrical reproducibility. Nevertheless, this constraint of storage under nitrogen which is necessary to avoid the oxidation of SiNWs compromises any realization of a functional device in the air. To remedy this major problem, Pauline

Serre has also shown that the electrical properties of these devices can be stabilized by appropriate thermal treatment. Indeed, the annealing allows to sinter the junctions between the SiNWs, thus preventing any subsequent reoxidation in the air. Sintering ensures the passage of carriers through the junctions and thus stabilizes the electrical properties in air for a probable duration of several years [START_REF] Ternon | Low temperature processing to form oxidation insensitive electrical contact at silicon nanowire/nanowire junctions[END_REF].

Transistors

Non patterned SiNN

Then However, the fabrication protocol was not mature enough to integrate electronic devices with specific channel lengths.

Patterned SiNN

Following up Legallais's work, Thuy Nguyen during her postdoc position at LMGP, introduced the fabrication process of the patterned back-gated SiNN-FETs. As one of the very important steps, thanks to the lithography followed by etching, back-gated patterned 

Followup fabrication

Flexible electronics is a recent hot topic for researchers to create electronic components that are not only flexible but also versatile as this could enable us of fabricating more sophisticated devices and robotic systems, such as electronic skins (e-skin) or wearable sensors. To this end, based on all the achievements of my predecessors, first we intend to step further and devise low-cost flexible and transparent transistors with multiple gate designs and resistors based on single SiNWs and SiNNs (see Chapter 3,5). In addition, we develop, optimize and fabricate sixteen back-gated SiNN-FETs in a wide range of densities using the same integration process. These devices are aiming to study percolation theory (see Chapter 4) as one of the key elements to understand better percolative devices. here that owing to the difficulty of flexible substrates manipulation, we fix them on the sacrificial rigid substrate to be able to proceed with the fabrication process. In the following, a thin layer (8nm -30nm) of alumina was deposited to form the gate dielectric (top-gate oxide step in Tab. 2.1 and Fig. 2.3(c)). Moreover, this alumina layer also plays the role of passivation layer with the result to reduce the interface trap density and drastically enhance the FET performances [START_REF] Legallais | Material engineering of percolating silicon nanowire networks for reliable and efficient electronic devices[END_REF] in addition to stabilizing the electrical properties in the air for months [START_REF] Nguyen | Monolithic fabrication of nano-to-millimeter scale integrated transistors based on transparent and flexible silicon nanonets[END_REF]. In the last step (Fig. 

Device geometry

Integration protocol

Single SiNW devices

SiNN devices

Since the integration process for SiNN based resistors or FETs with different gate designs share some same fabrication steps as mentioned in Tab. 2.1, therefore, we only discuss the manufacturing of the top-gated SiNN based FETs in detail.

The nanonet on the surface of the membrane is transferred to the desired substrate by dissolving the filter in the acetone bath (see NWs on substrate+passivation step in Tab. It is worth mentioning that the following process is almost the same for all types of substrates which is another proof to show the adaptability of our fabrication process. The developed process after transfer nanonet, presented in the Tab. 2.1, can be divided into 5 steps: 1. Sintering of NW-NW junctions and passivation to electrically stabilize them.

2. Nanonet isolation to define channel geometry.

3. Deposition of source/drain contacts and Silicidation of the source/drain contacts.

4. Oxide deposition as a dielectric in FETs.

Design and deposition of Gate.

Prior to the passivation step, the native oxide is removed with BOE or HF treatment and afterward, sintering, i.e. annealing step, is performed at 400 • C under nitrogen in order to make a link at NW-NW junction. The sintering step enables charges to pass through the NNs and generates conducting paths. Thereafter, encapsulation NNs with a thin layer of Al 2 O 3 (6nm) can stabilize the electrical performance of NN based devices.

Since the percolating systems constructed by the linked nanowires (thanks to sintering) are either located in the channel of the device or not, all these connected nets of NWs likely respond to electrical stimulation by the undesirable capacitive current. Consequently, the operation of the device can be degraded by the NWs located outside the active area between For the purpose of introducing contacts, the samples are again cleaned with acetone and then isopropanol. After spin-coating of promoter and inverse positive photo-resist using spinner and baking the samples. Then, the resin is first exposed to UV-visible with the photo-lithography machine then after post baking is done in order to inverse the photo-resist, and eventually, last exposure is performed to pattern the electrodes (electrode formation step in the Tab. 2.1). Afterward, the patterned photo-resist is dissolved in the developer. In the next step, the oxygen plasma is conducted in favor of removing photoresist residuals. Just before contact metallization, the alumina layer is removed with argon milling to ensure intimate contact between the metal and the NWs and accordingly reduce the contact resistance between the metal and NWs. The argon milling can promote the diffusion of the metal at NW junctions and the metal interface [START_REF] Lin | Growth of nickel silicides in si and si/siox core/shell nanowires[END_REF]. Right after without breaking the vacuum, metals are deposited by electron beam evaporation. Nickel is chosen for the direct metal contacts with SiNWs to form silicide later on, with the purpose of producing a low Schottky barrier height by annealing [START_REF] Coe | Silicide formation in ni-si schottky barrier diodes[END_REF][START_REF] Rosaz | High-performance silicon nanowire field-effect transistor with silicided contacts[END_REF]. Gold is selected due to its insensitivity for bio-functionalization purposes. The source/drain contacts are assembled by the so-called "lift-off" technique (see Fig. 

2.8.

The processing route that we described so far allows the realization of resistors and transistors with channel lengths greater than 5µm (more precisely of 5, 10, 15, 20, 30, 50, 100, 200, 300, 500, 800, and 1000 µm) with a fixed width (100µm). It should be mentioned that 70 percent of the fabricated top-gate SiNN-FETs were working properly.

Critical technological benchmarks

Some of the important technological nodes are listed as follows: 1) NW suspension, 2)

Substrates, 3) Nanonet, 4) Silicidation, and 5) Gate oxide. The mentioned parameters prove that such a development in the integration process was challenging. Yet, to date, very few papers have presented the fabrication of this type of device, especially on flexible substrates. Single SiNW based devices share some of these important key steps but since
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our work is mainly oriented towards SiNNs, we explain all these key steps for SiNN devices and some of them can be generalized to single SiNW based devices including NWs growth, substrate, and silicidation. Then, HF (1%) bath was used to remove native oxide from the wafer surface and this step was immediately followed by the deposition of an aqueous solution containing 100 nm diameter gold colloids or dewetting of a gold film with an average diameter of 50 nm on the substrates to ensure further growth of size calibrated NWs. Just before the growth step, a final vapor HF step was performed to remove residual native oxide. The growth step was performed in horizontal chemical vapor deposition furnace at 650 • C under a pressure of 3 Torr using SiH 4 and HCl as reactive gases with flow of 10 and 80 sccm, respectively [START_REF] Rosaz | High-performance silicon nanowire field-effect transistor with silicided contacts[END_REF][START_REF] Oehler | The importance of the radial growth in the faceting of silicon nanowires[END_REF]. The as-grown NWs (Fig. 2.10) had an average length of around 20 µm as determined by SEM observations. In the case of low-doped SiNWs no doping gas was added during the growth, thereby the residual doping of as-grown SiNWs comes from impurities in the reactor and in the precursors. However for highly-doped SiNWs, P H 3 doping gas is added to grow n-doped SiNWs with 10 20 dopant. 

Dispersion and purification

The fabrication process for silicon nanonets on silicon substrates was developed during the thesis work of Pauline Serre and Maxime Legallais [START_REF] Serre | Etude des propriétés structurales et électriques de réseaux aléatoires de nanofils de silicium. application à la détection d'adn[END_REF][START_REF] Legallais | Conception, étude et modélisation d'une nouvelle génération de transistors à nanofils de silicium pour applications biocapteurs[END_REF]. Based on their work, it can be assumed that the density of nanowires is a significant key to tuning the performance of nanowires. So as to control this parameter, five main steps should be considered: [START_REF] Ramgir | Nanowire-based sensors[END_REF] dispersion of SiNWs in the solution, (2) purification of the suspension by centrifugation,

(3) analysis of the suspension by absorption spectroscopy, (4) assembly of the NWs into nanonets by vacuum filtration, and finally (5) transfer of the nanonet onto a substrate. In this section, we focused on the first three steps and the rest two steps will be discussed in the Nanonet section.

First of all, we take a 100 mm substrate with the raw growth of SiNWs. Then, it is cleaved into a few centimeters pieces and cleaned with deionized water to remove any cleavage residue. In order to detach NWs from the growth substrate in DIW, we use ultrasound (Fisher Scientific FB 15051 tank) at a power of 280 W and a frequency of 37 kHz for 5 min. The resulted colloidal suspension has the unintentional shortened SiNWs owing to the sonication. This shortening of NWs can have a great impact on the properties of NNs which will be discussed later.

In the VLS method some systematic aggregates may happen resulting from uncatalyzed growth. To eliminate those aggregations and prevent their posterior disturbance in the electronic coupling with the gate in final transistors, centrifugation was done. This
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technique is commonly used to separate suspended particles by sedimentation [START_REF] Legallais | Conception, étude et modélisation d'une nouvelle génération de transistors à nanofils de silicium pour applications biocapteurs[END_REF]. Centrifugation adjusts at RCF speed= 720 rcf (Relative Centrifugal Force) ∼ 1892 rpm (Revolution per Minute) and centrifugation time= 20 min (do not change the temperature and the program).

As reported in [START_REF] Serre | Etude des propriétés structurales et électriques de réseaux aléatoires de nanofils de silicium. application à la détection d'adn[END_REF], the absorbance values of a colloidal suspension of NWs vary linearly with the concentration of the solution by setting the absorbance measurement at the wavelength of 400 nm. This means the amount of NWs in the solution can be controlled even though the amount of detached NWs from the substrate during sonication was not monitored precisely. Now the SiNWs solution is ready to be assembled into the network of SiNWs by vacuum filtration. This technique is flexible to be applied on variety of substrates by producing homogeneous NWs arrays at a low cost, over large areas [START_REF] Ternon | High aspect ratio semiconducting nanostructure random networks: highly versatile materials for multiple applications[END_REF][START_REF] Wu | Molecular shaping of the beak[END_REF]. Filtration allows SiNWs to be trapped randomly on the surface of the filter and gradually form a A statistical study of the length and diameter of SiNWs is presented in Fig. 2.11. The histograms in the Fig. 2.11 are established by the sampling using more than 300 SiNWs.

The mean diameter of about 44 nm with a standard deviation of 2 nm is deduced by correctly fitting data with the lognormal distribution. Such a deviation in the mean value corresponds to the variation in the size of the seed layer. The estimated mean length is 4.5 µm with a standard deviation of 200 nm. The mean length of as grown nanowires were 20

µm and here the significant decrements are obvious [START_REF] Shelimov | Purification of single-wall carbon nanotubes by ultrasonically assisted filtration[END_REF]. Therefore, shortening happened to NWs as anticipated above due to sonication. Even though the SiNWs composing the nanonets show a big variation in the length or a small variation in diameter, the outcome of macroscopic characteristics will be extracted from the enormous amount of SiNWs thus the behavior of the sample is representative of good averaging disparities from device to device or in the other word high re-producibility.

Substrate

Properties

As previously reported [START_REF] Nguyen | Monolithic fabrication of nano-to-millimeter scale integrated transistors based on transparent and flexible silicon nanonets[END_REF][START_REF] Mcalpine | High-performance nanowire electronics and photonics on glass and plastic substrates[END_REF][START_REF] Cui | High performance silicon nanowire field effect transistors[END_REF][START_REF] Legallais | An innovative large scale integration of silicon nanowire-based field effect transistors[END_REF], the integration of SiNW into the field effect transistors involves severe conditions such as temperature (as high as = 400 • C), high vacuum (1 × 10 -6 mbar) and solvent/basic/acid solutions (acetone/developers/HF).

Tab. 2.2: Comparison of some important features for different substrates used in this work such as

Si 3 N 4 /Si ++ , Corning glass, Ka1, and Ka2.

Therefore, the chosen substrate for the device fabrication has to be compatible with all these criteria. In Tab. For having transparent devices, transparent substrates are necessary. The glass substrate is suitable as a carrier substrate for the process in semiconductor packaging. It is characterized by flatness and smoothness. Since normal glass is more fragile and tends to crack under BOE or HF treatment or under temperatures as high as 400 • C. Therefore, we opt for corning glass over the normal glass which is to some extent temperature and acid tolerant. Great transparency about 90 % and low roughness make corning glass one of the intriguing options for transparent electronics.

By mounting electronic devices on flexible substrates allow us to work in the field of flexible electronics. Historically, elastic polymers are the most commonly used materials as flexible substrates. Although many polymers are unstable in solvents, acid solutions and high temperatures, polyimides, especially Kapton films can likely fulfill all the previous requirements [START_REF] Zardetto | Substrates for flexible electronics: A practical investigation on the electrical, film flexibility, optical, temperature, and solvent resistance properties[END_REF][START_REF] Taptimthong | Flexible magnetic writing/reading system: Polyimide film as flexible substrate[END_REF][START_REF] Oehler | The importance of the radial growth in the faceting of silicon nanowires[END_REF] and remains stable across a wide range of temperatures.

Kapton can be used in flexible printed circuits (flexible electronics) [START_REF] Herzberger | Long, 3d printing all-aromatic polyimides using stereolithographic 3d printing of polyamic acid salts[END_REF][START_REF] Vadla | Tio2 nanotube arrays on flexible kapton substrates for photo-electrochemical solar energy conversion[END_REF]. In Fig.

2.12, we show SiNNs on Silicon, Kapton (flexible) and glass (transparent) that we will use to fabricate future electronic devices in this thesis.

Rigid substrates

Full back-gate

We use Silicon substrate, composed of highly doped silicon with 200 nm silicon nitride oxide, and corning glass as rigid substrates. These desired substrates are ultrasonically cleaned for 5 min in successive baths of acetone, ethanol, and deionized water. Then, silicon substrates are ready to be utilized in producing resistors or field effect transistors.

But glass substrates need the further process to be ready to integrate electronic devices. As mentioned earlier, even though the corning glass is more resistant in facing acid and higher temperatures compared to the normal glass, it is still sensitive to HF since SiO 2 is the main material in the corning glass. The result of HF treatment is shown in Fig. 2.13.

The manifested huge cracks in Fig. 2.13 after HF treatment plainly illustrate the sensitive nature of the corning glasses to HF.

Moreover, since glass is an insulating substrate so it will be needed to have a conductive layer as a back gate and a layer of oxide as a gate oxide which enable us to start the fabrication of SiNN-FETs. To achieve this, we establish a collaboration with SALD group where in the first one there is no SiNN (green curve) while in the second one the sample composed on non-patterned SiNN (red curve). In the UV-VIS-NIR region, the sample shows the transmittance of about 60% for the wavelength region of 200-500 nm and 70% in the range of 1000-2500 nm. Intuitively speaking, one may expect to observe a reduction in the total transmittance after adding SiNN on the sample while the measured data shows the opposite behavior. The higher transmittance especially in the range of 550-2500 nm wavelength for the device with SiNN might be due to HF treatment which causes back-gate oxide (Hf O 2 ) shrinkage and results in the less opaque substrate.

Local back-gate

Up 

Flexible substrates

As earlier discussed, we used two different Kapton substrates including Kapton tape (Ka1)

with an adhesive layer and the thickness of about 50 µ m while Kapton thin film (Ka2) is non-adhesive with a higher thickness of about 120 µ m. It is worth mentioning that Kapton is an adequate substrate since it is transparent and has softening temperatures (T g > 360 • C) that allow atomic layer deposition (ALD) [START_REF] Marques | Stability under humidity, uv-light and bending of azo films deposited by ald on kapton[END_REF]. In the following, the critical issues such as roughness or super-flexibility that we dealt with during the fabrication are termed.

(I) Kapton tape (Ka1)

Optical total transmittance of a bare Ka1 substrate (Fig. 2.15 (a)) is measured and it is plotted in Fig. 2.15(b). The UV-VIS-NIR region shows zero transmittance in the wavelength region of 200-500 nm and 80% in the range of 1000-2500 nm, as seen in Fig. 2.15 (b). The absorbance in the ultraviolet region is attributed to the presence of the chromophores such as C=H and aromatic ring [START_REF] Shi | Optical properties and chemical structures of kapton-h film after proton irradiation by immersion in a hydrogen plasma[END_REF]. 

Roughness

Super-flexibility

The used Ka1 is highly thin and flexible, which makes its handling difficult. Therefore, Ka1 is manually mounted onto cleaned silicon holder substrate (1×1cm 2 silicon substrate). It is worth emphasizing that the absence of air bubbles between the carrier and the Ka1 is highly required to ensure a successful device fabrication. Therefore, we develop an original method with using soap to attach Ka1 to the holder silicon substrate. The soap creates a temporary buffer layer between the silicon and the adhesive of the Ka1, and that helps in placing Ka1 and in draining air bubbles outside. Moreover, an adhesion-bake is applied in order to eliminate solvent residuals and to drain more efficiently the residual air bubbles (see Fig. 2.17(c) and 2.17(d)).

The adhesion-bake is conducted on a hotplate and applied for 10 minutes. The baking temperature was explored in the range 150 -500 • C. We observed that the temperature is a critical parameter as too high temperature (> 350 • C) can cause locally trapped vapors and bubbles accumulation instead of being eliminated.

However, the adhesion-bake temperature should at least reach the temperature of the following technological processes which is running for the long period of time (more than an hour) such as ALD. In such conditions, the adhesion-bake temperature was set at 250 • C. As a result, the combination of soap with the proper adhesion-bake process allows us to improve adhesion between Ka1 and the holder substrate to have quite flat and bubbles free surface as shown in Fig. 2.17 (c) and (d). Following this preparation, the Ka1 on the silicon holder substrate is so-called in this thesis Ka1-o-Si, and it is ready for further technological steps.

Detaching Process

Detach step was performed using acetone. To initiate the separation between the Ka1 substrate and the rigid silicon holder, the sample was placed in the acetone for less than 30 minutes so that the acetone could penetrate under the Ka1 layer and remove the adhesive underneath. Then the application of a mechanical force allowed for complete separation and the obtaining of the self-supporting ultra-flexible substrate.

After detaching, the Ka1 substrate is attached to another flexible and transparent plastic substrate whose thickness is 200 µm to avoid ultra-flexibility linked to the thickness of Ka1 (50 µm).

(II) Kapton thin film (Ka2)

Ka2 substrate in contrast to Ka1 does not need any support layer for manipulation.

However, because such substrate is designed to meet industrial demands on a large scale, a cleaning step is still required to lower the surface roughness. As a result, the same cleaning procedure used on Ka1 including 15 min sonication in acetone is used for Ka2. In Fig. 2.18, good transparency of such a substrate with and without NNs is confirmed. 

Nanonet

Random networks of nanowires, nanonets feature all the advantages of thin crystalline nanowires in terms of electrical properties, while being suited to the fabrication of devices by standard, low-cost, microelectronic technologies. This section concentrates on the creation of NNs in specific shapes with good connections between NWs in the network which makes SiNNs behave like poly-crystalline materials.

• Density

As macroscopic SiNN properties are intrinsically related to the density, length, and diameter of nanowires [START_REF] Hu | Carbon nanotube thin films: fabrication, properties, and applications[END_REF][START_REF]Supplementary Figure S1 | Output performances of the all-carbon ICs when not subjected to a strain[END_REF]. In order to see the different electrical behaviors in SiNN based devices, it is essential to fabricate nanonets with varying NW densities. As previously stated, among the different methods of assembling NWs into nanonets presented in Chapter 1, vacuum filtration was chosen because it is a versatile technique producing homogeneous NWs arrays at low cost and over large areas [START_REF] Ternon | High aspect ratio semiconducting nanostructure random networks: Highly versatile materials for multiple applications[END_REF][START_REF] Wu | Transparent, conductive carbon nanotube films[END_REF]. It will possible to calculate the percentage of the surface coverage by nanowires thanks to the ImageJ software by converting the SEM images to the binary mood.

This corresponds to the white pixels to the total pixels with the help of Eq. 2.2.

S coverage = whitepixels (black + white)pixels × 100 (2.2)
For calculation of nanonet density, it is assumed that the area occupied by a single nanowire is equal to the projected surface of the nanowire, i.e. its length, L N W , multiplied by its diameter, D N W . Thus, the density of nanowires, d, is defined by the ratio between the surface coverage and the surface of the nanowires (Eq. 2.3).

d = S coverage 100 × D N W L N W (2.3)
This quantity reflects the amount of NWs presented on the substrate. In the other words the volume of the NWs suspension filtered [START_REF] Legallais | Conception, étude et modélisation d'une nouvelle génération de transistors à nanofils de silicium pour applications biocapteurs[END_REF][START_REF] Serre | Etude des propriétés structurales et électriques de réseaux aléatoires de nanofils de silicium. application à la détection d'adn[END_REF]. Scanning Electron Microscopy (SEM) images in Fig. 2.21 prove that the density of SiNNs increases when the volume of filtered SiNWs suspension increases. Also being distributed randomly oriented and homogeneously on the substrate is evident in the SEM images of nanonets.

• Sintering

Ternon et al. revealed how to solve one of the most important issues linked to the native oxide at the NW-NW junctions that could remove the passivity towards the silicon nanonet research area [START_REF] Ternon | Low temperature processing to form oxidation insensitive electrical contact at silicon nanowire/nanowire junctions[END_REF]. These NW-NW junctions previously were covered by the native oxide are like a barrier against current flow so the first step is to remove the native oxide. Afterwards, Ternon et al. generated conducting contacts at silicon NW-NW junctions which were protected from oxidation by annealing at temperatures as low as 400 • C called sintering. It is known from the classical sintering theory developed for porous materials that the thermal activation is necessary to stimulate atoms by forcing them to take more favorable energy positions, thereby reducing the surface-to-volume ratio [START_REF] Mussabek | Thermally induced evolution of the structure and optical properties of silicon nanowires[END_REF]. Therefore, we remove the native oxide with the usage of BOE or HF vapor, and immediately sintering process is performed by rapid thermal annealing (RTA) under nitrogen.

Thus obviously, NWs undergo sintering or direct hydrophobic gluing which results in a neck appearing at the junction of NW-NW about ten nanometres in dimensions. after another BOE/HF treatment to remove all residuals of native oxide. ALD is chosen for a deposition because of forming a high quality and homogeneous thin film thanks to a self-limiting growth mechanism which can provide a conformal coating and properly encapsulates SiNWs meanwhile preserving the sintered NW-NW junctions [START_REF] Legallais | Material engineering of percolating silicon nanowire networks for reliable and efficient electronic devices[END_REF]. In the step of substrate+passivation in the Tab. 2.1, trimethylaluminum
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and water play a role as the precursors. At a pressure of about 200 mTorr, 10 cycles are required to produce 1 nm thick layer of alumina. The alumina thickness in this step for encapsulation purposes is equal to 6 nm.

• Localize nanonet RIE is the essential step for having the specific channel sizes as already mentioned.

Following dry etching, NWs which being located out of pattern areas will be removed as shown in Fig. 2.23. It is obvious in Fig. 2.23 that in the etched areas, neither NWs nor any aggregate can participate as a percolating network anymore. protected by the resin and etched area in order to define channels with specified length and width.

• Flexibility and transparency

NWs are known as flexible materials however regarding flexibility in Silicon nanonet there is no reported work at least to the best of our knowledge. Therefore based on Fig. 2.12, we propose an experiment to show the flexibility of SiNNs and dig this matter further in Chapter 5.

Figures 2.12, 2.14 and 2.18 prove that SiNN is transparent and the relation between transparency and density of SiNN is clear. So, the lower the density of SiNNs have the better transparency compared to the high density SiNNs.

Silicidation

The main advantage of silicide contacts over non-silicided contacts is better device performance by modifying the nature of the metal-semiconductor interface and thus, reducing series resistance [START_REF] Rosaz | High-performance silicon nanowire field-effect transistor with silicided contacts[END_REF][START_REF] Katsman | Formation and evolution of nickel silicide in silicon nanowires[END_REF][START_REF] Mongillo | Joule-assisted silicidation for short-channel silicon nanowire devices[END_REF][START_REF] Chou | Nucleation and growth of epitaxial silicide in silicon nanowires[END_REF]. The thermally activated intrusion of nickel into the SiNW is an inexpensive and robust process. First, the Ni diffuses radially into the NW and then the intrusion progresses axially along the NW as can be seen in the inset of Fig. 2.4(a,c). According to the literature, the alloying between the SiNW and the Ni is quite different than that of thin film [START_REF] Chou | Nucleation and growth of epitaxial silicide in silicon nanowires[END_REF][START_REF] Léonard | Electrical contacts to one-and two-dimensional nanomaterials[END_REF] and is strongly dependent on the NW orientation, [START_REF] Dellas | Silicide formation in contacts to si nanowires[END_REF] diameter [START_REF] Hsu | Fabrication of ni-silicide/si heterostructured nanowire arrays by glancing angle deposition and solid state reaction[END_REF] and surface state [START_REF] Lin | Growth of nickel silicides in si and si/siox core/shell nanowires[END_REF]. Moreover, it is highly dependent on temperature [START_REF] Ternon | Low temperature processing to form oxidation insensitive electrical contact at silicon nanowire/nanowire junctions[END_REF] as already shown in our group. In Fig. 2.24, silicidation with different temperatures and duration is applied on SiNN based FETs. We clearly approved the correlation between silicidation and temperature and even time span. As explained by Chou et al. since nucleation is a fluctuation phenomenon, caused by fluctuation inside the SiNWs so that the incubation time of nucleating each atomic layer can vary [START_REF] Chou | Nucleation and growth of epitaxial silicide in silicon nanowires[END_REF] and as a result, some nanowires already dissolve but some not or even not silicided, see Fig.

2.24(b).

According to the Fig. 2.24, the best annealing temperature in our case is 400 • C and the best duration time is 60 s. Therefore, most nanowires are silicided and fewer nanowires are dissolved.

Moreover we report here for the first time that the Ni silicidation of SiNW can be done on Kapton substrates at a temperature as high as 400 • C (Fig. 2.4).

The nucleation of silicide in the nanowires is homogeneous rather than heterogeneous. This is because normally the nanowire of Si has native oxide and the oxide prevents heterogeneous nucleation because the energy of the SiO 2 /Si interface is lower than the SiO 2 /silicide interface [START_REF] Lin | Growth of nickel silicides in si and si/siox core/shell nanowires[END_REF]. In this work, silicon nanowires are covered by Al 2 O 3 so this encapsulation can protect nanowires from heterogeneous nucleation. But after BOE treatment prior to metal evaporation, BOE could penetrate under photoresist and remove some part of oxide. As a result, annealing produces heterogeneous silicidation instead of uniform silicide. Hence according to Fig. 2.25 nanowires are likely to cut at the limit of intruded BOE. So, in order to solve this issue, we replace this BOE treatment with Argon (Ar) milling. Argon etching is one of the most used cleaning processes due to its low cost and ability to prevent oxidation. Here, we perform 2 mins of Ar etching to be sure that the oxide layer is completely removed and the photo-resist layer is not extremely thinned to 

Gate oxide

Intuitively speaking, the gate oxide is a dielectric layer that separates the gate terminal of a transistor from the underlying source and drain terminals as well as the conductive channel. (less than a year) whereas for SiNN-FETs is some years that prove stability of SiNN-based sample over single-SiNWs.

From single SiNW to SiNN devices

conclusion

Our versatile fabrication process in this thesis allows producing single SiNW devices as well as homogeneous arrays of SiNWs based devices. Also, this integration process enables us to transfer single SiNWs or SiNNs onto a wide variety of substrates for given applications.

The statistical study conducted on the SiNNs, shows the dispersion in the diameter and length of the SiNWs which must be taken into account for the study of the electrical behavior of the devices. Finally, we could see opportunities and obstacles in the way of production samples based on single SiNWs or SiNNs while it was proven that this microfabrication process is easily adaptable. 

Flexible electronics

Flexible electronics has opened up the possibility of low-cost electronic devices by mounting them on flexible plastic substrates such as Polyethylene naphthalate (PEN), Polyethylene terephthalate (PET), and Polyimide [START_REF] Zardetto | Substrates for flexible electronics: A practical investigation on the electrical, film flexibility, optical, temperature, and solvent resistance properties[END_REF]. Indeed, the fabrication of electronic devices on flexible substrates has attracted considerable attention owing to the huge market that is foreseen during the coming years for lightweight, flexible, cheap and portable consumer electronics such as sensors, wearable displays, electronic skin, and implantable medical devices [START_REF] Kandulna | Electronics with plastics, foils and fabrics: The ensuing flexible and hybrid electronics[END_REF]269,[START_REF] Rogers | like electronic displays: Large-area rubber-stamped plastic sheets of electronics and microencapsulated electrophoretic inks[END_REF][START_REF] Sirringhaus | High-resolution inkjet printing of all-polymer transistor circuits[END_REF][START_REF] Duan | High-performance thin-film transistors using semiconductor nanowires and nanoribbons[END_REF][START_REF] Lueder | Addressing schemes and electro-optical effects[END_REF][START_REF] Cao | Ultrathin microcrystalline hydrogenated si/ge alloyed tandem solar cells towards full solar spectrum conversion[END_REF][START_REF] Tang | Integration designs toward new-generation wearable energy supply-sensor systems for real-time health monitoring: A minireview[END_REF]276]. Flexible film electronic devices can be manufactured by using similar approach as developed for rigid electronic devices.

Since, amorphous silicon due to low carrier mobility restricts its use to flexible substrates [START_REF] Lueder | Addressing schemes and electro-optical effects[END_REF][START_REF] Chen | Flexible active-matrix electronic ink display[END_REF] conversely, organic semiconductors as an alternative to these silicon-based materials, can be deposited at low temperatures that can be easily coupled to flexible substrates [START_REF] Shaw | Organic electronics: introduction[END_REF]. When evaluating FET performance, carrier mobility (µ) and current on-to-off ratio (I ON /I OF F ) are usually considered as some of the important metrics. In this frame, organic FETs exhibit good electrical performance, with ON-to-OFF ratio of 10 5 , but the charge carrier mobility exhibited by organic semiconductors is limited to few cm 2 /V s [START_REF] Zschieschang | Flexible low-voltage organic transistors and circuits based on a high-mobility organic semiconductor with good air stability[END_REF]. Inorganic nanomaterials such as semiconducting nanowires and carbon nanotubes offer very high mobilities, up to 10 5 cm 2 /V s [START_REF] Dürkop | Extraordinary mobility in semiconducting carbon nanotubes[END_REF], and high mechanical flexibility, which make them ideal candidates for flexible electronics [START_REF] Dürkop | Extraordinary mobility in semiconducting carbon nanotubes[END_REF][START_REF] Huang | Directed assembly of one-dimensional nanostructures into functional networks[END_REF][START_REF] Huang | Logic gates and computation from assembled nanowire building blocks[END_REF]. Among inorganic nanomaterials, silicon nanowires (SiNWs) have been intensively investigated in the past few years because of many attractive properties, including good charge carrier mobility when compared to organics or amorphous silicon [START_REF] Huang | Logic gates and computation from assembled nanowire building blocks[END_REF][START_REF] Hibst | The mechanisms of platinumcatalyzed silicon nanowire growth[END_REF][START_REF] Favia | Tem investigations of gate-all-around nanowire devices[END_REF][START_REF] Joyce | A review of the electrical properties of semiconductor nanowires: insights gained from terahertz conductivity spectroscopy[END_REF]. As one of the elementary building blocks of nanoelectronic devices, SiNWs configured as field-effect transistors (FETs) have shown to operate with very high mobility and stability in the air [START_REF] Chen | Silicon nanowire field-effect transistor-based biosensors for biomedical diagnosis and cellular recording investigation[END_REF][START_REF] Knopfmacher | Nernst limit in dual-gated si-nanowire fet sensors[END_REF][START_REF] Seike | Strain-induced transconductance enhancement by pattern dependent oxidation in silicon nanowire field-effect transistors[END_REF][START_REF] Nguyen | Monolithic fabrication of nano-to-millimeter scale integrated transistors based on transparent and flexible silicon nanonets[END_REF][START_REF] Mcalpine | High-performance nanowire electronics and photonics on glass and plastic substrates[END_REF].

In 2003, McAlpine et al described a new approach to utilize SiNW devices [START_REF] Heo | Large-scale assembly of highly flexible low-noise devices based on silicon nanowires[END_REF]. They demonstrate that high-quality, single-crystal nanowires can be assembled onto inexpensive flexible plastic substrates to create basic back gate transistor in ambient-temperature solution based assembly. Moreover, in the case of multiple parallel SiNW based FET, Celle et al [START_REF] Celle | Highly end-doped silicon nanowires for field-effect transistors on flexible substrates[END_REF] in 2010 reported on the fabrication and characterization of in situ axially doped silicon nanowires with back-gate configuration on both rigid and flexible substrates.

These works were based on fully or locally back-gate SiNWs transistors and due to the low thermal stability of the flexible substrates, no thermal annealing was carried out and thus no silicidation could be performed. Besides, Rabbani et al. that bending is a much more efficient way of straining to enhance the electronic transport and also to induce the semiconductor-metal transition in experimentally realizable SiNWs [START_REF] Rabbani | Moderate bending strain induced semiconductor to metal transition in si nanowires[END_REF].

In our group, we developed all the technological bricks, including thermal treatments, to fabricate field effect transistors using single SiNW [START_REF] Rosaz | High-performance silicon nanowire field-effect transistor with silicided contacts[END_REF] as well as SiNW percolating network [START_REF] Nguyen | Monolithic fabrication of nano-to-millimeter scale integrated transistors based on transparent and flexible silicon nanonets[END_REF] on rigid or flexible substrates. We also reported that a proper alumina passivation drastically enhance the SiNW/oxide interface quality and thereby the transistor performances [START_REF] Cui | High performance silicon nanowire field effect transistors[END_REF]. These devices also displayed high mechanical flexibility, transparency and air stability over months [START_REF] Mcalpine | High-performance nanowire electronics and photonics on glass and plastic substrates[END_REF]. On the basis of our previous works, we describe here our approach to fabricate single SiNW omega gate field effect transistors on a flexible polyamide thin film, Kapton, attached to a sacrificial rigid substrate holder, silicon and by the end detaching Kapton film from rigid holder and investigate it. Due to the high thermal and chemical stability of this flexible/rigid hydride substrate, we report high performances such as steep subthreshold slope (340mV /dec), good I ON /I OF F ratio (10 5 ) with low I OF F (10 -13 A) and high hole mobility (22 cm 2 V -1 s -1 ). Moreover preserving good electrical features even after separation flexible substrate from rigid holder.

Experimental details

Assembly of SiNWs on Polyimide substrate

As previously reported [START_REF] Cui | High performance silicon nanowire field effect transistors[END_REF][START_REF] Legallais | An innovative large scale integration of silicon nanowire-based field effect transistors[END_REF][START_REF] Nguyen | Monolithic fabrication of nano-to-millimeter scale integrated transistors based on transparent and flexible silicon nanonets[END_REF][START_REF] Mcalpine | High-performance nanowire electronics and photonics on glass and plastic substrates[END_REF], the integration of SiNW into field effect transistor involves severe conditions such as high temperature (= 400 • C), high vacuum (1 × 10 -6 mbar) and solvent/basic/acid solutions (acetone/developers/HF). Therefore, the chosen flexible substrate for the device fabrication has to be compatible with all these criteria.

Elastic polymers are the most commonly used materials as flexible substrates. Although many polymers are unstable in solvents, acid solutions and high temperature, polyimides, especially Kapton films can fulfill all the previous requirements [START_REF] Zardetto | Substrates for flexible electronics: A practical investigation on the electrical, film flexibility, optical, temperature, and solvent resistance properties[END_REF][START_REF] Taptimthong | Flexible magnetic writing/reading system: Polyimide film as flexible substrate[END_REF][START_REF] Oehler | The importance of the radial growth in the faceting of silicon nanowires[END_REF]. Therefore, the following integration process of single SiNW into FET was carried out on Kapton film.

The used Kapton is highly thin and flexible, making its handling difficult. Therefore, it was manually mounted onto silicon holder cleaned substrate (1 × 1 cm 2 silicon substrate).

As already explained in Chapter 2, Fig. 3.1(a) and 3.1(b) demonstrate the outcome of attaching Kapton film directly on silicon substrate without any particular treatments for surface preparation. One can notice the formation of many bubbles that are trapped between Kapton and silicon substrate. These defects may induce critical issues such as cracking of metallic contacts. Therefore, it is worth emphasizing that the absence of air bubbles between the carrier and the Kapton film are highly suitable to ensure a successful device fabrication. To improve the flatness of the Kapton film, we used soap to set the attached Kapton on the carried silicon substrate. The soap will create a temporary buffer layer between the silicon and the adhesive of the Kapton tape, and that will help in placing Kapton and in draining air bubbles outside the interface. Then, a heating, called adhesionbake, is applied in order to eliminate solvent residuals and to drain more efficiently the residual air process. This adhesion-bake is conducted on a hotplate and applied for 10 In such conditions, the adhesion-bake temperature was set at 250 • C. As a result, the combination of soap with the proper adhesion-bake process allows to improve adhesion between Kapton film and the holder substrate in order to have quite flat and bubbles free surface as shown on figure 1c and1d. Following this preparation, the Kapton on the silicon holder substrate, named in this paper Ka-o-Si, is ready for further technological steps.

Device fabrication

On the basis of Chpater 2, SiNWs were grown via the well-known Vapor-Liquid-Solid method [START_REF] Yan | Growth of amorphous silicon nanowires via a solid-liquid-solid mechanism[END_REF] on < 111 > silicon wafer which was first ultrasonically cleaned in acetone and afterwards isopropanol (IPA). Then, HF (1%) bath was used to remove native oxide from the wafer surface and this step was immediately followed by the deposition of an aqueous solution containing 100nm gold colloids on the substrates to ensure further growth of size calibrated NWs. Just before the growth step, a final vapor HF step was performed to remove residual native oxide. The growth step was performed in horizontal chemical vapor deposition furnace at 650 • C under a pressure of 3 Torr using SiH 4 and HCl as reactive gases with flows of 10 and 80 sccm, respectively [START_REF] Oehler | The importance of the radial growth in the faceting of silicon nanowires[END_REF][START_REF] Rosaz | High-performance silicon nanowire field-effect transistor with silicided contacts[END_REF]. The as-grown NWs had a length of around 15 µm as determined by SEM observations. No doping gas was added during the growth, thereby the residual doping of as-grown SiNWs comes from impurities in the reactor and in the precursors. In a second step (Fig. 3.2(b), the UV-visible lithography was used for the patterning of source/drain (S/D) contacts onto the dispersed SiNW. After the photoresist development and prior to metal evaporation (Ni/Au, 100nm/50nm), the native oxide surrounding the SiNW was removed using a buffered oxide etching (BOE) treatment so that a direct contact between Si and deposited metal is possible. After lift-off in acetone, a second BOE treatment was performed in order to remove the native oxide from the part of NW composing the channel. Right after, a thin layer (8nm -30nm) of alumina was deposited via atomic layer deposition (ALD) at 250 • C to form the gate dielectric (Fig. 3.2(c)).

Moreover, this alumina layer also plays the role of passivation layer with the result to reduce the interface trap density and drastically enhance the FET performances [START_REF] Legallais | Material engineering of percolating silicon nanowire networks for reliable and efficient electronic devices[END_REF] and to stabilize the electrical properties in air for months [START_REF] Nguyen | Monolithic fabrication of nano-to-millimeter scale integrated transistors based on transparent and flexible silicon nanonets[END_REF]. Then, an annealing was carried out at 400 • C under nitrogen gas (N 2 ) using rapid thermal annealing (RTA) to promote the Ni diffusion inside the SiNW and hence the formation of a low resistive NiSi silicide [START_REF] Rosaz | High-performance silicon nanowire field-effect transistor with silicided contacts[END_REF].

In the last step (Fig. 3.2(d)), top gate was fabricated using optical photolithography, ebeam evaporation (60nm Au, 90nm Al) and lift off. One of the most important advantages of this fabrication method is the successful mounting of Kapton on rigid holder with very low roughness. As a result, similar approach as for rigid traditional substrates can be used. Besides, for the first time, we highlight the fabrication of highly thermal stable flexible/rigid hybrid substrate. In Fig. 3.3 SEM images of final device with a source-drain separation of 3µm and 1µm-wide Omega-shaped top-gate is shown. 

Silicidation

The main advantage of silicide contacts over non-silicided contacts is better device performance by modifying the nature of the metal-semiconductor interface and thus, reducing series resistance [START_REF] Rosaz | High-performance silicon nanowire field-effect transistor with silicided contacts[END_REF][START_REF] Katsman | Formation and evolution of nickel silicide in silicon nanowires[END_REF][START_REF] Mongillo | Joule-assisted silicidation for short-channel silicon nanowire devices[END_REF][START_REF] Chou | Nucleation and growth of epitaxial silicide in silicon nanowires[END_REF]. The thermally activated intrusion of nickel into the SiNW is an inexpensive and robust process. First, the Ni diffuses radially into the NW and then the intrusion progresses axially along the NW as can be seen in the inset of Fig.

3.3(a)

. According to the literature, the alloying between the SiNW and the Ni is quite different than that of thin film [START_REF] Chou | Nucleation and growth of epitaxial silicide in silicon nanowires[END_REF][START_REF] Léonard | Electrical contacts to one-and two-dimensional nanomaterials[END_REF] and is strongly dependent on the NW orientation, [START_REF] Dellas | Silicide formation in contacts to si nanowires[END_REF] diameter [START_REF] Hsu | Fabrication of ni-silicide/si heterostructured nanowire arrays by glancing angle deposition and solid state reaction[END_REF] and surface state [START_REF] Lin | Growth of nickel silicides in si and si/siox core/shell nanowires[END_REF]. Moreover, it is highly dependent on temperature [START_REF] Ternon | Low temperature processing to form oxidation insensitive electrical contact at silicon nanowire/nanowire junctions[END_REF]. The silicide region lessens the resistance of the contacts in two ways. First, the low sheet resistance of the silicide layer reduces the in-plane contact resistance, and second, the silicide reaction leads to an intimate and more reliable metal-semiconductor (MS) contact and transforms the contact surface initially on the surface of the NW into a contact surface on the cross-section of the NW. In terms of performance, the most substantial properties of a silicide material are its low electrical resistivity and its lower Schottky barrier height [START_REF] Yan | Growth of amorphous silicon nanowires via a solid-liquid-solid mechanism[END_REF][START_REF] Mongillo | Joule-assisted silicidation for short-channel silicon nanowire devices[END_REF]. We report here, for the first time, the Ni silicidation of SiNW deposited on Ka-o-Si substrate at a temperature as high as 400 • C (Fig. 3.3). As previously reported, this temperature of annealing was chosen to achieve the less resistive

NiSi phase [START_REF] Dellas | Silicide formation in contacts to si nanowires[END_REF]. Scanning electron microscopy was carried out to measure silicidation length via the contrast difference observed between SiNW and silicided part of NW. As demonstrated in the inset Fig. 3.3(a), the silicide length obtained at 400 • C under nitrogen gas is about 200nm for 60s duration time which is in good agreement with our previous work which has been conducted on silicon nitride over silicon substrate [START_REF] Rosaz | High-performance silicon nanowire field-effect transistor with silicided contacts[END_REF].

Detaching process

Detach step was performed using acetone. To initiate the separation between the Kapton substrate and the rigid silicon holder, the sample was placed in the acetone for less than 30 minutes so that the acetone could penetrate under the Kapton layer and remove the adhesive underneath. Then the application of a mechanical force allowed a complete separation and the obtaining of self-supporting ultra-flexible substrate. To avoid ultra-flexibility linked to the Kapton thickness (50µm), after detaching, the Kapton substrate was attached to another flexible and transparent plastic substrate whose thickness is 200µm. is deduced from linear regime of the reverse bias. The ideality factor greater than unity suggests that the minority carrier transport is significantly dominated by carrier recombination [START_REF] Jung | Minority carrier lifetimes and surface effects in vls-grown axial p-n junction silicon nanowires[END_REF]. Rectifying behavior is attested by the asymmetry between the positive and the negative V ds sweeps, whereas the modulation by the gate voltage is clearly evidenced.

Results and discussions

Electrical characteristics of single SiNW FET on Ka-o-Si

The rectification ratio, defined as the current ratio at ±0.5 V, depends on the gate voltage and varies in the range 1 -25 when V tg sweeps from 0V to -3V , as can be driven from the inset of Fig. 3.4. It demonstrates that the contacts at both ends of the NW are not exactly the same, with slightly different heights of the Schottky Barriers (SBs) formed between Ni silicides and the SiNW channel. Such local variation of the barrier heights can be caused by defects, like process residues which may cause spatial inhomogeneity [START_REF] Di Bartolomeo | Asymmetric schottky contacts in bilayer mos2 field effect transistors[END_REF][START_REF] Di Bartolomeo | A wse 2 vertical field emission transistor[END_REF].

From the transfer characteristics in Fig. 3.5, a p-type behavior is observed showing charge accumulation at negative bias gate voltages. The threshold voltage V th can be estimated at -1.9V by extrapolation in the linear region method (ELR) implemented on the output characteristics of the OFF to ON sweep measured at V ds = -1V . An increase of I ON with V ds indicates good gate to channel coupling. A minimum leakage current is particularly important in order to retain charges during the "OFF" state of the transistor.

Here, the negligible omega-gate leakage current, at the apparatus limit (I OF F < 10 -13 A), is the proof of the good quality of the gate dielectric, of the low interface state density and interfacial stress. The omega-gate device demonstrates excellent electrical performances with an ON-to-OFF current ratio reaching 10 5 .

The drain current below the threshold voltage is defined as the subthreshold regime where the drain current varies exponentially with gate voltage. The reciprocal of the slope of the log(I d ) vs. V tg characteristic is defined as the subthreshold slope, SS, and is one of the most critical performance metrics of transistors. Subthreshold slope for hole accumulation is 340mV /dec. This is comparable to the best top-gate SiNW FETs on glass substrates to date [START_REF] Mcalpine | High-performance nanowire electronics and photonics on glass and plastic substrates[END_REF][START_REF] Rosaz | High-performance silicon nanowire field-effect transistor with silicided contacts[END_REF][START_REF] Pregl | Printable parallel arrays of si nanowire schottky-barrier-fets with tunable polarity for complementary logic[END_REF]. From the coupling capacitance between SiNW channel and the omega-gate dielectric (8nm Al 2 O 3 ), it is possible to calculate the field effect mobility and the carrier density. In the literature, the capacitance of nanowire FETs is commonly expressed by a model cylinder-on plane [START_REF] Heedt | Resolving ambiguities in nanowire field-effect transistor characterization[END_REF][START_REF] Chang | Zno nanowire field-effect transistors[END_REF]:

C tg = 2πϵ 0 ϵL * G cosh -1 ( tox+rnw rnw ) (3.1)
Where t ox and ϵ are respectively the thickness (8nm) and the dimensionless dielectric constant (9) of alumina, ϵ 0 the vacuum permeability, L * G = 2.5µm is the length of gate covering the SiNW whose radius is r nw = 55nm. So the gate capacitance has been estimated to be C tg = 2.35f F . According to the standard charge-control method in a conduction channel along one direction with length of channel L [START_REF] Heedt | Resolving ambiguities in nanowire field-effect transistor characterization[END_REF][START_REF] Chang | Zno nanowire field-effect transistors[END_REF], the field effect carrier mobility, µ, of NW-FETs, can be calculated as:

µ = L 2 C tg V ds × dI d dV tg (3.2)
With the channel length L of 7.2 µm and channel width W of 110nm which is equal to nanowire diameter, the experimental transconductance at V d = 0.5V is: g m = (dI d )/(dV tg ) = 5 × 10 -8 S results in a hole mobility for cylinder-on-plane model µ = 22 cm 2 V -1 s -1 at room temperature. Despite this mobility is smaller than that in the bulk material (≈ 450

cm 2 V -1 s -1
), it is comparable with the mobility of SiNW FET on rigid substrates and have an even better performance compared to some of single SiNW transistors on flexible substrates counterparts [START_REF] Rosaz | High-performance silicon nanowire field-effect transistor with silicided contacts[END_REF][START_REF] Celle | Highly end-doped silicon nanowires for field-effect transistors on flexible substrates[END_REF][START_REF] Kim | Electrical properties of flexible multi-channel si nanowire field-effect transistors depending on the number of si nanowires[END_REF][START_REF] Van | Low-programmable-voltage nonvolatile memory devices based on omega-shaped gate organic ferroelectric p (vdf-trfe) field effect transistors using p-type silicon nanowire channels[END_REF].

Carrier concentration (p) was calculated from the equation p = 1/ρeµ, where e is the elementary charge and ρ the resistivity. The resistivity ρ of the SiNW FET on Ka-o- Forward V tg scan from +1V to -3V , immediately by reverse V tg scan from -3V to +1V . Silicon nanowire diameter is 110nm and the alumina thickness is 8nm.

Si is extracted from the Ohmic region of

I d -V ds curve at V tg = -3V using= (R×S) L = S L |(dV ds )/(dI d )| V ds =-0.5V
, where S is the nanowire section and L the channel length. Based on the experimental characteristic, ρ is around 25 Ω.cm and it leads to a carrier concentration p around 1.13 × 10 16 cm -3 . Many factors influence mobility such as Coulomb scattering, surface roughness and interface trap density (D it ). In this work, the interface trap density has been estimated from the following equation [START_REF] Prabha Rajeev | Effect of nanowiredielectric interface on the hysteresis of solution processed silicon nanowire fets[END_REF][START_REF] Lim | Improved sensing characteristics of dual-gate transistor sensor using silicon nanowire arrays defined by nanoimprint lithography[END_REF]:

D it = ( SS × e K B T × ln(10) -1) × C ox e (3. 3 
)
where SS is the subthreshold slope, C ox = C tg /(2πr nw L * G ) is the dielectric surface capacitance equal to 2.72 × 10 -7 F/cm 2 , C tg is omega-shaped top gate capacitance in cylinder-on-plane model, k B the Boltzmann constant (1.38 × 10 -23 J.K -1 ), T the temperature (300K) and e corresponds to the elementary charge (1.6 × 10 -19 C) [START_REF] Legallais | Material engineering of percolating silicon nanowire networks for reliable and efficient electronic devices[END_REF][START_REF] Rajeev | Electrical analysis of hysteresis in solution processed silicon nanowire field effect transistors[END_REF]. From the subthreshold slope on Figure 3.5 (340mV /dec), the calculated interface traps density is equal to 8 × 10 12 cm -2 eV -1 .
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The hysteresis (∆V th ) was extracted by taking the difference of threshold voltages obtained from forward and reverse gate bias sweep [START_REF] Rajeev | Electrical analysis of hysteresis in solution processed silicon nanowire field effect transistors[END_REF]. The measured hysteresis is 0.72V and is independent of the drain bias voltage. This hysteresis is caused by the trapped charges at the Al 2 O 3 /SiN W interface due to immobile oxide charges or oxidetrapped space charges associated with defects at the Al 2 O 3 surface [START_REF] Rajeev | Electrical analysis of hysteresis in solution processed silicon nanowire field effect transistors[END_REF][START_REF] Dueñas | Influence of single and double deposition temperatures on the interface quality of atomic layer deposited al 2 o 3 dielectric thin films on silicon[END_REF][START_REF] Weber | Silicon-nanowire transistors with intruded nickel-silicide contacts[END_REF]. For comparison purposes, Tab. 3.1 presents the electrical parameters of different transistors, based on single SiNW and organic thin film, on rigid or flexible substrates, with top or back gate, as well as those resulting from the present work. Despite its fabrication on Ka-o-Si, the device presented in this work is as performant as SiNW FET on silicon in the same gate configuration [START_REF] Rosaz | High-performance silicon nanowire field-effect transistor with silicided contacts[END_REF] in terms of I ON /I OF F ratio but the SS is twice better.

As a consequence, the technological process developed in this work is highly promising for flexible devices.

Flexible device

To complete the study, the detaching process described in the experimental section, was applied on some devices with the aim to determine their behavior after peeling off and Output and transfer characteristics of this device before and after detaching are shown in Fig. 3.7. The first observation is that after peeling the amount of drain current has decreased. However, it is obvious also that gate coupling has improved. As a consequence, the drain current modulates with changing top-gate voltages significantly better. Furthermore, interestingly I ON /I OF F ratio was about 10 2 for flexible-rigid hybrid substrate while after peeling off and having completely flexible substrate, it has increased up and reaches almost 10 4 .

The p-type linear field effect mobility (µ) of the single SiNW flexible FETs was calculated by using equations 3.1 and 3.2 where L * G = 2.2µm, r nw = 27nm, channel length L = 5.3µm, and channel width is nanowire diameter W = 47nm, therefore C tg which represents the plane capacitance whose value was confirmed to be 0.9f F . Hence C ox = 2.4 × 10 -7 F/cm 2 which is the capacitance per unit area of the gate dielectric. Additionally the transconductance (g m ) at -0.5V before and after splitting device on Ka-o-Si from holder is 9 × 10 -9 S and 2 × 10 -9 S, respectively. Accordingly, the electrical characteristics information of the sample before and after peeling off from holder was summarized in the Tab. 3.2. Despite mobility has decreased after detaching but subthreshold slope, I ON /I OF F ratio, and threshold voltage which is extracted by the same method as mentioned before (ELR) have enhanced considerably.

The fact of detaching from rigid substrate and attaching to a flexible one should have changed the strain applied on the nanowire and then the electrical properties. Due to the detachment, the strain on the surface increases. As it is demonstrated in Fig. 3.8, on increasing the strain, the ON current decreases slightly and consequently, the mobility decreases from 6 to 2.1 cm 2 V -1 s -1 , but OFF current decreases drastically and as a result ON/OFF ratio has changed from 10 2 to 10 4 . Furthermore, negative shift in the threshold voltage can happen as a consequence of the strain. All these behaviors are in a good agreement with the previous works on CNTs or nanowires [START_REF] Sun | Mouldable all-carbon integrated circuits[END_REF][START_REF] Ghosh | Effects of strain on various properties and applications on one-dimensional nano-/microstructures[END_REF][START_REF] Xia | Extremely stretchable all-carbon-nanotube transistor on flexible and transparent substrates[END_REF]. So strain has crucial effect on the mobility and ON-to-OFF ratio. Additionally, as one can see in the was more in the mechanical equilibrium state so ON and OFF currents have increased and accordingly ON/OFF ratio has changed to 10 3 . We found no evidence to suggest that the channel or electrodes are cut or cracked by shearing force in effect at the interface between device and the surrounding polymer.

Conclusion

In summary, we developed a robust process of nanostructure integration onto flexible/rigid hybrid substrate constituted by Kapton on silicon. This work is based on an innovative process using soap to flatten the Kapton surface, which is essential to ensure the further SiNW integration. Moreover, it is worth mentioning that this flexible/rigid hybrid substrate can sustain temperature as high as 400 • C and aggressive chemical bath contrary to some common flexible plastic substrates. As a consequence, a low resistive Ni silicide at the source/drain contact was successfully formed on Kapton for the first time to the best of our knowledge. This method led to highly performant omega-gate SiNW transistors. Indeed, the electrical properties exceed the characteristics of organic materials, which have been widely investigated for flexible electronics. This integration process constitute an essential preliminary step for a further transfer onto any kind of substrates, especially flexible ones, by detaching the Kapton from silicon. Interestingly, our findings show im- provement of device performance after peeling off Kapton substrate and fixing that on the other transparent plastic substrate. This research may pave the way for the fabrication of omega-gate flexible transistors that are compatible with high-temperature annealing so they can operate even at high temperatures. The methodological novelty of our work is to opens up new route for an integration of further semiconductor nanostructures such as organic thin films, the other kinds of nanowires, and even network of nanowires which has a great potential for the flexible sensors.

Chapter 4 Percolation in SiNN: Theory and experiment

The objective of this chapter is to study in detail the electrical properties of percolating nanonet FETs on rigid substrate through simulations and experimental measurements.

We first introduce the concept of percolation through a literature review that focuses on the electrical properties of transistors composed of nanostructure arrays for infinite and then finite systems. Then, the percolation in SiNNs is studied using Monte-Carlo simulations and the validity of the developed model is discussed. Then, we show the effect of nanonet geometry on the percolation based on theory and experiment. Finally, in a last part, we study experimentally the electrical phase transition of the transistors for the first time in the framework of the percolation theory when the channel length and the density of NWs vary. Particular attention is paid to the role of clusters in the conduction of transistors as well as length and width of the nanonets. 

Experimental state of the art 4.1.1 Generalities about percolation

Percolation is a random probabilistic process which exhibits a phase transition. In 1957, Broadbent and Hammerseley [START_REF] Broadbent | Percolation processes: I. crystals and mazes[END_REF] conceptualized the phenomenon of percolation when studying the flow of a fluid through a disordered porous filter. Therefore, different percolation systems may contain either clusters (of different sizes and shapes) or pathways.

Percolation is a very general phenomenon that can be applied to almost any field of science as the most basic model for spatial disorder. Percolation has been shown to have applications in a wide variety of fields, including to mathematics, physics, biology, geography, hydrology, petroleum, ecology, chemistry, and materials science. It is for example adapted to describe hopping conduction in a semiconductor [START_REF] Seager | Percolation and conductivity: A computer study. ii[END_REF], gelation in polymers [START_REF] De Gennes | Scaling concepts in polymer physics[END_REF], the growth of an epidemic in a population [START_REF] Bunde | Dynamical phase transitions in cluster growth processes where growth sites have a finite lifetime[END_REF] or the evolution of a forest fire [START_REF] Mackay | Forest fires as critical phenomena[END_REF].

Percolation can be formulated as the study of objects of a given geometry (such as spheres, sticks, cubes...) randomly distributed in an environment and which may or may not form well-defined connections between them. Percolation can also be used to model physical properties in random networks composed of nanostructures. Among such nanostructures, the network of one dimensional materials are quite famous in the field of percolation including network of: silver nanowires (AgN W s), metallic/semiconducting/mix of metallic and semiconducting carbon nanotubes (CN T s), semiconducting silicon nanowires and metallic oxide nanowires such as tin oxide (SnO 2 ) and zinc oxide (ZnO).

Advantages/drawbacks for each materials

Network of metallic nanowires or nanotubes can be used, for example, as transparent electrodes in many displays such as transparent heaters [START_REF] Celle | Highly flexible transparent film heaters based on random networks of silver nanowires[END_REF][START_REF] Ergun | High-performance, bare silver nanowire network transparent heaters[END_REF], OLEDs [START_REF] Coskun | Optimization of silver nanowire networks for polymer light emitting diode electrodes[END_REF] or solar cells [START_REF] Langley | Silver nanowire networks: Physical properties and potential integration in solar cells[END_REF][START_REF] Guo | Fully printed organic tandem solar cells using solution-processed silver nanowires and opaque silver as charge collecting electrodes[END_REF]. The network of metallic NWs or CNTs are a great combination of excellent electrical conductivity and percolative network properties (see Chapter 1), namely flexibility, transparency and reproducibility.

Moreover, network of semiconducting nanowires/nanotubes, which are called nanonets, can be building blocks of transistors modeled with the percolation theory based on their on-currents [START_REF] Hu | Carbon nanotube thin films: fabrication, properties, and applications[END_REF]. Nanonets have been used as channel materials instead of thin-film in 4. Percolation in SiNN: Theory and experiment transistors and resistors for flexible/transparent electronics, sensors, and transparent top electrodes in solar cells [START_REF] Yuan | Integration of solar cells with hierarchical cosx nanonets hybrid supercapacitors for self-powered photodetection systems[END_REF][START_REF] Othman | An overview of nanonet based dye-sensitized solar cell (dssc) in solar cloth[END_REF].

Historically, random networks of CNTs have been the most studied material in the literature due to their solution processability, durability, and increased potential for low-cost production either as a metallic network or nanonets [START_REF] Dürkop | Extraordinary mobility in semiconducting carbon nanotubes[END_REF][START_REF] Hu | Carbon nanotube thin films: fabrication, properties, and applications[END_REF]. Their solution processing, however, is still plagued by purification, dispersion, stabilization, and bundling issues [START_REF] Hecht | Emerging transparent electrodes based on thin films of carbon nanotubes, graphene, and metallic nanostructures[END_REF][START_REF] Yang | Recent advances in hybrids of carbon nanotube network films and nanomaterials for their potential applications as transparent conducting films[END_REF]. In addition, despite the fact that single CNTs exhibit significant conductivity and mobility, a random network of CNTs exhibits increased roughness and decreased conductivity due to poor contacts at nanotube-nanotube junctions [START_REF] Dürkop | Extraordinary mobility in semiconducting carbon nanotubes[END_REF][START_REF] Ouyang | Applications of carbon nanotubes and graphene for third-generation solar cells and fuel cells[END_REF]. Second the most studied material in the form of 2D-networks are AgNW networks and as mentioned they are one of the best options to fabricate transparent electrodes since they offer excellent electrical and optical properties. But AgNW networks still suffer from chemical, thermal and electrical instabilities which in some cases can result in the obstruction in the integration of them as functional percolative systems [START_REF] Khan | Stability enhancement of silver nanowire networks with conformal zno coatings deposited by atmospheric pressure spatial atomic layer deposition[END_REF].

Also some other works carried out based on percolating networks of Si-, ZnO-or SnO 2 -NWs [START_REF] Dalal | Synthesis of zno nanowires for thin film network transistors[END_REF][START_REF] Sun | Solution-processed zinc oxide field-effect transistors based on self-assembly of colloidal nanorods[END_REF][START_REF] Unalan | Zinc oxide nanowire networks for macroelectronic devices[END_REF][START_REF] Sun | Aligned tin oxide nanonets for high-performance transistors[END_REF]. Metal oxide nanonets are some of the most used materials for sensors with their very high surface/volume ratio leading to good performance as well as cheap integration, being sensitive, and versatile. The main drawbacks in the fabrication of metal oxide nanonets are the increased costs and preparation times.

Very few studies have been reported on percolating networks made of NWs from elements of column IV of the periodic table such as silicon (SiNNs) or germanium (GeNNs) despite the excellent mobility of the carriers (of the order of 500 cm 2 .V -1 .s -1 for Si and 1500 cm 2 .V -1 .s -1 for Ge for a P-type doping of 10 16 cm -3 ) [START_REF] Jacoboni | A review of some charge transport properties of silicon[END_REF][START_REF] Irvin | Resistivity, mobility and impurity levels in gaas, ge, and si at 300 degrees[END_REF].

As already discussed in previous chapters, this lack of interest could be explained by the presence of an intrinsic oxide layer around the NWs. This insulating nature of intrinsic oxide layer around NWs plays as a barrier against the current flow through NW junctions. Therefore, it is necessary to remove this native oxide layer to have a conductive channel and to be able to achieve a good metallic contact between the metallic pads and nanowires. Owing to this reason, for example, Heo et al. [START_REF] Heo | Large-scale assembly of silicon nanowire network-based devices using conventional microfabrication facilities[END_REF] used intermediate metal contacts in the transistor channel to allow current to flow despite insulating junctions between NWs. Nevertheless, Sintering of inter-NW junctions has been shown to prevent oxidation and stabilize the electrical properties of silicon-NW array-based transistors [START_REF] Ternon | Low temperature processing to form oxidation insensitive electrical contact at silicon nanowire/nanowire junctions[END_REF].

It is important to note that, as for the connections between CNTs, these sintered junctions likely present a significantly higher resistance than individual SiNWs. This high resistance on the one hand is due to the small size of welded section in NWs called neck (about 10% of the NWs diameter) and, on the other hand, due to the presence of defects at the grain boundaries between NWs. Therefore these junctions in SiNNs probably contribute to the reduction of mobility and current in the transistors compared to devices with single SiNWs.

Discrepancies with theory

As previously stated, the electrical properties of 2D-networks of NWs are fundamentally derived from a percolation phenomenon. Indeed, the conductivity of the network is determined by the number of NWs involved, their length and the way they arrange in the network. These NWs are connected through junctions across the network. As a result, they form clusters that exhibit a complex geometry of series and parallel nanowires. Percolation occurs when a cluster is connected to both electrodes. From the theoretical point of view, the most common percolation model is derived from an infinite square network composed of specific 1D objects with a given length. Then, the deviation in experimental results with percolation theory can happen due to:

• Finite size: There are parameters that have a substantial dependency on the dimension of the system, particularly when the network is no more infinite. According to the work of Alam et al. [START_REF] Alam | Nanostructured electronic devices: Percolation and reliability[END_REF] and Langley et al. [START_REF] Langley | Silver nanowire networks: Physical properties and potential integration in solar cells[END_REF], a network can be considered as infinite when its dimensions (length and width) are larger than at least 10 times the length of nanowires.

• Deviation to square shape: it has been shown that percolation parameters are related to the aspect ratio of the system shape [START_REF] Joo | Static and low frequency noise characterization of n-type random network of carbon nanotubes thin film transistors[END_REF][START_REF] Manta | Predictive model of graphene based polymer nanocomposites: electrical performance[END_REF].

• Dispersion (length, diameter, doping,...): the theoretical models are mainly developed on the basis of homogenous population of the constituting objects.

• Mixture of semiconducting and metallic nanomaterials: most of the percolation parameters depend greatly on the conductivity of the single objects in the network and on the way these objects are coupled one to another [START_REF] Kocabas | Experimental and theoretical studies of transport through large scale, partially aligned arrays of single-walled carbon nanotubes in thin film type transistors[END_REF].

Percolation in SiNN: Theory and experiment

Such discrepancies make it necessary to investigate real systems by experiments and to develop finite size percolation models for a predictive assessment of the electronic properties.

Percolation

Perfect systems: infinite square systems

The classical and conventional percolation theory outlined in previous section only addresses homogeneous and infinite networks, that is to say square systems with periodic boundaries. Figure 4.1 shows the conductance of an infinite network as a function of the density of nanowires in the semilog-scale. Three regimes can be seen, two of which are separated by a particular value of the density, called the critical density d c . The first regime "I" is an insulating regime that means the density is not high enough for existence of source-drain path or cluster. As a result in the insulating regimes no conduction is possible. The second regime "II" called percolation regime. In this regime the density is high enough to create at least one connecting path or linked cluster between source and drain. This source-drain connection allows charge carriers to pass through the network from one electrode to the other. The last regime "III" is the well-known Ohmic regime in which the density of nanowires is so high that the network behaves exactly as a thin film.

Critical density

The NW density in the network appears to be the key parameter to control communication (e.g. current conduction) in the channel via the connections. Below d c , called the percolation threshold, no communication is possible. Above d c , percolation clusters allow for communication in an infinite-sized system via the connections between objects. In square-shaped 2D systems with periodic boundary conditions to simulate the infinite size, theorists define d c as the average value for which 50% of the generated networks become conductive.

Then, the theoretical percolation threshold for such an ideal 2D-systems can be given by the following equation derives by Peak & Seager [START_REF] Pike | Percolation and conductivity: A computer study. i[END_REF]:

d c P S = 4.236 2 πL s 2 (G.E.P ike 1974) (4.1) 
We know from previous work that this critical density is strongly impacted by the length dispersion of the nanowires [START_REF] Serre | Role of nanowire length in morphological and electrical properties of silicon nanonets[END_REF], as well as by the size and geometry of the systems [START_REF] Legallais | Conception , étude et modélisation d ' une nouvelle génération de transistors à nanofils de silicium pour applications biocapteurs To cite this version[END_REF].

Percolation law

The percolation law, derived for an infinite percolating network, indicates that various parameters such as average cluster size (S) or the conductance (G) obey the percolation law [START_REF] Stauffer | Introduction to percolation theory[END_REF]:

K(d -d c ) α (A.Aharony 1994) (4.2)
Where K is a dimensional parameters, "α" is the critical exponent, d the density which must be higher than the critical density, d c . For an infinite 2D network, α is equal to 4/3 which has been evaluated many times over the years in percolation related theoretical works [START_REF] Nijs | A relation between the temperature exponents of the eight-vertex and q-state potts model[END_REF][START_REF] Eschbach | Correlation-length exponent in two-dimensional percolation and potts model[END_REF][START_REF] Stauffer | Scaling theory of percolation clusters[END_REF].

In his work, Legallais demonstrated a variation in the percolation law close to d c for finite systems, as will be described in the next part dealing with real systems [START_REF] Legallais | Conception , étude et modélisation d ' une nouvelle génération de transistors à nanofils de silicium pour applications biocapteurs To cite this version[END_REF].

Scaling law

Other analytic and experimental work has expressed the conductance of an infinite electrical percolating network at a given density using the stick length, L s , and the channel length, L ch as parameters [START_REF] Kumar | Percolating conduction in finite nanotube networks[END_REF][START_REF] Kocabas | Experimental and theoretical studies of transport through large scale, partially aligned arrays of single-walled carbon nanotubes in thin film type transistors[END_REF][START_REF] Pimparkar | A "bottom-up" redefinition for mobility and the effect of poor tubetube contact on the performance of cnt nanonet thin-film transistors[END_REF]:
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G ∝ 1 L s ( L s L ch ) m (4.3)
According to theoretical studies, the evolution of the value of the exponent m as a function of density is as follow: close to the percolation threshold, d c , and when the network is percolating (regime II in Fig. 4.1), the exponent m has the value of 1.93, and this value decreases monotonically with increasing density, and goes asymptotically to the value of 1 when the density is such that the network behaves like a thin film (Ohmic behavior, regime III in Fig. 4.1) [START_REF] Kocabas | Experimental and theoretical studies of transport through large scale, partially aligned arrays of single-walled carbon nanotubes in thin film type transistors[END_REF]. Therefore, measuring the conductance or the current for a given density and different channel lengths, allows one to evaluate the exponent m and depending on the value of m, the system can be categorize into the different regimes.

When m = 1, the nanonet is in the Ohmic regime, and when 1 < m ≤ 1.93 it is in percolating regime.

Real systems: finite rectangular systems

In real systems, the percolation is impacted by deviation to ideality. First, dimensions are no more infinite. Second, the systems are rarely square and more often rectangular in length or in width. Third, it is highly probable that NWs exhibit dispersion in length and diameter. Thus, for finite systems, a deviation of the results obtained from the previously described percolation laws for infinite systems can be expected.

Finite systems

Alam et al. [START_REF] Alam | Nanostructured electronic devices: Percolation and reliability[END_REF][START_REF] Kumar | Percolating conduction in finite nanotube networks[END_REF], Langley et al. [START_REF] Langley | Silver nanowire networks: Physical properties and potential integration in solar cells[END_REF] and Legallais et al. [START_REF] Legallais | Conception , étude et modélisation d ' une nouvelle génération de transistors à nanofils de silicium pour applications biocapteurs To cite this version[END_REF] have converged to define a relationship that allows the boundary between infinite and finite systems to be established. Above the limit, all the standard laws of percolation apply, while below the limit, finite size effects appear and it is then necessary to reconsider the laws of percolation.

This relationship indicates that a system can be considered infinite when its dimensions (length and width) are greater than 10 times the length of the constituting nanowires.

Particularly, Legallais [START_REF] Legallais | Conception , étude et modélisation d ' une nouvelle génération de transistors à nanofils de silicium pour applications biocapteurs To cite this version[END_REF] showed that reducing the channel length below the limit for an infinite system (L ch < 10L s ) is accompanied by a reduction in the critical density: the shorter the channel, the earlier the insulating-percolating transition occurs.

This reduction in the value of the critical density is, according to Legallais [START_REF] Legallais | Conception , étude et modélisation d ' une nouvelle génération de transistors à nanofils de silicium pour applications biocapteurs To cite this version[END_REF],

linked to a deviation from the percolation law (Eq. 4.2). Thus, rather than observing an abrupt transition between the insulating and percolating regimes (Fig. So, in the present work, the nanonet's dimension with 10 times the length of the nanowires is considered as an initial requirements for infinite systems.

Rectangular systems

Up to now, we mainly talked about systems with the shape of squares which means the length and width of the system are equal (L ch = W ch ). In this work we will face with systems with rectangular geometry, where L ch is no longer equal to W ch and it is necessary to know how they differ from square systems.

The research on percolation in a rectangular system was initiated by Monetti and Albano [START_REF] Monetti | Critical behavior of the site percolation model on the square lattice in al× m geometry[END_REF] showing that the geometry of the system can have a pronounced finite-size effects on the percolation probabilities. Followed by Monetti's work, Tsubakihara showed the dependence of the percolation probability on the system's aspect ratio using computer simulations [START_REF] Tsubakihara | Aspect-ratio dependence of percolation probability in a rectangular system[END_REF].

Furthermore, Okazaki et al. carried out the simulation on rectangular network in order to investigate critical exponents and percolation threshold and showed that the relation of the finite-size scaling holds well near the percolation threshold [START_REF] Okazaki | Critical exponents of a twodimensional continuum percolation system[END_REF]. They draw the conclusion that the critical exponents depend on the geometry of the sample therefore the values of such exponents change and take distances from the values of ideal systems. All these works directed us to investigate more this concern in the frame of percolative SiNN-FETs.

Dispersion in nanowire length

By introducing longer or shorter nanowires into the network, the dispersion in length of the nanowires has a non-negligible impact on the percolation parameters and especially on the percolation threshold represented by the critical density. Thus, it has been shown by means of simulation [START_REF] Langley | Silver nanowire networks: Physical properties and potential integration in solar cells[END_REF][START_REF] Legallais | Conception , étude et modélisation d ' une nouvelle génération de transistors à nanofils de silicium pour applications biocapteurs To cite this version[END_REF] that length dispersion systematically leads to earlier percolation with a decrease in the d c value.

Pre-percolation regime appearance

As described above, one of the important consequences of the finite dimension of systems is the appearance of a new regime called "pre-percolation". The behavior of this regime has already been observed in experimental studies [START_REF] Serre | Etude des propriétés structurales et électriques de réseaux aléatoires de nanofils de silicium. application à la détection d'adn[END_REF][START_REF] Aguirre | From networks to pathway analysis[END_REF] but has never been considered as a reality as such and rather as related to experimental uncertainty, which has led to its occultation from studies. Thus, apart from the work of Legallais [START_REF] Legallais | Conception , étude et modélisation d ' une nouvelle génération de transistors à nanofils de silicium pour applications biocapteurs To cite this version[END_REF] in our group, this regime has never really been considered and studied. The experimental study of this regime is thus one of the objectives of this work. However, it is already known that the percolation law (Eq. 4.2) continues to apply in the percolating regime, except that it does not give access to the real critical density, but to that of an infinite system. The scaling law (Eq. 4.3) is also applicable and gives us information on the boundaries of the pre-percolating regime for which the scaling exponent is then higher than 1.93, its values remaining identical to the infinite systems for the other regimes.

As a conclusion, it appears clearly that the standard laws of percolation applies solely in the particular case of ideal systems. As a consequence, first the formula to calculate the critical density from the length of the NWs should be used with moderation in the frame of experimental works dealing with real systems. Second the experimental values of the parameters, such as scaling or critical exponents, will undoubtedly deviate from the awaited values.

Percolation based transistors

The properties of field effect transistors composed of semiconductor nanonet (NN-FETs)

have been studied over years in the literature and mainly for CNT nanonets [START_REF] Hu | Carbon nanotube thin films: fabrication, properties, and applications[END_REF]. As for resistors, the behavior of these devices can be modeled from the percolation theory as long as the transistor is in the on-state and the NW density is low enough. Then, the standard percolation and scaling law are applicable to NN-FETs while dealing with square infinite systems which electrically belong to the percolation regime.

Despite quite numerous studies in the literature, there are still many aspects to be investigated for NN-FETs. For instance, we already discussed about geometry that can impact the percolation law and induce the pre-percolation appearance when the FET is in the on-state. Beside, the impact of percolation on the other important parameters of FETs such as off-current (I of f ) [START_REF] Bottacchi | Nanoscale charge percolation analysis in polymer-sorted (7, 5) single-walled carbon nanotube networks[END_REF], threshold voltage (V th ), and subthreshold swing (SS), is almost unknown or poorly studied.

This study sought to address the percolation issues through a combination of computational and experimental methods. Therefore, we study the effects of finite size systems on percolation and compare it to infinite NN-FET percolation. Afterward we provide shreds of evidence of the existence of the pre-percolation in NN-FETs with low densities and finite size while by increasing the density and length of the device it fades away. Finally, based on the experimental results, we report for the first time the existence of a phase transition in NN-FETs and arising from V th and L ch .

Methods

Experimental

Final devices

The detailed experimental protocol for fabricating the devices in the full back-gate configuration is described in chapter 2. A typical final device is shown in Fig. 4

.3. A NN-based

FET is characterized by the four key parameters: channel length (or Source-Drain dis-tance L ch ), channel width (W ch ), nanowire density (d), and average nanowire length (L s ).

These parameters are very important to understand the electrical behavior of NN-FETs. Table 4.1 displays the number of devices corresponding to each particular length.

Therefore, it is seen that number of devices for short and medium channel lengths (5-200µm) is good for a statistical study (>=9) while for long channel devices (300-1000µm) the number of devices (<=6) is to some extent insufficient for a statistical study. we consider for this study is 16 to 160 N W s.cm -2 that we suppose can cover all the conduction regimes.

Device electrical characterization 1

The electrical characterization of the final NN-FETs is conducted as for standard FET with three probes. Two probes are used for source and drain, the third one being the chuck to apply the back-gate voltage (Fig. 4.5(a)). During electrical characterization, drain or gate voltage are swept and the drain and gate currents are read. In the Labview interface, it is possible to choose the type of measurement to be performed, here it was the measurement of the drain current, I ds , as a function of the gate voltage, V g (+30 to -30V, the step of -0.6V), for different drain-source voltage values, V d (0 to -5 V, the step of -1 V). For the gate voltage, we start with positive values since the nanowires are p-doped, which allows starting with the blocking state of the transistor. The drain current is also measured as a function of the drain-source voltage for some values of the gate voltage (0 to -20V by steps of -1V), in order to know for which values of V d are in the linear regime. As a result, V d sat on -4 V in a favor of giving the best linearity of I ds (V d ) for the whole range of V g that we study. The On and Off states of the transistors, with p-doped nanowires, are chosen at V d = -5 V and V g = -30 V (on-state)and

1 Important part of the electrical characterization shown in this chapter were done in the frame of the M2 internship of Adi Tihic V d = -5V and V g = +30V (off-state), respectively. Summary of these parameters are mentioned in Tab. 4.2.

Tab. 4.2: Summary of parameters for I -V characteristics.

By treating data obtained from the electrical characteristics of our statistical study, we are able to extract the average value and errors of V th , SS, on-off ratio, critical exponents, etc. I ds -V d measurement is the fundamental electrical characterization technique for understanding the working principle of FETs. As mentioned above, the NN-based devices exhibit a strong p-channel behavior which originates from the residual doping of as-grown SiNWs arising out of impurities in the reactor as well as in the precursors. It is noteworthy to emphasize that by increasing the length of the channel the threshold voltage changes from positive to negative values and the on-current decreases stately owing to the corresponding reduction of the electric field along the channel, while off-current drops drastically with increasing channel length. The latter observation are studied in depth in the following.

Modeling

Within our group, Monte Carlo simulations (carried out on Matlab R2016a) were first implemented during Maxime Legallais' thesis. Working on the notion of percolation paths linking the source to the drain, he used the modified Dijkstra algorithm to determine the percolation paths by minimizing the number of intersections between segments and then the length of the paths to connect the source to drain, as shown in Fig. 4.7(a). Therefore, it was possible to extract some key parameters related to percolation: the critical density, linked to the appearance of the first conduction path; the number of percolation paths; the number of junctions per path; and the length of each path. It is worth noting that, this statistical approach requires repeating the simulations a sufficiently large number of times to improve the accuracy of the parameters obtained. Ayoub Hihi (2020 Master 2 trainee) then developed a user interface to make the simulation program more user-friendly.

Finally, Adi Tihic (2021 Master 2 Trainee) worked first to reduce the computation time of the program. Meanwhile, he introduces the notion of clusters within the network which appears more relevant to the geometry of a nanonet. Indeed, a path is a set of nanowires connected in series and chosen to minimize the number of junctions and the total length.

By this notion of path, all other nanowires that constitute deviations from this main path are ignored. In contrast, a cluster is the consideration of groups of nanowires that are all connected to each other. Therefore we are interested in what happens in the conduction axis, the main path, but we also consider the occupation in the plane by the cluster, as well as all nanowires connected to this main path (see Fig. 4.7(b)).

A cluster is thus a group of connected NWs, as illustrated by the colors in Fig. 4.7(b).

Each nanonet is therefore made up of one or more independent clusters, the number and size of which depend on the density of the NWs. By definition, each cluster is independent of the others. It is worth mentioning that a cluster can consist of different numbers of NWs ranging from one to an infinite number. Conduction then occurs when a cluster is connected to the source and the drain. Moreover, only clusters touching both electrodes participate in percolation.

To conclude, the percolation can be studied either by paths crossing the channel and making a connection between source and drain as shown with red color in Fig Modeling is an important element of this work, during which many experimental results

were obtained for non-ideal systems, i.e. of finite size and elongated or enlarged rectangular shape. Indeed, as the results obtained are far from the conventional laws of percolation, having our own modeling means allows us to reproduce exactly our experimental conditions by computational means and thus to access data such as the critical density, the number of bridging clusters, or even to understand the origin of the pre-percolation.

Real "Infinite" square systems

As a first step, let us consider a system that approaches the so-called "ideal" nanowire network and that obeys the conventional laws of percolation. Such a system must be square and of sufficiently large size to satisfy the infinite condition. This condition is said to be met when the characteristic size of the system is greater than 10 times the length of the NWs. Here, the NWs have an average length of 4.5 µm. Thus, in this section we study the behavior of a square nanonet of 100 µm side length. for a NW length of 4.5 µm, which is lower compared to the experimental value extracted from the fit in Fig. 4.8. However, one has to keep in mind that the critical density is also impacted by the dispersion in NW length. Moreover, Legallais [START_REF] Legallais | Conception , étude et modélisation d ' une nouvelle génération de transistors à nanofils de silicium pour applications biocapteurs To cite this version[END_REF] and Serre [START_REF] Pauline | Etude des propriétés structurales et électriques de réseaux aléatoires de nanofils de silicium[END_REF] have suggested that the physical density of NWs, which corresponds to the nanowires actually present on the surface of the sample, can differ from the electrical density, which corresponds to the nanowires really involved in the conduction [START_REF] Legallais | Role played by the nanowire/nanowire junctions in the electrical properties of semiconductor percolating silicon nanowire networks[END_REF]. In Serre's work, the physical density was almost 3 times that of electrical ones, whereas in Legallais's work it was 4 to 6 times. Neglecting the impact of dispersion, the experimental results that only almost half of NWs are actually participating in the electrical conduction.

The modeling program was used to represent the nanonet and its constituent clusters at percolation and just after the percolation threshold, the results obtained are shown in Fig. 4.9. At the percolation threshold, a single cluster connects the two electrodes and takes up a substantial amount of the available space in the channel (Fig. 4.9 right, blue cluster) surrounded by other clusters of smaller size. As a result, by increasing the density, the percolating cluster grows by absorbing the smallest ones. Such a behavior clearly support the percolation law. In the insulating regime just below the percolation threshold (regime "I", inset of Fig. 4.9), there are already many nanowires in the network but no cluster bridging the electrodes. At percolation, a large cluster connects and the current can flow with high intensity. Beyond the threshold, the conduction cluster absorbs other smaller clusters and the current then increases again very quickly but slows down as the size of the absorbed clusters decreases (regime "II", inset of Fig. 4.9). Finally, in the 4. Percolation in SiNN: Theory and experiment

In conclusion, the percolating regime can be defined as the regime where each density increment leads to the incorporation of clusters into the main cluster, while the Ohmic regime is characterized by the incorporation of nanowires into the main cluster.

So far we have only looked at the behavior of the current in the on-state, when the devices behave like resistors. Let's now look at the impact of percolation on the devices when the gate voltage changes i.e. switching the transistor from the off-to the on-state. By correlating Fig. 4.10(a) with the modeling on field-effect transistors of silicon nanowires [START_REF] Cazimajou | Étude de l'effet de champ et du transport dans des réseaux aléatoires percolants de nanofils de silicium[END_REF], one can deduce that the ripple is due to the fact that all the elements (NWs and junctions) constituting the percolation clusters do not share the same threshold voltage. Thus, by sweeping V g from positive to negative values, the elements constituting the network will gradually go from the off state to the on state since there is a first threshold voltage distribution for the nanowires and a second distribution for the junctions [START_REF] Legallais | Role played by the nanowire/nanowire junctions in the electrical properties of semiconductor percolating silicon nanowire networks[END_REF].

Therefore, as V g changes, new conductive clusters may be added to the main cluster, as shown in Fig. 4.10(b), which then results in a larger increase in the current, i.e. ripple.

Then as illustrated in Fig. 4.10(b), by applying enough |V g |, the main percolating cluster in green opens, becomes conductive, and saturate subsequently. Decreasing the gate voltage towards the negative values immediately allows the opening of the "critical" yellowish nanowire which induces an increase in size of the main cluster and consequently increase in the drain current until a new saturation arises from this new percolation cluster.

The same phenomenon can occur several times (opening of the red nanowire, last scheme in Fig. 4.10(b)) leading to the observation of several oscillations.

At high densities, due to the very large number of nanowires in the channel, this phenomenon is unlikely to occur as many nanowires can bypass the critical nanowire to connect the clusters together. Indeed, the greater the number of nanowires in the network, the more the averaging effect can play a role and the better the control of performance and reproducibility. CNTs. One can conclude that for this specific device geometry, there is small range of densities that give the high value in on-off ratio.

Impact of geometry on percolation

In this section, our study is based on the on-state current of SiNN-FETs and focuses on how geometry and channel size can impact the behavior of the percolative systems.

Scaling law

The scaling law (Eq. 4.3 page 136) describes the behavior of the current of a percolating system for a given density as a function of the channel length of the device. Then Fig.

4

.12 displays the on-current of the SiNN-FETs as a function of the channel length for different densities. This plot can be divided into three regions based on the channel length of devices and structural features of nanonets: (i) "Bridge region" includes the SiNN-FETs with short channel lengths, where NWs can bridge directly the source to the drain (L ch < L s ), (ii) "Finite region" includes SiNN-FETs with channel lengths larger than NW length but less than 10 times of NWs mean length (L s < L ch < 10L s ) and (iii) "Infinite region" which involves SiNN-FETs with channel length higher than 10 times of the NWs mean length (L ch > 10L s ).

In the "Bridge region", the scaling law is the Pouillet's law (R=ρ×L/S) as no junction are involved. Then, despite that just one of the experimental device types (L ch =5 µm) falls into this category, we decided to draw the Ohmic law as a representation of the behavior in this region (Eq. 4.3 with m = 1). In the two other regions, the scaling law (Eq. 4.3) is used to fit the data with the scaling exponent m being a parameter.

One can notice in Fig. 4.12 that the conductance decreases linearly, in the log-log scale, in each region with the length of the system as predicted by Eq. 4. In some cases slop lines showed with plane line in order to demonstrate evolution of the slope over different regions.

the two first regions, it confirms that the junction resistances are higher than that of the NWs themselves as already described in previous work [START_REF] Legallais | Role played by the nanowire/nanowire junctions in the electrical properties of semiconductor percolating silicon nanowire networks[END_REF]. By contrast, the jump observed at the finite/infinite transition is not systematically present and remains up to now unexplained.

As expected, slopes in each region are density-dependent and their value is equal to the scaling parameter m, which is reported in Fig. 4.13(a) as a function of density for each percolating region. Indeed the Bridging region is not interesting from the percolation point of view.

As described previously, m is higher than 1.93 for pre-percolating systems, 1 < m < for bridging, finite and infinite size systems for the characterized SiNN-FETs. For a given length L ch , the red squares represent the experimental density required to observe conduction from one electrode to the other (insulating-conducting transition).

For the finite systems, 10 ≤ Lch ≤ 45 µm, the pre-percolating regime can be seen for densities ranging from 20 to 120×10 6 N W s.cm -2 , beyond which the regime is percolating.

By contrast, for the infinite systems pre-percolation regime just happens for low densities between 40 and 64×10 6 N W s.cm -2 . By increasing density, percolation regime is observed until 120 × 10 6 N W s.cm -2 , where the Ohmic regime occurs.

As a conclusion, we can clearly observe distinguished behavior for the finite and the infinite systems in the exact same density of nanonets. Indeed, in the frame of finite systems, each conduction regime (pre-percolatig, percolating and Ohmic) can exists for a wide range of density whereas for infinite system, the pre-percolation is hardly reduced.

Percolation threshold and critical density

To explore the impact of the channel geometry on the percolation threshold, simulation were conducted to derive the critical density at 50% probability when the width and length Remarkably, there appears to be an excellent match between the experimental and modeled values for the devices with the shortest channels (up to 50 µm) which also correspond to the so-called "finite" systems. From a channel length of 100 µm onward, the deviation of the order of a factor of 2 already discussed in section 4.5.1 is again observed.

This discrepancy was previously attributed to a difference between the physical density of nanowires and the electrical density of nanowires. The question then arises as to why for the smallest systems all NWs would be able to participate in conduction while only 1 out of 2 participates in the larger systems. This question certainly deserves further investigation to determine a possible alternative reason for this observation and remains open for the moment.

Percolation law

As described previously, according to the percolation theory, the conductance of the nanonet has a power-low dependence on nanowire density just above the critical density as mentioned in Eq. 4.3 (page 136). In this part, we study the experimental behavior of the conductance as a function of density for various channel length with the objective to observe the deviation to the percolation law when the system is not square nor infinite. When the channel length is smaller than 50 µm, the deviation to the law comes not only from the non square shape but also from the finite size of the system (L ch < 10L s ).

Pre-percolation

The origin of pre-percolation has so far been attributed to the finite size of the systems only [START_REF] Legallais | Conception , étude et modélisation d ' une nouvelle génération de transistors à nanofils de silicium pour applications biocapteurs To cite this version[END_REF], however the simulation results presented in Fig. 4.14(a) suggest that a square finite system has a critical density strictly equivalent to that of a square infinite system (Peak & Seager formula, Eq. 4.1) and that there is therefore no anticipated percolation as is the case with pre-percolation. This suggests that the geometry of the network also plays a role in the occurrence of pre-percolation.

In this part, based on modeling, we explore what happens in the network in terms of clusters in the vicinity of the percolation threshold. Fig. 4.17 displays the clusters repartition for different geometries at the critical density. When W ch is large compared to L ch which is only a few times L s , at d c , one very small cluster is connecting the source to the drain but many other independent cluster are on the point to connect the source and the drain (Fig. 4.17 left and middle left graph). Meanwhile, for small L ch with increasing

W ch , d 50% c
decreased as already also shown in Fig 4 .14. This comes from the fact that the probability of the source-drain cluster occurrence increases with W ch and a lower density may be enough to have a linked cluster between the source to the drain. These clusters will be composed of unities to few NWs.

When the nanonet is square (Fig. 4.17 middle right graph), the cluster that appears at the percolation threshold occupies almost all the accessible surface and can therefore be represented by a square; the critical density is then strictly equal to that of Peak & Seager. When L ch is large, greater than 10L s and with W ch less than L ch , the first cluster linking source to drain is no more square, does not occupy the whole surface but is so large that there can hardly be any strictly independent and parallel cluster that links the source to the drain (Fig. 4.17 right-hand image). The fact that the channel is elongated prevents the formation of a square cluster whose dimension is the length of the channel.

Therefore, such an observation suggests that cluster formation within the network is based on square surface occupation. If the channel is longer than it is wide then percolation will be delayed and the critical density will be higher than that of Peak & Seager, as observed in Fig. 4.14.

Based on this notion of an initial square cluster, it seems that we are able to explain the phenomenon of pre-percolation which would then be mainly due to the rectangular geometry with a width greater than the length. Thus, Fig. 4.18 shows the evolution of clusters for a 15 µm long and 100 µm wide network when the density increases from the percolation threshold.

At the critical density, a cluster (highlighted by the dotted square in Fig. 4.18) of approximately square area appears between the source and the drain. As the density increases, a second cluster, independent of the first one, also appears square. However, as the density increases, the clusters expand in width and become rectangular. More and more clusters appear in parallel until a maximum value is reached which will necessarily be lower than the aspect ratio of the network (W ch /L ch ), which is 6.6 in this example.

This increase in the number of parallel clusters is accompanied by a gradual increase in conduction, characteristic of the pre-percolation regime. From a certain density, a As a conclusion, these results demonstrate that the pre-percolation is first due to the geometry of the network with an aspect ratio greater than 2. Further studies are needed to determine whether having a channel length less than 10 times the nanowire length plays a role in the pre-percolation phenomenon, as suggested by Legallais [START_REF] Legallais | Conception , étude et modélisation d ' une nouvelle génération de transistors à nanofils de silicium pour applications biocapteurs To cite this version[END_REF], or whether only the geometry is important.

Nanonet-FETs performance: I on and I of f

So far, we have studied the percolation in the on-state mode which is more popular in the literature. In other words, devices have been assumed to work as resistors which means that all the system is conducting and all the parameters of percolation in transistors were related to the on-current while in realistic transistor mode both on-and off-current play a crucial role. Hence in this part, we are eager to show how percolation impacts on-and off-current.

For this study, we investigate I on behavior has already been discussed in section 4.5.1 page 150. The three region "Bridge", "finite" and "infinite" are then reported on the figure. Moreover, because of measurement limitations associated with the experimental setup whose sensitivity does not allow to measure current below 1-10 pA, the I of f value can be sticked at these experimental limit. In Fig. 4.20, the white area evidences this region in each panel.

I
The study of I on as a function of channel length has already been carried out in section 4.5.1 on the scaling law and will not be discussed again here. The information of interest is taken directly from that study. The exact same approach can be undertaken for the I of f , but before doing so, it is important to explain the origin of the current present in the off state, which is most visible for the shortest devices.

By focusing on the bridging regime, we obtain information on the population of the silicon nanowires. Thus, for the lowest densities, while the number of nanowires in parallel for each 5 µm long device is relatively low, we observe a great disparity in the operation of the devices, with I of f varying between a few picoamperes and several tens of nanoamperes.

This means that within the nanowire population there is a subpopulation of highly doped nanowires (V th > 30V) or even with metallic behavior. This subpopulation will be called "degraded" NWs. Thus, only one nanowire from this subpopulation bridging the source and drain is needed to completely degrade the current in the off-state. As the density increases, the probability that one of these nanowires will bridge the source and drain becomes greater and greater. This even becomes a certainty when the density reaches 104 × 10 6 N W s.cm -2 (Fig. 4.20(c)). Consequently, this subpopulation of degraded NWs will obey the laws of percolation, with the difference that the density is much lower than that of the main NW population. Such a description is commonly used for the description of carbon nanotube networks where semiconducting and metallic nanotubes cohabit. The work of Bottachi et al. [START_REF] Bottacchi | Nanoscale charge percolation analysis in polymer-sorted (7, 5) single-walled carbon nanotube networks[END_REF] is a perfect illustration with results close to what we observe for our nanonets.

Thus, the degraded subpopulation follows the same percolation phenomena as the main population. It is possible to fit the experimental points in Fig. 4.20 with the scaling law (straight lines in the log-log representation) which applies with different scaling exponents for the "finite" and the "infinite" regime. However, the "infinite" regime is cut off when the value of the current in the off-state reaches the instrumental limit (white area in each panel). The values of m are plotted against density for the on-and off-states in Fig. 4.21.

For the off-state, as for the on-state, the exponent m is higher in the "finite" regime than in the "infinite" regime and decreases as the density increases. Finally, it is much higher than the exponent m of the current in the on-state at the same densities, implying that the density of degraded NWs is much lower than the density of the main population. The variation of the off-state current with density is shown in Fig. 4.22 for channel lengths of 50 and 100 µm. This nanowire sub-network remains insulating over a wide range of densities, the wider the channel length the larger the range. As in the on-state, the critical percolation density increases with the channel length. Thus, for the proper functioning of the transistors, it is important that the critical density of the off-state is as high as possible, because as soon as the degraded population percolates, it is no longer possible to close the transistor, which radically degrades its performance. accompanied by an increase in the I on /I of f ratio, thus increasing the performance of the transistors. However, once the current reaches the instrumental limit and becomes constant, as the on-state current continues to decrease, the I on /I of f ratio starts to decrease.

Thus, the observation of an optimum I on /I of f ratio is evident.

In addition, this representation gives an idea of the reproducibility of devices of the same length and density. Thus, the greater the reproducibility, the less space the points associated with a given device length occupy on the graph. Interestingly, the devices with the best performance are also those with the best reproducibility.

Thus, the optimal channel length for each density is that found at the elbow of each I on (I of f ) graph. This feature is very interesting because as we will see in Chapter 5, the sensitivity of a nanonet-based transistor to mechanical deformation depends on the device size, which means that for each application an optimal device size will be sought. It is then possible to optimize the performance of the transistor by choosing the optimal density for the desired channel length. ). These graphs summarized the previous result and are the best tool to determine the optimal density for a given length or the optimal length for a given density. From all the devices fabricated for this study the more efficient in terms of On-to-off ratio is found for the density of 56 × 10 6

N W s.cm -2 and the channel length 30 µm. Based on the results already obtained and the growth technique used to synthesize the nanowires, we already know that the nanowire population has very disparate doping levels which results in a significant dispersion in threshold voltage as shown by Cazimajou et al. in their work [START_REF] Cazimajou | Electrical characteristics of silicon percolating nanonet-based field effect transistors in the presence of dispersion[END_REF]. Based on this dispersion within the nanowire population and in particular on the standard deviation of the threshold voltage, they determined the threshold voltage as a function of the value of the NW standard deviation (σ N W V th ) for two limit cases of networks: on the one hand, a network made up of an infinite number of nanowires in parallel (which we previously called the "Bridging" region) and on the other hand, a network made up of a single path of an infinite number of nanowires in series.

Their results are plotted in Fig. 4.27(a).

Based on this graph, we have plotted the nanonet threshold voltage as a function of the experimental standard deviation of the nanonet threshold voltage (σ N N V th ) (Fig. 4.27(b)). The similarities between panels (a) and (b) in Fig. 4.27 invite us to further explore the issue with the help of the results of the previous sections, related to cluster formation and pre-percolation. Thus, we have been able to show that when it forms, the clusters adopt a rather square configuration. Thus in the pre-percolation regime, when the channel aspect ratio is larger than 1, clusters are formed in parallel depending on the channel aspect ratio (Fig. 4.27(c)). Beyond the percolation threshold, there is only one cluster 4. Percolation in SiNN: Theory and experiment that occupies almost the entire width of the channel. Starting from a square cluster configuration, this means that when the channel aspect ratio is less than 1, the channel can be considered to consist of square clusters in series (Fig. 4.27(c)). Furthermore, the larger the cluster area, the more nanowires it contains and the more effective the averaging effect will be, minimizing the impact of nanowires whose properties are very different from the majority. In other words, as the cluster area increases, the standard deviation of the various quantities (doping, threshold voltage, etc.) decreases. According to Fig. 4.13(b), the nanonet with the density 96 × 10 6 N W s.cm -2 is in the pre-percolation regime until 50 µm channel length and in the percolation ones above. As a consequence, the previous statements apply. As a last hypothesis, we suppose that the V th standard deviation of the nanonet is more or less proportional to the V th standard deviation of the clusters. This hypothesis will have to be further studied in the future to be confirmed. Thus, starting from the smallest channel length (5 µm), the nanonet is in the bridging region, the standard deviation is that of the nanowire population, the largest, and the nanowires are all in parallel; based on Fig. 4.27(a) (red circles), the threshold voltage is therefore the highest. As the channel length increases, the square cluster area also increases and the standard deviation starts to decrease while the clusters are still in parallel; based on Fig. 4.27(a) (red circles), the threshold voltage then slowly decreases, as observed experimentally until reaching the end of the pre-percolation regime at around 50 µm channel length. From 100 µm onward, the elementary cluster surface does not increase any more and the clusters are then positioned in series with a more or less constant V th dispersion. However, due to the serial positioning of the clusters, the path can only be switched to the on state when all clusters are open. Thus, increasing the number of clusters in series increases the risk of finding a cluster with a lower threshold voltage and thus increases the standard deviation of the channel; based on Fig. 4.27(a) (blue squares), it appears that the threshold voltage will decrease rapidly when the standard deviation increases slightly, i.e. when the number of clusters in series, and thus the channel length, increases. This behaviour corresponds exactly to the experimental observation in Fig. 

Phase transition

Following the observations of the previous section, we have plotted the threshold voltage of the nanonet transistors as a function of channel length for all densities in Fig. 4.28(a). V th dependence to the density of the system.

We will explain the evolution of these curves on the basis of the same reasoning as in the previous section, using Fig. 4.27(a) and the variation of the standard deviation with cluster size and density. Thus, for a given density, the variation of the cluster size is accompanied by a decrease of the standard deviation of V th as described above. For a given cluster size, the increase in density will result in a decrease in the standard deviation of V th due to a greater number of nanowires involved in the cluster.

Consequently, the width of the V th plateau will be more important as the value of the standard deviation decreases sharply. The nanonet then spends more time on the area where the red and blue curves overlap in Fig. 4.28(b). Thus, it can be assumed that for the lowest nanowire densities, the transition from the red to the blue curve occurs at high V th standard deviation, and then as the density increases, this transition occurs at lower and lower V th standard deviation values where the blue and red curves overlap, the plateau being then all the wider as the overlap is important.

This part of the work has been named "phase transition" because of the similarity of Fig. 4.28(a) to phase transition curves. For example, in the case of the ice-water phase transition at constant pressure, the temperature remains on a plateau as long as the two phases coexist. The same phenomenon seems to occur here by identifying threshold voltage and temperature. However, we have not yet identified the nature of the two phases and further analysis and modeling will be required to better understand the observed phenomena.

Conclusion

In conclusion, we studied the percolation of patterned NN-FETs, with the help of numerous observations on the evolution of clusters in different channel length nanonets based on simulation. It has also been shown by simulation and experiment that having L ch > 10L s

is not enough to be in a so-called infinite system and follow the laws of the percolation theory. So it is also necessary that the width W ch of the system be equal to L ch , in order to obtain ideal infinite system in experiment. With the length dispersion of the nanowires within the lattice, it is however possible that some non-square systems (L ch with a little larger the W ch behave like infinite systems. With the help of theory, it was possible to classify the experimental NN-FETs on-current according to their electrical conduction regime. These regimes verify all the explanations on the difference between infinite and finite systems. The appearance of the pre-percolating regime for finite systems and its mostly absence in infinite systems has been proposed. it has been shown that the prepercolation regime and its presence are related to the dimensions of the systems that we investigated. We have also proposed a fit, based on experimental data, which indicates the best densities of nanowires to use as a function of channel length in order to have the best I on /I of f ratio and the least dispersion in experimental values. This adjustment can be used in order to project into the fabrication of silicon NN-FETs of chosen channel length, with a width of 100µm, and choose a good density without redoing a whole characterization study.

The phase transition based on V th and L ch for the first time were seen. Finally, this study has allowed us to better understand the percolation of NN-FETs. This understanding is necessary in the view of the impact of percolation on the primary electrical characteristics of transistors, such as conductance, threshold voltage, and I on /I of f .

Introduction

Printable electronics is quickly becoming a widely-established industry with sensors [START_REF] Mcghee | Strain sensing characteristics of 3d-printed conductive plastics[END_REF][START_REF] Chu | Advanced nanomaterial inks for screen-printed chemical sensors[END_REF][START_REF] Mcghee | Flexible, all metal-oxide capacitors for printed electronics[END_REF], energy storage [START_REF] Somalu | Screen-printing inks for the fabrication of solid oxide fuel cell films: a review[END_REF][START_REF] Gonzalez-Guerrero | An all-printed 3d-zn/fe3o4 paper battery[END_REF], all experiencing significant interest in both academic and industrial research [START_REF] Khan | Technologies for printing sensors and electronics over large flexible substrates: a review[END_REF]. The promise of flexible, low-cost applications is of great interest for the growing "internet-of-things" [START_REF] Qian | All-printed 3d hierarchically structured cellulose aerogel based triboelectric nanogenerator for multi-functional sensors[END_REF][START_REF] Bao | Flexible and stretchable devices[END_REF].

In fact, the aim of flexible electronics is to produce electronic devices that can be bent, deformed, crumpled, etc without losing their functionality. Up to now different types of semiconductor materials are used with the aim of employing them in flexible electronics. Among them organic thin films are the most important type of material.

Organic thin films despite being compatible with the large-scale process, being foldable, and eco-friendly, suffer from low carrier mobility, and high sensitivity to oxygen or UV light. Therefore, other types of materials such as the network of carbon nanotubes draw attention. Although silicon nanonets as we discussed in previous chapters, present great features in electronics that can exceed CNT nanonets in some aspects, they have not been Generally speaking, the relationship between stress and strain in any form of deformation can be regarded as stress-strain curves, as can be seen in Fig. 5.3. The stress and strain can be normal, shear, or a mixture. Also, stress can be uniaxial, biaxial, or multiaxial, even changing with time. The form of deformation can be compression, stretching, torsion, rotation, and so on. In this work, we are dealing with uniaxial stress and strain arising from traction.

In stress-strain curve arising from tensile test, there are several stages showing different behaviors, which suggests different mechanical properties. As one can see from Fig. 5.3, the initial response is linear at which stress and strain are proportional to each other. This region is also known as the elastic range, and it has a limit beyond which stress-strain proportionality breaks down. Modulus of elasticity (E) extracted from this region reads as: The modulus measurement can be used to evaluate a material's stiffness, which is its ability to resist stretching in the presence of applied loading. In the linear region, if the load is removed, the response is elastic or recoverable so the sample will return to its original length. By further increasing the strain, the plastic region deformation is reached.

E = stress strain = σ ε (5.3)
An unrecoverable elongation happens in this region which places beyond the elastic limit.

As a result, when the load is released, only the elastic deformation is recovered. In plastic deformation, the sample elongates, and the cross-sectional area decreases before failure.

Also can be seen in Fig. 5.3 that load-bearing called work hardening increases. Such increase originates from dislocations movements and dislocation generation within the material. Stress increases by applying strain up to tensile strength point in Fig. 5.3 which provides information about the maximum load of material without a reduction of area.

Finally, breakage indicates the load at which the reduction of area is so strong therefore the tapered cross-section can no longer withstand the applied stress and breaks at the weakest point.

The specific microstructure and the stiffness/strength property of CNT networks have been well studied [START_REF] Cranford | In silico assembly and nanomechanical characterization of carbon nanotube buckypaper[END_REF][START_REF] Yang | Modeling frequency-and temperature-invariant dissipative behaviors of randomly entangled carbon nanotube networks under cyclic loading[END_REF][START_REF] Wang | Mechanics of network materials with responsive crosslinks[END_REF][START_REF] Xie | Mechanics of carbon nanotube networks: microstructural evolution and optimal design[END_REF][START_REF] Wang | Mechanotunable microstructures of carbon nanotube networks[END_REF][START_REF] Wang | Viscoelastic properties of randomly entangled carbon nanotube networks under cyclic tension loading[END_REF][START_REF] Bregar | Carbon nanotube embedded adhesives for real-time monitoring of adhesion failure in high performance adhesively bonded joints[END_REF][START_REF] Pham | Bending tests of carbon nanotube thinfilm transistors on flexible substrate[END_REF], while for SiNNs situation is different. As discussed earlier SiNNs have been proven to be a promising material for future electronic devices but regarding their mechanical behavior, there are no investigations up to now, despite for single SiNWs (as already addressed in the first and third chapters). So in the following, we will introduce fabricated SiNN based resistors on flexible substrates in addition to an experimental set-up that conducts us to different measurements aimed at different goals.

Materials and methods

Our experiments fall into two main categories, i.e. 1) monotonic and/or cyclic test and 2) static test. Each of these experiments require different geometries of samples and in the case of simultaneous electrical measurements, full devices have to be fabricated.

Sample preparation

On the chosen substrate, first SiNNs are transferred to the flexible substrate, then if necessary SiNN and Al 2 O 3 passivation are patterned by photo-lithography, and finally, with the last photo-lithography followed by etching and metal evaporation, electrodes are added. Depending on the study, the passivated SiNN occupies almost the whole substrate (non-patterned), or is patterned or integrated into resistor. In this chapter, work is focused on resistors which are the simplest device to explore the deformation sensitivity and impact of strain on Kapton substrate and SiNNs non-patterned or patterned with/without electrodes as referred into Tab. 5.1.

For this study, highly p-doped SiNN (≃ 10 20 cm -3 ) are used to avoid the need of applying gate voltage for conduction and then simplifying integration process. As we do not want to explore percolation, solely the density 29 × 10 6 N W s.cm -2 is used (Fig. 5.4).

Since NWs are not the same as ones in Chapter 4, no comparison is possible (different length (L s ≃ 6 µm), different diameter (D ≃ 60 nm)). The whole technological process is described in detail in Chapter 2. 

Coupling with in-situ SEM

For monotonic and cyclic traction three different types of samples are considered (Tab. In order to electrically characterize this sample, we sweep the current, measure the voltage, and subsequently it is possible to calculate resistance.

Stress-strain curve

One of the most important features in all materials which are subjected to the tensile load is the measured stress-strain curve. We demonstrate the stress-strain curve for nonpatterned (S.IIb), patterned (S.IIIb), and patterned with electrodes (S.IV) in Fig. 5.6. It is worth noting that the speed of traction in each experiment varies due to the goal targeted accordingly. In patterned and non-patterned samples regardless of operating under different traction speeds, the difference between curves is negligible. Since after reaching the strain of about 18.5 % these samples are released, results show that some residual strain remains in the Kapton. Therefore, the elongated samples do not return to zero elongation and it testifies that Kapton has passed its elastic limit before this amount of strain. The residual strain in both samples is about 7 %.

Finally, the curve of patterned nanonets with electrodes (S.IV) has experienced solely low strain (maximum 3 %) which is quite lower than the two other samples. The reversible stress-strain behavior is evident so we can conclude that the Ka2 substrate is still in its elastic region. 

Static bending

When the material is subjected to constant loading, i.e. bending or static traction in this work, it is called a static test. The static tensile test is commonly used to show if the material is able to withstand an applied tensile load and/or to draw the limit of strength in which material breaks. Here, we also measured the conductance of SiNN based resistors (S.I, see Tab. As can be seen in Fig. 5.7, on top of this sample, there are SiNN resistors with different channel lengths in which these channels are oriented in two different directions. Therefore, in order to do electrical characterization in a given bending radius, it is necessary to first electrically characterize devices aligned with bending then change the bending direction and characterize the rest of the devices.

As can be seen in Tab. 5.2 different bending radii were applied to the sample for different goals.

Tab. 5.2: Different bending radii applied to the sample S.I with their corresponding curvature and strain.

In order to calculate strain proportional to bending radius we use the equation below:

Strain(%) = ( t sub 2R bend ) × 100 (5.4)
Where t sub and R bend are the substrate thickness and bending radius, respectively.

Local elongation is the elongation proportional to the strain on the channel length and it is measured under SEM. We only measured the local elongation by SEM for the bending radius of 7 mm (0.14 mm -1 curvature) as shown in Fig. 5.8. By comparing the interelectrode distance with and without bending, an elongation of about 19 µm for curvature about 0.14 mm -1 is evident due to bending force. In the following after year, the Kapton was detached from the rigid substrate and transferred to a 200 µm PET substrate. We observe, to some extent noticeable reduction of current after detachment in long channel devices. This means that long-channel devices are sensitive to detachment. We guess that the observed reduction of current can originate from an unintentional strain arising from the manual separation. It is striking to see in Fig. 5.9 that the medium channel length devices except 300 µm and small size devices are unaffected by the mechanical detachment.

To summarize, except for the long channel devices (L ch ≥ 500 µm) good stability (during the first year as observed) for most devices before applying any stresses. Despite a major effect due to the unintentionally applied strain because of manual detachment, according to these primary results, it is hard to distinguish whether time or strain has the main impact on the electrical characteristic.

Impact of elongation on alumina encapsulation

It was discussed in Chapter 2 that the thin layer oxide (6nm-Al 2 O 3 ) on top of SiNNs is deposited to stabilize and enhance their performance. Therefore as the NNs are encapsulated with thin layer of alumina, it is important to explore the behavior of the thin oxide layer under strain and then determine how it can impact the devices under traction.

Al 2 O 3 deposited by atomic layer deposition (ALD) has a high potential to crack under strain based on the literature [START_REF] Cho | Strain-resilient electrical functionality in thin-film metal electrodes using two-dimensional interlayers[END_REF][START_REF] Jen | Critical tensile and compressive strains for cracking of al2o3 films grown by atomic layer deposition[END_REF]. Such cracking response to strain restricts the functionality of any flexible devices incorporating alumina films. of strain applied on the oxide layer so the sample will be preserved from fractures in the lower amount of strain.

However, even for the non-patterned sample (S.II), our results are different from the literature. Jen et al.'s reported [START_REF] Jen | Critical tensile and compressive strains for cracking of al2o3 films grown by atomic layer deposition[END_REF] for the thickness range of 5-80 nm the formation of the cracks in the alumina layer with the thickness of 6 nm happens just after a small amount of tensile strain like 3 % while in our case they appear in strain range 6 times bigger (∼ 19%). In addition, the density of cracks is still very low in our work. So we may suppose either that the presence of SiNN can help the thin alumina layer to bear higher tensile strain applied to the sample or that the quality of our alumina layer is better for flexibility aspects. This matter needs more investigation.

Impact of elongation on nanowires and junctions

As NWs and junctions are the two components of a nanonet, it is important to track their respective behavior under applied strain to understand better performance of nanonets subjected to the strain. The junctions between nanowires are mainly the limit components in the charge carrier flow through the network [START_REF] Legallais | Conception , étude et modélisation d ' une nouvelle génération de transistors à nanofils de silicium pour applications biocapteurs To cite this version[END_REF]. Thanks to the set-up coupling traction with in-situ SEM the impact of strain on the NN morphology can be explored. As an illustration, mode A is presented with an orange circle in Fig. 5.11. In addition, due to the presence of perpendicular NWs in the nanonet, we can witness the existence of mode B as shown with green arrows. Moreover, because of the sintered NW junctions, the mode A+B also exists and is indicated with a red ellipse and yellow circle in Fig. 5.11.

Mention should be made that modes B and A+B are more evident in longer NWs within the nanonet.

It is important to note that the NW breaking often does not directly occur at the NW junctions but close to them suggesting more strain concentration right after junctions.

This observation also proves good sintering of SiNWs. Therefore, these junctions can stand stress resulting from traction without breaking. So junctions in SiNNs are not their weak points. However, it seems that some intersections of NW were not sintered, as can be seen in the yellow circle (Fig. 5.11) where one of the 3 NWs just slides below the others.

However, a non-sintered junctions do not allow charge transfer, so such a deformation should not impact on the electrical performance. 

Impact of SiNN geometry upon traction

Bending leads us to investigate how geometry can affect the amount of local elongation.

For this study, traction under SEM is conducted on the sample S.IIIb and we investigate geometry dependence elongation. One of the intriguing and well-known features of mechanical tensile testing is that if two samples with different sizes experience the same tensile strain, tension force and elongation in these samples will not be the same. Loadelongation results are dependent upon the whole sample size so larger samples indicate larger load-elongation. In this part, we look into the impact of the SiNNs geometry on the local elongation (the macroscopic elongation of the patterned SiNN with a given length) and shed more light on this matter. Here, one can notice that local strain depends on the NN length and is different from that of microscopic strain (of the dog bone-Kapton). In the literature the tensile test has shown already that the size of the test specimen has a significant impact on the elongation results in the microsize system [START_REF] Hägglund | Some aspects on the zero-span tensile test[END_REF]. As Hagglund et al. concluded, two specimens made of the same material, when measured, can provide different stiffness if their geometries are different [START_REF] Hägglund | Some aspects on the zero-span tensile test[END_REF]. Also, Hagman and Nygards show that the length to width ratio of specimen highly affects the failure strain at tensile tests, where a lower length to width ratio increases the strain at failure [START_REF] Hagman | Investigation of sample-size effects on in-plane tensile testing of paperboard[END_REF]. But to the best of our knowledge, nobody has shown the size-dependent traction in the macrosize systems (such as SiNN).

As shown in Tab. 5.3, these SiNNs with two different patterned lengths despite being on the same sample and under the same strain applied to the whole system, are not following the equation below:

ε S = ε L ⇒ δ S L S ̸ = δ L L L (5.5)
Up to now, the reason behind this issue is not clear to us and it is still an open question.

We can see after releasing the sample that Kapton still keep some strain therefore its length did not come back to the initial stage. By the observation from Fig. 5.6, it can be concluded that the Ka2 substrate already passed the elastic stage through this range of strain, therefore after relieving strain SiNNs also maintain some strain and their length do not back to the preliminary length.

Impact of L ch at given bending on electrical properties

In section 5.4.1, we addressed the electrical characterization on S.I after fabrication in Ka1-O-Si state and after peeling and attaching it to PET substrate. After almost one year of being in the flat situation following attachment to PET substrate, the bending is applied to the sample according to Fig. 5.7. Bending happened to be in two different radii, a large radius (24mm) or a small radius (7mm) while I-V characteristics were recorded.

It is important to mention that we did not release the S.I sample after each bending curvature, so we kept the sample in the same curvature and later on change it from one curvature to another. Fig. 5.15 shows that this time not only long channel length devices but also medium size devices are affected by the bending. Whereas the short ones are not impacted. It is obvious from Fig. 5.9 that by decreasing the bending radius followed by increasing the amount of tension, all the devices in long and medium channel lengths on the sample experience more and more current decrements. The decrements become more vivid especially once the bending radius approaches smaller values, i.e. 7mm. Still the current for small channel devices is almost untouched which confirms again the excellent durability of such devices under tension.

Finally, we released the tension and measured the currents of all devices. The current of medium-length devices increased a bit while long channel devices still have very low current after lifting tension. In other words, the small length devices have a great flexural strength which is the ability of composites or materials to resist bending deflection when force is applied to the structure. Devices with long and medium lengths are sensitive to tension emerging bending. As a result, devices with different channel lengths are responding differently to the strain as we could assume from results in section 5.4.4.

To visualize the effect of bending (applied strain) on SiNN and its dependency on channel geometry the currents are plotted as a function of channel length (L ch ) for S.I in a flat state and under two different bending radii.

The length-dependent current is shown in Fig. 5.16 in the log-log scale for S.I for flat and bending conditions. Based on the percolation theory discussed in the previous chapter, for the non bent samples (green data points in Fig. 5.16), the relation between conduction and channel length in the log-log scale should be linear (scaling law Eq. 1.3 By applying the bending with two different curvatures, the currents experience nonlinearity with respect to the channel length in infinite system sizes as can be seen in Fig. 5.16. This nonlinear behavior is evidencing that devices with longer L ch are more sensitive to bending than shorter ones. By releasing bending, we noticed on Fig. 5.15 that increasing again was all the best when the channel lengths are smaller (short and medium).

Particularly, the absence of recovering for the longer channels suggests definitive breaking of the NWs or perhaps small number of junctions as observed in the previous section (Fig. 5.12 in section 5.4.3), especially as longer geometries experience higher strain (Fig. 5.13).

Then, regarding the reducing part of current, a literature review [START_REF] Simoneau | Influence of statistical distributions on the electrical properties of disordered and aligned carbon nanotube networks[END_REF] suggests that more aligned NWs imples reducing in the current amount. Such hypothesis can be explored thanks to the traction experiment coupled with SEM in-situ. Therefore, the S.IIIa sample, similar to the S.I sample, is used for SEM in-situ traction experiments. Different elongations are applied to S.IIIa in different steps. At each step bigger elongations are applied to the sample that causing the corresponding strains along the channel length. On each step, the sample is kept in that specific strain while capturing SEM images. Figure 5.17

shows the captured SEM images and the Fast Fourier transform (FFT) images of S.IIIa before applying any traction on the left-hand side and during traction with 15 % strain applied on the right-hand side, respectively. In this work, FFT is used to characterize network alignment under applied strain [START_REF] Ayres | Modulation of anisotropy in electrospun tissue-engineering scaffolds: Analysis of fiber alignment by the fast fourier transform[END_REF][START_REF] Ji | Fabrication and characterization of aligned flexible lead-free piezoelectric nanofibers for wearable device applications[END_REF].

The resulting grayscale pixels of FFT images reflect the degree and orientation of NW alignment in corresponding SEM images. Figure 5.17 illustrates that before applying any traction, nanowires are allocated in an isotropic distribution with a symmetrical circular shape that shows nanowires in the network are perfectly dispersed. In contrast, in Fig. 5.17 on the right-hand side, the FFT image demonstrates that the sample under trac- tion contains aligned NWs along with traction direction because of non-random elliptical distribution. It is worth mentioning that, NWs are oriented preferentially along the lengthwise direction even though FFT shows a perpendicular direction to the traction since the angular dependence of a power spectrum is perpendicular to the original image [START_REF] Enomae | Nondestructive determination of fiber orientation distribution of paper surface by image analysis[END_REF].

To better understand the NW alignment mechanism, we deduce the extracted SiNWs angle distribution before and during applying traction. We analyzed data of angle distribution extracted from software imageJ for three different strains (0 % in red, 3.3 % in yellow, and 15 % in green) to cover all no, low, and high applied strain values. Angle distribution in a polar graph with the corresponding SEM images at each strain step is demonstrated in Fig. 5.18. By looking in Fig. 5.18(a) regarding angle distribution before traction, the plot proves the great isotropic distribution of our SiNWs in the network which shows vacuum filtration yield in producing perfect randomly oriented NWs. Then interestingly, by introducing the traction followed by the strain about 3.3%, nanowires are enforced to be oriented into two preferential directions 45 • . In the end, by analyzing angle distribution while a strain is about 15%, the alignment of nanowires with a deviation of about ±30 • along with traction direction is obvious.

As a result, in the long and medium size channel devices under bending or traction, we can suppose that the current drops drastically due to the alignment of NWs in the network in the direction of traction followed by breaking or deforming NWs or with lower chance, losing their junctions for the longer channel networks. Consequently, the charge carriers have a lower chance to pass through the channel as a result of alignment. 

Cyclic test coupled with electrical measurement

Bending

The cyclic bending is normally aimed at verifying the reduction in the conductance due to this repeating action. But in this particular experiment, we focus on just one bending cycle to see how the conductance changes over different bending and after release (during one cycle) for a specific channel length resistor. So, this experiment is conducted in a way that the factor of time is diminished and we only focus on the impact of bending.

In the following step of one cycle bending, we apply tension through different curvatures (0-0.2 mm -1 ) on the sample S.I in one day. Therefore, it is possible to neglect the impact of time on the electrical characterization results. We chose medium channel length devices (200µm) which were affected by detachment, bending, and release. The starting point is when the sample is not under any tension, called a flat position with an infinite bending radius. Then, we applied the bending with different curvatures. So at each bending radius, after measuring the current of all the devices with L ch = 200 µm on S.I, bending curvature increased which leads to an increase in tension. Finally, this bending experiment is completed by releasing and returning to the flat position on the same day. ) is lower which can originate from the substrate mechanical features. Finally, after removing the bending force, i.e. restoring the sample to the flat position, the current is almost recovered to the current after the breakage in the slope but still is lower than the current at the virgin state. Our finding puts forward that the change after bending is 5. Conformable SiNNs for novel generation of flexible electronic devices not completely reversible. One can conclude that the factor of tension due to bending or detachment is more influential and its impact is far more highlighted than time.

The vast diminution at the curvature range of 0.04 -0.045 mm -1 can be caused by: 1) the tensile force going beyond the elastic limit of Ka1, 2) huge breakage in the SiNNs, or 3) degrading the NW junctions or the intersection of NWs and metallic contacts. In order to address cause number two, we immediately conducted an in-situ SEM after the experiment. The inspection did not show any noticeable fracture in the SiNNs. Hence, we discarded that possibility and can assume that the reason behind this reduction would be either one or both of the remaining causes.

Traction

In this part, the macroscopic deformation of SiNNs fabricated on Ka2 substrates (S.IV) is studied under tensile testing and is directly correlated with corresponding changes in the voltage across the devices or in the other words, its resistance.

Mechanical and electrical properties of manufactured structures are followed in the course of 1) ten traction and relaxation cycles for 0. Viscoelasticity is the property of materials that exhibit both viscous and elastic characteristics when undergoing deformation. A viscoelastic material has the following properties:

• Hysteresis can be seen in the stress -strain curve.

• Stress relaxation occurs: step constant strain causes decreasing stress.

• Creep occurs: step constant stress causes increasing strain.

• The stiffness depends on the strain rate or the stress rate.

When a deformation force is applied to the system then the strain does not change simultaneously with stress rather, actually, the strain lags behind the stress. The lagging of strain behind the stress is defined as elastic hysteresis. The area of the stress-strain curve is called the hysteresis loop and it is numerically equal to the work done in loading the material and then unloading it. Kapton is known as a viscoelastic material that presents a reversible response, i.e. they can return to the initial state, which depends on the rate of the applied loading. As can 5. Conformable SiNNs for novel generation of flexible electronic devices be seen for all the cycles in Fig. 5.20, our sample behaves as a viscoelastic material. This mechanism usually appears in polymeric materials. But also one of the promising nanomaterials with viscoelastic properties is the randomly entangled CNT network. In this work, our device is correlated with polymeric material i.e. Kapton as a substrate which is a viscoelastic material, and SiNN as a channel which can be examined to see if it behaves as viscoelastic material like its counterpart (CNT network) or not.

We perform different cyclic tensile loading in order to ensure the consistency and repeatability of the SiNN based resistor and its electro-mechanical properties. It is worth noting that, we display just one of the strain cyclic tests with the maximum 0.83 % strain in Fig. 5.21. Normally by applying cyclic tensile loading to the thin-film materials, there should be a continuous increase in resistance of the system because the system is degrading under tension. However, here the situation is different as a small continuous increase in resistance can be seen in the first cyclic tensile test (0.018 mm elongation, green area in Fig. 5. [START_REF] Shao | Silicon nanowires -Synthesis, properties, and applications[END_REF] while after that in strain about 0.83 % (0.05 mm elongation, yellow area in Fig. 5.22) system stabilize until the strain reaches to the value of 1.6 % (0.1 mm elongation, orange area in Fig. 5.22) in which a jump in current is observed. Again after being in the same interval strain, resistance just fluctuates around an average value up to the point that the system experience a higher strain of about 3.5 % (0.2 mm elongation, light red area in Let us assume a constant SiNN fraction and size, then strain arising from traction induces higher resistivity to this system because stress pushes away SiNWs in the network and makes less number of contact points (see Fig. 5.23). As a result of a higher number of broken NWs or maybe junctions, the system contains less number of paths that are followed by increasing the resistance. An opposite effect while applying compression and increasing the number of junctions and eventually increasing the number of paths can not happen for our system, since our NWs are covered with a thin oxide layer and need to be sintered at the junctions to transfer charges.

Sannicolo et al. already defined a "geometrically anti-percolation" which causes a step like a drop or rise in the resistance, in AgNW networks under temperature [START_REF] Sannicolo | Direct imaging of the onset of electrical conduction in silver nanowire networks by infrared thermography: evidence of geometrical quantized percolation[END_REF]. As our SiNNs exhibit an abrupt rise (step-like) in electrical resistance under monotonic and cyclic tensile loading, therefore, we can suggest happening the anti-percolation phenomenon but this time under traction. This phenomenon rises owing to the degrading NWs and . Considering the value of jump which seems proportional to the value of strain according to the Fig. 5.24, probably we can think the number of degraded paths in SiNN is corresponding to the rise in resistance but since our results are not enough, therefore, it will be difficult to draw a concrete conclusion.

Conclusions

In summary, for the first time we conducted static and monotonic and cyclic mechanical tensile loading on SiNN based resistors. In the static part we showed an excellent stability over time and tension in short channel length resistors while demonstrating that the medium and long channel length devices are good for deformation application aspect due to their sensitivity over applied tension. This turns out that we can assume having variety of devices in terms of sensitivity to the deformation. Afterward by probing the current over channel lengths under different bending radii, again the huge drop in the current was seen in medium and long channel length devices which can be caused by mostly Ultimately, our generic fabrication process in Chapter 3 paved the way for the manufacturing of the flexible SiNN resistors in Chapter 5. In Chapter 5, we investigated the mechanical properties of short, medium, and long channel length SiNN based devices.

We probed the current for these different channel lengths under different bending radii.

The results showed a substantial drop in the current of medium and long channel length devices. The short channel length resistors presented excellent stability over time and tension. However, the medium and long channel length resistors are good for deformation application due to their sensitivity over applied tension. In order to understand this drastic change in current, we proposed an experiment with a tensile loading (traction) coupled with in-situ SEM. We proved that the NWs alignment due to the traction is responsible for recovering the current. Three fascinating open questions reside, (i) the effect of junctions on the electrical behavior of SiNN based devices. We already performed some experiments with low density SiNN-FETs to be able to have a chance to monitor the number of junctions and NWs.

We could see that NW-NW junctions play a great role in the properties of SiNN based samples but this matter needs more investigation. (ii) Then, as already mentioned in this thesis, we deposited different oxides onto SiNN based FETs and we found some interesting results. These results showed by changing the thickness and the type of oxide, even though the channel polarity was certain, we have been able to control the polarities of the FETs by using different oxides with different thicknesses. These results are a great source for further investigations. (iii) The initial measurement of traction experiment was shown in my thesis, however, there are some room left to study three terminal devices. Exploring a SiNN FET as a three terminal device under traction would reveal the potential of nanonet based devices for mechanical applications.
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 5 to investigate single SiNW based FET, the percolation study and mechanical properties of SiNNs. Furthermore, we discuss in detail the challenges that one might face during the fabrication of such devices and how to deal with them. Devices are divided into two main categories of resistors and transistors. The first two chapters are important ingredients to report on the operation of resistors and field effect transistors (FETs) fabricated with single SiNWs (Chapter 3) and SiNNs (Chapters 4 and 5) as active channels on flexible and rigid substrates.

The 5

 5 th part describes the main techniques used for the growth of nanowires. However, in the context of functional device fabrication, one of the first fundamental steps, largely presented in Part 6, is the manipulation of the nanowires to allow their positioning and to start the integration process. The advantages and disadvantages of each of these manipulation techniques are discussed. Then, in part 7, the main families of nanowire-based transistors are presented, their most common integration routes and the electrical performance of the resulting devices are presented and compared in order to highlight the relevance of these different geometries. The key technological elements necessary for the integration of silicon nanowires are presented in the 8 th part which presents the sintering technique, the importance of surface and interface engineering, and the key role of silicidation for good device performance. Finally, a last part reviews the main application areas for these silicon nanowire devices.
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 11 Fig. 1.1: Number of articles published per year and the number of citations based on a search using the keyword "Si or Silicon Nanowire" on the website of knowledge.
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 12 Fig. 1.2: Different types of nanowire based samples [33, 34].
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 13 Fig. 1.3: Schematic made by SEM images for representation of a nanonet (a) three-dimensional and (b) two-dimensional. A top view and percolation path in red are highlighted in image (b).

Fig. 1 . 4 :

 14 Fig. 1.4: The major advantage of 1D nanostructures (B) over 2D thin film (A). Binding to 1D nanowire leads to depletion or accumulation in the "bulk" of the nanowire as opposed to only the surface in 2-D thin-film case [62].

Fig. 1 . 5 :

 15 Fig. 1.5: Sensing properties. (A, B) Real-time recordings of the absorption/desorption processes of F1-ATPases, showing the gradual changes in ID with three steps. Drain voltage, V D = 0.1 V and gate voltage, V G = 0 V. (C, D) Corresponding AFM images after protein delivery (C, inset shows an enlarged image of a single F1 protein) and after further EDTA treatment (D, inset is the height profile of the bare silicon nanowire and the nanowire with an adsorbed F1 protein particle in (C) inset. The total height of F1 is ≈ 12 nm including a ≈ 2 nm linkage). The scale bar is 1 µm [77].
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 16 Fig. 1.6: Silicon nanowire nanonets manufactured by vacuum filtration and then transferred to (a)
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 17 Fig. 1.7: SEM image and fluctuation range in the current of (a) Single nanowire and (b) Nanonet based resistors.
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 18 Fig. 1.8: Bottom-up synthesis methods. (A) Vapor-phase growth of segmented nanowires through the VLS process, with modulation of the gaseous precursor resulting in controlled compositional changes.
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 19 Fig. 1.9: Schematic of the growth principle of SiNWs, and SEM image of as grown silicon nanowires [122].
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 11 Comparison between different NW growth methods including low pressure VLS (LP-VLS), high pressure VLS (HP-VLS), SLS, and electrochemical.
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 110 Fig. 1.10: Assembly of periodic NW arrays and Layer-by-layer assembly of crossed NW arrays. (A) Schematic view of the assembly of NWs onto a chemically patterned substrate. The light gray areas correspond to N H 2 -terminated surfaces, whereas the dark gray areas correspond to either methyl-terminated or bare surfaces. NWs are preferentially attracted to the N H 2 -terminated regions of the surface. (B) Parallel arrays of GaP NWs with 500-nm separation obtained with a patterned SAM surface. (C) Typical SEM images of crossed arrays of InP NWs obtained in a two-step assembly process with orthogonal flow directions for the sequential steps. Flow directions are highlighted by arrows in the images. (D) An equilateral triangle of GaP NWs obtained in a three step assembly process, with 60 • angles between flow directions, which are indicated by numbered arrows. The scale bars correspond to 500nm in (B), (C) and
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 111 Fig. 1.11: Langmuir-Blodgett assembly of nanowires. (a) Schematic illustration of the Langmuir-Blodgett assembly process [130]. (b,c) SEM images of a high-density parallel nanowire array (b) and crossed nanowire array (c) on the substrates. (d) SEM images at different magnification for patterned crossed nanowire arrays [42].
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 113 Fig. 1.13: Illustration of printing apparatus[135].
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 114 Fig. 1.14: Schematics and demonstration of nano-combing. (a), Schematics of the nano-combing process. The blue arrow indicates the travelling direction of the growth substrate with respect to the target substrate, which yields a combing/aligning force that is parallel and opposite to the anchoring force. The dashed window at the right bottom shows a side view of the nano-combing process. (b-c), SEM images of silicon nanowires on the combing (resist) surface at different magnifications. The thickness of the resist (S1805) layer was ≈ 70 nm. Scale bars: 50 µm (b), 10 µm (c) [140].
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 115 Fig. 1.15: (a) Schematic illustration of a nanowire in mechanical contact with a surface. The frictional force is predominantly influenced by the shear velocity vector, the applied load, the contact morphology, and the materials of the nanowire and the target substrate. (b) to (d) Optical microscopy images of nanowires transferred in a lubricant-free manner onto Si 3 N 4 , SiO 2 , and Au surfaces. The dashed arrow represents the shear direction of the growth substrate. (e) Schematic illustration showing the interaction of a nanowire with a previously deposited nanowire (left), the interactions of nanowires with a step (centre) and the interaction of a nanowire with a nanoparticle (right).(f) Schematic and optical images of an 80 nm step in Si 3 N 4 , revealing that nanowires are preferentially deposited onto the elevated area. (g) Optical micrograph depicting an area decorated locally with Au nanoparticles of 50 nm in diameter. The nanoparticles increase the frictional force acting on the nanowires and, therefore, significantly increase the deposited nanowire density. (h) SEM image of a nanowire on a surface decorated with Au nanoparticles of 20 nm in diameter. The arrows indicate the positions of nanoparticles. The inset shows a magnified region containing a nanowire and Au nanoparticles. (i) The effect of the step, as shown in (f) is masked when Au nanoparticles (here, 50 nm in diameter) are present. The shear direction of the growth substrate is indicated in all images by a dashed arrow. The scale bars for (f), (g) and (i) represent 100 µm, and that for (h) represents 1 µm. (j) Schematic illustration of various catcher concepts, listed from front to back: elevated plateaux, nanoparticles, changes in surface roughness or material composition, catchers with selectivity or guiding rails, catchers for single and multiple-nanowire positioning, and catchers fabricated out of the substrate material with nanowires spanning a trench. (k) Catchers on SiO 2 of different lateral shapes, leading to an increased nanowire density adjacent to the catcher. The dashed arrow indicates the shear direction of the nanowire growth substrate. (l) Gold catchers on Si 3 N 4 with the ability to position single nanowires (see white arrows). The width of a single structure is 300 nm. (m) Optical image of one triangular and six rectangular Au structures for single-nanowire positioning. When the triangular structure catches a single nanowire, the rectangular structures appear to assist, serving a function similar to that of a guiding rail, as revealed by experiments. [139].

  vacuum filtration []149 is widely used in the literature as it allows the production of homogeneous nanostructured networks at low cost and over large areas. During solution filtration, the nanostructures are randomly trapped on the surface of a porous filter. In the frame of Si nanonet assembling, Pauline Serre [28] and Maxime Legallais [144] have shown that the process consists in five main steps that are: (1) dispersion of the silicon NWs in solution, (2) purification of the suspension by centrifugation, (3) analysis of the suspension by absorption spectroscopy, (4) assembly of the NWs into nanonets by vacuum filtration, and finally, (5) transfer of the nanonet onto a substrate, as shown in Fig. 1.16.
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 116 Fig. 1.16: Overview of the protocol for manufacturing nanonets. This process consists of five main steps: (1) dispersion of the silicon NWs in solution, (2) purification of the NW suspension by centrifugation, (3) analysis of the suspension by absorption spectroscopy, (4) assembly of the NWs into nanonets by vacuum filtration, and (5) transfer of the nanonet onto a substrate [144].
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 117 Fig. 1.17: Membranes obtained after vacuum filtration of nanowires having the same arbitrarily fixed absorbance (0.06 at 400 nm) and different filtered volumes (a) 10 mL, (b) 20 mL and (c) 35 mL [28].
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 1 Fig. 1.18: : (a) Image of the electrostatic spray system step [157] (b) SEM image of the electrostatic spray deposited nanowire network [157], (c) Schematic of the spray coating apparatus [156] (d) representative dark-field optical image of spray-coated SiNWs on the SiOx/Si substrate and the constituent analysis of 700 SiNWs with respect to the flow direction [156].
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 12 Advantages and disadvantages of each NWs transferring technique. in Tab. 1.2, there is a simple comparison between different techniques of transferring nanowires into a variety of substrates from rigid to flexible ones.
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 119 Fig. 1.19: Continued scaling of silicon complementary metal-oxide-semiconductor (CMOS) transistor into nanometre regime requires the corresponding reduction of device active layer dimensionality [6].

  device characteristics. Nevertheless, being able to introduce nanometric structures into the devices is extremely interesting because it allows new properties and functionalities to emerge. In this, nanonet devices are extremely promising because they are made of nano components while having a large enough footprint to lower the cost and complexity of production. They are clearly not part of the miniaturization dynamics of the More Moore trend, but rather contribute to the "More than Moore" trend or even to a paradigm shift (Fig.1.20(a)).Nanonet based transistors belong to the category of thin film transistors that provide numerous functionalities for various applications such as CMOS circuits, sensors, responsive surfaces, flexible and transparent electronics. They compete not only with other materials such as oxides or organics but also with other forms of silicon, amorphous, polycrystalline or monocrystalline. In this context, Fig.1.20(b) shows the performance of these devices according to their footprint.
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 120 Fig. 1.20: (a) Simple comparison between single SiNW-, thin film Si-and SiNN-FETs with respect to the industrial size and fabrication costs related. (b) Positioning (Nanonet TFT) in terms of thin film transistor (TFT) performance versus footprint in comparison with the existing technologies (TFT based on: cSi: monocrystalline Si; poly-Si: polycrystalline Si; a-Si: amorphous Si; Organic: organic material, Oxide: metal oxide film).
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 1 Fig. 1.21 (a). The two gold cubes represent the source (labelled S) and drain (labelled D) contacts of the transistor respectively whereas the gate is on the backside of the substrate.
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 121 Fig. 1.21: Schematic of NWFETS with (a) back gate, (b) Semi-cylindrical top gate and (c) cylindrical gate-all-around configurations. The nanowire is brown, gate-dielectric is light green and source (S), drain (D), and top-gate (G) electrodes are gold. Insets show device cross section at the midpoint between source and drain.
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 122 Fig. 1.22: Deposition/alignment of SiNWs on a silicon substrate. (iii) A photomask pattern to define source/drain electrodes. (iv) Thermal evaporation to deposit the source/drain contacts. (v) Lift-off the remaining photoresist with Remover PG [172].

(

  drain) via percolation paths that involve NWs as well as junctions between NWs. Typical devices are illustrated in Fig. 1.23.
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 1 Fig. 1.23: (a) Schematic and (b) SEM image of SiNN transistor studied.Figure (a) refer to long channel transistors for which the length of the NWs is less than the channel length (L N W s < L c ). Conversely, SEM image (b) refers to the possible conduction paths involving N W -N W junctions are indicated in red [144].
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 125 SiNN based FETs with two different designs are demonstrated.
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 124 Fig. 1.24: Main steps in the isolation of nanonets. (i-0) Fabrication of nanonets. (i-1) Deposition of the positive photoresist by the spin-coating technique. (i-2) Photolithography with the UV-Visible through the mask. (i-3) Photoresist development. (i-4) Dry etching of the NWs by a sulfur hexafluoride plasma. (i-5) Photoresist removal. Main steps for the formation of source/drain contacts. (ii-0) Nanonet after isolation (see part 6.4.1.1.4). (ii-1) Deposition of inversion photoresist using the spin-coating technique. (ii-2) Photolithography in the UV-Visible through the mask aligned with the isolated nanonet. (ii-3) Photoresist development. (ii-4) Electron beam evaporation of nickel and gold. (ii-5) Revelation of the source/drain contacts after lifting of the photoresist (lift-off).

Fig. 1 .

 1 Fig. 1.25: (a) SEM image final full back-gate FET based on SiNN. The length of the Si nanonet channel is 50 µm for a width of 120 µm. The square contacts measure 200 µm on each side. (b) SEM image final local top-gate FET based on SiNN. The length of the Si nanonet channel is 50 µm for a width of 100 µm. The square contacts measure 200 µm on each side.

Fig. 1 .

 1 Fig. 1.26: (a) Schematics of bottom-gate of multi parallel array Silicon nanowires [175] (b) SEM image of as fabricated parallel channels FETs with intruded N iSi 2 Schottky barrier contacts [176]. (c) Refer to the schematic of the short channel transistor (L N W s > L c ) (d)SEM image of MPC-FETs based on short channel SiNN and the possible conduction paths involving with without-NW-NW junctions are indicated in red [27].

Fig. 1 . 27 :

 127 Fig. 1.27: SiNW-FETs: a family of current versus drain-source voltage (I ds -V ds ) plots for a representative (a) 20 nm p-Si NW device (channel length of 1 µm; from red to pink, V g = -5 V to 3 V); and (b) 20 nm n-Si NW device (channel length of 2 µm; from yellow to red, V g = -5 V to 5 V) in a standard back-gated NW-FET geometry as illustrated. Insets in (a) and (b) are current versus gate-voltage (I ds -V g ) curvesrecorded for NWFETs plotted on linear (blue) and log (red) scales at V ds = -1 V and 1 V, respectively[START_REF] Li | Nanowire electronic and optoelectronic devices[END_REF].

Fig. 1 .

 1 Fig. 1.28: (a) Source-drain voltage Vsd versus a gate voltage V g statistics of 36 nanowire parallel array FET devices. Each device consists of 500-1000 nanowires. Off-current versus on-current per mm electrode width for V sd = 0.5 V. The on/off ratio is shown for devices with four different inter-electrode spacing but the same silicidation process (green/stars 2.5 µm; red/triangles 3.5 µm; purple/circles 4.5 µm; blue/sq. 5.5 µm)[176]. (b) High density nanowires are contacted by nickel electrodes. The inset displays the histogram of channel lengths of individual nanowires after silicidation for a device with 2.5 µm inter-electrode spacing [176].

Fig. 1 .

 1 29(B), by measuring over seventy NN based transistors with different channel lengths, an interesting trend in the I on /I of f curve is observed. On one hand, the NN-FETs with the smallest length (15-20µm) have a quite dispersed current while the current is almost stable. On the other hand, for the longer (> 20 µm), current is almost fixed with a reduction in current by increasing the channel length. As a consequence, this leads to a drastic change in the on-to-off ratio and the observation of an optimum on-to-off ratio as high as 10[START_REF] Legallais | Role played by the nanowire/nanowire junctions in the electrical properties of semiconductor percolating silicon nanowire networks[END_REF] 5] 

Fig. 1 .

 1 Fig. 1.29: Study of transistor electrical properties for various channel lengths. (A) Typical transfer characteristics from 5 to 100 µm at V d =-4 V. (B) On current (I on ) as a function of off current (I of f ).The on current is defined as Id at V g = -25 V, V d = -4 V, (C) subthreshold slope (SS), and (D) threshold voltage (V t h) for various channel lengths extracted for about seventy transistors. For (B), the on-to-off ratio (I on /I of f ) is indicated by the dashed lines[START_REF] Legallais | Role played by the nanowire/nanowire junctions in the electrical properties of semiconductor percolating silicon nanowire networks[END_REF].

Fig. 1 . 30 :

 130 Fig. 1.30: Typical transfer characteristic at V d = -1 V for Single SiNW-FET with L c = 3 µm (black), MPC-FET with L c = 5 µm (blue), SiNN-FET with L c = 50 µm (red). Colour on-line [74].

Fig. 1 .

 1 Fig. 1.31:A comparison between single SiNW-FETs[START_REF] Rosaz | High-performance silicon nanowire field-effect transistor with silicided contacts[END_REF][START_REF] Cui | High performance silicon nanowire field effect transistors[END_REF][START_REF] Weber | Silicon-nanowire transistors with intruded nickel-suicide contacts[END_REF][START_REF] Zheng | Synthesis and fabrication of high-performance n-type silicon nanowire transistors[END_REF][START_REF] Byon | Systematic study of contact annealing: Ambipolar silicon nanowire transistor with improved performance[END_REF][START_REF] Hayden | Fully depleted nanowire field-effect transistor in inversion mode[END_REF][START_REF] Rajeev | Effect of Nanowire-dielectric Interface on the Hysteresis of Solution Processed Silicon Nanowire FETs[END_REF][START_REF] Van | Low-programmable-voltage nonvolatile memory devices based on omega-shaped gate organic ferroelectric P(VDF-TrFE) field effect transistors using p-type silicon nanowire channels[END_REF][START_REF] Jung | Minority carrier lifetimes and surface effects in VLS-grown axial p-n junction silicon nanowires[END_REF][START_REF] Heo | Large-scale assembly of highly flexible low-noise devices based on silicon nanowires[END_REF][START_REF] Celle | Highly end-doped silicon nanowires for field-effect transistors on flexible substrates[END_REF][START_REF] Mcalpine | High-performance nanowire electronics and photonics and nanoscale patterning on flexible plastic substrates[END_REF][START_REF] Knopfmacher | Nernst limit in dual-gated Si-nanowire FET sensors[END_REF] and SiNN-FETs with respect to the channel length (SiNN density is about 0.6 NWs µm -2 ). Squares of SiNN-FETs segment show average of several devices' performances in which bars are representative of deviation in measured parameters for a certain L c .

1. 32

 32 (a) is explained by the progressive growth of SiO 2 at the junctions between NWs as indicated by the passage from step (1) to (1.a) in Fig. 1.32(b). With a time constant of 2.2 days, the silica shell formed is thick enough to electrically isolate the NW-NW junctions and prevent current flow through the nanonet. The use of the SiNNs is then jeopardized as a functional device under air. Nevertheless, when low-temperature annealing (400 • C) is performed just after removal of SiO 2 by treatment with hydrofluoric acid (HF), the conductance shown in Fig. 1.32(a) decreases by only 20% and then stabilizes for several months [48].

Fig. 1 .

 1 Fig. 1.32: (a) Evolution of the conductance over time of Si nanonets based on not-annealed degenerated NWs and annealed at 400 • C after deoxidation. The conductance at 5 V was normalized to the initial conductance just after deoxidation. (b) Diagrams illustrating, after deoxidation, the reoxidation under air of an NW-NW junction (1.a) without annealing or (1.b) with annealing at 400 • C under nitrogen [74].

Fig. 1 . 33 :

 133 Fig. 1.33: High resolution TEM image realized after re-oxidation of a junction between two NWs annealed at 400 • C under nitrogen. (a.2) Schematic representation of the TEM image showing the formation of a dislocation and a neck delimited by SiO 2 at the NW-NW junction. (b.1) Modelling of the sintering between two silicon nanoparticles with (w/) and without (w/o) the native oxide. Surface diffusion (j s ), volume diffusion from the grain boundary (j L ) and vapor diffusion (j v ) are the material transports considered. X and ϕ represent the shot size and diameter of the nanoparticles, respectively. (b.2) Sintering map representing the neck size relative to the initial nanoparticle size as a function of temperature for different annealing times [48].

Fig. 1 . 34 :

 134 Fig. 1.34: Comparison between sintered SiNN coated by (A, C) natively grown silicon dioxide and passivated by (B, D) alumina deposited using ALD. (A, B) refers to top-view SEM images of nanonets while (C, D) are sectional schemes of 3 coated SiNWs: 1 sectioned in the length and 2 according to the diameter. For (C), the mean and standard deviation of SiNW length (L SiN W s ) and diameter (D SiN W s ) are indicated. For (D), due to conformal coating with ALD, alumina is deposited simultaneously on SiNWs and onto the substrate whereas SiNW-SiNW junction and underneath SiNW portions are considered alumina-free [47].

Fig. 1 .

 1 Fig. 1.35: (A) Effect of the alumina thickness on the subthreshold slope (SS). 0 nm of alumina corresponds to a 2-nm thick layer of native SiO 2 . For all transistors, the channel length (L c ) is 20 µm and the drain voltage (V d ) was set at -4 V. The boxes show the 25th and 75th percentiles whereas the whiskers represent the 5th and 95th percentiles. The empty square in the boxes shows the mean value. (B) Reproducibility of the on and off current for transistors based on native SiO 2 SiNNs (full symbol) and 8-nm alumina encapsulated SiNNs (empty symbol) for 20 µm (square) and 30 µm (triangle) long channel. For native SiO 2 SiNN based devices, no current is observed when the channel length is 30 µm. The on-to-off ratio (I on = I of f ) is indicated by the dashed line. Ion and I of f were extracted at -25 V and +25 V, respectively [47].

1. 8 .Fig. 1 . 36 :

 8136 Fig. 1.36: SEM image of the Si nanonet (NN) after transfer on heavily doped Si substrate covered with a 200 nm thick Si 3 N 4 . (b) High-resolution TEM (HRTEM) image displaying an Al 2 O 3 passivated Si nanowire. (c) Optical image of Al 2 O 3 passivated SiNN field effect transistors (FETs) presenting different channel geometries. (d) Transfer characteristics were obtained for an L=100 µm, W=100 µm NN-FET at a drain voltage of V ds = -2 V before and after functionalization with Thrombin binding aptamer (TBA-15)[197].

Fig. 1 . 37 :

 137 Fig. 1.37: Schematic structure of the devices with MPTS as anchoring layer for gold electrodes [201].

Fig. 1 .

 1 Fig. 1.38: V t as a function of the channel modification [201].

Tab. 1 . 3 :

 13 Properties of different silicides used in the microelectronics industry.

Fig. 1 . 39 :

 139 Fig. 1.39: Binary phase diagram of the nickel-silicon pair [210].

  which facilitates the injection of the carriers. Indeed, the nickel penetrates over the entire volume of the SiNW and then diffuses longitudinally. Otherwise, for non-silicided nanowires, the injection of the carriers is less efficient since it is done radially through the edges of the SiNWs. In addition,Chou et al. studied the kinetics of NiSi formation between 450 • C and 750 • C by in-situ transmission electron microscopy analyses []216,217.Nevertheless, the NiSi phase is often accompanied by a Ni-rich phase that forms at lower temperatures[START_REF] Katsman | Formation and evolution of nickel silicide in silicon nanowires[END_REF][START_REF] Katsman | From contact to diffusion controlled growth of nickel silicides in silicon nanowires[END_REF][START_REF] Hsu | Fabrication of Ni-silicide/Si heterostructured nanowire arrays by glancing angle deposition and solid state reaction[END_REF]. Other crystallographic studies have shown the possibility of obtaining Ni-rich phases such as N i 31 Si 12 and N i 2 Si for temperatures between 400 • C and

Fig. 1 . 40 :

 140 Fig. 1.40: Temperature range of formation of different NiXSiy silicides in SiNWs reported in the literature from 14 references [173, 174, 216, 217, 218].

Tab. 1 . 4 :

 14 Formation temperature, crystallographic structure, electrical resistivity, unit cell volume per

1. 8 .Fig. 1 .

 81 Fig. 1.41: (a) SEM view of a silicided contact after annealing at 400 • C under nitrogen gas during 300 s. The scale bar is 80 nm. (b) EDX picture of the contact presented in (a). Green colour indicates the presence of nickel. One can notice the propagation of the nickel in the SiNW after the annealing step leading to the formation of a silicide. (c) Length of the silicided section obtained at 400 • C under nitrogen gas in an RTA furnace as a function of the annealing time [11].

Figure 1 .

 1 Figure 1.42 presents the transfer characteristics before and after annealing of a 20 µm

Fig. 1 . 42 :

 142 Fig. 1.42: Transfer characteristics before and after silicidation (400 • C, for 60 s) of a 20 µm channel Si nanonet FET elaborated with 18 mL of filtered SiNW solution (with 42 × 10 6 NWs cm -2 corresponding density). The drain-source bias was set at -4 V [221].

Fig. 1 . 43 :

 143 Fig. 1.43: (a) Optical images and (b) schematic illustration of the SiNW CMOS inverter on a transparent substrate [230]. (c) Schematic of a SiNW FET based charge-trapping non-volatile flash memory; (d) TEM image of the cross section of a MATATOS device. Inset demonstrates the typical thickness of the top gate stack [227].

  the advent of new CMOS compatible fabrication methods for silicon nanowires, it is now feasible to build memory and memristive devices. The SiNW-FET based dielectric charge-trapping flash-like memories have been fabricated and fully characterized by Zhu et al. (Fig. 1.43(c,d))[START_REF] Zhu | Discrete charge states in nanowire flash memory with multiple Ta 2O5 charge-trapping stacks[END_REF].These non-volatile memory devices exhibited fast programming/erasing speed, excellent retention, and endurance, indicating the advantages of integrating the multilayer of charge-storage stacks on the nanowire channel. Such high-performance flash-like nonvolatile memory can be integrated into the microprocessor chip as the local memory which requires high density and good endurance[START_REF] Zhu | Discrete charge states in nanowire flash memory with multiple Ta 2O5 charge-trapping stacks[END_REF][START_REF] Baraban | Hybrid Silicon Nanowire Devices and Their Functional Diversity[END_REF][START_REF] Park | Reconfigurable Si Nanowire Nonvolatile Transistors[END_REF].

Fig. 1 .

 1 Fig. 1.44: (a.1) The illustration of a nanoscale FET biosensor with a cross-sectional view. (b.1) When positively charged target molecules bind the receptor modified on a p-type NW, positive carriers (holes) are depleted in the NW, resulting in a decrease in conductance. On the contrary, negatively charged target molecules captured by the receptor would make an accumulation of hole carriers, causing an increase in conductance [172]. (a.2) Schematic of a single virus binding and unbinding to the surface of a SiNW device modified with antibody receptors and the corresponding time-dependent change in conductance.

Fig. 1 . 45 :1. 10 Conclusion 2

 145102 Fig. 1.45: Real time current response of Pd coated SiNWs in 5% H 2 . The inset images show the enlarged current response (upper) and an SEM image (below) of the device. Note that, the sensor was inside achamber with a pressure of 0.01 Torr, and a voltage of 2 V was applied across it[START_REF] Chen | Applications of silicon nanowires functionalized with palladium nanoparticles in hydrogen sensors[END_REF].

  Lilienfeld established the concept of the transistor in the 1930s for the first time. He designed a three-terminal structure based on a copper sulfide semiconductor. According to his patent (Lilienfeld, 1933, 1930), he stated that the flow of current between two electrodes could be modulated by a third potential. Due to the lack of technical and technological knowledge at the time, he was unable to experimentally demonstrate this concept. About fifteen years later, Bardeen, Brattain, and Schokley produced the first bipolar transistor in 1947. For this revolutionary discovery, they received the Nobel Prize in Physics in 1956. It marked the beginning of the microelectronics era and revolutionized the field of telecommunications. While the industrial integration of bipolar transistors was developing, Ligenza and Spitzer realized in 1960 the first Metal Oxide Semiconductor (MOS) capacitor thanks to the growth of thermal oxide on silicon (Ligenza and Spitzer, 1960). This significant advance allowed Kahng and Atalla (Kahng, 1963; Kahng and Atalla, 1960) to realize the first Field Effect Transistor based on a MOS (MOSFET) stack in the same year. Today, MOSFETs represent the elementary and preponderant brick of integrated circuits (ICs). In general, transistors have many applications based on their ability for amplification and switching purposes which are two basic functions in them.

  in Maxime Legallais Ph.D.'s work, non-patterned silicon nanonet for the first time was integrated into field effect transistors with a back gate configuration. He showed that the developed technological process is perfectly suitable with large-scale and massive production of such devices at low cost without exceeding a thermal budget of 400 • C. Major technological breakthroughs in Legallais's work were achieved through the control of the sintering of nanowire junctions, the contact silicidation, and the nanowire passivation with alumina. Contact silicidation help the device to have a better performance owing to the lower contact barrier between nanowires and metallic pads. The as-fabricated nanonet transistors display outstanding, air stable, and reproducible electrical characteristics which can compete with single nanowire-based devices. An in-depth study of percolation using experimental measurements and Monte-Carlo simulations highlighted that the conduction limitation by nanowire junctions allows enhancing drastically the electrical performances.

Figure 2 .

 2 Figure 2.1 summarizes the different geometries of the final devices. In general, the channel located between the source and the drain consists of either a single SiNW or a tangled array of randomly oriented SiNWs. These devices can be classified in terms of device type and substrate as in the following:

Fig. 2 . 1 :

 21 Fig. 2.1: Side view schemes of all devices based single SiNWs and SiNNs with different geometries, including resistors, and transistors with different gate types.

Fig. 2 . 2 :

 22 Fig. 2.2: Final SEM images of SiNN-FETs with: (a) Full back-gate with patterned SiNN on silicon substrate, (b) Local top-gate with patterned SiNN on Kapton substrate, (c) Full back-gate with nonpatterned SiNN on AZO/glass substrate, and (d) Local back-gate with non-patterned SiNN on Kapton substrate.

Figure 2 .

 2 Figure 2.3 shows a schematic of the fabrication process from NW transfer on desired substrate (Ka1-o-Si or Silicon substrate) to the final device. First, NWs are dispersed in IPA by sonication, and followed by the NWs on substrate step in Tab. 2.1 with a 2µL -droplet of the solution which drop-cast onto the substrate in order to spread the NWs (Fig. 2.3 (a)). In a second step (Fig. 2.3(b)), the DUV-visible lithography (electrode formation in table 2.1) was used for formation of source/drain (S/D) contacts onto singleSiNW and aligned it between pads. After the photo-resist development and prior to metal evaporation (electrode formation in table 2.1), the native oxide surrounding the SiNW was removed using Argon plasma milling so that direct contact between SiNW and deposited metal is possible. After lift-off as shown in Fig.2.3, annealing was carried out at 400 • C under nitrogen gas (N 2 ) using rapid thermal annealing (RTA) to promote the Ni diffusion inside the SiNW, hence the formation of a low resistive NiSi silicide assures[START_REF] Rosaz | High-performance silicon nanowire field-effect transistor with silicided contacts[END_REF] (electrode formation in Tab. 2.1).

Fig. 2 . 3 :

 23 Fig. 2.3: Schemes depicting the main steps for the fabrication of single silicon nanowire top gate field effect transistor on Ka1-o-Si substrate. (a) Dispersion of NWs on the Ka1-o-Si substrate by drop-casting (b) Source/drain fabrication using UV-visible lithography and Ni/Au e-beam evaporation (c) Atomic layer deposition of Al 2 O 3 (8nm -30nm) to form the gate dielectric, and (d) Source/drain silicidation at 400 • C followed by omega-gate fabrication via UV-visible lithography and Au/Al e-beam evaporation.

Fig. 2 . 4 :

 24 Fig. 2.4: SEM images of the single SiNW (diameters = 110 and 50nm)device on Ka1-o-Si and Si ++ /Si 3 N i 4 substrates respectively (a,c) before and (b,d) after adding omega-gate. The alumina thickness is 8nm and the source-drain separation is 3µm while the Omega-shaped top-gate is 1µm wide. The inset in panel (a,c) highlights the formation of the Ni-based silicide after annealing at 400 • C and the inset in the panel (b) help to clearly show the omega shape of our top-gate

  2.3(d)), top gate was fabricated by means of top-gate electrode step in Tab. 2.1. As we already mentioned, one of the most important advantages of this fabrication method is the successful mounting of super flexible Ka1 on the rigid holder with very low roughness therefore, similar fabrication approach as for rigid traditional substrates is used. Besides, for the first time, we highlight the fabrication of highly thermal stable f lexible/rigid hybrid substrate. In Fig.2.4 SEM images of the final device with a source-drain separation of 3µm and 1µm-wide Omegashaped top-gate is shown. Final devices based on single SiNWs regarding a geometry of the device (length and width of top-gate), are classified into two groups. devices with the channel length (L ch ) of 3 µm and top-gate (TG) width of 1 µm or devices with L ch equals to 4 µm with TG width of 2 µm. During this work, about 100 devices based on single SiNWs were fabricated on different substrates of which only 30 percent of them were working properly.

2. 1 )

 1 . As mentioned before, this technique offers the possibility to transfer nanonet on a large variety of substrates such as rigid, flexible, or transparent depending on the targeted application. In this thesis, we transfer SiNNs onto Silicon (rigid), Kapton (flexible), and glass (transparent). For simplicity, only manufacturing of local top-gated SiNNs transistors on Silicon substrate is schematized on Fig.2.5.

Fig. 2 . 5 :

 25 Fig. 2.5: Main steps for the formation of source/drain contacts, (a) Pristine formation of SiNanonet just after vacuum filtration on substrate, (b) Patterning photo-lithography and resist development, (c) SiNN after isolation with a defined channel's lengths and width, (d) Photo-lithography through the mask and resist development to define electrodes, (e) Electron beam evaporation of nickel and gold and lift off , (f) Revelation of top-gate contacts after, gate oxide deposition by ALD, DUV-lithography, resist development, metal evaporation of gold, and finally lift-off.

Fig. 2 . 6 :

 26 Fig. 2.6: SEM images of final sample pattern after isolation of the SiNN, deposition of source/drain contacts and then lift-off without local top-gate or back gate. The length of the SiNN channel in the zoomed area is 15µ m for a width of 100µ m. The size of square metallic contacts is 200µm.

Fig. 2 . 7 :

 27 Fig. 2.7: Flexible transistor based on SiNN on Kapton substrate before adding top-gate.

2 . 7 )

 27 . Indeed, during this process (electrode formation step in Tab. 2.1) the active areas of the devices are protected by photo-resist, which guarantees the functionality of the nanonet and the preservation of the sintered nanowires, see Fig.2.5(d) and (e). Electrode contacts are pronounced after lift-off via gradually dissolving photo-resist so unhooking of NWs and the result is shown in Fig.2.6 in which nanonet surrounded by metallic contacts is a channel part. L ch demonstrates the length of the channel and W ch demonstrates the width of the channel. As already mentioned, in this thesis, the length of SiNN channel varied from 5 to 1000 µm while the width is fixed to 100µm.

Fig. 2 . 8 :

 28 Fig. 2.8: Final SiNN flexible transistors: (a) Local top-gate, (b) Local back-gate.

  In this work, silicon nanowires (SiNWs) were grown via vapour-liquid-solid (VLS) process introduced in 1964 by Wagnr and Ellis[START_REF] Garner | Crystal Growth[END_REF] on < 111 > silicon wafer which was first ultrasonically cleaned in acetone and afterwards isopropanol (IPA).

Fig. 2 . 9 :

 29 Fig. 2.9: (a) Mechanism for the growth of silicon nanowires from a gold catalyst and (b) binary phase diagram of the gold-silicon pair [243]. The arrow indicates the enrichment process of the silicon drop.

Fig. 2 .

 2 Fig. 2.10: (a) Cross section and (b) Top view SEM images of NWs after growth. The average diameter is about 40 nm for a as grown length of about 20 µm.

  homogeneous random network of SiNWs called silicon nanonet. For a given absorbance value, the density of nanowires presented in the nanonet is adjustable and depends only on the volume of NWs suspension filtered through the membrane. During this thesis, NWs density ranging from 16-160 N W s.cm -2 (or filtration volume of 4 to 40 mL) were performed with the goal of fabricating nanonet with macroscopic properties classifying from the percolation to the ohmic domain.

Fig. 2 . 11 :

 211 Fig. 2.11: Statistics relative to (a) the length (L SiN W ) and (b) the diameter (D SiN W ) of SiNWs in nanonet. Both parameters were fitted with a log-normal function. the number of measured nanowires is over 300 SiNWs for each case.

  2.2 some important properties of substrate used in this work are named. Based on Tab. 2.2 rigid substrates such as Silicon and glass have very low roughness in comparison with flexible ones (Kapton). Silicon substrates have been the best option for fabricating electrically stable devices since the integration process on such sub-strates is enormously developed. However such substrates can not be used in transparent or flexible electronics (See Fig. 2.12).

Fig. 2 . 12 :

 212 Fig. 2.12: SiNN optical and mechanical properties. Picture of SiNN: (a) on a plastic substrate (PET) and inset image shows transferred SiNN onto a Si/Si 3 N 4 substrate(scale bar displays 2mm); (b) on glass (three different densities) reported from [239].

Fig. 2 . 13 :

 213 Fig. 2.13: Huge cracks arising from BOE and/or HF vapor attack on corning glass.

Fig. 2 . 14 :

 214 Fig. 2.14: Non-patterned full back-gate SiNN-FET on corning glass: (a) SEM image of the sample without cracks due to BOE/HF attack, inset shows photo of final device. (b) Optical total transmittance of device with and without SiNN transfer.

Fig. 2 . 15 :

 215 Fig. 2.15: (a) Kapton tape (Ka1), (b) Transmittance curve of Ka1, (c) AFM image of the Ka1 substrate, (d) The surface roughness of about 300 nm deduced from the AFM image.

Fig. 2 . 16 :

 216 Fig. 2.16: SEM images of roughness lines existed on the Ka1 substrate initially (a) and broken nanowires caused by these roughness line in SiNN (b).

Figure 2 .

 2 Figure2.17(a) and 2.17(b) demonstrate the outcome of attaching Ka1 directly on a silicon substrate without any particular treatments for surface preparation. One can notice the formation of many bubbles that are trapped between Ka1 and silicon holders. These defects may induce critical issues such as cracking of metallic contacts.

Fig. 2 . 17 :

 217 Fig. 2.17: Schemes and optical microscopy images of the hybrid substrate with different mounting process of Ka1 on silicon holder: ((a), (b)) without and ((c), (d)) with using soap and adhesion-bake, respectively.

Fig. 2 . 18 :

 218 Fig. 2.18: (a) Kapton thin film (Ka2), (b) SiNN transfered onto dog-bone shape Ka2, (c) Transmittance curve of bare Ka2 and SiNN on Ka2.

Fig. 2 . 19 :

 219 Fig. 2.19: Two different size dog-bone shape geometry used in this work: (a) 6 mm width and 14 mm length (b) 4 mm width and 6 mm length, of the middle part of substrate. It should be noticed that all dimensions are in millimeter.

Fig. 2 . 20 :

 220 Fig. 2.20: Density of nanowires in nanonets as a function of the volume of filtered nanowire solution with the red line corresponding to the linear fit of this graph (R 2 = 0,99).

  After setting the absorbance to 0.06 (at 400 nm wavelength), the NWs suspension is filtered for a few minutes on Büchner through a nitrocellulose membrane (Millipore brand) of[START_REF] Legallais | Material engineering of percolating silicon nanowire networks for reliable and efficient electronic devices[END_REF] mm diameter and 0.1 µm pore size. During filtration of the suspension, NWs are randomly trapped on the surface of the filter and gradually form the random network of NWs called the nanonet. The variations in flow velocity caused by the accumulation of NWs are responsible for the excellent homogeneity of the nanonets. The size of the nanonet is limited only by the size of the filter. For a given absorbance value, the amount of NWs presented in the nanonet depends only on the volume of NWs suspension filtered through the membrane and thus can be adjusted according to the desired properties. During this thesis, suspension volumes of NWs ranging from 4 to 50 mL are filtered with the goal of fabricating nanonets with macroscopic properties ranging from the percolating to the ohmic domain for resistors and transistors as will be discussed in Chapters 4 and 5. The relationship between the density of NWs in the nanonet and the volume of filtered NWs suspension is detailed below.

Fig. 2 . 21 :

 221 Fig. 2.21: SEM images of nanonets developed from different volumes of filtered SiNWs suspension,namely 40, 80, 120, and 160 N W s.cm -2 , respectively.

Fig. 2 . 22 :

 222 Fig. 2.22: SEM image demonstrates the junction between silicon nanowires with the schematic showing the meaning of sintered nanowires junctions thanks to the annealing step.

Fig. 2 . 23 :

 223 Fig. 2.23: SEM images after SiNWs etching and then removal of the resin at the interface of an area

Fig. 2 . 24 :

 224 Fig. 2.24: SEM images at the intersection SiNWs and the metallic contacts after silicidation under different temperature and silicidation time parameters at: (a) 400 • during 60s, (b) 400 • during 120s, (c) 300 • during 120s, (d) 420 • during 30s,

Fig. 2 . 25 :

 225 Fig. 2.25: SEM images at the intersection SiNWs and the metallic contacts after BOE treatment prior to silicidation, which shows a break in nanowires due to penetration of BOE (showed by orange dashed lines) leads to oxide elimination.

Fig. 2 .

 2 Fig. 2.26: (a,c) SEM images of locally top-gated SiNN based FETs attacked by 30s-BOE and 10s-HF vapor respectively followed by electrical characterization showing leakage current between source or drain with top-gate.

Fig. 2 . 27 :

 227 Fig. 2.27: Huge cracks in SEM images of (a) Local back-gate SiNN-FETs and (b) Local top-gate devices before adding top-gate electrode.

Fig. 2 . 28 :

 228 Fig. 2.28: Schematic of scale, performance and cost comparison between single SiNW-and SiNN-FETs.

2. 28 .

 28 

Fig. 2 .

 2 Fig. 2.29: A simple comparison between device fabrication with single and SiNN.

  minutes. The baking temperature was explored in the range 150 -500 • C. We observed that the temperature is a critical parameter as too high temperature (> 350 • C) can cause locally trapped vapors and bubbles accumulation instead of being eliminated. However, the adhesion-bake temperature should at least reach the temperature of the following technological processes.

Fig. 3 . 1 :

 31 Fig. 3.1: Schemes and optical microscopy images of the hybrid substrate with different mounting process of Kapton on silicon holder: ((a), (b)) without and ((c), (d)) with using soap and adhesion-bake, respectively.

Figure 3 .

 3 2 shows a scheme of the fabrication process from NW transfer on Ka-o-Si substrate to the final device. First, NWs are dispersed in IPA by sonication, and a 2µL-droplet of the solution is drop-casted onto the Ka-o-Si substrate in order to spread the NWs (Fig. 3.2(a)).

Fig. 3 . 2 :

 32 Fig. 3.2: Schemes depicting the main steps for the fabrication of single silicon nanowire top gate field effect transistor on Ka-o-Si substrate. (a) Dispersion of NWs on the Ka-o-Si substrate by drop-casting (b) Source/drain fabrication using UV-visible lithography and Ni/Au e-beam evaporation (c) Atomic layer deposition of Al 2 O 3 (8nm -30nm) to form the gate dielectric, and (d) Source/drain silicidation at 400 • C followed by omega-gate fabrication via UV-visible lithography and Au/Al e-beam evaporation.

Fig. 3 . 3 :

 33 Fig. 3.3: SEM images of the single SiNW (diameter= 110nm)device on Ka-o-Si substrate (a) before and (b) after adding omega-gate. The alumina thickness is 8nm and the source-drain separation is 3µm while the Omega-shaped top-gate is 1µm wide. The inset in panel (a) highlights the formation of the Ni-based silicide after annealing at 400 • C and the inset in the panel (b) shows clearly the omega shape of our top-gate

Figure 3 .

 3 Figure 3.4 displays the room temperature electrical characteristics of a single SiNW FET on Ka-o-Si at room temperature, with 8nm alumina thickness for gate dielectric. Typical output characteristics -drain current (I d ) versus drain voltage (V ds )-recorded for different top-gate voltages (V tg ) exhibit a linear response at low V ds bias voltages. Therefore, it demonstrates that ohmic contacts were achieved even on Kapton substrate.This result is consistent with the formation of a low resistive Ni-based silicide as expected. Furthermore, Fig.3.4 demonstrates successful FET operation with saturation regime at high V ds bias. In addition, for V tg = -3V , this maximum current reaches in the linear regime (V ds = -0.3V ) about 30nA, leading to a current density around 315 A.cm -2 (NW diameter = 110nm), thereby a device resistance about ≈ 13M Ω. The inset shows the corresponding logarithmic I d -V ds regime plot, where the ideality factor(1.8) 

Fig. 3 . 4 :

 34 Fig. 3.4: Output characteristics of a single Si nanowire transistor on Kapton-on-Silicon for different omega-gate voltages. The V tg step is -0.25V . Inset shows I ds -V ds characteristics at different gate voltages V tg , showing slight rectifying behavior. Silicon nanowire diameter is 110nm, the alumina thickness is 8nm and the source-drain separation is 3µm while the Omega-shaped top-gate is 1µm wide. (see Figure 3.3).

Fig. 3 . 5 :

 35 Fig. 3.5: Transfer characteristics of an omega-gate single SiNW transistor on Kapton-on-silicon substrate.

Tab. 3 . 1 :

 31 Electrical parameters extracted for eight different top gate (TG) or back gate (BG) SiNW, and Organic thin film FETs configurations and present work.

  being completely flexible. After dipping sample inside acetone and transferring Kapton substrate to the other flexible holder layer, as shown in Fig. 3.6(a), the flexibility of the SiNW was preserved. In this part, we focus on one sample with 28nm of Al 2 O 3 as a gate oxide and the source-drain separation is 4µm with 2µm width of Omega-shaped top-gate on the nanowire (Fig. 3.6(b)).

Fig. 3 . 6 :

 36 Fig. 3.6: (a) image of sample after detaching and attach it to another transparent and flexible plastic substrate. (b) SEM image of the single SiNW device on Ka-o-Si substrate. Silicon nanowire diameter is 54nm, the alumina thickness is 23nm, and the source-drain separation is 4µm while the Omega-shaped top-gate is 2µm wide.

Fig. 3 . 7 :

 37 Fig. 3.7: (a) Output characteristics for different top-gate voltages with -0.5V top-gate voltage step (b) Transfer characteristics at V ds = -1V , of an omega-gate single SiNW transistor before and after detaching Kapton from holder substrate. Silicon nanowire diameter is 54nm, the alumina thickness is 23nm, and the source-drain separation is 4µm while the Omega-shaped top-gate is 2µm wide. (see Figure 3.6(b))

Fig. 3 . 3 . 2 :

 332 Fig. 3.8, we have characterized our sample after 3 months, device released strain a bit and

Fig. 3 . 8 :

 38 Fig. 3.8: Transfer characteristics at V ds = -1V of an omega-gate Single SiNW transistor with 54nm nanowire diameter before, just after detachment, and 3 months after detachment of Kapton from holder substrate.
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Fig. 4 . 1 :

 41 Fig. 4.1: Scheme of conductance as a function of density for a infinite nanowire networks, i.e. infinite nanonets.

  4.1), a transition zone appears where the conductance first increases gradually before reaching the abrupt transition usually observed. He then equated this transition zone with a new regime called "pre-percolation". The conductance behavior is then illustrated in Fig. 4.2.

Fig. 4 . 2 :

 42 Fig. 4.2: Scheme of conductance as a function of density for a finite nanowire networks, i.e. finite nanonets.

4 .

 4 Percolation in SiNN: Theory and experiment In the experimental world of CNT networks, Cao et al. demonstrated the possible reduction in the probability of metallic pathways without reducing the effective thin film mobility of the network by suitably engineering the network through striping network to the smaller size rectangular networks [363]. In the other words, stripping modifies the critical density in the CNT networks including mixture of metallic and semiconducting nanotubes. Moreover, Kumar et al. developed a diffusive-transport model for exploring the conductance exponent and its dependence to the channel length in experimental finite nanonet systems based on CNTs [358]. Their numerical solution coordinates well with experimental results of medium channel length systems.

Fig. 4 . 3 :

 43 Fig. 4.3: SEM images of the NN-FET, (a) and (b) top-view and side view, respectively. (c) Schematic of NN-FET.

Figure 4 .

 4 Figure 4.4 displays scheme of the mask used to fabricate the devices. One can notice that for a given samples, numerous devices are fabricated with various geometries. The channel length is varying from 5µm to 1000µm while the channel width W ch is fixed to the value of 100µm.

Fig. 4 . 4 :

 44 Fig. 4.4: Mask design and position of devices in different lengths on the sample. L ch vary from 5-1000 µm while W ch is fixed to 100 µm. Electrodes width and length are fixed to 200 µm.

Tab. 4 . 1 :

 41 Lengths of SiNN-FETs and corresponding number of devices to each length for whole range of densities. In the present work it is important to know that the average L s equals L s = 4.5±0.08µm while the value of nanowire length can vary from 3µm to 20µm at the maximum as shown in Fig 2.11 in chapter 2 page 88. As detailed in Tab. 4.1, the range of densities (d)

Fig. 4 . 5 :

 45 Fig. 4.5: (a) Optical image of a sample with the needles to measure the current. (b) Typical output curve I d -V d .

Figure 4 .

 4 Figure 4.5(b) presents the typical electrical characteristics of transistors for p-channel devices. MOSFETs I d -V d curves, called output curves, consist of two regions: linear (Ohmic) and saturation regions. To plot the transfer curves (I d -V g ), it is necessary to choose V d that belong to the Ohmic region so that it is possible to avoid any false interpretations due to V d being in the non-linear part of I d (V d ).

Figure 4 .

 4 Figure 4.6(a) shows typical output characteristics of one SiNN-FET (density 80 × 10 6 N W s.cm -2 ) and which demonstrates the p-channel behavior. Our results demonstrate a successful FET operation with a saturation regime at a high |V d | bias. Saturation shifts to the higher drain voltages while applying higher gate voltages as can be seen in Fig. 4.6(a).

Fig. 4 . 6 :

 46 Fig. 4.6: (a) Drain current versus drain-source voltage for the L c = 20µm. (b) Transfer characteristics for different channel lengths at V d =-4V. In both graphs density equals 80 × 10 6 N W s.cm -2 .

Fig. 4 . 7 :

 47 Fig. 4.7: Monte-Carlo simulation based on (a) paths and (b) clusters for different channel sizes.

  . 4.7(a) or by clusters which make a connection between electrodes and then it can span by increasing the number of nanowires as can be seen in Fig. 4.7(b). In this work we use clusters to investigate the percolation in SiNN-FETs as it appears more efficient to explain the experimental results.

Figure 4 .

 4 Figure 4.8 depicts the experimental value of the averaged on-courrent (I ds ) (averaging over 9 devices for each density, see Tab. 4.1) as a function of density for the 100 µm square devices. Being considered infinite, the standard percolation law, Eq. 4.2, is used for fitting and one can notice the good adequation between experiment and theory and the adjusted critical density is found to be d c adj = 52 × 10 6 N W s.cm -2 , whereas the extracted value of the critical exponent is equal to α = 1.35. On one hand, the α value is in excellent agreement with the theoretical value for 2D percolation systems (4/3 = 1.33), suggesting that this square nanonet is a good representative of the ideal infinite 2D percolative systems. On the other hand, regarding the critical density, the theoretical value of critical density calculated from Eq. 4.1 is found to be d c P S = 28 × 10 6 N W s.cm -2

Fig. 4 . 8 :

 48 Fig. 4.8: Average drain current (Black square) in the on-state of NN-FETs for L ch = 100 µm and the range of densities (corresponding to the volumes of filtered solutions). Power law fit (Red curve) according to Eq. 4.2, I ds being proportional to G.

Fig. 4 . 9 :

 49 Fig. 4.9: Cluster evolution in a nanonet of dimension 100 by 100 µm with L s = 5 µm, considered as infinite system. The percolation is done along the horizontal axis as in all simulations.

  Therefore we measured the transfer curve (I ds -V g ) for the 100 µm-square NN-FETs with d = 112 × 10 6 N W s.cm -2 which position in percolation regime (Fig.4.8). It is obvious that the transfer characteristics for fabricated NN-FETs are similar in general appearance to those of solid-state channel transistors. However, it also deviates from them by the presence of ripples, which are more visible the higher the drain current and only in the linear scale since the semi-log scale compresses this part of the characteristic.

Fig. 4 . 10 :

 410 Fig. 4.10: Transfer characteristics for NN-FET, L c = 100µm, d = 112 × 10 6 N W s.cm -2 , and schematic of the opening in the percolating paths as a function of gate voltage for a p-doped nanowire array as V g goes to negative values. The blue glowing wires considered as conductive.

Finally, Fig. 4 .

 4 11 displays the on-to-off ratio of 100 µm-square SiNN-FETs with respect to the density. Interestingly, an optimum in performance, highest value of I on /I of f , is observed at d=104 × 10 6 N W s.cm -2 .

Fig. 4 . 11 :

 411 Fig. 4.11: On-to-off ratio vs density for the channel length 100 µm at V d =-4V.

  3. At eachchange of region, we can observe a jump with a non-connection between the lines of the two concomitant regions. Pimparkar et al. earlier showed a similar behavior among bridging and finite systems based on CNT network transistors[START_REF] Pimparkar | A "bottom-up" redefinition for mobility and the effect of poor tubetube contact on the performance of cnt nanonet thin-film transistors[END_REF]. According to this work, these breakages are related to the imperfect tube-tube transfer resistance[START_REF] Pimparkar | A "bottom-up" redefinition for mobility and the effect of poor tubetube contact on the performance of cnt nanonet thin-film transistors[END_REF]. They found that abrupt reduction in I d versus L ch for high and low densities at the transition point of L ch /L s ∼ 1 can indicate the relative contribution of tube-tube resistance to the total device resistance. Therefore, as we observe the same jump at the transition between

Fig. 4 . 12 :

 412 Fig. 4.12: Average I on (L ch ) for transistors of given density and channel length. The dotted lines between show the slope in the region. V g = -30V V d = -5V , uncertainty bars have not been displayed for clarity.

1. 93

 93 for percolating systems and m = 1 for Ohmic systems. It is clearly seen that for the finite systems the value of the m is mostly higher than 1.93 which means the systems in this length range classify as pre-percolative systems. However, the value of m for infinite systems in the vast majority of the density range belongs to the percolation regimes with the values 1 < m < 1.93. Infinite systems at the density of 160 × 10 6 N W s.cm -2 enter to the Ohmic regime since the value of m is equal to one.

Figure 4 .

 4 Figure 4.13(b) shows the distribution of the different conduction regimes based on the value of m extracted from Fig. 4.13(a) as a function of channel length and density

Fig. 4 .

 4 Fig. 4.13: (a) Conduction exponent m for different densities and finite or infinite systems. (b) Map of the distribution of conduction regimes as a function of finite or infinite system and filtered volume.

  of the channel are varied in the range 0-100 µm for NWs of 5 µm in length. The simulation starts in each case with 5 NWs and adds 5 NWs at each step until a first percolation cluster is found between the source (left edge of the grid frames) and the drain (right edge of the grid frames). As soon as a cluster connects both edges, the program considers to have reached the critical density. An averaging over 50 runs for each geometry is done and the resulting critical density d 50% c is plotted as a function of length and width in Fig. 4.14(a) and Fig. 4.14(b) gives detailed evolution of d 50% c as function of channel length for three channel width. First, on Fig. 4.14(a), one can notice that percolation critical density for the square systems is very close to the theoretical value d P S derived by Peak & Seager (Eq. 4.1) for infinite systems, and showed in Fig. 4.14(a) with a dotted line. Even finite systems are likely to converge with Peak & Seager critical value when they are of square shape. Then we notice that for a specific W ch , with increasing L ch , the required density to have a 50% chance of having a percolating cluster increases monotonically (Fig 4.14(b)). Therefore, just because of deviation to the square shape, for a given width, widen systems (L ch <W ch ) percolates at lower densities than square systems, whereas elongated systems (L ch >W ch ) percolates at higher densities than square systems. By the same phenomenon, for a given channel length, L ch , by increasing W ch , d 50% c decreases.Therefore, the shape of the nanonet is an important parameter that deeply impacts the density at which the systems become conductive. According to the modeling results, this is link to the fact that the nanonet geometry drastically change the characteristics of the percolating clusters that can form.

Fig. 4 . 14 :

 414 Fig. 4.14: (a) Critical density at 50% probability of percolation, obtained by Monte-Carlo simulation of nanonet-FETs, with L s = 5 µm. The black dots are the data obtained from the simulation, the colored surface is obtained by linear interpolation between the dots. The dashed line corresponds to the value of Eq. 4.2 of d 50% c , for infinite systems and for L s = 5 µm, and projected onto the colored surface. (b) d 50%c

4 .

 4 Percolation in SiNN: Theory and experiment

Figure 4 .

 4 Figure 4.15 shows, d c as a function of channel length with L s =4.5 µm, the evolution of the experimental critical density and that of the modeled critical density for a channel width of 100 µm depicted in Fig. 4.14(b) for L s =5 µm.

Fig. 4 . 15 :

 415 Fig. 4.15: Critical densities for different channel lengths NN-FETs based on simulation obtained by Monte-Carlo, with L s = 4.5 µm and experiment at 50% probability of percolating network.

Figure 4 .

 4 Figure 4.2(a) exhibits the experimental results for two channel lengths and their fits with the percolation law (Eq. 4.3). By contrast with square devices (Fig 4.12) which perfectly sticked to the percolation law and the theoretical value of 1.3, the current evolution of this rectangular devices can be fitted with the same law but the critical exponent α deviates from 1.3 by reaching values close to 2.1. Moreover, for devices with 30 µm channel length, the transition at the edge of conduction is no more abrupt and the systems are demonstrating a pre-percolation regime in which a slow conductance increase precedes the jump characteristic of the percolation regime.

Fig. 4 . 16 :

 416 Fig. 4.16: (a) Average drain current in the on-state of NN-FETs for L ch = 30 (gray square) and 500 µm (green square) and densities. Power law fit (the dotted line gray and green curves) according to Eq. 4.2, I d being proportional to G. (b) alpha exponent of Eq. 4.2 as a function of the channel length of the NN-FETs, in dotted line is plotted the theoretical value of the alpha exponent, 4/3, for a 2D infinite percolating system.

Fig. 4 . 17 :

 417 Fig. 4.17: Simulation of networks composed of segments at the critical density d c , when the first percolation path appears for systems with different aspect ratios. The colors help to visualize the clusters, L s = 4.5µm. Simulation in Matlab r2018b.

Fig. 4 . 18 :Fig. 4 .

 4184 Fig. 4.18: Evolution of nanowire clusters in a simulated nanonet of length 15 µm and width 100 µm, L s = 5µm, as a function of the number of nanowires.

Fig. 4 . 19 :

 419 Fig. 4.19: (a) average number of clusters bridging the source to the drain for a finite nanonet, L s = 4.5µm. (b) average number of cluster as a function of channel length for different densities. In both plots average is over 50 nanonets.

  on and I of f over L ch for four different densities as plotted in Fig.4.20. As described previously, Ion was chosen at V d =-5V and V g =-30V and I of f at V d =-5V and V g =30V. The four chosen densities (40; 64; 104; 160 ×10 6 N W s.cm -2 ) are typical of our devices as depicted in Fig.4.13(b). These densities are described as typical ones since as already discussed in section 4.5.1, all devices with 40×10 6 N W s.cm -2 are placed only in the pre-percolation area while 64 and 104×10 6 N W s.cm -2 are positioned at the limit of pre-percolation and percolation for devices with different lengths and finally devices with the density of 160×10 6 N W s.cm -2 belong to two regimes percolation and Ohmic.

Fig. 4 . 20 :

 420 Fig. 4.20: Channel On-current (I on ) and Off-current (I of f ) as a function of L ch for several devices in specified L ch measured at V d =-5V and V g =-30V for I on and V g =30V for I of f . The regions with white color demonstrate electrical characterization limit.

Fig. 4 . 21 :

 421 Fig. 4.21: The values of m (scaling exponent) against density (40; 64; 104; 160 ×10 6 N W s.cm -2 ) for the on-and off-states of finite and infinite systems.

Fig. 4 . 22 :

 422 Fig. 4.22: (a,b) I of f (Density), of NN-FETs in channel lengths L ch = 50 and 100 µm operating for corresponding densities. The current values are all in absolute values and error bars show the deviation of the off-current over the mean value.

Fig. 4 . 23 :

 423 Fig. 4.23: (a-d) I on (I of f ), of all NN-FETs in different channel lengths operating for corresponding densities at volume of V=40, 64, 104, and 160 ×10 6 N W s.cm -2 of filtered solution. The current values are all in absolute values.

Figure 4 .

 4 Figure 4.23 plots the on-over off-current for four different densities as defined above and channel lengths. Such a representation allows a good visualization of the previous observations while allowing to appreciate the performance of the transistors by visualizing the I on /I of f ratio. One can divide each plot for a given density into two parts: (i) shorter channel length devices with slow variation of I on while I of f is changing significantly, (ii) longer channel length devices in which I of f is nearly constant at the apparatus limit but I on varies by the important change in their lengths. Since the off-state current decreases faster than the on-state current (Fig 4.20), the increase in channel length is necessarily

Fig. 4 . 24 :

 424 Fig. 4.24: (a) on/of f ratio and its broadness versus channel length for different densities d= 40,56, 80, 96, 112, 120, 160×10 6 N W s.cm -2 . (b) Average on-to-off ratio as a function of density for given channel lengths L ch =10, 20, 30, 50, 100, 200, 500 µm.

Figure 4 .

 4 Figure 4.24 shows the evolution of the I on /I of f ratio as a function of the nanowire density for different channel lengths (panel (a)) and the evolution of the I on /I of f ratio as a function of the channel length for different nanowire densities (panel (b)). These graphs

Fig. 4 . 25 :

 425 Fig. 4.25: Channel lengths in black square at which I of f reaches the value of 10 -12 and in red circle for optimal on-to-off ratio, for different densities. Black dotted line is representative of Allometric fit on black square data.

Figure 4 .Figure 4 .

 44 Figure 4.25 shows on the one hand the optimal channel length to obtain the best I on /I of f ratio as a function of density and on the other hand the channel length for which I of f reaches the instrumental limit (see Fig. 4.20) as a function of density. The perfect superposition of the two curves confirms first of all the previous results, as the best performances are obtained for the critical density of the degraded subpopulation,which can no longer percolate and enters its insulating regime. On the other hand, these experimental results can be fitted by an allometric law which then allows to predict all the optimal density/channel length pairs.

Fig. 4 . 26 :

 426 Fig. 4.26: On-current versus V th at density of 96 × 10 6 N W s.cm -2 for different channel lengths at fixed V g = -4V.

Fig. 4 .

 4 Fig. 4.27: (a) Extracted threshold voltage in the case of infinite number of clusters in parallel (red circles) or in series (blue squares) as a function if individual cluster threshold voltage standard deviation σ N W V th . Other characteristics are kept constant: mean threshold voltage (∼ 5V ), ideality factor n=10 for individual NWs, reprint from ref [368]. (b) Average of V th vs σ N N V th for different channel length of the sample with density of 96 × 10 6 N W s.cm -2 . (c) Schematic of clusters arrangement in parallel and series.

Fig. 4 .

 4 Fig. 4.28: (a) Corresponding V th as a function of L ch for different nanonet densities. (b) Schematic ofV th vs. σ N NV th dependence to the density of the system.

Fig. 5 . 2 :

 52 Fig. 5.2: Mechanical behavior of materials under the force applied. F, L 0 , δ, and A refer to force, initial length, elongation under force, and unit area, respectively.

Fig. 5 . 3 :

 53 Fig. 5.3: Typical stress-strain curve for polymer film undergoing tensile strain testing.

Fig. 5 . 4 :Tab. 5 . 1 : 5 . 3 . 2 Experimental set-up and sample geometry 5 . 3 . 2 . 1

 54515325321 Fig. 5.4: SEM image showing the density of highly doped SiNWs on Ka1.

5. 1 )

 1 . Fig. 5.5 (a) and (b) illustrate the schematic of S.II and S.III. Both of these samples are designed to locally explore the effect of tension on SiNNs and to investigate traction using in-situ SEM. Fig. 5.5 (a) shows that the sample S.II consists of non-patterned SiNN and the whole network is placed into the strain impacted region. As mentioned before, sample S.III is patterned and the SiNN patterns with different lengths are oriented in two different directions i.e. along with traction direction and perpendicular to the traction direction, as shown in Fig. 5.5 (b). As a result, only SiNNs which are along with traction are considered in our experiment. Coupling with electrical characterization With S.IV (Tab. 5.1, Fig. 5.5 (c) and (d)), we are able to measure the current through the device during traction. Thus sample is formed of patterned SiNN with metallic pads.

Fig. 5 . 5 :

 55 Fig. 5.5: Scheme of (a) the S.II sample with non-patterned SiNN and (b) the S.III sample with patterned SiNN in different lengths. The impacted region in the scheme is the region where we assume elongation happens and the length of this region is equal to the initial length of the system. (c) Scheme of the S.IV sample with different channel lengths resistors based on SiNNs for traction experiment with the electrical characterization setup. (d) Image of the final sample S.IV under traction and I-V characterization.

Figure. 5 .

 5 Figure. 5.6 have some jaw-like patterns for non-patterned and patterned samples that are caused by stopping elongation and taking SEM pictures on the specific applied strain.

Fig. 5 . 6 :

 56 Fig. 5.6: The tensile stress-strain curves of SiNN based samples. Non-patterned (S.IIb), patterned (S.IIIb), patterned plus metallic contacts (S.IV) with the same dog bone-shaped Ka2 substrate under different strain rates.

5 . 1 )

 51 to investigate how the devices are electrically responding under static strain.

Figure. 5 .

 5 Figure. 5.7 illustrates the experimental setup used for the static bending study. During the static bending of the sample, two point probe electrical characterization with sweeping the voltage and reading the current. It is noteworthy to say that we devise the experiment such that the size of our devices is very small in comparison with the whole substrate, therefore, every device experiences local traction rather than local bending. Consequently, the static bending in this work is equal to simple elongation or in the other words static traction.

Fig. 5 . 7 :

 57 Fig. 5.7: (a) Scheme of the S.I sample under bending. Red arrows in the scheme emphasize that because of the size of the sample, the bending will induce traction mostly. (b) The image of the final S.I sample based on a patterned with metallic contacts SiNN resistors under bending.

Fig. 5 . 8 :

 58 Fig. 5.8: SEM images of the S.I sample (a) With no bending and (b) under bending with a radius of 7mm. It shows the length increment under bending along the channel.

Fig. 5 . 9 :

 59 Fig. 5.9: Electrical stability over time and after detachment for various lengths of channel resistors on the S.I sample. Current is measured at drain voltage of -5V.

Fig. 5 . 10 :

 510 Fig. 5.10: SEM image of non-patterned SiNNs (sample S.IIb) encapsulated with Al 2 O 3 under traction with the out-of-plane crack appeared at ∼ 19% strain.

Figure 5 .

 5 11 displays SEM images of the same region of NN before and during bending subjected to 15% strain. Interestingly, a low number of broken NWs and almost no broken junctions are seen in the whole investigated samples (e.g. orange circle in Fig. 5.11). The fact that no junction is broken reveals the role of sintering. Re-enforced junctions by sintering is in line with other works on AgNW networks [389]. Schrenker et al. showed three macroscopic deformation modes in the AgNW network, (I) mode A consists of fracture and failure by local constriction in aligned NWs along with the straining direction, (II) mode B consists of the formation of kink and boatlike structures arising from compressive stresses in NWs perpendicular to the straining direction, and (III) mode A+B consist of NW bending by experiencing more complexloading in all NWs especially the dense network of NWs[START_REF] Schrenker | Microscopic deformation modes and impact of network anisotropy on the mechanical and electrical performance of five-fold twinned silver nanowire electrodes[END_REF]. On the basis of Schrenker, we also categorize the possible deformations in SiNN into three modes, as shown in Fig.5.12.Mode A consists of fracture and failure in aligned NWs along with the straining direction similar to the AgNW network. Then mode B consists of waves in NW perpendicular to the straining direction due to the compressive forces and finally mode A+B consist of NW bending caused by sintered junctions in the network that oblige NWs to deform.

Fig. 5 . 11 :

 511 Fig. 5.11: Deformation of NWs in the network strained parallel to the pattern length. (a),(b) SEM images of part of SiNN of sample S.IIIa before and during being subjected to the strain. In panel (b) different deformation in the network such as failure (orange circle), bent NWs (green arrows), bent NWs due to sintered junctions, and traction (red ellipse), no sintering (yellow circle) are enlightened.

Fig. 5 . 12 :

 512 Fig. 5.12: Schematic of different macroscopic deformations modes of NWs in the SiNN nanonet: Mode A) fracture and failure in aligned NWs along with strain, Mode B) the presence of waves in perpendicular NWs in the nanonet, and Mode A+B) the bent NWs caused by sintered junctions under traction in crossed NWs.

5 .Figure 5 .

 55 Figure 5.13 displays the elongation of NN captured by in-situ SEM when their length varies under strain. The dog bone-substrate was submitted to elongation until 1.1 mm (maximum strain 18.3 %) before being released. For two NNs with two different lengths, medium length (350 µm) and long length (638 µm), the elongation is measured at 0.5; 1.1 mm elongation of Kapton and after release.Figure 5.14 displays the NN elongation

Figure 5 .

 5 14 displays the NN elongation (local elongation) as a function of Kapton elongation (applied or total elongation), while all measured values are summarized in Tab. 5.3 where local strain is calculated as well.

Fig. 5 . 13 :Tab. 5 . 3 :Fig. 5 . 14 :

 51353514 Fig. 5.13: Size-dependent elongation for sample S.IIIb: (a) shows two different SiNNs pattern in different length (638 µm long pattern SiNN and 350 µm short pattern SiNN) but fixed width (100 µm). (b) SEM images of these two patterns before and during traction (18.3 % strain).

Fig. 5 . 15 :

 515 Fig. 5.15: Electrical stability over time and after detachment, under different bending radii and release for various lengths of channel resistors on the S.I sample at drain voltage -5V.

Fig. 5 . 16 :

 516 Fig. 5.16: The current over channel length in log-log scale for resistors on the S.I sample before (no bending) and under two different bending (R bend2 =24mm, R bend3 =7mm), respectively.

Fig. 5 . 17 :

 517 Fig. 5.17: Scanning electron microscopy (SEM) images with magnification 600 KX, Fast Fouriertransform (FFT) images before and during traction on the sample S.IIIa. (bars correspond to 2µm).

Fig. 5 . 18 :

 518 Fig. 5.18: (a) Angle distribution analysis, (b) The SEM images of patterned SiNN on the sample S.IIIa for the system, before applying strain (red), and under traction with 3.3 % (yellow), and 15 % strain (green).

Fig. 5 . 19 :

 519 Fig. 5.19: The average current with their corresponding standard deviations over different bending curvatures with the channel length L ch =200 µm on the S.I sample. Arrows show the order of the process.

Figure 5 .

 5 Figure 5.19 shows the current plotted versus curvature and the corresponding strain for a medium size channel length resistors with L ch = 200 µm. The medium size device is placed parallel to the bending direction. The results are divided into two linear parts with different slopes before releasing the substrate. These two regions are separated with a major decrease in the current between curvatures of 0.4 -0.45 mm -1 . It is worth noting that the slope related to the current change in the last curvature range (0.45 -0.25 mm -1 ) is lower which can originate from the substrate mechanical features. Finally, after

Tab. 5 . 4 :

 54 3 and 0.83 % strain, 2) six traction and relaxation cycles for 1.6 % strain, and finally 3) total three traction and relaxation cycles under three different strains (1.6, 3.3, 5 %)(see Tab. 5.4). The number of tensile cycles for different strains applied.

Figure 5 .

 5 Figure 5.20 shows the stress-strain curve of the first cycle of four different elongations applied to the sample before reaching 5 % applied strain (0.3 mm elongation) as mentioned above. It can be observed that Ka2 exhibits a recoverable strain of over 3.3%. The Ka2 substrate exhibits a high mechanical damping capability during tensile cycling which is a mechanical property of materials. Damping capability measures a material's capability to dissipate elastic strain energy during mechanical tensile testing. The dissipated energy in one deformation cycle can be denoted by the area of the hysteresis loop shown by the colored area in Fig. 5.20.

Fig. 5 . 20 :

 520 Fig. 5.20: Cyclic tensile stress-strain curve of SiNN with metallic contacts under different strain 0.3, 0.83, 1.6, 3.3, 5 % (elongation 0.018, 0.05, 0.1, 0.2 mm) obtained at room temperature.

Fig. 5 . 21 :

 521 Fig. 5.21: Corresponding voltage history for a maximum current of 10 -5 during 10 cycles at a strain 0.5% rate of 0.033 min -1 for the resistor with L ch = 30µm on the S.IV sample.

Fig. 5 . 22 :

 522 Fig. 5.22: Real-time electrical characterization under traction for the resistor with L ch =30 µm on the S.IV sample.

Fig. 5 .

 5 Fig. 5.22) and again new jump step in resistance appears. The resistance keeps increasing

Fig. 5 . 23 :

 523 Fig. 5.23: (a) Optical image of the traction set-up for real-time electrical measurement on S.IV. schematic of the device (b.1) before traction, (b.2) and (b.3) under traction, in order to illustrate the anti-percolation phenomenon by breaking NWs or even junctions followed by breaking connected paths (green sticks) and turning them to disconnected paths (red sticks).

Fig. 5 . 24 :

 524 Fig. 5.24: measured jump in the resistance of the resistor with L ch =30 µm on the S.IV sample at the maximum strain that the discontinuity happened.

  Finally, we observed an anti-percolation behavior in SiNN-based resistors due to traction for the first time by performing a simultaneous real-time electrical characterization under traction. This experimental work establishes a huge potential of single SiNWs and particularly SiNNs as promising materials for flexible electronics. Also, SiNN-FETs help us to study the theory of percolation more in detail which can help the realization of percolation-oriented applications.
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1.5.1.1 Low pressure

  

	surface of the substrate []11 or to deposit a thin film that forms nanoparticles by thermal
	dewetting []118. Then the growth of the Si nanowires is carried out in the presence of
	silane, SiH 4 , used as a precursor to silicon. The Si atoms incorporate into the metallic
	droplets and when it reaches saturation, the excess silicon crystallizes at the interface
	between the droplet and the substrate. This process continues as long as the system is
	supplied with gaseous precursors and forms thus silicon nanowires.
	Silicon nanowires can be doped during growth by adding boron (p-doping) or phospho-
	rus (n-doping) in gaseous form. Phosphine, P H 3 , is used for n-type doping and diborane,
	B 2 H 6 , for p-type doping
	In the frame of low-pressure chemical growth, silicon nanowires are synthesized using the
	vapor-liquid-solid (VLS) mechanism (see Fig. 1.8(A)) on a silicon substrate <111> from
	a metal catalyst (Au []117, In[]118, Pt[]119, Sn []120,. . . ) in a CVD reactor. To allow
	the NW growth, the catalyst must be present on the surface of the substrate in the form
	of nanoparticles. For this purpose, it is possible to disperse a solution of colloids on the
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  2. Versatility and easy integrationnanonets transistors were manufactured with the specified channel widths and lengths in the range of macrometer to the millimeter. Moreover, She demonstrated functional SiNN-FETs with Hf O 2 gate oxide which have good electrical performances while still, SiNN-FETs with Hf O 2 gate oxide have less gain over SiNN-FETs with Si 3 N 4 as a gate oxide.All previous works paves a way for making nanonet based devices with different types of nanowires. As a new start with new nanowires, Fanny Morisot dealt with zinc oxide (ZnO) nanonets throughout her thesis, which were successfully integrated into three different types of devices: field-effect transistors, DNA sensors, and acetone detectors. In her work, she showed that ZnO nanonets have interesting properties that offer prospects for applications in the field of chemical-or bio-electronics i.e. the detection of chemical or biological molecules by encapsulation of system for the liquid environment.

	Patterned ZnO

  All devices fabricated in this work can be categorized into five main groups: resistors, fully back-gate FET, local top-gate FET, full back-gate+local top-gate FET, and local back-gate FET. It should be noticed that back-gated transistors have direct access to the channel which can be targeted for bio-sensor applications.

Table 2 .

 2 1 displays a comprehensive fabrication protocol that includes all the main steps for the different families of devices based on single SiNWs and SiNNs which are fabricated in this work. In subsequent by means of Tab. 2.1, first, we explain and focus on the integration of Single Nanowire devices then we moved to the fabrication of Silicon Nanonet devices. Summary of whole fabrication process based on single SiNWs and SiNNs. One can use the same fabrication protocol for the realization of the manufacturing the different electronic devices such as resistors (orange color in Tab. 2.1), full or local-backgate transistors (green color in Tab. 2.1), and local top-gate transistors (blue color in Tab. 2.1). This can prove the versatility of our established protocol. Let us emphasize that we only discuss the fabrication of local top-gate transistors for both single SiNW and SiNN channels as it has all the necessary steps for realizing other types of devices in the following sections.

Tab. 2.1:

  to now, all discussions in this part have been oriented toward rigid substrate for full back-gate FETs purpose while in the following, we also fabricated local back-gate FETs on Silicon substrate. For this goal, some preparations before transferring SiNNs on the substrate are required. Based on section 2.3, the first step will be designing a local gate electrode (as shown in Tab. 2.1 local back-gate step) which can be done with the photolithography technique. It is worth mentioning that in order to have full control over the channel, we have designed the gate electrode with an overlap with the source and the drain

pads. Therefore, since the channel is located between two source and drain electrodes then the gate can fully control the channel. To this end, a gate dielectric should be deposited to separate the gate terminal from the source-drain electrodes. So our colleagues at the Institut Néel (Danial Majidi) deposited 80 nm of Hf O 2 for this separation means and the gate dielectric. As it was discussed in the previous section, the Hf O 2 is chosen due to its resistance over HF acid.

  The electrical properties of the gate oxide are critical to the formation of the conductive channel region below/top of the gate depending on having a top/back gate. During my Ph.D., I investigated two different gate oxide layers (80 nm-Hf O 2 and 30 nm-Al 2 O 3 ) for local top-gated FETs, whereas only one type of oxide layer (80 nm-Hf O 2 )was used for local back-gate FETs. This was because Hf O 2 was the only oxide layer that was partially resistant to all our deoxidation steps.

Since this deoxidation step is very critical in local back-gate SiNN-FETs then it will be necessary to fine-tune the oxide layer thickness to avoid failure in the device. In order to achieve the best thickness of gate oxide (Hf O 2 ) for local back-gate FETs, we have

  One of the most important challenges encountered during this work in the way of producing flexible FETs is the presence of cracks just after the annealing step on all types of thick oxide layers. This issue is more bolder in local back-gate SiNN-FETs since a relatively thick gate dielectric is deposited before all annealing steps, see Fig.2.27(a). The annealing steps induce huge stress on the oxide layer and consequently, the cracks are formed. Unfortunately, we have not found any solution to solve this problem for local back-gate devices.This phenomenon can also occur in local top-gate SiNN-FETs, if one changes the order of silicidation and gate oxide deposition. Such a change can produce cracks even in the local top-gate FETs due to huge stress on the oxide layer because of applying high temperature for a short time, Fig.2.27 (b). In order to prevent such an issue, the order of fabrication steps must imperatively remain unchanged between silicidation and oxide gate deposition.

Chapter 3 Flexible single silicon nanowire-based omega gate transistors on polyamide substrate Single
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	tors fabricated onto flexible substrates. In addition, after separation from the rigid silicon
	substrate, devices on Kapton experience a significant improvement in their performance,
	such as two orders of magnitude for I ON /I OF F ratio and the subthreshold slope is halved.

silicon nanowire (SiNW) omega-gate Field Effect Transistors (FETs) have been fabricated using standard photolithography method on a Kapton flexible polyamide thin film attached to a sacrificial Silicon substrate. SiNWs have been grown by chemical vapour deposition (CVD) method using Vapour-Liquid-Solid (VLS) mechanism and gold as catalyst. Key step for a proper SiNW integration, the Kapton surface flattening, was performed via an innovative method based on soap. Contrary to previous reported integration process on flexible substrates, this flexible/rigid hybrid substrate is compatible with temperature as high as 400 • C, allowing the formation of low resistive nickel silicide at the source/drain contacts. As a consequence, our devices can exhibit excellent electrical properties such as 22cm 2 V -1 s -1 hole mobility, 10 5 I ON -to-I OF F ratio, and subthreshold slope of about 340mV /dec. These parameters can compete with those of organic transistors or in some aspects even exceeding electrical parameters of similar single SiNW transis-This flexible/rigid hybrid substrate, offering high chemical and thermal stability, as well as preserving good electrical features and even improve them, after detaching and transfer polyamide layer to plastic substrate, which opens up new route for an integration of further nanostructures Contents 3.1 3.3.1 Electrical characteristics of single SiNW FET on Ka-o-Si . . . . 119 3.3.2 Flexible device . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123 3.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

Versatility and easy integration

Percolation in SiNN: Theory and experiment

Chapter 5 Conformable SiNNs for novel generation of flexible electronic devices

We have discussed about field effect transistors so far, in this part we focus on resistors.

In this chapter, we investigate the effect of mechanical stress on nanonet based resistors.

We opted to work on nanonet resistors because they are the simplest building blocks for each electronic devices, therefore, it is important to understand these devices before going further to any complicated electronic circuit. That means, for studying the behavior of the nanonet and its electrical response to the stresses, resistors are the best choice. In In order to test the reproducibility of SiNNs on flexible substrates and their evolution under tensile loading two different tests are performed: (I) A static test in which a material is subjected to constant loadings, such as bending and static traction. (II) A monotonic or/and cyclic test during which the material responds to a change in loading conditions such as magnitude, cycling, and traction mode, i.e. cycling and magnitude under traction.

Therefore we are able to study the deformation, the fracture, and the design requirement compliance using tensile tests such as bending and traction tests. However, if the study for standardized tests is to be completed, compression and hardness tests must also be performed.

Introduction to tensile test

In a tensile test procedure, a elongation rate is applied to the sample (until failure or not) and the applied tension force (F) and sample elongation (δ) are simultaneously recorded

INTRODUCTION TO TENSILE TEST

Impact of elongation on nanonet properties and morphology

In this study, we begin with the sample S.I to electrically characterize the sample under bending. Based on the previous discussion, bending in this work is proportional to static traction so, in order to complete the study, the S.II and S.III samples are explored as well.

The samples S.II (a and b) and S.III (a and b) are probed under in-situ SEM to monitor all local modifications that happen to the pattern and non-pattern SiNNs precisely.

Stability throughout the fabrication process

We have electrically probed the SiNN based resistors S.I, for different periods of time within three years. As explained in detail in Chapter 2, we first attach Ka1 to a rigid substrate to start the fabrication process (hybrid Ka1-O-Si). Once the integration process is over, we electrically test the devices while they are still attached to the rigid substrate.

Then to achieve a fully flexible sample, we detach S.I from the rigid substrate and fix it onto a flexible PET substrate (200 µm) and then electrically characterize the resistors without any bending.

The results of electrical characterizations under the conditions just mentioned are shown in Fig. 5.9. The current at -5V was measured for each length of the channel over time. First just after the full integration process and then being exposed to unintentionally imposed strain arising from the detachment which means the last fabrication step of fully flexible SiNN based resistors. Each point in the plot is the average of the currents of all devices in that specific channel length plus their associated standard deviation shown with error bars. The number of small channel length devices is between 30-50 resistors, for medium size devices is 20-30 resistors, and for long channel lengths devices is 3-15 resistors.

Let us consider the variation with time over one year of the electrical characteristics of the devices when the sample is still attached to the rigid substrate, (Ka1-O-Si). As it is shown in Fig 5 .9, a small reduction in the current can be seen just in the long channel devices for the lengths of 500 -1000 µm. Indeed, this long channel resistors experience a small reduction in the first three months and then stabilize while being in the Ka1-O-Si state. In contrast, medium (100-300 µm channel lengths) and short (20-50 µm channel NWs breaking due to tension. In order to demonstrate the reason behind improvement of current after release in medium channel length resistors, an experiment was conducted with tensile loading (traction) under in-situ SEM which proves that the reason lays in the NWs alignment in the network. Since long and medium-size devices are more sensitive to the deformation, drastic change in their current is seen and the local elongation is related to the geometry of the pattern. Since our system has a large area curve (big hysteresis), it can be used to absorb vibration because a large amount of vibrational energy can be dissipated. Finally, with the help of real-time electrical characterization under traction, for the first time, anti-percolation was seen in the SiNN based devices arising from traction.

Summary and perspectives

Randomly oriented silicon nanowires, known as silicon nanonets (SiNN), are highly appealing as an alternative to amorphous Silicon or organic materials for various macro-electronic applications involving sensors and displays due to their flexibility, transparency, and reproducibility. In this thesis, we studied flexible transistors based on single SiNWs and the percolation and mechanical behavior of SiNN devices.

During this thesis, we dealt with the fabrication of single silicon nanowire (SiNW) devices especially transistors followed by the integration of SiNN based devices on flexible and rigid substrates. First, we optimized a versatile fabrication process based solely on standard photolithography which allows producing a device with channel lengths ranging from the micrometer to the millimeter. Then we extended our fabrication process beyond simple rigid substrates and we established a recipe to introduce single SiNWs and SiNN onto more special substrates such as glass and Kapton with the different oxide layers. Our robust and innovative process leads to the integration of an omega gate transistor onto a flexible substrate constituted a single SiNW. We experimentally reported good electrical performances of the flexible single SiNW device which exceeds top-gated flexible FETs based on organic thin film materials.

Then, precisely controlling the density of nanonets in addition to designing different geometries of SiNNs enabled us to investigate the theory of percolation in Chapter 4. We demonstrated through simulation and experiment that having L ch > 10L s is insufficient to be in a so-called infinite system and obey the laws of percolation theory. We found that square systems are the closest geometry to so-called infinite systems. In addition, our study also led to the observation of the pre-percolation regimes in patterned NN-FETs. Moreover, our results revealed a prominent phase transition based on V th , channel length, and density of NNs. The relation between dispersion and the change in the threshold voltage was also studied.