Reinhard R Baumann 
  
Philippe Romain Denis 
  
Antoine Patrick 
  
Marcel, H l e, St pha e, Ro ert Vi Ce T, Kevi 
  
G David 
  
Rard… 
  
Je ifer, S astie , Guillau e, Laure Flore Ce 
  
E Giacomo 
  
Nonna Giovanna 
  
Nonno Daniele 
  
  
  
  
  
  
  
  
  
  
  
  

Bie ue plac es au d ut, ce so t les der i res ue j' cris da s ce a uscrit. Elles sont pour vous tous, ui 'avez acco pag , guid , soute u, et support aussi, pe da t ces der i res a es… Tout d'a ord je tie s à re ercier le D parte e t des Co posa ts Siliciu du CEA, Leti et le La oratoire du G ie des Proc d s Papetiers pour 'avoir accueilli et four i tous les supports, humains et matériels, nécessaires au bon déroulement de mes travaux de recherche. Merci à tous ceux qui ont participé de près ou de loin à ces travaux! Au moins comme ça je suis sûr de n'avoir oublié personne…

Scientific publications

Journals

Abbreviations

General Introduction

The 20 th century is without any doubt under the strong footprint of the development of electronics.

Since the invention of the first transistor at Bell Labs in 1947, there has been a huge evolution of technologies for the manufacturing of electronic components. The challenges were and still are: miniaturization, integration and energy consumption.

The fabrication of electronic devices requires the patterning of all type of materials (conductive, semi-conductive, and dielectric). With the recent event of new fields of applications such as large area and flexible electronics, standard processes of silicon technologies have shown their limits. Indeed, the cost of silicon devices increases because of a high cost per unit area of silicon substrates [START_REF] Hutchings | Inkjet Technology for Digital Fabrication[END_REF]. Meanwhile, thanks to their ability to pattern large surfaces on low-cost (compared to silicon) and flexible substrates, printing technologies have experienced a revolution. Conventional printing techniques for paper-based media are being adapted to functional materials. Hence, to achieve printed functionalities beyond conventional, printing and material sciences are inevitably connecting each other [START_REF] Gunde | Material Science meets graphic communication for a joint venture beyond the conventional[END_REF].

However, it is important to keep in mind that functional printing must not aim to replace nor to compete with standard silicon patterning techniques. It should stand aside and offer complementary technological solutions, in particular for applications that are not area-constrained.

I. Context of the thesis

This thesis was carried out at CEA, Leti in Grenoble in collaboration with the Laboratoire Génie des Procédés Papetiers (LGP2) from Grenoble INP-Pagora. Leti is an applied research institute focused on creating value and innovation through technology transfer to its industrial partners. It specializes in micro and nanotechnologies and their applications, from wireless devices and systems, to biology, healthcare and photonics. In this framework, a strong knowledge and know-how in material science and characterization of MEMS devices (radio-frequency, sensors, and actuators) has been developed in the Laboratory of Characterization and Reliability of Components (LCFC) over the last decade. The

LGP2 is an academic research laboratory historically focused on paper-based materials and printing processes. More recently, its activity diversified towards biomaterials and bioproducts. Moreover, the background knowledge in surface treatment and ink formulation has led to advanced research in the functionalization of surfaces and printable materials to produce smart objects with high added value.

This thesis came along with the I2Flex project, standing for Printed Integration on Flexible substrates, in partnership with major industrial actors such as Gemalto and STMicroelectronics as well as smaller companies (ASK, SANSystems, STID, Smart Packaging Solution) and academic institutes, the Center of Microelectronics in Provence (Mines de Saint-Etienne) and the laboratory of Lasers, Plasma and Photonic Processes (CNRS,LP3,Luminy). The objective of this project was to qualify and develop printing fabrication processes for the hybrid integration on plastic and paper substrates of silicon chips and printed interconnections and components. The innovative facets of I2Flex lie in the assessment of the potential of inkjet printing for industrial production through the study of the fabrication process, a deep analysis of the printed materials properties, the design and fabrication of passive and planar components and the investigation of their reliability.

II. Opportunities of functional printing

Printing processes have reached a level of maturity that offers an alternative to lithography for the fabrication of large area electronic components with minimum dimensions above 10 µm. The growing interest in printing processes for electronics manufacturing is usually driven by the idea of a low-cost technique. [START_REF] Subramanian | Printed electronics for low-cost electronic systems: Technology status and application development[END_REF] have proposed an accurate analysis of this industrial expectation: i. Printing does not mean low-cost Indeed, highly depreciated lithographic equipment are available and their industrial maturity competes with the young age of functional printing technologies. However, the large experience in conventional printing may speed-up their industrial development.

ii. Printing reduces process complexity

Printing is a fully additive patterning technique that allows the deposition of a material only where it is required. When compared to photolithographic patterning, fabrication steps are at least divided by a factor of 2. Moreover, printing processes require materials in the form of an ink or a paste, as a consequence, vacuum and clean room environments are no longer mandatory.

Flexible electronics using printing processes is a field of technology with great expectations in terms of market and business. A recent forecast from Yole Développement (February 2014) indicates that flexible and printed electronics market is likely to be close to one billion dollar by 2020, with a 27% Compound Annual Growth Rate (CAGR). In particular, as depicted in Figure I.1, functional printing will represent 89% of this market. Therefore, there seems to be large industrial opportunities to seize in several fields of applications. If the flexible electronics market is strongly supported by the organic electronic materials for photovoltaics, displays and lighting, there are other fast growing domains such as sensors, e-paper and smart textiles. As a consequence, applied research institutes such as Leti, with a strong technological background have a large interest to explore the potential of this emerging market.

III. Objectives of the thesis

Among the several existing technologies for printed electronics, the interest was drawn towards drop-on-demand processes. Inkjet printing is a non-contact and digital technique that allows patterning features from 10 µm up to several centimeters. The digital source makes it independent regarding the volume to manufacture, and especially well-suited to prototyping and small-series fabrication.

In the past ten years, extensive efforts have been achieved for the formulation of electrically functional inks. Reviewing data from the literature shows that a broad electrical resistivity range has been covered ( -7 -Ω. m). Because of the potential of inkjet printing for the manufacturing of electrical interconnections, electrodes and antennas, inks based on conductive materials received much attention. Lots of research was conducted on metal nanoparticles-based inks (silver, gold, copper, and aluminum) as they offer low electrical resistivity close to the bulk material value. Moreover, colloidal suspensions of nanoparticles allow obtaining up to 60 wt% of active materials without hindering the printing process and its capabilities. Finally, nanoparticles exhibit enhanced size effects that reduce their melting temperatures and activation energy for sintering. Indeed, when printing metallic nanoparticles a post-printing thermal treatment is usually required not only to eliminate the ink vehicle but also to ensure contact between the nanoparticles and obtain a continuous medium for electronic transport. Nanoparticles inks are thus compatible with polymer substrates. Silver nanoparticles inks are undoubtedly the most widespread on the market of conductive printable materials. Self-formulation with specific features is commonly achieved at laboratory scale and many commercial references are nowadays available. Silver nanoparticles inks were thus selected and will be thoroughly investigated in this thesis. The present manuscript is organized in three chapters.

The first chapter is a literature review that introduces how conventional printing techniques are being adapted to functional inks and in what application fields they would most likely develop. A special attention will be given to piezoelectric drop-on-demand inkjet printing. The printing process is detailed from ink ejection to impact and drying on the substrate. The key parameters involved in the conformal printing of a digital pattern, namely printing conditions and ink/substrate interactions are highlighted.

As stated, layers printed with nanoparticles inks require thermal energy to become conductive. The annealing process, which can be achieved in several ways using convective, radiative and electromagnetic heat sources, induces severe modifications of the printed layers microstructure, which is polycrystalline and porous. Finally, to analyze the properties of these layers, theoretical models of electronic transport are presented as well as the nanoindentation method for mechanical characterization.

The second chapter is focused on the characterization of silver layers printed with a commercial silver nanoparticles ink. Test patterns are printed on SiO2/Si substrates selected for their stability to thermal variations up to 300°C. The annealing is realized in oven and the evolution of the layers properties is investigated as a function of the annealing conditions. The microstructure is explored and morphological parameters such as roughness, grain size and porosity are measured. The electrical resistivity and the temperature coefficient of resistance of the silver layers is then analyzed. Moreover, the nanoindentation measurements allow the extraction of the mechanical parameters such as You g's odulus a d hard ess. I this chapter, the easured orphological para eters are e ployed to understand both electrical and mechanical properties of the silver layers. Besides, the correlation of the measurements with theoretical models supports the experimental methods that were developed.

In the last chapter, the knowledge of the printed silver layers assets and the optimization of the printing process lead to the design, fabrication and characterization of flexible electronic devices: a 17 GHz band-pass filter printed on polyimide, a flexible vacuum micro-sensor working on the Pirani principle, and a 250 µm thick membrane switch for keyboards. Finally, all-printed tunable capacitors were realized by stacking Barium Strontium Titanate (dielectric) and silver (electrode) printed layers. These prototypes exhibit performances near the state-of-the-art and suggest new opportunities for printing technologies.

The experience developed during this thesis on the inkjet printing of silver nanoparticles in the silicon environment of Leti offers promising perspectives that will be discussed in a concluding chapter.

Chapter 1

Printed Functional Layers: From Fabrication to Properties

Introduction

In the 20 th century industrial printing techniques have been extensively developed for edition and packaging. In the last decades, the same printing processes are experiencing a fast technological development for flexible and functional applications. On one hand, roll-to-roll printing processes are a potential alternative manufacturing process to evaporation and metal-organic chemical vapor deposition (MOCVD) for large manufacturing volume and large area electronics applications (RFID antennas, photovoltaics, OLEDs-based displays). On the other hand, digital printing processes such as inkjet and spray offer new market opportunities for fast prototyping, low volume manufacturing (on demand), and pattering of 3D objects. This introductory chapter is dedicated to a general description of the state-of-the-art printing techniques for the deposition of functional layers. We start by a review of the main printing processes employed for printed electronics, and a particular attention will be given to drop-on-demand inkjet printing.

The process flow for fabricating functional layers with inkjet printing is detailed from ink formulation and properties to post-printing treatments. In this thesis, a special interest is granted to silver nanoparticles inks for patterning conductive layers. Nanoparticles colloidal suspensions have to be stabilized by the addition of carbon chains. To obtain a conductive layer, a post-printing thermal treatment is required, not only to dry the layers but also to burn organic compounds and ensure contact between nanoparticles.

The resulting polycrystalline microstructure of the printed silver layers strongly depends on the annealing conditions. But above all, it defines both their electrical and mechanical properties. To understand and analyze the experimental results that will be presented in chapters 2 and 3, a theoretical approach on electron transport in polycrystalline media and a method to characterize thin films mechanical properties are finally proposed.

I. Overview of printing processes for printed electronics

The printing process flow can be divided in three main steps (Figure 1.1): ink formulation and fabrication, deposition and post-printing treatment. If all printing processes have a similar process flow, they usually differ in their ink requirements (viscosity, surface tension), their capabilities (resolution, printing speed) and their working principle. An overview of the main printing techniques that are employed for electronics manufacturing is proposed. They can be split in two families, namely contact and non-contact printing, coming from the mechanical contact between the ink delivery system and the substrate.

I.1. Contact printing processes a) Offset lithography

In offset lithography, the pattern to print is supported by a plate functionalized with a patterned hydrophobic photopolymer thin layer (Figure 1.2.a). The plate, mounted on a cylinder, is wetted with a water-based dampening solution that is repulsed by the hydrophobic polymer. Then, the plate is inked with a hydrophobic and viscous ink (5-100 Pa.s) that fixes onto the patterned polymer. A blanket cylinder, usually of rubber, receives the patterned ink from the plate which is then transferred to the printing substrate (Figure 1

.2.b).

Offset lithography is a printing technique commonly employed for prints from a few thousands up to several hundreds of thousands with high image quality. Its main limits originate from the degradation of the photopolymer plate. Adapted from [START_REF] Kipphan | Handbook of Print Media: Technologies and Production Methods[END_REF].

For printed electronics applications, offset lithography main limitation arises from the aqueous dampening solution that might affect the functional materials [START_REF] Blayo | Printing processes and their potential for RFID printing[END_REF]. This issue can be overcome by replacing the dampening solution by a silicone layer ( waterless offset plate).

Offset techniques have been employed for printing conductive patterns such as silver electrodes for humidity sensor [START_REF] Harrey | Capacitive-type humidity sensors fabricated using the offset lithographic printing process[END_REF] and conductive polymer layers [START_REF] Reuter | Influence of process parameters on the electrical properties of offset printed conductive polymer layers[END_REF].

b) Flexography

Flexography printing is a relief-based printing method where a polymer is patterned with the features to print (plate cylinder). The anilox roller is the key element that characterizes this technology: it controls the quantity of ink that is transferred to the plate cylinder. The substrate receives the patterned ink by mechanical pressure between the plate and the impression cylinder (Figure 1.3). Flexographic inks can be water-based, solvent-based or UV-curable with relatively low viscosity (0.01 -0.5 Pa.s). [START_REF] Kipphan | Handbook of Print Media: Technologies and Production Methods[END_REF].

The anilox roller is a cylinder engraved with a matrix of cells allowing a fast and constant transfer of the ink to the plate cylinder. The shape and dimensions of the cells will be selected according to the substrate and ink properties.

The quality of flexographic printing highly depends on the settings of the equipment and in particular the pressure applied to the substrate. Indeed, the relief polymer may be squashed, inducing irregularities of the printed pattern. It is mostly used for packaging, bags and paperboards on short to medium runs.

Silver nanoparticles inks were printed with flexography to study inline photonic sintering (Hösel, 2012). Also, [START_REF] Yu | Silver front electrode grids for ITO-free all printed polymer solar cells with embedded and raised topographies, prepared by thermal imprint, flexographic and inkjet roll-to-roll processes[END_REF] have printed silver electrodes for all-printed polymer solar cells.

c) Gravure printing

In gravure printing, the printing patterns are engraved in a metallic cylinder that soaks into an ink reservoir. A doctor blade allows removing the ink excess. The ink remaining in the engraved cells is finally transferred to the substrate under mechanical pressure. Gravure printing inks have low viscosity (0.01 -0.05 Pa.s) and can be water or solvent-based.

Gravure printing is a high-speed roll-to-roll printing process well-adapted for long-runs (>500,000 units) with high printing quality.

Figure 1.4. Gravure printing process. Adapted from [START_REF] Kipphan | Handbook of Print Media: Technologies and Production Methods[END_REF].

Gravure printing main limitation for printed electronics is the applied mechanical pressure that might damage non-flexible and non-compressible substrates. Silver nanoparticles inks were gravure printed on a PET Melinex substrate [START_REF] Sung | Scaling and Optimization of Gravure-Printed Silver Nanoparticle Lines for Printed Electronics[END_REF] as well as on glass [START_REF] Hrehorova | Gravure Printing of Conductive Inks on Glass Substrates for Applications in Printed Electronics[END_REF].

d) Screen printing

Screen printing is a large area printing method based on the stencil principle: a viscous ink (0.1 -10 Pa.s) is forced through a patterned solid mask by the means of mechanical pressure applied by a squeegee (Figure 1.5).

Figure 1.5. Screen printing process. Adapted from [START_REF] Burgelman | Thin film solar cells by screen printing technology[END_REF].

The main limitations of screen-printing are the printing speed and the lower resolution compared to most printing techniques. However, screen printing is very well-suited for printed electronics manufacturing due to its ability to produce thick layers from paste-like materials. It allows depositing and stacking several layers including dielectric materials.

Screen printing process is already deployed in industrial fabrication of printed electronics thanks to its maturity. As an example, ISORG1 fabricates organic photodiodes by screen printing of organic photopolymers on flexible substrates such as PEN and PET. Also, [START_REF] Krebs | A complete process for production of flexible large area polymer solar cells entirely using screen printing-First public demonstration[END_REF] demonstrated the fabrication of large polymer solar cells by a full screen printing process (several square meters). Zinc/Manganese oxide batteries were recently screen printed on paper substrates by [START_REF] Madej | Optimization of primary printed batteries based on Zn/MnO2[END_REF]. Among consumer applications, the most common are RFID tags and membrane switches used in remote controls and calculators. Also, screen printing is used in OLED displays manufacturing.

I.2. Non-contact and Direct-Writing processes

Non-contact printing processes differentiate from contact printing on two major points. The first is that the ink delivery system does not physically touch the substrate, allowing to print on a wide variety of objects that can also be 3D shaped. The second is their ability to transpose digital information through a computer-controlled translation stage, which moves a print head that patterns materials with controlled architecture and composition [START_REF] Tekin | Inkjet printing as a deposition and patterning tool for polymers and inorganic particles[END_REF].

Non-contact, and in general direct-writing technologies distinguish from photolithography patterning processes and contact printing as they allow depositing a controlled quantity of matter with a predefined shape without any pre-patterned hard mask. As a consequence, with direct-writing processes, several fabrication steps are avoided. Hon (2008) proposed the classification of direct-writing techniques in Figure 1.6. Tip-based direct-writing techniques have emerged thanks to the normalization of Atomic Force Microscopy (AFM, cf. Annex 2). Several nano-patterning methods allow the manipulation of single molecules such as proteins, polymers and enzymes using AFM tools (Piner, 1999). Tip-based techniques, even if classified as direct-writing, will not be detailed in this thesis as the patterning dimensions are about three orders of magnitude lower than ink-based printing techniques.

a) Energy beam -LIFT Highly energetic beams like laser and focused ion beam can be used to deposit thin films and pattern 2D and 3D structures. There are several methods, especially laser-based for this purpose. In this non-exhaustive list we shall quote: laser chemical vapor deposition (LCVD), laser enhanced electroless plating (LEEP), laser induced forward transfer (LIFT).

LIFT consists in ablating a small part (a pixel) of a thin film deposited on a transparent substrate and transferring it to a receiving substrate placed in closed proximity. The pixel ablation is realized by a pulsed laser irradiation. The working principle of LIFT is illustrated in Figure 1.7. Since its first demonstration by [START_REF] Bohandy | Metal deposition from a supported metal film using an excimer laser[END_REF], LIFT, that can be operated in room atmosphere, has been extensively studied for the deposition and direct-writing of all kinds of materials under different phases: solids [START_REF] Adrian | A study of the mechanism of metal deposition by the laser-induced forward transfer process[END_REF], liquids [START_REF] Colina | Laser-induced forward transfer of liquids: Study of the droplet ejection process[END_REF], and powders [START_REF] Pimenov | Laser-induced forward transfer of ultra-fine diamond particles for selective deposition of diamond films[END_REF].

In addition to metals, LIFT has been successfully applied for laboratory-scale deposition of oxides [START_REF] Sakata | Laser-induced forward transfer of TiO[sub 2]-Au nanocomposite films for maskless patterning[END_REF] and fragile materials such as biomolecules [START_REF] Dinca | Quantification of the activity of biomolecules in microarrays obtained by direct laser transfer[END_REF], cells [START_REF] Hopp | Survival and Proliferative Ability of Various Living Cell Types after Laser-Induced Forward Transfer[END_REF] and DNA [START_REF] Colina | DNA deposition through laser induced forward transfer[END_REF]. Current trends led to the demonstration of the transfer of multilayered structures for organic thin films transistors (OTFTs) [START_REF] Constantinescu | Laser-induced forward transfer of multilayered structures for OTFT applications[END_REF].

The Laboratory of Lasers, Plasmas and Photonic process (LP3) in Marseille (France) has developed a strong knowledge and know-how in LIFT deposition techniques. LP3 was a partner of the I2Flex project in which a membrane switch was designed and fabricated. These results will be presented in chapter 3.IV.

b) Flow-based direct-writing

Flow-based processes allow a precise micro-dispensing of liquids through the application of a mechanical pressure on a reservoir with an output tip (syringe). This method differs from inkjet and aerosol technologies as the output is a continuous flow between the nozzle and the substrate. Thanks to the mechanical actuation system for the micro-dispensing, the range of fluid viscosities is broad (0.005 to 1000 Pa.s) (Hon, 2008). In parallel, the volume of fluid that can be delivered lies between dozens of nanoliters down to picoliters.

c) Spray printing

In spray or aerosol printing, a pneumatic atomizer creates an aerosol from the fluid to be jetted which is then carried to the ejection nozzle. The working principle of an M3D Optomec aerosol printer is illustrated in Figure 1.8. The ink is placed into an atomizer which creates a dense aerosol with droplets between 1 and 5 µm. The aerosol is carried by a N2 gas flow to a nozzle where it is focused and ejected towards the substrate.

This process uses low viscosity inks (1-2500 mPa.s) that can be particles suspensions, polymers and adhesives. This non-contact printing method enables printing over steps and curved surfaces with features as small as 10 µm. Aerosol direct-writing has found several applications in the field of electronics manufacturing. As an example, collector lines for silicon solar cells were aerosol printed using high silver load inks (> 70 wt%) [START_REF] Hörteis | Further progress in metal aerosol jet printing for front side metallization of silicon solar cells[END_REF].

Figure 1.8. Printing by spraying (Hon, 2008).

d) Inkjet printing

Inkjet printing consists in the ejection of controlled volume droplets of ink from a chamber through a nozzle. The ink droplets that move at several meters per second reach the substrate at target positions, defined by a numerical file, to form a patterned layer.

Inkjet printing process can be divided in two families, namely Continuous Inkjet Printing (CIJ) and Drop-on-Demand printing (DoD). As illustrated in the roadmap of inkjet technology (Figure 1.9), there are several methods of actuation for droplet ejection. 

i) Continuous inkjet printing

In continuous inkjet technology, a drop generator delivers a fluid from a reservoir to a nozzle that ejects a continuous stream of droplets at high frequency (50 -175 kHz) (Figure 1.10). In a binary deflection system once the filament breaks, droplets travel through an electrode that selectively charges them with an electrical pulse. Then the droplets are deflected by a high electrostatic field:

-Charged droplets are deflected to a gutter for ink reflowing; -Uncharged droplets are unaffected by the electrical field and go straight onto the substrate. In a multiple deflection system, droplets are charged at different levels and then deflected onto the substrate by the electrostatic field with a different angle of impact while uncharged droplets are reflowed.

The high ejection frequency allows a rapid printing, suitable for industrial coding of products and packages. Moreover, thanks to the high droplet speed (in the order of 50 m.s -1 ), CIJ is well-suited to large distances (several mm) between the print head and the substrate as well as the use of volatile solvents inks (fast drying). Finally, the continuous ink flow prevents nozzles from clogging.

The main limitations of CIJ printing are a relatively low printing quality and the ink type, which must be electrically chargeable [START_REF] Kipphan | Handbook of Print Media: Technologies and Production Methods[END_REF].

ii) Drop-on-Demand Drop-on-demand technology (DoD) differs from CIJ as droplets are ejected from the nozzle only when required. As a consequence, nor droplet selection (electrical charging) neither ink reflowing are needed. DoD technology is based on the ability of the ejection system to create droplets with a similar volume at a constant frequency.

There are several actuation methods, the most popular used in the droplet formation process are thermal and piezoelectric.

-Thermal actuation (Figure 1.11): a heating element located near the nozzle generates a vapor bubble inducing an increase of volume in the pressure chamber. The exceeding volume leads to the ink droplet ejection. In this method, chamber volume is constant whereas ink is thermally dilated. -Piezoelectric actuation (Figure 1.12): a piezoelectric element located near the nozzle deforms the chamber wall inducing the ejection of the ink droplet through the nozzle. Chamber volume decreases under a mechanical deformation whereas ink volume is constant, if considered uncompressible.

Figure 1.11. Thermal inkjet. Figure 1.12. Piezoelectric inkjet.

In this thesis, a Dimatix DMP2831 piezoelectric inkjet printer was used (cf. paragraph II.3). Hence, we have focused on the requirements of piezoelectric inkjet printing, which is mostly employed in printed electronics.

iii) Inkjet inks For inkjet printing, viscosity and surface tension of the ink are crucial parameters. Ink viscosity is low, in the order of 1-30 mPa.s, necessary for the piezoelectric chamber to be refilled at high frequency (several kHz). Surface tension is around 30 mJ.m -2 allowing the droplet formation. Viscosity and surface tension are temperature dependent and advanced jetting technology may include a localized heating system for tuning ink properties just before ejection. Inkjet inks for conventional applications (edition and packaging) contain either pigments or soluble dyes. Their vehicle may be water-based, solventbased, hot-melt or UV-curable. In the particular case of colloidal suspensions inks, additives are used to prevent particles agglomeration and precipitation.

I.3. Comparison of printing processes characteristics

The main characteristics of printing processes for printed electronics are presented in Table 1.1. 

Resolution (µm) Offset - . - - > - - Flexography . -. . - < - - Gravure . -. . - > - - Screen . - - - > - - LIFT . -∞ . - - > - Spray . -. . - - > - Inkjet . -. . - - > . -. -
Inkjet printing technology was chosen in the framework of the I2Flex project for its many assets. Indeed it is a digital process that does not require manufacturing of hard masks. Moreover, it offers among the best capabilities in terms of resolution and the lowest achievable thicknesses, which is of major interest in the fabrication of electronic devices. Finally, if inkjet is not the most suited printing technique for large scale production, it is very well adapted for lab-scale studies and device prototyping.

II. Inkjet printing for printed electronics

Drop-on-Demand inkjet printing market had e perie ced a ajor i pulse i the 's, he consumer and office inkjet printers appeared on the market. Canon and Hewlett Packard (HP) were leaders ith ther ally actuated ozzles. I the 's, the de elop e t of i kjet tech ologies continues, in particular for color printing. Thermal actuation performances are improved by Canon and HP while piezoelectric actuation is fast-growing, especially for non-aqueous inks.

Inkjet print heads, both thermal and piezoelectric, are amongst the first MEMS consumer products. Today, despite the diversification of MEMS components (sensors, RF, bolometers, etc.), inkjet print heads keep a constant share of the MEMS market (Figure 1.13). 

II.1. Piezoelectric DoD inkjet printing process

Successful inkjet printing of a pattern relies on the equilibrium between the characteristics of the printer, the physico-chemical and rheological properties of the ink, and the substrate surface properties.

Inkjet printing can be separated in three main steps, namely the droplet formation, the impact on the substrate and the drying of the ink. Each step strongly depends on the physico-chemical properties and dimensions of the involved elements, namely the printing system, the ink and the substrate.

a) Droplet ejection

The process of inkjet printing involves the ejection of a controlled quantity of a fluid stored in a reservoir through a nozzle. In the case of piezoelectric actuation, pressure waves (acoustic) resulting from the voltage applied to the piezoelectric ceramic propagate through a cavity pushing the fluid outwards (Figure 1.14).

A droplet is ejected when the amount of transferred kinetic energy is larger than the surface energy of the ink meniscus [START_REF] Tekin | Inkjet printing as a deposition and patterning tool for polymers and inorganic particles[END_REF]. This transferred kinetic energy defines the droplet velocity. Moreover, the initial velocity of the droplet, in the order of several m/s, must overcome the friction with ambient air.

A large amount of research has been pursued in the design of piezoelectric and thermal heads as well as in the understanding of the droplet formation process [START_REF] Bogy | Experimental and Theoretical Study of Wave Propagation Phenomena in Drop-on-Demand Ink Jet Devices[END_REF][START_REF] Yang | Droplet ejection study of a Picojet printhead[END_REF][START_REF] Wijshoff | The dynamics of the piezo inkjet printhead operation☆[END_REF]. [START_REF] Wu | Study of micro-droplet behavior for a piezoelectric inkjet printing device using a single pulse voltage pattern[END_REF].

With piezoelectric actuation, droplet size and ejection speed can be controlled by the actuation voltage and frequency. [START_REF] Reis | Ink-jet delivery of particle suspensions by piezoelectric droplet ejectors[END_REF] have demonstrated that the droplet volume and velocity are linearly dependent on the driving voltage of the piezoelectric, as illustrated in Figure 1.15. Reis et al. have also shown that the droplet volume follows a periodic behavior with pulse width and frequency. [START_REF] Reis | Ink-jet delivery of particle suspensions by piezoelectric droplet ejectors[END_REF].

The droplet formation mechanisms depend on the propagation of the acoustic waves in the fluid-filled chamber. Wave propagation is not only influenced by the chamber dimensions [START_REF] Bogy | Experimental and Theoretical Study of Wave Propagation Phenomena in Drop-on-Demand Ink Jet Devices[END_REF] -Reynolds number (1. 1) is defined as the ratio of inertial forces to viscous forces. It characterizes the flow regime of a fluid. Laminar flows correspond to low whereas high correspond to turbulent flows.

=

(1. 1)

-Weber number (1. 2) is defined as the balance between inertial and capillary forces. It is used to characterize fluid flow at the interface between two fluids and also in the study of drop formation mechanisms where a liquid interacts with the surrounding atmosphere.

= (1. 2) -Ohnesorge number ℎ (1.
3) is defined as the ratio of the square root of to . It relates viscous forces to inertial and surface tension forces. The Ohnesorge number is independent from the droplet velocity.

ℎ = √ = √ (1. 3)
Fromm (1984) demonstrated that the inverse of the Ohnesorge number, commonly noted , must be higher than 2 in order to obtain stable droplet ejection. Experimental studies and numerical simulations by [START_REF] Reis | Ink Jet Deposition of Ceramic Suspensions: Modeling and Experiments of Droplet Formation[END_REF] showed that stable droplet ejection can be achieved in the range < < .

In Most piezoelectric inkjet print heads allow adjusting the nozzles temperature to tune viscosity and surface tension and hence number of the ink right before ejection.

b) Droplet impact

Once the droplet is created, the next step is its impact on the substrate. This is largely reported in literature with experimental observations and mathematical modeling. For example, [START_REF] Park | Single drop impaction on a solid surface[END_REF] identified four stages in the impact process of a single drop on a smooth surface at room temperature through an experimental and theoretical study (Figure 1.17). These stages depend on the fluid properties and its interactions with the substrate. They can be characterized by the spreading ratio defined as the ratio of the droplet-substrate interface diameter to the initial droplet diameter.

-Stage 1: impact, the drop is spherical just before the impact. = .

-Stage 2: spreading, the interface between the droplet and the substrate increases to a maximum value. = > .

-Stage 3: retracting and rebounding, the fluid reaches is maximum retraction characterized by a minimum spreading ratio, a series of oscillations follow dampened by viscous dissipation. = . -Stage 4: equilibrium, the kinetic energy of the drop is totally dissipated. = .

Figure 1.17. Spreading and retracting of a water droplet on smooth surfaces [START_REF] Park | Single drop impaction on a solid surface[END_REF].

The parameters that were identified to influence the impact process of inkjet droplets are:

-Ink: density, viscosity, elasticity and surface tension; -Droplet: velocity and size; -Substrate surface: roughness, surface energy, chemical homogeneity, planarity.

A thorough study of the impact process of inkjet droplets on smooth and non-porous substrates was carried out by [START_REF] Jung | Fluid characterization and drop impact in inkjet printing for organic semiconductor devices[END_REF] who concluded that the surface tension of the ink and the wettability of the surface have a key role in determining the drops final diameter.

When inkjet printing on porous substrates such as paper, other phenomena occur at the droplet impact. Indeed, because of the strong capillary forces originating from the substrate porosity ink vehicle is adsorbed and or absorbed, causing the separation of the ink functional materials and the solvent.

The properties of the i k -su strate syste deter i e adhesio a d wettability of the final printed layer. In the fabrication process, a proper binding of the ink to the substrate guarantees high printing quality (optical density, bright colors, sharpness). In the field of printed electronics, the expected properties of the printed layers are even more critical: pattern continuity, water resistance, mechanical properties (adhesion, shear, delamination, and flexibility). In addition, depending on the end-use of the printed layers, other characteristics might be expected: electrical conductivity, carriers mobility, permittivity, etc.

The interactions between ink and substrate have also a strong influence on the resolution of the patterns, the pitch between lines (ink spreading) and the reproducibility (substrate chemical and structural homogeneity).

In inkjet printing, because of its non-contact working principle, the dynamics of ink settling on the substrate is substantially different from other printing processes. As an example, in roll-to-roll printing ink is transferred to the substrate under mechanical pressure, while for screen printing the highly viscous ink receives both kinetic energy and pressure from the squeegee. Figure 1.18 illustrates the phenomena that may occur after droplet impact. It must be noted that these phenomena simultaneously occur and that the timescale gives an order of magnitude of the duration of each step [START_REF] Kettle | A review of modified surfaces for high speed inkjet coating[END_REF]. in porous media (coated paper). [START_REF] Kettle | A review of modified surfaces for high speed inkjet coating[END_REF].

In order to improve the substrate printability, either physical or chemical surface treatments can be realized. Physical treatments are used to temporarily change the surface energy of the substrate or clean the surface from ambient pollution like moister and dusts (plasma and Corona treatment). Chemical treatments allow surface cleaning (chemical bath) and also chemical functionalization (e.g. tune hydrophobicity with a polymeric coating).

A general condition to fulfill in inkjet printing is that the ink surface tension must be lower than the surface energy of the substrate: < .

c) Ink drying

The last step in the formation of an inkjet printed layer is the drying of the ink. In this process, the ink changes of physical state from liquid to solid. The ink solvent is evaporated while the ink functional materials (pigments, polymers, solid particles, molecules, etc.) remain on the substrate surface.

It was experimentally and theoretically demonstrated that the evaporation of the solvent of a colloidal droplet on a substrate can lead to a multiplicity of patterns as shown in Figure 1.19 [START_REF] Bhardwaj | Pattern formation during the evaporation of a colloidal nanoliter drop: a numerical and experimental study[END_REF]. As a consequence, the drying process of printed films influences their morphology and the distribution of functional materials. [START_REF] Deegan | Capillary flow as the cause of ring stains from dried liquid drops[END_REF]. b) Aqueous drop containing polystyrene spheres on titanium (Sommer, 2004). c A ueous drop containing μ polystyrene icrospheres on glass [START_REF] Bhardwaj | Pattern formation during the evaporation of a colloidal nanoliter drop: a numerical and experimental study[END_REF]. d) Aqueous drop containing hydroxyapatite particles on titanium (Sommer, 2004). [START_REF] Deegan | Capillary flow as the cause of ring stains from dried liquid drops[END_REF][START_REF] Deegan | Pattern formation in drying drops[END_REF] have in particular studied the so-called coffee-ri g effect hich descri es the preferential deposit of particles at the edges of a drying droplet (Figure 1.19.a). This phenomenon is caused by the higher evaporation rate at the edges than at the center that induces a convective flow.

The effect of the evaporation flows on the silver nanoparticles was observed on single droplets printed on silicon substrate. Figure 1.20 shows a splat of a silver NPs ink droplet printed on a silicon substrate.

Here, the M-shape profile of the splat is characteristic of the coffee-ring phenomenon. [START_REF] Hu | Marangoni Effect Reverses Coffee-Ring Depositions[END_REF] have shown that Marangoni flow, i.e. surface tension driven flow, reverses the coffee-ring effect as it is directed in the opposite direction of the convective evaporation flow. Marangoni flows can be enhanced by adding a minor co-solvent with high boiling temperature and low surface tension [START_REF] Lim | Self-Organization of Ink-jet-Printed Triisopropylsilylethynyl Pentacene via Evaporation-Induced Flows in a Drying Droplet[END_REF].

II.2. Printing equipment

In the last decade, the rise of printed electronics led to the development of inkjet printing equipment with improved capabilities for the deposition of functional materials. Several manufacturers propose inkjet printers for the development of industrial production. Among these, one can cite Ceradrop and Impika (France), Fujifilm Dimatix (USA), Unijet (South Korea), PixDrop (Germany).

These printers can be equipped with several print heads (simultaneous printing of different materials), but they are limited by a sheet-feeding. Moreover, because post-printing treatment is not always integrated, manual or automatic transfer from the printers towards an annealing line is usually required.

To overcome these limitations, prototypes are being developed by the cooperation between academic laboratories and industry. As an example, at the Center of Microelectronics in Provence (CMP), a prototype printer JetPac has been developed in collaboration with Impika. It is equipped with several piezoelectric print heads, in-line modules allowing surface pre-printing treatment (atmospheric plasma torch) and post-printing treatment (UV lamp and microwave). An automatic conveyer moves the substrates between the different modules. The JetPac was used to print patterns for the prototyping of a membrane switch that will be presented in chapter 3.IV.

Another interesting and innovative test station 3 has been developed at Chemnitz University of Technology where an inkjet Xaar 1001 system is integrated into a gravure printing system LaboMAN. Such a printing configuration allows not only the personalization of gravure printed structures but also the study of droplet flight and landing behavior on moving substrates.

II.3. Technology of a lab printer: Dimatix DMP2831

In this thesis the very popular 4 laboratory-scale Dimatix DMP2831 inkjet printer was used for sample preparation. The Dimatix (Figure 1.21) is a drop-on-demand piezoelectric printer composed of four main parts.

-Print Carriage: it holds and moves the cartridge (ink tank and nozzles). The print carriage moves over the substrate in a single X direction. A fiducial camera is mounted on this carriage, allowing pattern alignment and observation of the printed patterns. -Chuck: it is a stainless steel plate that holds by suction the substrate during printing. The chuck moves along a single direction Y, perpendicular to the print carriage displacement. A tilt angle can be applied to compensate misalignment with features on the substrate. The stand-off distance (distance between the nozzles and the top of the substrate) can be adjusted between 0.250 and 1.500 mm. -Drop Watcher: it is a stroboscopic camera that allows observing droplets ejection in real-time while modifying the ejection parameters. A gutter is placed under the nozzles to collect ejected droplets during the settings of the ejection parameters. -Cleaning station: it consists of a cleaning pad where the cartridge can be cleaned with different operations (spit, purge and blot). Cartridge cleaning can be programmed before, during and after printing. The user manual of the printer is complete and lots of information are provided on the functioning and the capabilities of the printer. However, we report details on three main settings of the printer, namely the digital source patterns, the piezoelectric actuation of the print head, and the drop spacing (pattern resolution).

a) Digital source patterns

The input patterns to print with the Dimatix can be realized in two ways:

i. Using the embedded design software where one can define geometrical shapes by entering the pixels coordinates. This method is useful to print simple patterns (lines, single dots, 4 466 results on Google Scholar for the keywords « Dimatix DMP 2831 » on September, 15 th 2014.

squares, and rectangles), however when it comes to more complex shapes (triangles, circles, coils, serpentines, etc.) pattern definition can be long and tedious. ii. Using binary bitmap (.bmp) files. This method was mainly employed in this thesis. Patterns were firstly generated with a vectorial design software (CleWin4), and then saved as bitmap files. Finally pattern resolution in dpi (dot per inches) or pixels per centimeters (pix/cm) was adjusted using Adobe Photoshop CS5.

b) Piezoelectric actuation

The print head of the Dimatix is composed of 16 aligned nozzles that have piezoelectric actuation and that can be heated up to 70°C. Each nozzle piezo-actuator can be individually set in order to achieve the same ejection conditions (compensate manufacturing differences from one actuator to another).

The actuation of the piezoelectric actuator goes through two steps: the setting of the voltage waveform and the setting of the maximum voltage applied. A typical actuation cycle is illustrated in Figure 1.22. In the actuation cycle illustrated in Figure 1.22 the voltage waveform has four stages. On the Dimatix printer several parameters of the waveform can be modified, namely the duration, the slew rate, the number of phases.

The shape of the actuating waveform of the piezoelectric has a strong influence on the droplet ejection process. It controls the droplet dimensions and velocity as well as the ejection frequency. Because of the small dimensions of the nozzle orifices (< µm), the risk of clogging is high [START_REF] Basaran | Small-scale free surface flows with breakup: Drop formation and emerging applications[END_REF]. As a consequence, to improve the printing resolution and ejection stability it is beneficial to produce droplets smaller than the orifices [START_REF] Chen | A new method for significantly reducing drop radius without reducing nozzle radius in drop-on-demand drop production[END_REF][START_REF] Gan | Reduction of droplet volume by controlling actuating waveforms in inkjet printing for micro-pattern formation[END_REF].

c) Drop spacing

The drop spacing is defined as the distance between the centers of two adjacent droplets. On this printer, the drop spacing must be equal both on X and Y directions.

The drop spacing in X direction is set by the print carriage speed and the droplet ejection frequency (1. 4).

=

(1. 4)

On the Dimatix printer, the drop spacing is defined by the angle (sabre angle) between the X direction (axe of displacement of the print carriage) and the axe of the nozzles, which are regularly spaced by 254 µm. As illustrated in Figure 1.23, an angle of 90° corresponds to the maximum achievable drop spacing (254 µm). Decreasing the drop spacing corresponds to increasing the pattern resolution, hence the quantity of ink deposited.

The drop spacing in Y direction is set by the controlled displacement of the platen, but also by the sabre angle (1. 5).

= * (1. 5) Depending on the interaction of the ink with the substrate, if the resolution is too low the droplets may not overlap (Figure 1.24.a); while if the resolution is too high, over-spreading of the ink might occur causing the loss of the pattern shape (Figure 1.24.d). The method for setting the drop spacing on the Dimatix has the advantage of being simple. However, the sabre angle is set manually and several iterations might be required to obtain accurate settings. Moreover, a perfect synchronization of the ejection between nozzles is required to conform to the pixels arrangements. This synchronization is done by the driving computer of the printer for a given sabre angle. Even a slight discrepancy of the sabre angle will cause a misalignment between pixels in X and Y directions.

The consequence of this discrepancy was regularly experienced when printing with the Dimatix. It is characterized by uniform pattern edges on the printing direction and scalloped edges on the perpendicular direction (Figure 1.25). 

II.4. Summary

The Dimatix DMP2831 printer is a versatile tool very adequate for laboratory scale use. The main issues encountered during this thesis were nozzles clogging and droplets mis-jetting. Such failures of the printer usually cause killer defects on the printed patterns. Increasing the cleaning cycle frequency reduces the risk of such issues but also increases the printing time and the ink consumption. In conclusion, the Dimatix printer is the perfect tool for testing inks and ejection conditions as cartridges and print heads are affordable and disposable. If it is not suited for production, it can eventually be used for fast prototyping and small series. The main characteristics of the Dimatix DMP2831 printer are summarized in Table 1.2. 

III. From inks to functional layers

The fast development of printed electronics is partly driven by the advances in chemistry and ink formulation that made available a large spectrum of printable materials. Functional inks for printed electronics are developed with a common feature: low temperature processing, indeed such a characteristic is required for the fabrication of electronic components on flexible and low-cost substrates.

This paragraph focuses on the type of materials that are today available for inkjet printed electronics, which include metals, dielectrics, and semiconductors. Details on silver nanoparticles inks will be developed.

III.1. Functional materials for printed electronics

The literature provides lots of studies on the formulation, inkjet deposition, and characterization of functional materials for printed electronics. Table 1.3 presents a non-exhaustive list of materials that have been processed with inkjet technology for the fabrication of both functional layers and electronic components. Only one reference was selected, but usually others can be found in scientific press, patents, and commercial products. 

III.2. Conductive nanoparticles inks

Conductive nanoparticles inks must fulfill typical requirements of inkjet printing process such as printability, high resolution, shelf-life, adhesion to substrate, viscosity, and surface tension. Moreover, other features are required:

-Colloidal stability: prevent agglomeration and precipitation.

-Nanoparticles dimensions: below 100 nm.

-Low temperature post-printing treatment (< 300°C).

-High metal loading: up to 60 wt%.

-Provide high electrical conductivity (> Ω.

In this paragraph, we introduce the main steps of the fabrication of nanoparticles inks, namely the preparation of the nanoparticles and their stabilization.

a) Metallic nanoparticles synthesis

There are two main methods for the synthesis of metallic nanoparticles (Kamyshny, 2011):

 Top-down or physical methods:

Bulk metals or microscopic structures are processed to reach nanoscale with highly energetic procedures: rapid condensation of metal vapor phases and laser ablation.

Metal vapor is obtained by thermal heating or plasma excitation of metal plates. An inert gas conveys the vapor phase onto a solid substrate or directly into a liquid containing stabilizing agents allowing the nanoparticles to be stored without aggregating. Copper and silver nanoparticles have been manufactured using this method [START_REF] Kimura | Fine particles. Synthesis, characterization, and mechanisms of growth[END_REF] in the size range of 10 nm.

Laser ablation allows dispersing bulk metals directly into organic or aqueous media (Heinglein, 1993;Mafune, 2000) with a larger range of nanoparticles dimensions (up to 80 nm).

 Bottom-up or chemical methods:

Bottom-up synthesis of nanoparticles is mainly performed through chemical reaction between metallic ions and molecules and a reducing agent (oxido-reduction reaction). This method usually takes place in a liquid environment and allows preparing nanoparticles with controlled features: size, crystalline orientation, and morphology. The main challenge lies in the realization of a homogeneous population of nanoparticles. [START_REF] Lee | Silver nanoplates as inkjet ink particles for metallization at a low baking temperature of 100°C[END_REF] measured statistical distribution of three different morphologies of silver nanoplates synthetized by reduction of silver nitrate. Nanodisk, triangular and long nanoplates were obtained, with mean size between 100 and 200 nanometers and large variation both in the counting of the different morphologies and in their size were observed (Figure 1.26). 

b) Stabilization of metallic nanoparticles

Conductive inks based on metallic nanoparticles must be stable colloidal dispersions in order to increase shelf-life, prevent agglomeration and precipitation. Because of Brownian motion, nanoparticles are submitted to frequent collisions. There are two basic interactions [START_REF] Shi | MSE[END_REF]:

-When attraction dominates, nanoparticles agglomerate and the entire dispersion may coalesce; -When repulsion dominates, the system will be stable and remain in a dispersed state.

Because of long range attractive forces between particles of the same element, it is necessary to provide long range repulsive interactions in order to maintain the colloidal stability [START_REF] Shi | MSE[END_REF]. Two major mechanisms have been identified to achieve stable dispersions.

 Electrostatic stabilization

Long range attractive force is mainly due to Van der Waals and London interactions, whose range in colloids is around 10 nm. A proper way to counter this interaction is to provide nanoparticles with Coulombic repulsion. This can be done with ionic groups that are adsorbed at the nanoparticles surfaces creating a charged layer, which is itself covered by a second layer of ions of opposite sign to maintain electro-neutrality. Hence, nanoparticles are surrounded by an overall neutral double ionic barrier. The mutual repulsion of these double-barrier surrounding particles provides stability. The main difficulties encountered in electrostatic stabilization are:

-The dissolution of electrolytes in polar solvents; -Increasing the electrolyte concentration improves the double-barrier quality, but high ionic concentration is difficult to obtain and may affect other properties of the ink.

To overcome the issues of electrostatic stabilization in the formulation of nanoparticles inks, polymeric stabilization can be achieved.

 Polymeric stabilization

Long polymer chains can reach dimensions in the order of Van der Waals and London interactions length. As a consequence, if the chains can generate repulsion they result in the stabilization of the colloidal dispersions.

Polymeric stabilization can be realized by two different mechanisms:

-steric stabilization ( Effective stabilizers for metal nanoparticles colloidal dispersions are amphiphilic polymers with both hydrophobic and hydrophilic groups. These molecules can bind to the nanoparticles surface creating a repulsive coating (Kamyshny, 2011).

Polyvinyl pyrrolydone (PVP) is frequently used as a stabilizer of silver [START_REF] Kapoor | Preparation, characterization, and surface modification of silver particles[END_REF][START_REF] Kim | Highly Conductive Ink Jet Printed Films of Nanosilver Particles for Printable Electronics[END_REF][START_REF] Zhang | Synthesis of monodisperse silver nanoparticles for ink-jet printed flexible electronics[END_REF] and copper nanoparticles [START_REF] Park | Direct writing of copper conductive patterns by ink-jet printing[END_REF][START_REF] Cheon | Inkjet printing using copper nanoparticles synthesized by electrolysis[END_REF]. The literature concerning the stabilization of metal nanoparticles for printed electronics applications is very rich.

c) Silver nanoparticles inks

Silver well-known chemistry led to a wide range of commercial inks, not only for inkjet but also for offset, flexography, gravure and screen printing. In Table 1.4 are reported some commercial silver inks for inkjet printing and their main characteristics from the suppliers' datasheets.

In the framework of this thesis, ink formulation was not realized and mainly commercial inks from SunChemical were employed. 

III.3. Summary

Several studies are being conducted to replace silver by less noble materials such as copper and aluminum. However, fast oxidation of both these metals is a major issue for printing highly conductive patterns. As a consequence, in the synthesis and the formulation of colloidal suspensions of Al and Cu nanoparticles, an optimal protection is crucial not only against agglomeration but also oxidation.

The necessity of a thermal treatment on printed nanoparticles layers has been already stated in the previous paragraphs. In the following, the mechanisms that occur during thermal treatment as well as the annealing methods employed in printed electronics are presented.

IV. Sintering and grain growth

Metal nanoparticles inks require a post-printing treatment: it brings thermal energy to the system to evaporate the solvent and break the polymeric stabilizers which strongly deteriorate the electrical conductivity. However, the major requirement to achieve high electrical conductivity is nanoparticles coalescence and eventually size growth.

In this paragraph, we firstly present the enhanced behavior of nanoparticles (<100 nm) with respect to larger particles when provided with thermal energy. Then the mechanisms that drives sintering and grain growth are briefly introduced. Finally the main methods to sinter printed nanoparticles layers are described.

IV.1. Nanoparticles size effects

The physical properties of nanoparticles deviate from those of the same bulk material as a result of their reduced dimensions. They exhibit remarkable electronic and structural properties such as quantum size effect [START_REF] Halperin | Quantum size effects in metal particles[END_REF]) and high reactivity. The latter is due to an excess of internal energy of surface atoms:

-They have a higher degree of freedom; -They have stressed covalent bonds because of high surface curvature; -They are weakly bound and less constrained in their thermal motion.

Moreover, it is well-established that the melting temperature of metallic nanoparticles decreases with decreasing dimensions [START_REF] Buffat | Size effect on the melting temperature of gold particles[END_REF][START_REF] Qi | Size effect on melting temperature of nanosolids[END_REF]. Several theoretical models have been proposed to fit the experimental data [START_REF] Buffat | Size effect on the melting temperature of gold particles[END_REF][START_REF] Jiang | Size-dependent melting point of noble metals[END_REF], but the understanding of surface interactions, the arrangement of atoms and their diffusion is a challenge for theory (Schmid, 1998). Nonetheless, the general tendency of these models tells that the lowering of the melting temperature is related to the high surface-to-volume ratio of the nanoparticle. [START_REF] Buffat | Size effect on the melting temperature of gold particles[END_REF] were among the firsts to measure the dependency of gold nanoparticles melting temperature with their dimensions (Figure 1.28). This feature of nanoparticles is of major interest in printed and flexible electronics as the microstructure of the printed layers can be modified and controlled at temperatures compatible with organic substrates. [START_REF] Buffat | Size effect on the melting temperature of gold particles[END_REF].

IV.2. Sintering

Sintering describes the process of coalescence and packing of a powder (particles) into a solid using thermal energy (Figure 1.29). Historically, it is the most popular method for the fabrication of bulk ceramics bodies. In the field of powder metallurgy, sintering allows controlling the grain size and the packing density. The description of sintering mechanisms requires understanding the movement of particles grain boundaries when thermal energy is provided. [START_REF] Lame | In situ microtomography investigation of metal powder compacts during sintering[END_REF].

The simplest way to describe sintering in two dimensions is with spherical particles of the same diameter. During sintering particles coalesce and their contact area increases from a single point to a line, called a grain boundary (Figure 1.30). The solid body formed after sintering will contain pores that are a structural element of the body and usually behave like grains of a different material (two phase body). During sintering atoms are transported following various mechanisms that are given in Table 1.5. These transport mechanisms can be classified as:

-Non-densifying: the body density is slightly modified. Activation energy is lower and they usually dominate in low temperature range; -Densifying: the body density is submitted to high variations and shrinkage usually occurs.

Activation energy is higher and densifying mechanisms appear at higher temperatures.

Table 1.5. Mechanisms and transport in sintering [START_REF] Carter | Ceramic Materials: Science and Engineering[END_REF]. As sintering of nanoparticles proceeds, a simultaneous phenomenon occurs: grain growth. Indeed, during sintering, some grains will grow consuming others, essentially through Ostwald ripening process.

Mechanism Origin of the mechanism

IV.3. Grain growth

Grain growth phenomenon in printed silver layers has been extensively observed in the literature [START_REF] Kim | Highly Conductive Ink Jet Printed Films of Nanosilver Particles for Printable Electronics[END_REF]Kamyshny, 2011). It influences and often determines the microstructure of thin films because of the large driving forces available, arising from three main sources of energy: grain boundary, energy of the film surfaces and strain energy [START_REF] Carel | Grain growth and texture evolution in thin films[END_REF].

Grain growth mechanisms have been studied for many years and two growth modes have been identified as leading: normal and abnormal growth.

a) Normal growth

Normal grain growth is a mechanism where the average grain size changes with time when provided with thermal energy. A common law to describe normal grain growth kinetics in bulk materials is given by equation (1. 6) [START_REF] Atkinson | Overview no. 65: Theories of normal grain growth in pure single phase systems[END_REF][START_REF] Thompson | Stress and grain growth in thin films[END_REF].

- = * (1. 6)
where is the mean grain size at time = , and is a constant depending on the annealing temperature and the activation energy of the grain boundary diffusion.

As illustrated in Figure 1.31 [START_REF] Frost | Computer simulation of microstructural evolution in thin films[END_REF], in normal grain growth some grains shrink and others grow resulting in an increase of the average grain size, corresponding to a reduction of the total grain boundary area. As a consequence, the energy of the system is reduced because of the global decrease of the free energy of grain boundaries. Normal grain growth is characterized by a monomodal size distribution because of the isotropic and uniform growth in the film. b) Abnormal growth Besides, it has been observed that other grain growth mechanisms can occur along with normal grain growth. This usually results in the event of other grains populations. In thin films, it was shown that when grain size is comparable to film thickness normal grain growth is interrupted while a few grains grow at a much higher rate [START_REF] Palmer | Grain growth and grain size distributions in thin germanium films[END_REF]. As a consequence, the grain size distribution becomes bimodal (Figure 1.32). This phenomenon is commonly referred to as abnormal or secondary, growth.

In 1996, [START_REF] Thompson | Stress and grain growth in thin films[END_REF] have identified two conditions that favor abnormal growth:

-Phenomena leading to grain boundary drag usually prevent steady state growth (or even lead to complete grain growth stagnation); -There are almost always driving forces that favor the growth of subpopulations of grains with specific crystalline orientation and prevent steady state behavior until all favored grains are eliminated.

Figure 1.32. Top view of a thin film undergoing abnormal grain growth. A few large grains appear leading to a bimodal distribution of the grain size until the population becomes uniform again. Adapted from [START_REF] Frost | Computer simulation of microstructural evolution in thin films[END_REF].

The driving forces in abnormal grain growth are more dependent on the reduction of surface energy anisotropy than on the reduction of grain boundaries energies (Thompson, 1987). One of the main sources of such anisotropy is the crystallographic orientation: some directions are more stable, meaning less energetic, than others. Table 1.6 summarizes the main characteristics of normal and abnormal grain growth. 

IV.4. Annealing methods

Sintering of ceramic and metallic powders is usually realized at high temperature under mechanical pressure [START_REF] Carter | Ceramic Materials: Science and Engineering[END_REF]. In the field of printed electronics, the maximum allowed temperature for sintering the deposited nano-materials is usually limited by the substrates (paper, polymer) or by the underlying patterns. In this paragraph, a review of the most employed methods for annealing nanoparticles printed layers is presented.

a) Thermal annealing Thermal annealing, one of the most common methods, consists in heating the printed patterns and substrate altogether in an oven. Several studies have been carried out on metallic inks with annealing temperatures below 200°C [START_REF] Kim | Highly Conductive Ink Jet Printed Films of Nanosilver Particles for Printable Electronics[END_REF][START_REF] Lee | Inkjet printing of nanosized silver colloids[END_REF]. Lowering the annealing temperature has been achieved by optimizing the ink formulation and in particular by using short carbon chains as stabilizers, which can burn-out at lower temperature [START_REF] Kamyshny | Conductive Nanomaterials for Printed Electronics[END_REF].

Thermal annealing in ovens allows reaching electrical conductivities on silver tracks that exceed 50% of the bulk material value for temperatures below 30% of the bulk melting temperature. Electrical conductivity values given for commercial inks are usually obtained with this method. Depending on the annealing temperature, it tends to a limit value higher than the bulk resistivity. Bulk resistivity of silver material is difficult to achieve because of the printed layer microstructure and thickness.

Figure 1.34 shows the evolution of the microstructure of a silver layer inkjet printed on glass substrate with the annealing temperature [START_REF] Denneulin | Infra-red assisted sintering of inkjet printed silver tracks on paper substrates[END_REF]. Strong modifications can be observed, in particular grain growth.

A thorough characterization of the microstructure evolution with the annealing temperature of printed silver layers will be presented in chapter 2. [START_REF] Denneulin | Infra-red assisted sintering of inkjet printed silver tracks on paper substrates[END_REF].

Regarding the adhesion of the printed layers on their substrates, Joo and Baldwyn ( 2010) have shown that it mainly depends on the substrates hardness and the annealing temperature. In the particular case of organic substrates, if the annealing temperature is slightly above the glass transition temperature, a drastic improvement of the adhesion was observed while increasing again the annealing temperature led to a lack of adhesion.

If thermal annealing is an easy to implement technique and allows reaching high electrical conductivity, it has two major drawbacks:

-The annealing time is usually long (from minutes to hours), and thus hard to implement in industrial applications; -Both the printed layer and the substrate are submitted to heating.

The substrates, in particular for low cost and large area electronics limit the maximum annealing temperature. In most cases, these substrates cannot withstand temperatures above 180°C except for polyimides. Also, these substrates usually have thermal coefficients of expansion much different than the printed nanoparticles. As a consequence, when cooling the printed system, large mechanical strains might occur causing failure mechanisms (cracks, delamination, stripping). b) Photonic annealing Photonic annealing consists in exposing the printed layers to a light source that can be either continuous or pulsed, and monochromatic (laser) or wide-spectrum. These techniques allow obtaining very high temperatures (up to 1000°C) on very short times (from microseconds to seconds).

 Laser annealing

Lasers are highly energetic and monochromatic beams that can be used either in continuous or pulsed mode to heat the printed pattern. Thanks to the different light absorption rates of metal nanoparticles, ink vehicles (solvent and additives) and substrate, monochromatic laser can be used to selectively sinter the printed layers.

As dispersing agents and solvents separate metallic nanoparticles, they must be burned-out during the annealing process. However, absorption rate may decrease when such species have disappeared and thus more power will be required to sinter the remaining materials on the substrate [START_REF] Kumpulainen | Low temperature nanoparticle sintering with continuous wave and pulse lasers[END_REF]. Many studies of laser sintering of metallic nanoparticles inks can be found in the literature. Among the first results, [START_REF] Bieri | Microstructuring by printing and laser curing of nanoparticle solutions[END_REF] have selectively sintered gold nanoparticles printed lines with an argon-ion laser at 488 nm during 1 ms. In Table 1.7 is reported the comparison between continuous and pulsed laser sintering on inkjet printed silver tracks. [START_REF] Kumpulainen | Low temperature nanoparticle sintering with continuous wave and pulse lasers[END_REF]. In laser annealing, many parameters are available to optimize the sintering of metallic nanoparticles:

Continuous wave laser sintering

-laser equipment: wavelength, power density, pulses length (from picoseconds to continuous); -irradiation: exposure area, scanning speed, number of passes.

The main drawback of laser annealing lies in the relatively small area of exposure (up to a dozen of square centimeters) and the high cost of the equipment. However, the selectivity of this method offers the possibility of obtaining highly conductive patterns without damaging the substrate. [START_REF] Ko | Subtractive laser processing of low temperature inkjet printed micro electric components of functional nano-ink for flexible electronics[END_REF][START_REF] Ko | All-inkjetprinted flexible electronics fabrication on a polymer substrate by low-temperature high-resolution selective laser sintering of metal nanoparticles[END_REF] have also shown that laser annealing can be used to selectively anneal printed metallic layers followed by the removal of the ink which was not exposed (Figure 1.35). In this way, the limited resolution of inkjet printing was overcome leading to high resolution patterns with line width as low as 6 µm. 

 Intense pulsed light annealing

This annealing process is based on the observation that light absorption can generate heat by dissipation of non-radiative energy and exothermic photochemical reactions. In nanostructured materials, the heat generated by photothermal phenomena is confined within the individual nanostructure. The heat transfer to neighboring nanostructures and environment being slow, it leads to a localized and rapid temperature increase within the nanostructures [START_REF] Yung | Ink-jet printing and camera flash sintering of silver tracks on different substrates[END_REF].

Intense pulsed light annealing is usually achieved by xenon lamps, which radiate light mainly in the visible spectrum (Figure 1.36). If this technique was firstly developed for copper inks to prevent oxidation during the annealing, it was demonstrated that it also works on silver [START_REF] Kang | Sintering of Inkjet-Printed Silver Nanoparticles at Room Temperature Using Intense Pulsed Light[END_REF]. (Kim, 2009).

Compared to laser sintering, intense pulsed light annealing allows exposing large area with both high power densities and uniform energy distribution. As with lasers, exposure time is very short, lower than one second while cost and maintenance of the equipment is much lower.

Technological advances are ongoing to improve the adjustability of xenon flashes to improve the annealing process. The materials characteristics and the corresponding settings of the lamps are given in Table 1.8.

Table 1.8. Xenon flash annealing, materials characteristics and corresponding process settings. [START_REF] Akhavan | Roll-to-Roll Manufacturing Using PulseForge Systems[END_REF].

Materials Characteristics (ink and substrates)

Xenon Lamps settings et al. (2010) demonstrated that the resistivity of printed silver inks stabilized by polyvinyl pyrrolidone (PVP) dramatically decreases after the first flashing and stabilizes around the second to third flash. Such a technique has been tested on substrates with different thermal conductivities and the lowest resistivity (around µΩ. cm) was obtained on PET and PI. Patterns printed and sintered on photographic paper presented cracks and higher resistivity. From SEM images presented in this paper, it can be seen that the top of the sintered layers is much denser that the bottom, in contact with the substrate (Figure 1.37). Anisotropy in mechanical and electrical properties of the layer might occur because of such structural deviations, and substrate adhesion might be hindered. [START_REF] Yung | Ink-jet printing and camera flash sintering of silver tracks on different substrates[END_REF].

This photonic annealing method is particularly well-suited for processing large areas on temperature sensitive organic substrates. If irradiation settings are still to be optimized, intense pulsed light annealing has a very high potential for industrial applications in printed electronics post-treatment.

As an example, Novacentrix (USA) has recently mounted its PulseForge xenon system on an experimental roll-to-roll printer at the Welsh Center for Printing and Coating (WCPC).

 Other photonic annealing methods

Other methods have been successfully employed for the annealing of printed inks, in particular infrared (IR) radiations. On can cite the work of [START_REF] Denneulin | Infra-red assisted sintering of inkjet printed silver tracks on paper substrates[END_REF], where long-wave IR radiation with wavelengths between 8 and 15 µm have been used to sinter silver nanoparticles printed both on glass and paper substrates. Also, near infrared (NIR) in the range 700 to 2500 nm demonstrated to be very effective to rapidly sinter (few seconds) silver nanoparticles applied on PET substrates by slot-die coating without damaging the substrate [START_REF] Cherrington | Ultrafast near-infrared sintering of a slot-die coated nano-silver conducting ink[END_REF].

c) Microwave annealing

Microwave heating fulfills most of the industrial requirements for the sintering of metallic nanoparticles: fast, simple, cost-effective, selective. [START_REF] Roy | Full sintering of powdered-metal bodies in a microwave field[END_REF] proved that nanoparticles powder can absorb microwaves energy to be sintered.

Microwaves are electromagnetic radiations in the range of gigahertz. The oscillation of the electrical field excites dipolar or ionized materials which consequently align with the electrical field. The exposed material oscillations and the electrical fluctuations induce heat generation due to energy losses coming from molecular friction and dielectric losses. Microwaves produce a fast, uniform and volumetric heating [START_REF] Perelaer | Ink-jet Printing and Microwave Sintering of Conductive Silver Tracks[END_REF].

Metals can be sintered with microwaves despite their small penetration depth. At 2.54 GHz, for silver, gold and copper the penetration depth is between 1.3 and 1.6 µm. Thus, the dimensions of the sintered materials in perpendicular direction to the incidence of the microwaves has to be in this range [START_REF] Cauchois | Impression et recuit de nanoparticules métalliques pour l'électro i ue i pri ée[END_REF]. Inkjet printed layers of metal nanoparticles inks usually fulfill this condition and are thus well-suited to this annealing method. Moreover, polymer substrates at temperatures below the glass transition temperature are almost transparent to microwave radiations [START_REF] Perelaer | Ink-jet Printing and Microwave Sintering of Conductive Silver Tracks[END_REF]. [START_REF] Perelaer | Ink-jet Printing and Microwave Sintering of Conductive Silver Tracks[END_REF] measured resistivity values as low as µΩ. cm on inkjet printed silver tracks by dividing by 20 the annealing time compared to conventional oven annealing. [START_REF] Cauchois | Impact of variable frequency microwave and rapid thermal sintering on microstructure of inkjet-printed silver nanoparticles[END_REF] have measured silver bulk conductivities on inkjet printed silver layers annealed with Hybrid Variable Frequency Microwave (HVFM).

d) Electrical annealing

Electrical annealing consists in applying a voltage on a pattern and uses thermal dissipation due to a high initial resistivity to generate the heat necessary for the sintering process. [START_REF] Allen | Electrical sintering of nanoparticle structures[END_REF][START_REF] Allen | Contactless Electrical Sintering of Silver Nanoparticles on Flexible Substrates[END_REF] achieved electrical sintering on printed silver ink reaching half the conductivity of bulk silver.

This technique has the advantages of being fast (voltage pulse of few µs), and allowing an in situ monitoring of the sintering quality (real-time resistance measurement). However, because of the high current densities involved in the process, a reliable and stable electrical contact between the printed layers and current supply probes is required. [START_REF] Grouchko | Conductive Inks with a Built-I Mecha is That E a les "i teri g at Roo Te perature[END_REF].

f) Plasma sintering

Plasma is often considered as the fourth possible state of matter, the others being solid, liquid, and gas. It consists in an ionized, electrically neutral, and disordered state of matter. Plasma is a highly energetic state of matter by far the most common in the universe (stars).

The ionic character of plasma makes it electrically conductive and inversely to gases, plasma can be manipulated and shaped with electromagnetic fields. As a consequence, several technological tools were developed to artificially create plasmas. Today, plasmas are extensively employed in manufacturing for surface energy manipulation, etching in microelectronics, and metal cutting. [START_REF] Reinhold | Argon plasma sintering of inkjet printed silver tracks on polymer substrates[END_REF] have evaluated low-pressure argon plasma exposure as a selective method for the sintering of inkjet printed silver nanoparticles inks on polymer and glass substrates. In Figure 1.39 is plotted the electrical resistivity measured for plasma and thermal annealing versus time. Values down to three times the bulk silver resistivity were obtained. The electrical resistivity measured on polymer substrates was higher. The substrates thermal conductivity seem to play a major role in the annealing process as their temperature during plasma exposure does not evolve in the same way: glass reaches higher temperatures than polymer substrates.

This study of argon plasma annealing also revealed that the thickness of the printed layer is an important parameter as sintering did not occur for layer thicknesses higher than the penetration depth of the plasma.

Figure 1.39. Effective resistivity of plasma (80 W) and thermal annealing of silver inks on glass substrates [START_REF] Reinhold | Argon plasma sintering of inkjet printed silver tracks on polymer substrates[END_REF].

It should be mentioned that because of the high energy of the plasma ions, unwanted contamination by the plasma species in the annealed layers might occur.

IV.5. Summary

An annealing step is required to trigger sintering phenomenon after printing nanoparticles inks. There are several methods to achieve sintering and each one has its pros and cons: materials selectivity, time of processing, substrate compatibility. In the description of these methods we have focused on the sintering of conductive materials (in particular metals); however the presented techniques can also be used for other materials such as dielectrics and ceramics. As an example, [START_REF] Cappi | Direct inkjet printing of Si3N4: Characterization of ink, green bodies and microstructure[END_REF] have realized silicon nitride gearwheels by inkjet printing and pressure less sintering at high temperatures.

In the particular case of silver nanoparticles inks, it is difficult to compare the resulting layers properties of each annealing method as they have not been tested yet on the same fabrication configuration: printing, ink, and substrate. Nonetheless, it must be noted that each presented annealing method aims to generate heat in the printed layers. Depending on the method the heat distribution in the layer might be:

-Isotropic: thermal, microwave, electrical and built-in annealing; -Anisotropic: photonic and plasma sintering.

One can remember that the specifications of the annealing process are:

-Nature: irradiation, selective or global heating, electromagnetic, chemical, electrical, … -Duration: from µs to hours; -Scalability to industrial application; -Interaction and compatibility with the substrate; -Final properties of the printed layers: electrical conductivity, mechanical properties, structural properties (porosity, adhesion, skinning, cracking, …).

In the framework of this thesis, thermal annealing in air was deeply studied. Results on the influence of the annealing conditions on the microstructure, electrical and mechanical properties will be presented in chapter 2.

V. Electronic transport in thin films

After annealing, inkjet printed silver layers result in thin films with a polycrystalline microstructure. Depending on the final microstructure, several properties of the material can be affected. In this paragraph, the fundamental models of electronic transport in thin films are reported.

The electrical conductivity is the macroscopic entity that describes the transport of electrons, namely the current density , in a material submitted to an electrical field (1. 7).

=

(1. 7)

V.1. Bulk metals a) Drude model

The electrical conductivity value is confined by electron scattering. In 1900 Paul Drude proposed the free electron gas model for the transport of electric charges in metals. In this model, electrons are objects that do not interact with each other. The only interaction mechanism considered is the scattering of electrons with phonons due to thermal vibrations of the lattice. The resolution of the Boltzmann transport equation leads to the expression of the electrical conductivity in (1. 8), which only depends on , the average time between two scattering events.

= = (1. 8)
where is the charge carrier density, the electron charge, the electron mass, the electron mean free path, and the Fermi velocity. Here the mean free path of a conduction electron is defined by (1. 9) because phonon scattering only occurs on electrons near the Fermi surface. As a consequence, to calculate the mean free path of conduction electrons the Fermi velocity is used, defined by (1. 10).

=

(1. 9)

= ℏ , with = √ /ℏ (1. 10)
where is the Fermi energy, ℏ the reduced Planck constant and the Fermi vector. Electron scattering induces a decrease of the electron mean free path and thus a decrease of the electrical conductivity.

b) Matthiessen's rule

The Drude model only takes into account electron scattering due to electron-phonon interaction. However, in bulk metals other sources of electron scattering occur such as impurities, lattice defects, and boundaries, which decrease the material electrical conductivity . The commonly used parameter when dealing with scattering losses is the electrical resistivity defined as the inverse of .

If the scatteri g echa is s ca e co sidered i depe de t, Matthiesse 's rule 64 [START_REF] Kittel | Introduction to solid state physics[END_REF] states that the resistivity of a material is the sum of the contributions of each scattering phenomenon (1. 11).

= ℎ + + + (1. 11) V.2

. Thin films metals

When one or more dimensions are in the same order of magnitude than the electron mean free path, scattering at boundaries of the material becomes significant in the total resistivity. In thin polycrystalline films, the thickness and the grain size might be in the order of the mean free path. Two fundamental scattering mechanisms that increase the electrical resistivity are:

-The scattering at the film surfaces and interfaces.

-The scattering at grain boundaries.

Two reference models describe the contribution of these scattering mechanisms, namely the Fuchs-Sondheimer model for surface scattering and the Mayadas-Schatzke model for grain boundary scattering.

a) Fuchs-Sondheimer (FS) model

The Fuchs-Sondheimer model describes the influence of the film thickness on the electrical resistivity of the thin film. It is developed on the resolution of the Boltzmann transport equation for free electrons in one dimension with boundary conditions at the external surfaces of the thin film. The resolution of the problem goes through the introduction of a specularity parameter that describes the probability for an electron to be elastically scattered (no energy loss) at a surface (Figure 1.40). The problem and its resolution can be found in the articles of [START_REF] Fuchs | The conductivity of thin metallic films according to the electron theory of metals[END_REF] and Sondheimer (1952[START_REF] Sondheimer | The mean free path of electrons in metals[END_REF]. The hypotheses that were made to solve the problem are [START_REF] Philipp | Electrical Transport and Scattering Mechanisms in Thin Silver Films for Thermally Insulating Glazing[END_REF]:

-Disorder in the film does not depend on the thickness; -Surfaces are clean and parallel; -Electrons are on a spherical Fermi Surface; -Scattering of electrons is isotropic and is characterized by an effective mean free path, meaning that Matthiesse 's rule applies.

The general expression of the electrical conductivity of the thin film proposed by Sondheimer (1952[START_REF] Sondheimer | The mean free path of electrons in metals[END_REF]) is given by equation (1. 12).

= - ∫ ( -) * --0 --0 ∞ (1. 12)
where is the conductivity of the bulk material, the film thickness, and = / is the ratio of the film thickness to the mean free path in the bulk material. Equation (1. 12) does not have algebraic solutions, thus it is common to use the limiting expressions (1. 13) in (1. 14) depending on the ratio .

⇒ = + - (1. 13) ⇒ = - - + (1. 14)
The FS model was modified to take account of experimental conditions. For example the relationship between the specularity parameter and the surface roughness was studied by [START_REF] Ziman | Electrons and Phonons[END_REF] and [START_REF] Soffer | Statistical Model for the Size Effect in Electrical Conduction[END_REF]. Other works [START_REF] Lucas | Electrical Conductivity of Thin Metallic Films with Unlike Surfaces[END_REF][START_REF] Juretschke | Influence of the surface scattering of electrons on the metallic field effect in thin layers[END_REF] have included the influence of two different interfaces by the means of different scattering parameters and .

b) Mayadas-Shatzke (MS) model

The Mayadas-Shatzkes model describes the influence of electron scattering at grain boundaries on the electrical resistivity of both bulk material and thin films. Grain boundaries are commonly found in polycrystalline materials. As an example, in microelectronics manufacturing, thin film deposition by sputtering or vapor deposition result in polycrystalline microstructure. Also, as it will be described in chapter 2.II, inkjet printed silver layers are polycrystalline.

In the MS model, the material is modeled by a one-dimensional structure where grain boundaries are regarded as potential barriers for the charge carriers (Figure 1.41). The electrons have a probability, noted , to either be reflected or transmitted to cross the potential barriers. The main experimental factor required to apply the MS model is the average grain size that describes the density of grain boundaries. Solving the Boltzmann transport equation in the MS model requires the following hypotheses [START_REF] Philipp | Electrical Transport and Scattering Mechanisms in Thin Silver Films for Thermally Insulating Glazing[END_REF]:

-Only the grain boundaries perpendicular to the electrical field cause charge carriers scattering while the influence of non-perpendicular grain boundaries is neglected [START_REF] Pichard | Superimposed Effects of Three Arrays of Scattering Planes on Electrical Conductivity[END_REF]; -The potential barriers created by the grain boundaries are represented by a Gaussian distribution with a mean distance , corresponding to the average grain size; -The potential of the barriers is described by a Dirac function.

The solution of the Boltzmann equation in a bulk polycrystalline material proposed by Mayadas and Schatzkes (1969) leads to the expression of the electrical conductivity in equations (1. 15) and (1. 16)

. = - + - ( + ) (1. 15) = - (1. 16)
In 1970, Mayadas and Schatzkes extended their model to the case of thin films by taking into account the surface scattering phenomena described by the FS model. The exact solution of the Boltzmann equation for thin films with grain boundary and surface scattering can be found in their article. In this situation, the scattering mechanisms, namely at surfaces and grain boundaries, cannot be considered i depe de t fro each other. As a co se ue ce the Matthiesse 's rule is o more valid and only numerical solutions are available.

However, in the case of thick films ( ), surface and grain boundary scattering can be considered i depe de t a d Matthiesse 's rule is alid. This leads to the simplified expressions of the resistivity of thick films in (1. 17) and (1. 18).

= + +

(1. 17)

ℎ = - = - (1. 18)
Where and are the respective contribution of surface and grain boundary scattering. Fuchs-Sondheimer and Mayadas-Schatzkes models are broadly employed in the literature for the interpretation of the electrical resistivity in thin polycrystalline films, especially in their simplified expressions (equations (1. 13)-(1. 18)).

In this work, these equations are used to analyze our electrical measurements, knowing that deviations are to be expected because of the printed layers microstructure. The main parameters of bulk silver are summarized in Table 1.11 (cf. Conclusion of chapter 1).

VI. Mechanical characterization of thin films

When a solid is submitted to external forces, internal strains appear and induce deformations. The determination of its mechanical properties consists in establishing of the strain-deformation relationships.

In this thesis, the studied samples are thin films deposited on a bulk substrate. Nanoindentation is one of the most common techniques to characterize such systems. There are other methods such as bulge tests or vibration-based techniques, however they require the fabrication of specific test structures (membranes and oscillators).

Contact mechanics [START_REF] Johnson | Contact Mechanics[END_REF] and Nanoindentation (Fischer-Cripps, 2004) are two major references for studying thin films mechanical properties. These books were used in the following paragraphs to introduce the fundamentals of nanoindentation.

Nanoindentation technique was employed for measuring the elastic and plastic mechanical properties of inkjet printed silver layers, na ely the Young's odulus and the hardness .

VI.1. Nanoindentation a) Instrumented nanoindentation

A nanoindentation test consists in establishing a mechanical contact between an indenter, whose geometry and properties are known, and the surface of the studied material. The test is said instrumented when the applied load and the indentation depth ℎ are continuously measured and recorded. The mechanical properties of the indented material are then extracted from the ℎ data through an appropriate model.

The nanoindentation tests were realized on a MTS Systems Corporation nanoindenter (Figure 1.42) equipped with two indentation columns, namely the XP and the DCM (Dynamic Contact Module). The DCM column offers a better resolution both for load and displacement than the XP (Table 1.9).

The working principle of an indentation column is described in Figure 1.43. The load is applied by a column equipped with a coil surrounded by fixed a magnet. A current flow in the coil induces an electromagnetic force that moves the column in the vertical direction. A capacitive sensor measures the column displacement. At the bottom of the column is placed the indenter, whose properties will be discussed in paragraph VI.1.b.

The sample is mounted on a micrometric motorized chuck that can move between the two indentation columns and an optical column for positioning the indents locations. The columns and the samples are mounted on a very stiff frame (10 7 N.m -1 ) supported by an anti-vibration table. The whole system is surrounded by a soundproof box that limits noise from vibrations and thermal variations. 

b) Indenter geometry

The indenter is usually made of a diamond or sapphire which are the hardest and stiffest available materials and thus less sensitive to deformation. During the indentation, the tip deformation must be as low as possible and it must remain in its elastic regime.

There are several indenter tip geometries, the most common being cones, spheres and pyramids. Each tip is characterized by its area function ℎ that corresponds to the projected contact area at indentation depth ℎ. An equivalent contact radius ℎ = √ ℎ / is calculated for tips that do not have a revolution symmetry.

In the frame of the characterization of the mechanical properties of the printed silver layers, a Berkovich diamond indenter was employed. The Berkovich indenter is a three faces pyramid with an equivalent cone angle of 70.32°. A SEM view and the properties of the Berkovich indenter are given in Figure 1.44. c) Loaddisplacement curve A typical load-displacement curve ℎ of an elasto-plastic material is presented in Figure 1.45. This type of data is obtained when an indenter is placed into contact with the flat surface of a sample with a steadily increasing load. The applied load and the indentation depth increase up to and ℎ . During unloading, the indenter goes back up until the contact between the sample and the indenter is lost. The loss of the mechanical contact happens at the residual indentation depth ℎ . In the case of an ideal elastic material, load and unload curves are superimposed. The measurement of the force and vertical displacement during unloading allows calculating the contact stiffness defined by equation (1. 19). The contact stiffness is characteristic of the elastic properties of the materials in contact, namely the indenter and the sample under test.

= ℎ (1. 19) d) Continuous Stiffness Measurement (CSM)
The MTS nanoindenter is equipped with an optional module called Co ti uous "tiff ess Measure e t C"M that allo s the easure e t of the co tact stiff ess duri g the hole loading

phase. The principle of CSM consists in superimposing a harmonic load to the nominal load, as illustrated in Figure 1.46. This harmonic component generates small oscillations of a few nanometers corresponding to loading-unloading cycles. It enables the dynamic measurement of the contact stiffness. The harmonic load might influence the elastic and plastic properties of the studied sample. [START_REF] Pharr | Critical issues in making small-depth mechanical property measurements by nanoindentation with continuous stiffness measurement[END_REF] proposed a set of corrections for taking into account the CSM oscillations on the applied load, the indentation depth, and the contact stiffness in the case of a Berkovich indenter (Figure 1.44).

e) Contact topology

During the indentation of the sample, the effective indentation depth ℎ is rarely equal to the measurement of the column displacement ℎ. Two different behaviors can be observed (Figure 1.47):

-The surface of the indented material sinks under the indenter and ℎ < ℎ. This behavior is co o ly called si k-i .

-The surface of the indented material piles-up around the indenter and ℎ > ℎ. This behavior is co o ly called pile-up .

Cheng ( 2004) predicts a piling-up for materials with a strain hardening index below 0.3 and a ratio of the elastic limit to the You g's odulus lower than 1%. The main models in the literature that take into account the influence of the contact topology are:

- [START_REF] Doerner | A method for interpreting the data from depth-sensing indentation instruments[END_REF]: they suppose that the contact area does not evolve at the beginning of the unload phase and the contact depth is given by (1. 20).

ℎ = ℎ - (1. 20)
- [START_REF] Oliver | An improved technique for determining hardness and elastic modulus using load and displacement sensing indentation experiments[END_REF]: the indentation depth is given by (1. 21). is a constant dependent on the geometry of the indenter ( = . for a Berkovich indenter). The contact topology being usually unknown, a microscopic observation of the residual footprint has to be performed to select the appropriate indentation depth model. In Figure 1.48 is illustrated the AFM scan of the residual footprint of a Berkovich indenter on silver printed layer. On the footprint profile, pile-up can be observed. Hence, Loubet correction (1. 22) of the indentation depth should be applied in this case. 

VI.2. Elastic Properties a) Bulk material

The You g's modulus is calculated from the slope of the unloading curve at the maximum load (Fischer-Cripps, 2004). The CSM option allows the measurement of the modulus as a function of the indentation depth thanks to the harmonic load. [START_REF] Bulychev | Determining Young's modulus from the indentor penetration diagram[END_REF] and [START_REF] Shorshorov | [END_REF] found that the reduced elastic modulus can be expressed as a function of the contact stiffness and the contact area (1. 23).

′ = - = √ (1. 23)
where and are the You g's odulus a d the Poisso 's ratio of the i de ted aterial. is a correction coefficient depending on the indenter geometry ( = .

for a Berkovich indenter) first introduced by [START_REF] King | Elastic analysis of some punch problems for a layered medium[END_REF]. The main challenge in this method is the accurate determination of the contact area .

The area function of the Berkovich indenter used in this thesis was calibrated following Oliver and Pharr method (1992). The area function is given by the polynomial expression in (1. 24), where the coefficients and are adjusted o a fused silica refere ce sa ple. The You g's odulus should e constant over the indentation depth in the range 69-74 GPa and the hardness in the range 10-12 GPa (Fischer-Cripps, 2004).

= ℎ + ∑ ℎ = (1. 24)
Finally, the expression of the reduced modulus in (1. 23) includes both the elastic response of the indented material and the indenter. Knowing the properties of the diamond indenter (Table 1.10), the reduced elastic modulus of the sample is determined by (1. 25). The first approach (Buckle, 1961), which is usually verified for films thicker than 1 µm, consists in considering that the indentation depth should be lower than 10% of the film thickness to neglect the influence substrate. However, this empirical method rapidly reaches its limits because of indenter imperfections and surface roughness that impose higher indentation depths.

′ = ′ - - - (1. 25)
I the literature, se eral odels ere proposed for the e tractio of a thi fil You g's odulus. These models are more or less complex, from empirical laws [START_REF] Doerner | A method for interpreting the data from depth-sensing indentation instruments[END_REF] to finite element studies [START_REF] Sakai | Substrate-affected indentation contact parameters of elastoplastic coating/substrate composites[END_REF]. I Bec's odel, the syste fil o su strate is co sidered as serial spri gs. The contact stiffness measured during the indentation test can be written as:

= + ′ + ′ + = ′ (1. 26)
where is the contact radius, the film thickness, ′ , ′ and ′ are respecti ely the You g's odulus

of the film, the substrate and of the whole system. Whe applyi g Bec's odel, the fil thick ess as well as the mechanical properties of the substrate must be known. 

  c f f a t E f K , , '    c s s a t E f K , , '  Z K c a c
) Multilayer stack on substrate -Mercier's model Mercier et al. (2010) proposed a generalization of Bec's odel to a elastic syste co posed y N-1 thin films on a substrate (Figure 1.50). The same hypotheses are applied and the system can be seen as a thin film on a substrate with an effective reduced modulus ′ that describes both the substrate and the underlying films. The equivalent stiffness of the multilayer stack is given by (1. 27). The use of Mercier's odel re uires the iterati e easure e t of the elastic response of each thin film on its underlying layers. The models of [START_REF] Bec | A simple guide to determine elastic properties of films on substrate from nanoindentation experiments[END_REF] and Mercier (2010) were employed to characterize the mechanical properties of the syste Ag/"iO2/"i .

VI.3. Plastic properties

The plastic properties of a material can be resumed to its elastic limit, hardness and strain hardening index. In this work, we have focused on the hardness of the printed silver layers defined as the pressure where the plastic deformation regime is reached. In practice, hardness is calculated by (1. 28) (Fischer-Cripps, 2004).

=

(1. 28)

However, this formula is valid only for bulk materials. A semi-empiric rule allows the use of (1. 28) for thin films if the indentation depth does not exceed 20% of the film thickness. This rule can be defensible by calculating the radius of the plastic deformation region under a conical indenter. If the value of is lower than the film thickness, the plastic region is not confined nor influenced by the underlying layers or substrates. [START_REF] Johnson | Contact Mechanics[END_REF] described the expansion of the plastic region in the case of a conical indenter. In this model, commonly referred to as the expa,ding cavity model, the indented region is split in two regions (Figure 1.51):

-A hemi-spherical core of radius (contact radius of the indenter) encased in the contacting surface of the indenter where there is a hydrostatic component of stress; -Outside this core, there is a plastically deforming thick hemi-spherical shell wherein the radial stress decreases. The outer surface of this shell is at , where stresses satisfy the yield condition. Hence, outside this surface deformations are fully elastic.

The elastic-plastic boundary defined at a radius is given by:

( ) = ( + - ) * - (1. 29)
where and are the You g's odulus a d Poisso 's ratio of the i de ted aterial, the inclination of the face of the cone to the surface, and the elastic limit. Finally, in polycrystalline materials, the Hall-Petch relationship (1. 30) [START_REF] Hall | Variation of Hardness of Metals with Grain Size[END_REF] predicts that the hardness increases with decreasing grain size .

∝ √

(1. 30)

Conclusion

Printing techniques for edition and packaging are being upgraded to fulfill the requirements of the expanding market of printed electronics. Simultaneously, chemical and material research has led to a wide spectrum of materials in the form of inks or paste than can be printed.

In this chapter, the main printing processes for printed electronics were presented. Among these, piezoelectric inkjet printing technique was selected for its many assets: versatility of the process, non-contact with the substrate, digital source pattern, fast setup for laboratory-scale studies and prototyping. Inkjet printing requires inks with low viscosity (1-30 mPa.s) and a surface tension of about 30 mJ.m -2 . The printing process goes through the ejection of droplets, their impact on the substrate and finally the drying of the ink. The interactions between the ink and the substrate have a strong influence on the morphology of the printed layers. Hence, a thorough analysis of these interactions is necessary to optimize printing.

Emphasis was put on the printing of colloidal suspensions of metallic nanoparticles. Commercial silver nanoparticles inks will be mainly employed in the following. Silver inks were chosen because of their shelf-life (>1 year), their commercial availability, and the high electrical conductivities (>10 7 S.m -1 ) that can be obtained. After printing, the layers must be provided with thermal energy to trigger sintering and coalescence phenomena. This energy can be supplied by different sources and in this thesis, thermal annealing in oven was mostly employed as it offers an isotropic and homogeneous annealing.

The resulting layers have a polycrystalline microstructure that strongly influences their electrical and mechanical properties. The fundamental models for understanding electronic transport in polycrystalline films were addressed. Moreover, nanoindentation method for mechanical characterizatio fil on su strate syste s as prese ted.

In the next chapter, a thorough characterization of the printed silver layers is carried out and a particular attention will be given to the influence of the annealing conditions. Electrical and mechanical properties are investigated and analyzed through microstructural characterization.

The main properties of bulk silver that will serve as reference values in the study of the inkjet printed silver layers are summarized in Table 1.11. Chapter 2

Characterization of Inkjet Printed Silver Layers

Introduction

This chapter focuses on the study of the intrinsic properties of inkjet printed silver layers, namely the microstructure, the electrical properties and the mechanical properties. The annealing temperature, which has a strong influence on the printed material properties, is the driving parameter of the analysis.

In the literature, several authors have investigated the influence of the annealing conditions on the properties of silver nanoparticles printed layers (Moon, 2005;Park, 2006;[START_REF] Jung | Characteristics of microstructure and electrical resistivity of inkjet-printed nanoparticle silver films annealed under ambient air[END_REF][START_REF] Volkman | Mechanistic Studies on Sintering of Silver Nanoparticles[END_REF]. The most explored property is the electrical conductivity. The microstructure is also regularly analyzed as it governs the material properties. However, in most studies, an accurate porosity measurement is often missing. In particular, 3D measurements of the porosity have not been not reported yet and only surface or cross-section 2D porosity values appear in the literature [START_REF] Jung | Characteristics of microstructure and electrical resistivity of inkjet-printed nanoparticle silver films annealed under ambient air[END_REF][START_REF] Cauchois | Microstructuring inkjet-printed deposits from silver nanoparticules coalescence to the fabrication of interconnections for electronic devices[END_REF]. Finally, only a few results concerning the mechanical properties such as ha d ess a d You g's odulus have been reported [START_REF] Cauchois | Microstructuring inkjet-printed deposits from silver nanoparticules coalescence to the fabrication of interconnections for electronic devices[END_REF].

The aim of this chapter is to propose an extensive study of the influence of the annealing temperature in the range 100°C to 300°C. This range is of particular interest because it is compatible with both plastic substrates and back-end processes in microelectronics. For most silver inks, a minimum value of about 100°C is required to obtain a conductive layer. Microstructural parameters, such as grain size, roughness and porosity must be carefully measured in order to understand how electrical and mechanical properties evolve. This study is carried out on silver layers printed with a commercial ink.

The first part of this chapter is focused on the ink rheology and the initial state of the silver nanoparticles, the su st ate p ope ties You g's odulus and surface energy), and the fabrication process of the reference samples. Once the samples are prepared, the following parts of the chapter are focused on the evolution with the annealing temperature of the microstructure, the electrical and the mechanical properties.

I. Sample preparation

I.1. Silver ink a) Ink composition

Inks for inkjet printing processes must fulfill several rheological conditions in order to be jetted. SunChemical EMD5714 (SunChemical, n.d.) is a silver ink with 40% in weight of silver nanoparticles whose characteristic size is announced by the supplier at 70 nm (Figure 2.1). This ink was chosen for several reasons:

-Affordable compared to other inks: 100 ml for 1000 euros.

-User friendly solvent: ethanol and ethylene glycol.

-Stable over time: 3 years usage under the same printing conditions.

The SunChemical EMD5603 (20 wt%) and 5714 (40 wt%) are out of production since summer 2013. However, the results and in particular the methods proposed in this chapter can be transposed to other silver inks with similar properties. It is necessary to precisely know the initial dimensions of the nanoparticles as they will define the microstructure of the printed metal structures (Shimada, 1994).

Atomic force microscopy (AFM) performed on the surface of the as dried printed layers on SiO2/Si (60°C, 20 minutes) was not satisfying, probably because of the interaction between the tip and the organic contamination of the layer. Field-Effect Scanning Electron Microscopy (FE-SEM) with low acceleration voltage (2kV) allowed an adequate observation of the sample surface (Figure 2.2). Average grain size was measured through Fe et's dia ete [START_REF] Feret | [END_REF]. The Fe et's dia ete is defined by the average perpendicular distance between parallel tangents touching opposite sides of the grain perimeter (Walton, 1948).

The average grain size of the silver nanoparticles at the surface of the as dried sample follows a Gaussian distribution law with an average diameter µ of 32 nm and a standard deviation of 14 nm. The measured average grain diameter is about half the value announced by the ink supplier. According to the behavior of nanoparticles to temperature increase, the drying step at 60°C might have initiated the sintering process and thus modified their initial dimension. The observation of the cross-section of the same as dried sample with FE-SEM at 2 kV, in order to prevent charging phenomena and local sintering due to electrons high energy, shows that the polymeric coating of the nanoparticles is still in place (Figure 2.3). Such observation allows supposing that the silver nanoparticles does not evolve during the drying step at 60°C. Thus the FE-SEM measurement of the nanoparticles dimensions at the surface of the dried sample can be considered equivalent to their initial colloidal state. 

FE-SEM observation of a silver nanoparticle with its polymeric coating layer (cross-section).

The solvent of the EMD5174 ink is composed of ethanol and ethylene glycol. Other compounds such as surfactants and buffering agents are present in the ink to tune rheological properties. Usually they have organic and polymeric nature, but the exact composition is unknown. Moreover, as already stated, the silver nanoparticles are coated with polymer chains to prevent agglomeration and precipitation. These compounds are a source of chemical contamination in the printed layers. Increasing the annealing temperature purifies the layer as the C-C chains are broken and burned-out during the curing process.

b) Ink properties

As mentioned in chapter 1, inks for inkjet printing must satisfy several conditions to be jetted with accuracy and a reliable reproducibility:

-Surface tension: in the order of 10 mJ.m -2 .

-Viscosity: in the range 1 to 30 mPa.s.

-Dimensions of the nanoparticles lower than 200 nm.

Depending on the printer, viscosity and surface tension can be tuned by locally modifying the nozzles temperature. The Dimatix print head DMC11610 (10 pl droplets) can be heated up to 70°C.

 Surface tension

There are several methods to measure the surface tension of fluids. The most common and reliable methods are the du Noüy ring (1925) and Wilhelmy [START_REF] Holmberg | Handbook of Applied Surface and Colloid Chemistry[END_REF] plate methods. Unfortunately, both techniques require a volume of at least 10 ml of ink and high cleanliness of the plate or ring to avoid influencing the wettability. Taking into account the price of the ink and to prevent any contamination we used a less material consuming method, namely the pendant drop, described in Annex 1.

The measurement was performed on an OCA Dataphysics goniometer on 5 µl pending drops. Results are summarized in Table 2.1. They are in agree e t ith the supplie 's value.

 Viscosity

The viscosity of the ink was measured on an Anton Paar Physica MCR 301 rheometer at 25°C and 1000 s -1 resulting in a value of 13.5 mPa.s.

 Dimensions of the nanoparticles

In order to prevent nozzles clogging, nanoparticles dimensions must be at least 10 times lower than the nozzle characteristic size (square, = 21 µm side). The ink is filtered with a PTFE 200 nm filter before filling the cartridge.

c) Printability

According to the equations in chapter 1.II.1, the number of the SunChemical EMD5714 ink is 2.1 when used with the 10 pl cartridge of the Dimatix printer. [START_REF] Fromm | Numerical Calculation of the Fluid Dynamics of Drop-on-Demand Jets[END_REF] and [START_REF] Reis | Ink Jet Deposition of Ceramic Suspensions: Modeling and Experiments of Droplet Formation[END_REF] predict that the ink can be properly jetted, while for [START_REF] Jang | Influence of Fluid Physical Properties on Ink-Jet Printability[END_REF], long filaments might occur hindering maximum jetting frequency. Hence, printing was realized at a jetting frequency of 5 kHz. The properties, measured and calculated, of SunChemical EMD5714 silver ink are reported in Table 2.1. 

I.2. Substrate a) Type

The samples studied in this chapter were printed on 200 mm silicon wafers with 500 nm thick thermal oxide. This substrate offers several advantages for studying the intrinsic properties of the printed silver layers. Indeed, it is stable in the annealing temperature range, has a smooth surface and no porosity that could absorb ink solvent or nanoparticles. The 500 nm thick thermal oxide is required to have an efficient electrical insulation between the semiconductive silicon substrate and the metallic printed silver layer.

b) Physical properties

The stability of the substrate to thermal variations is essential to minimize its influence on the printed silver layer properties. An example of such influence could be the release of mechanical stress in the substrate causing cracks and delamination of the printed layer.

In Table 2.2 are reported the values of the thermal coefficients of expansion of silicon and silicon oxide and the subsequent stress and strain for temperature variations of 300°C. The stress values clearly indicate that the substrate deformations are in the elastic domain. The thermal silicon oxide layer growth on the silicon substrate is submitted to a tensile stress of 4 MPa for temperature variations of 300°C. This value is much lower than its yield strength, meaning that silicon oxide deformations remain in the elastic regime.

c) Surface properties

The surface roughness of the thermal silicon oxide measured by AFM was = . nm.

The substrate surface energy measurement was carried out by the contact angle method using an OCA Dataphysics goniometer. The Owens-Wendt model [START_REF] Owens | Estimation of the surface free energy of polymers[END_REF] is used to calculate the surface energy using five different probe liquids (more details in Annex 1).

The total surface energy is 44. mJ. m -. This value is higher than the surface tension of the ink, meaning that printing conditions are respected and that ink contact angle on the substrate will be lower than 90°.

I.3. Printing conditions

Van der Pauw patterns (Figure 2.4, cf. III.1.a) were printed with a 476 pixels/cm resolution. They were firstly used for electrical conductivity measurements ( §III), and then either for microstructural analysis ( §II) or nanoindentation tests ( §IV). The ink solvents being ethanol and ethylene glycol, the nozzles temperature was set to ambient to prevent solvent evaporation which may cause nozzles clogging. The actuation voltage was set to approximately 23 V at a 5 kHz firing frequency, resulting in 28 µm diameter droplets, corresponding to a volume of about 11 pl. The jetting waveform is illustrated in Figure 2.5 and was advised by the ink supplier. As illustrated in Figure 2.6, during the droplet formation there are no visible satellite droplets and the filament is completely absorbed by the main droplet at 300 µm from the nozzle. Given this value, we set the distance between the substrate and the nozzle to 600 µm. The printer chuck was heated at 60°C to accelerate ink drying. After printing, the samples were dried in oven at 60°C during 20 minutes to complete solvent evaporation. Then the silicon substrate was cleaved to finally anneal the samples at different temperatures in oven. The thermal ramp applied was always the same:

 15 minutes from ambient to temperature setpoint.  60 minutes soak at temperature setpoint.  Instantaneous cooling of the samples at ambient temperature by placing them on a large aluminum plate. 

II. Analysis of the microstructure

The mean grain diameter, the distribution of grain size as well as crystallographic orientation are primary parameters to understand electrical and mechanical properties of thin films. As a consequence, the knowledge of the grain size evolution offers the opportunity to optimize the performance and the reliability of the printed films. The aim of this paragraph is to describe the microstructural evolution of the nanoparticles of the inkjet printed silver layers with the increase of the annealing temperature.

II.1. Characterization methods

Because of the nanometric dimensions involved, high resolution instruments such as near field microscopy and field-effect scanning electron microscopy are employed.

a) Atomic force microscopy Atomic force microscopy, or AFM, is a scanning probe technique which allows atomic resolution imaging. It consists in measuring the forces that interact between the surface of a sample and a very sharp tip with a radius of curvature of a few nanometers. This tip is located at the free end of a cantilever of about 150 µm long, as illustrated in Figure 2.7. The working principle of an AFM is further detailed in Annex 2. 

b) Slice-and-view method

The slice-and-view method is a microscopy technique that has become very popular for 3D serial section imaging [START_REF] Groeber | 3D reconstruction and characterization of polycrystalline microstructures using a FIB-SEM system[END_REF]. It can be realized on a dual-column system where a Focused Ion Beam (FIB) and a Scanning Electron Microscope (SEM) work together in order to build a 3D representation of the sample. Details on the working principle of SEM and FIB instruments are given in Annex 2.

The slice-and-view protocol consists in using the electron beam to realize a real-time imaging of the milling process by the ion beam. For an accurate 3D reconstruction of the region of interest (ROI), the ion beam has to be set to remove a thin slice (a few nm). Once the slice is removed, the electron beam scans the milled surface and records an image (Figure 2.8). These two steps are successively repeated until the volume to be analyzed has been completely removed. The data acquisition can last several hours depending on the energy of the ion beam (milling speed) and the number of slices. Dual-beam instruments dedicated to slice-and-view are equipped with an automatic system that manages the two beams and image recording. The main challenge in the automation is the accurate focusing of the electron beam on the ROI.

As shown in Figure 2.8, the electron beam is not perpendicular to the scanned surface. Indeed, for high quality milling it is recommended to have an ion beam perpendicular to the sample surface and because of space limitations in the chamber, the two columns are usually mounted at a 52° angle. Such a positioning causes a systematic error on the SEM imaging that can be corrected afterwards. As a consequence, the autofocusing must follow a surface that moves back from the focal plane because of the removed material. Moreover, the occurrence of drift phenomena, which may reach up to 250 nm/h [START_REF] Cantoni | Focused Ion Beam: Present situation and vision[END_REF], may cause difficulties in following ROI during several hours. Drift can be reduced by the metallization of the sample to easy the release of electrons and thus decrease charging effects.

Finally the drift of the sample in the chamber can also generate an error on the thickness of the milled slice. A calibration of the ion beam shift [START_REF] Holzer | FIB-Nanotomography of Particulate Systems-Part I: Particle Shape and Topology of Interfaces[END_REF] is required for an automated drift correction. Eventually, reference marks can be machined outside of the ROI to improve drift correction.

At the end of the slice-and-view protocol, data processing is necessary:

-Alignment of the stack of acquired the data.

-Correction of the SEM tilt.

-Image processing: filtering and segmentation.

-3D reconstruction.

II.2. Image processing

Image processing is a powerful tool that consists in a set of mathematical operations applied to an image in order to highlight a property of the ROI and eventually to improve the quality of the measurement by correcting aberrations due to the recording equipment. Such processing usually employs complex algorithm and a large database is available through free softwares such as ImageJ (1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014) and Gwyddion (Nečas, 2012). Also, environments of numerical computing such as Matlab® and Scilab (2012) offer embedded tool boxes with ready-to-use functions for image processing.

We briefly describe here the mathematical operations that were applied so that the reader gets an exact idea on how data were processed:

-Filtering: removal of an exact range of the acquired data.

-Segmentation: process of separating the acquired data in different segments. In our case, no more than two segments are employed (black and white).

For the sake of clarity, these operations are illustrated on an AFM scan of a sample of inkjet printed silver on a SiO2/Si substrate annealed at 150°C during one hour. Raw data of the height channel is shown in Figure 2.9. 

b) 2D Fast Fourier Transform filtering

It is a common operation on AFM imaging because it allows removing specific noise coming from data acquisition. The two dimensional Fast Fourier Transform of a matrix , is calculated according to equation (2. 1). The graphical effect of a 2D FFT is illustrated in Figure 2.11. The frequency domain is divided in four quadrants which all contain the same information. The suppression of a frequency range followed by the inverse FFT removes a set of data from the original image. High frequencies in the FFT correspond to fast changes in the spatial domain and can be interpreted as the details. Low frequencies correspond to slow modifications of the spatial domain: they can be both noise and periodic structures of the analyzed sample. (2. 1)

The most common suppressed regions in the frequency domain for AFM data are:

-Regions around the vertical and horizontal axis as they are characteristics of the AFM tip trace.

-The origin as it contains low frequency data. Such low frequencies are usually generated by building vibrations. 

c) Gaussian blur

The Gaussian blur is a filter that smoothes data. It acts as a low pass filter that removes high frequencies data (details and noise).

In two dimensions, an isotropic Gaussian distribution is defined by equation (2. 2), where is the standard deviation of the distribution.

, = -2 + 2 2
(2. 2)

Equation (2.
2) is defined for a continuous set of data. However, the acquired images are matrices representing the ROI in a discrete set of data. To apply the Gaussian filter, and in general to apply a mathematical operation to digital and discrete data, a convolution is employed. It o sists i a slidi g ultipli atio of the i age at i , by an operator matrix of the same dimensionality, called the kernel, to produce a third matrix (Figure 2.13) in which each cell is calculated by equation ( 2. 3). 

d) Laplacian

The Laplacian operator calculates the 2 nd derivative of an image. It highlights the regions where rapid intensity change occur. It is therefore of common use in edge detection. This filter is used after the Gaussian blur so it will be less sensitive to noise. The Laplacian operator is described by equation ( 2 (Otsu, 1979) was applied on all of our data so that they can be compared (Figure 2.16). Otsu's method assumes that the image is composed of two classes of pixels: foreground and background pixels. The optimum threshold separating the two classes is calculated so that their combined spread is minimized. 

f) Binary operations

Once the binary image is obtained, several operations can be applied in order to improve its matching with the initial data. The effects of the binary operators are illustrated in Figure 2.17. White pixels represent the foreground and black pixels the background.

 Dilation: enlarge the boundaries of object in the foreground. As a consequence, background holes become smaller.  Erosion: remove pixels from the edges of the objects of the foreground.  Opening: is defined as an erosion followed by a dilation. Less destructive than the erosion, it preserves the shape of the foreground regions.  Fill holes: a hole can be defined as a background region surrounded by a connected object of foreground pixels. This operation allows filling these regions.  Watershed: is an algorithm that automatically separates connected objects. [START_REF] Fisher | [END_REF].

II.3. Grain morphology

The grain evolution with the annealing temperature of the inkjet printed silver layers was observed by atomic force microscopy on the layers surface. AFM is ideally suited to nanoparticles characterization in a wide range of dimensions: from a few nanometers up to several microns in the same scan. Moreover, compared to scanning electron microscopy, the calibration of the equipment is much more reliable when it comes to dimensions measurement.

a) AFM observation

The scans, realized on a Veeco 3100 AFM, offer the possibility of 3D visualization of the surface topology, qualitative and quantitative information on nanoparticles size, shape, surface texture and roughness. The samples were scanned with a NanoWorld Arrow NCR tip, designed for non-contact and tapping mode imaging. This probe, made of highly doped silicon, features a rectangular cantilever with triangular free end. The cantilever is 160 µm long, has a stiffness of 42 N/m and its resonant frequency is around 285 kHz. The tip is tetrahedral and has a radius of curvature of less than 10 nm.

The samples were scanned over a surface of 1 µm x 1 µm with a resolution 512 pixels along X and Y directions in tapping mode. The AFM allows measuring three signals, namely the height, the phase and the amplitude, which offers different information about the sample surface.

Height signal: it comes from the piezo-motor driving the cantilever. It represents the surface topography of the sample.

Amplitude signal: it comes from the cantilever oscillation. It shows how the cantilever is deflected when it encounters the surface topography. However, it cannot provide z-scale data. The best quality images are obtained when the amplitude signal is minimized.

Phase signal: it represents how the phase of the cantilever oscillations are affected by its interactions with the sample.

For the characterization of the surface of inkjet printed silver layers, we focus on height and phase signals. From these data, we are able to extract a large quantity of information concerning the analyzed sample:

-Grain morphology: shape, size distribution, number.

-Roughness: vertical deviations of the real surface from its ideal shape.

The height signal is used to evaluate the surface roughness while the phase signal is analyzed to extract grain dimensions.

b) Grain morphology

Phase signal is processed in order to extract grain dimensions and shape. Phase contrast imaging in AFM is a powerful technique which can reveal microstructure details obscured in topographic imaging [START_REF] Pang | Topographic and phase-contrast imaging in atomic force microscopy[END_REF]. Such contrast can be attributed to an enhanced adhesion of the tip in a grain boundary region or a triple junction. The enhanced contrast of the grain boundaries in phase imaging makes image processing faster and lowers the errors.

The scans in Figure 2.18 show clearly an increase of the grain size with the annealing temperature. For annealing temperatures between 100°C and 350°C, scan dimensions were 500 nm x 500 nm while for the samples annealed at 450°C and 550°C, the scan size had to be increased to 5 µm x 5 µm in order to observe full grains and only the height signal was usable. Grain size and distribution measurements are realized through an automatic routine of image processing programmed on ImageJ software and illustrated in Figure 2.19 for the sample annealed at 100°C.

The source image has already been pre-processed according to the protocol described in Figure 2.23. The process consists in removing noise from the image (Gaussian blur), detecting grains edges (Laplacian) and converting the image into binary data (segmentation). Once the data are segmented, binary operations are applied to retrieve the most conformal shape of the grains (erosion, dilations, filling holes and watershed). The final step is the grain counting, realized with the A al ze pa ti les plugin which works on binary images by detection of edges of closed objects. In this step, grains on the image borders are ignored. Errors in the detection can occur both at the segmentation step, which may cancel particles because of low contrast grain boundaries, and at the watershed, which may create unreal particles. These aberrations during the image processing have opposite effects that can compensate each other. Moreover, a thorough ocular analysis of the sum of the particles outline with the source image demonstrate that the cited errors are usually lower than 1%. Such processing is realized for samples annealed during one hour at temperatures between 100°C and 300°C and scanned over a 1 µm x 1 µm surface. Above 300°C, the grain population counted on 1 µm² is not large enough to establish a distribution law. Moreover, the segmentation routine reliability is decreased because of lower grain boundary contrast. Thus for samples annealed at more than 300°C, scan dimensions are increased and manual measurements are realized.

From the image processing several information concerning the grain geometry in the surface plane (two dimensions) can be extracted:

-Fe et's dia ete to describe the grain dimensions -Circularity of the grains defined by equation (2. 5).

= 4 * (2. 5)
The grain size distribution is plotted as a function of the annealing temperature in Figure 2.20. An i ease of the a e age Fe et's dia ete a e o se ed f o at °C up to at °C.

Moreover, a drastic drop of the grain number appears at annealing temperatures between 150°C and 200°C, together with an increase of the standard deviation. The increase of the standard deviation of the average grain size is due to the abnormal grain growth phenomenon, which leads to a bimodal grain size distribution as illustrated in Figure 2.21. The measured circularity of the grains, defined by (2. 5), is traced in Figure 2.22. The circularity estimator is between 0.7 and 0.9, meaning that the grain geometry can be likened to spherical objects.

A slight decrease of the circularity appears for annealing temperatures higher than 250°C. This is consistent with AFM scans in Figure 2.18.d and e, where grains exhibit less circular shapes than in 

c) Roughness

Several parameters can be used to characterize surface roughness. The most commonly employed are and , namely the average and Root Mean Square roughness, that are calculated according to (2. 6) and (2. 7) (Whitehouse, 2011),

= ∑ = (2. 6) = √ ∑ = (2. 7)
where is the number of pixels in the image and the height value recorded for each pixel. For each AFM scan, the image processing protocol described in Figure 2.23 is applied. Roughness is related to the details (high frequencies) of the AFM scan, thus the Gaussian blurring is not applied. Moreover, only low frequency data and the high frequency noise coming from the scan are filtered with FFT (X and Y axis of the frequency domain). The evolution of the roughness with the annealing temperature (Figure 2.24) is stable between 100°C and 200°C. A slight increase appears at temperatures up to 350°C. In this annealing temperature range, both estimators reveal low roughness of the printed silver layers surface, comprised between 5 and 11 nm. A severe increase of the roughness by at least one order of magnitude is measured for samples annealed at 450°C and 550°C. 

d) Discussion

Grain morphology and surface roughness of the inkjet printed silver layers are strongly influenced by the annealing temperature. The investigation of the surface of the printed layers with AFM and image processing allowed a precise observation of the grain size and geometry, the roughness, and the occurrence of abnormal grain growth at temperatures higher than 200°C. For annealing temperatures in the range 100°C-300°C, AFM revealed well adapted for the analysis of the microstructure.

However, a major evolution of the microstructure occurs for annealing temperatures above 350°C, leading to grains diameter in the order of micrometers. As a consequence, further analysis of these samples is required. In Figure 2.25 is illustrated the height signal of an AFM scan over 5 µm x 5 µm of a sample annealed at 350°C during one hour. A single silver grain much larger and higher than the rest of the scanned area is observed, resulting from an abnormal grain growth. AFM scans on samples annealed at 450°C and 550°C was not appropriate because of height variations up to 5 µm. As a consequence, the oscillating cantilever cannot follow the sample topography. However, SEM observation (Figure 2.26) of these samples is suitable.

On Figure 2.26, the layers have endured severe modifications. They become highly irregular with large holes where the substrate is deserted by the silver. Also, the grain size is in the order of microns, at least two orders of magnitude larger than the silver nanoparticles in the ink. FIB milling in these samples shows that the silver grains have high density and that the thickness of the layer is made of single grains. The observed desertion of silver material on the substrate is not only due to a lack of adhesion on the silicon oxide but also to the densifying transport mechanisms of the sintering process (chapter 1.IV.2). In spite of the observed desertion, electrical continuity of the pattern was verified at its center, while on the borders of the patterns grains are isolated (Figure 2.27). This is a consequence of the difference of neighboring droplets between the pattern borders and center: less material is deposited at the borders of the patterns. 

II.4. Porosity

Inkjet printed silver layers are the result of the assembly of nanoparticles whose mean diameter increases with annealing temperature. Their circularity was measured between 0.7 and 0.9. In a first approximation, if nanoparticles are considered spherical and with identical diameter, the best packing conditions would lead to a 26% porosity rate.

If morphological investigations of inkjet printed silver usually exhibit porous microstructures, to our best knowledge, few values of porosity or density are reported and considerable discrepancies can be noticed. As an example, on one hand, [START_REF] Jung | Characteristics of microstructure and electrical resistivity of inkjet-printed nanoparticle silver films annealed under ambient air[END_REF] presented porosity rates between 0 and 5% for samples annealed between 100°C and 240°C during intervals from 0 up to 180 minutes. Their porosity measurements were realized in 2D on the samples surface. On the other hand, [START_REF] Cauchois | Impact of variable frequency microwave and rapid thermal sintering on microstructure of inkjet-printed silver nanoparticles[END_REF] reported values of 54% and 34% for samples annealed respectively at 130°C and 300°C in Rapid Thermal Annealing oven (RTA). These values were estimated with the Gibson and Ashby (1999) odel f o a oi de tatio You g's odulus easu e e ts.

The porosity of the printed silver layers was measured through FE-SEM observation of the layers cross-sections milled with FIB both in two and three dimensions. FIB milling revealed to be necessary because of the granular microstructure of the printed layers. In Figure 2.28 are illustrated the cross-sections of the same sample manually cleaved and FIB milled. The large roughness of the cleaved cross-section can be estimated in Figure 2.28.a, showing that this image is not appropriate for porosity measurements because pores disappear during the sample preparation. Whereas the FIB milled crosssection offers a very smooth surface where pores (dark) and silver grains (bright) areas can be discriminated. 

a) 3D Porosity measurement

The technique employed for the 3D observation was FIB-SEM slice-and-view. Such a method, described in paragraph II.1.b), offers SEM resolution of 2 nm and the possibility to explore several µm 3 volume and thus provides a reliable statistical value.

The experiment was realized on a Zeiss Gemini N-Vision 40. Before milling, the deposition of a protective layer on the top of the sample is required. It was realized directly inside the FIB-SEM instrument and consisted in:

-A 200 nm thick silicon oxide layer from a tetraethyl orthosilicate gas precursor (TEOS); -A 200 nm thick tungsten layer from tungsten hexacarbonyl gas precursor.

This protective layer has two major roles. Firstly, it prevents the surface of the ROI from being damaged by the ion beam as illustrated in Figure 2.29, where a local amorphization on the top of the printed silver layer might occur. Secondly, it lowers curtaining artifacts. Curtaining is a morphological imperfection on the milled cross-section caused by the irregularity of the FIB milling. This artifact is highlighted by lines parallel to the ion beam that appear in areas where there are large variations in material density or geometry (Bushby, 2011). Figure 2.30 shows examples of the curtaining phenomenon on two FIB milled samples without the protective layer. Once the protective layer is achieved, the ion beam is set to a high current (>1 nA) to remove a slice of several microns on the cross-section of the sample in order to step away from the cleaved cross-section that may have been damaged or contaminated. The ion beam is then set to very low current (< 10 pA) to remove slices of 1 nm. Finally, milling (FIB) and observation (SEM) steps are switching to acquire the data.

Once data is acquired, each slice is aligned with a linear stack alignment SIFT algorithm [START_REF] Lowe | Distinctive Image Features from Scale-Invariant Keypoints[END_REF] embedded in ImageJ software. Finally, the image processing protocol described in Figure 2.31 is applied to discriminate silver from pores. b) 2D porosity measurement Samples were prepared in the same way as for the 3D measurement with a coating of TEOS and Tungsten. An approximately 20 µm long window was milled on a FEI Strata FIB. Then the milled areas of each sample were observed with a FE-SEM Hitachi 5500. The image processing described in Figure 2.31 is applied and the 2D porosity can be estimated. The analyzed data is composed of a dozen of images acquired along the 20 µm window.

c) Results

The slice-and-view method is time consuming and requires a shift of 24 hours on the FIB-SEM. Only one sample was analyzed with this method: a silver layer annealed at 250°C during one hour. Three hundred 1 nm thick slices were milled and observed. One slice is illustrated in Figure 2.32. Slice alignment and image processing led to a 3D reconstruction of the milled volume of the silver sample. In Figure 2.33 are illustrated the orthogonal views of a segmented volume of 600x500x300 nm 3 . The fact that the images in the XY, XZ and YZ planes have similar structures means that the alignment, the image processing and the reconstruction of the volume are reliable. The 3D representation of the ROI is illustrated in Figure 2.34 with the silver and the pores. Several information can be extracted from this result:

-Porosity: 25%.

-Pores shape is random and does not have preferential orientation.

-Pores are communicating, meaning that the silver layer is permeable to fluids. This property is also confirmed by the 3D count of objects, which is limited to 7 objects in 0.5 µm 3 . Object ou ti g as ealized ith the D O je ts ou te plugi i I ageJ Bolte, , ignoring objects at the borders. The porosity decreases with the annealing temperature from 35% to 20%, meaning that the silver layers density increases. In the 2D measurements of the porosity, the pores dimensions increase while their number decreases. The pores distribution size evolves in the same way as the grains do. SEM imaging of FIB milled cross-sections allowed an accurate measurement of the porosity of printed silver layers. However, the employed protocol has two main drawbacks that must be considered. The first is that this technique is destructive and the second is that SEM imaging does not provide enough grain boundary contrast. Indeed, with an increased grain boundary contrast, the same measurements would have resulted in the 3D reconstruction of the grains, offering more information on their dimensions and geometry. An alternative method to acquire more 3D information would be tomography. However, X-Ray tomography best resolution is of about 100 nm, which is not appropriate for nanoparticles. Electronic tomography realized on Transmission Electron Microscope (TEM) is a suitable candidate, however the analyzed samples must be smaller than 300 nm, hindering statistical results.

II.5. Thickness

The silver layer thickness was measured on the central square of a van der Pauw printed pattern (Figure 2.36) using an optical Wiko interferometer. This technique offers sub-nanometer resolution in the Z direction, and micrometer resolution in X and Y directions. The thickness of the printed layer is rather inhomogeneous because of the inkjet printing process: thin borders and thick center (Figure 2.36). Thus, an average thickness, defined by the ratio of the printed pattern volume to its surface, is calculated.

It has to be mentioned that the sample was covered with a 10 nm sputtered platinum layer. This is necessary for an accurate measurement because the silicon oxide substrate and the silver do not have the same refractive index. In Figure 2.37 the measured thickness (round dots) is traced as a function of the annealing temperature. A decrease of the thickness can be observed, corresponding to a densification of the silver layers. In paragraph II.4.c, measurements of the porosity have also shown a densification of the silver layers with the increase of the annealing temperature. The porosity values can be correlated with the measured thickness with (2. 8) taking the measured thickness of the sample annealed at 100°C as a starting point.

= ° * ( ---) (2. 8)
where is the calculated thickness and the measured porosity. The calculated thickness is plotted in Figure 2.37 (square dots). The measured and calculated thicknesses exhibit very similar values and behavior with the annealing temperature.

This comparison is of particular interest because it corroborates the porosity measurement which is strongly dependent on the image processing applied to the data, and particularly on the segmentation algorithm.

II.6. Summary

The microstructure of the inkjet printed silver layers was studied in depth as a function of the annealing temperature in the range 100°C -300°C. Above 300°C, the microstructure of the layers endures drastic transformations, where grains diameter exceed micron size, the silicon oxide substrate is deserted because of poor affinity between the two materials and the areas with less deposited materials (less droplets) even become non-conductive because of grain segregation.

In the range of annealing temperature between 100°C-300°C, which is by the way compatible with most of flexible organic substrates and most of back-end processing in silicon technologies, the silver layers offer the following features:

-Average grain size increases from 40 nm to 100 nm.

-Grain circularity is between 0.7 and 0.9 and slightly decreases with the annealing temperature.

-Roughness ( and ) is lower than 10 nm. -Porosity decreases from 35% to 20%.

-Thickness decreases from 1.05 µm to 0.88 µm.

The silver printed layers revealed a porous and polycrystalline microstructure with typical dimensions below 100 nm. The precise measurement of the macroscopic porosity was achieved both in 2D and 3D thanks to FIB-SEM imaging. This provided original information regarding the pores: geometry, size, communicating network.

I the follo i g se tio s, a tho ough ha a te izatio of the ele t i al o du ti it , You g's odulus and Hardness of the silver layers is carried out. The microstructural results will be related to the electrical and mechanical properties of the silvers layers.

III. Electrical properties

III.1. Electrical resistivity a) Measurement

The electrical resistivity of the printed silver layers was measured on van der Pauw (1958) printed patterns (Figure 2.38). The advantage of these cross-shaped patterns, commonly employed in microelectronics, is that the electrical resistivity of the layers can be determined with only two measurements, namely the layer thickness and the pattern resistance . From these experimental results, the electrical resistivity is calculated with equation (2. 9).

=

(2. 9)

The resistance of the van der Pauw printed patterns was measured with a four point method by mean of rhodium spring probes with 20 µm radius of curvature on a PM8 manual prober. These probes are less aggressive than standard tungsten test probes. The spring probes were selected to prevent damaging of the patterns as they allow a better control of the applied contact force.

The electrical measurement setup is illustrated in Figure 2.38. The four point method is realized by applying a DC current of 0.1 mA by a Keithley 2400 source while the voltage is measured by a nanovolmeter Keithley 2181a.

This electrical setup was chosen because the silver layers are expected to have a resistivity lower than -Ω. m:

-The DC current supply at 0.1 mA prevents the layer from self-heating because of Joule effect power dissipation. -The nanovoltmeter has a resolution of one nanovolt and a systematic error of 25 ppm for measurements lasting less than 24 hours. These characteristics allow accurate measurements of resistance values lower than Ω. 

b) Results

The resistance of the van der Pauw patterns, averaged on 25 measurements, is plotted as a function of the annealing temperature in Figure 2.39 (square dots). From the resistance and the thickness measurement (please refer to paragraph II.5), the electrical resistivity of the silver layers is calculated with (2. 9) and traced in Figure 2.39 (round dots). The electrical resistivity of the inkjet printed silver layers decreases with the annealing temperature in the range 100°C -300°C. The standard deviation of the measurements is lower than 1%, thus error bars are not visible on the graph.

c) Discussion

The electrical resistivity drops with the annealing temperature and approaches the silver bulk value at annealing temperatures as low as 300°C. In this paragraph, the aim is to understand the physical phenomena leading to this resistivity decrease.

According to the conduction models introduced in chapter 1, our results cannot be fully described by Oh 's la . I deed, the ele t o s ea f ee path i sil e is i the sa e o de of ag itude than the grain size.

Fuchs-Sondheimer (FS) and Mayadas-Shatzkes (MS) models describe the influence of electron scattering on the electrical resistivity of thin films, respectively at surfaces and grain boundaries. The FS model depends on the thickness, that can be measured, and a specular parameter . The MS model depends on grain size, that can be measured, and the reflection coefficient at grain boundaries. In However, the MS model curves illustrate that the influence of the reflection coefficient has a strong impact on the resistivity value in the range 10-100 nm, which corresponds to the dimensions of the silver grains for annealing temperature lower than 300°C (cf. Figure 2.20).

The dimensions of the studied inkjet printed silver layers (thickness and grain diameter) are in agreement with the boundary conditions of the extended model of MS (1970), where surface s atte i g a d g ai ou da s atte i g a e o side ed i depe de t a d Matthiesse 's ule is alid.

The measured resistivity is traced as a function of the annealing temperature in Figure 2.41 as well as the resistivity predicted by the extended model of MS (equations (1. 17) and (1. 18)). The specular parameter was set to 0.3, even though its influence can be neglected for thicknesses above 200 nm. The experimental data for annealing temperatures higher than 150°C fit to the extended MS model for a reflection coefficient between . and . . The best fit is obtained for = . . This value is higher than those found in the literature.

To our best knowledge, few values of and for thin silver films are reported. De Vries (1987) gives a value = . 4 for high vacuum evaporated silver. Zhang ( 2004) also supposes a value lower than .4 for evaporated silver. When looking at other metals such as copper and gold, more data are available in the literature. For example, [START_REF] Zhang | Influence of the electron mean free path on the resistivity of thin metal films[END_REF] reports values between 0.38 (evaporated) and 0.8 (Chemical Vapor Deposition, CVD) for copper. According to Zhang, this large range seems to depend on the deposition technique, resulting in different types of grain boundaries and impurity rates.

The printed layers have a different microstructure and chemical composition from evaporated, sputtered or CVD thin films. The main differences reside in the porosity and the carbon contamination coming from ink additives. Indeed, in standard microelectronics processes the impurity rate is wellcontrolled and usually very low thanks to vacuum processing.

The large deviation between experimental and modeled values at annealing temperatures of 100°C can be attributed to the presence of impurities in the silver layer and especially at the grain boundaries, coming from the polymeric coating of the nanoparticles. [START_REF] Volkman | Mechanistic Studies on Sintering of Silver Nanoparticles[END_REF] has observed a strong endothermic response at 132°C of annealed silver nanoparticles coated with thiol chains. This response corresponds to the melting of the nanoparticles coating. In the same work, Thermal Gravimetric Analysis (TGA) shows that the mass of silver layers starts decreasing at around 200°C, corresponding to the burning-out of organic impurities from the layer.

For annealing temperatures above 150°C, experimental deviations with the extended MS model are less significant. However, it is genuine to suppose that the pores, whose dimensions are of the same order of magnitude as the grains and the electrons mean free path, have an influence on the resistivity. Assuming that the effective resistivity of a bulk porous silver is higher than a fully densified silver, equations (1. 17) and (1. 18) predict that the reflection coefficient R would be lower than the obtained values.

III.2. Temperature coefficient of resistance

The temperature coefficient of resistance (TCR) is an intrinsic property of a conductive element that relates its resistance to its temperature . It can be extracted from experimental data using equation (2. 10). For temperatures between -70°C and the melting temperature of the material, the TCR is usually constant.

= ( + - ) (2. 10)
where is the TCR, expressed in ppm/°C, and the resistance at room temperature . Equation (2. 10) shows that the electrical measurement of the resistance variation allows monitoring environmental variations for sensing applications (temperature, pressure, flux).

a) Samples

In order to achieve an accurate measurement of the TCR of inkjet printed silver layers, the pattern in Figure 2.42 was printed 24 times on a 200 mm silicon wafer with a 2 µm thick thermal silicon oxide. Each pattern is made of four serpentine resistors whose dimensions are detailed in Table 2.3. There are also four 1 mm² van der Pauw patterns for resistivity measurements, however they are not used in this part of the study.

After printing, the whole wafer was dried in an oven at 60°C during one hour. Finally, the wafer was cut and the printed samples were annealed in an oven during one hour at different temperatures between 150°C and 350°C. 

b) Thermal expansion

In a first order approximation, one can neglect the influence of thermal expansion of the silicon oxide layer on the silver printed layer and consider only the influence of the silicon substrate expansion. The strain in the printed film caused by thermal expansion of the substrate is given by (2. 11).

= ( -) • (2. 11)

where and are the respective coefficients of thermal expansion of bulk silver and silicon. In Table 2.4 are reported the values of stress and strain calculated from literature values of bulk silver material and silver films for temperature variations of 100°C, which corresponds to the length of the explored range for TCR measurement. The yield strength was calculated from hardness values gi e "lade 999 usi g Ta o ' relationship = .

Table 2.4. Thermal expansion of silver for = ° .

Coeff. of thermal expansion

You g's Modulus

Yield strength [START_REF] Rebeiz | Introduction: RF MEMS for Microwave Applications[END_REF] . ppm/°C GPa . -. GPa MPa . %

Stress

= ° Strain = ° Bulk Si
Bulk Ag (Gibson, 1997) . ppm/°C GPa MPa MPa . %

Film Ag [START_REF] Slade | Electrical Contacts: Principles and Applications[END_REF] . ppm/°C GPa -MPa MPa . %

The values in Table 2.4 show that in the case of bulk silver, usually made of large grains with diameters in the range 1-100µm, the elastic limit would be exceeded. However, in silver films the grains are much smaller (diameter lower than 1 µm) and the elastic limit increases. As a consequence, we can consider that in the explored temperature range, the silver printed films do not endure any plastic deformation.

c) Experimental setup and protocol

The measurement of the TCR requires an accurate measurement of both the resistance variation and the sample temperature, which has to be homogeneous and stable. The sample temperature was controlled with a programmable benchtop temperature forcing system (Flex TC from Mechanical Devices), allowing temperature variations up to 50°C/min between -50°C and 150°C. The sample under test was held on the thermal module with thermal grease on a contact area of about 3 cm², which guarantees a fast thermal equilibrium compared to ovens (a few minutes).

The resistance of the sample was measured with Copper-Beryllium probes, which offer both a low electrical contact resistance and an elastic behavior. The resistance variation was measured by a four point electrical method with a Keithley 2182A nanovoltmeter and a DC current source set at 1 mA (Keithley 2400). The DC current supply at 1 mA prevents the material from self-heating by Joule effect. The temperature at the sample surface was measured by a PT100 temperature probe connected to a Keithley 2700. The experimental setup is illustrated in Figure 2.43. The first measurements were realized in air and condensation phenomena were avoided by applying temperatures higher than 25°C. Thermal steps of four minutes between 25°C and 75°C were applied while the resistance was measured. For temperatures higher than 75°C, a slow decrease of the resistance was observed, and attributed to the gradual sintering of the silver nanoparticles. The TCR was measured on decreasing temperature steps because slight variations of the resistance during increasing temperature steps were observed. Figure 2.44 illustrates the simultaneous measurement of the resistance and the temperature for a sample annealed at 250°C during one hour. On this curve, it can be observed that the resistance variation follows the target temperature. The spikes at the beginning of the steps are due to temperature feedback regulation.

To extend the temperature measurement range, a hermetic chamber was developed. The chamber was mounted around the experimental setup allowing measurements under a nitrogen flux with an over pressure of 100mbar. A hygrometer placed inside the chamber shows that the relative humidity drops down to 1% in less than 5 minutes. Such configuration of the setup allowed measurements in a temperature range from -25°C up to 75°C without any condensation on the samples surface.

It was shown in paragraph II.4 that the inkjet printed silver layers exhibit a porous structure and thus a capacity to absorb water molecules. As a consequence, in the nitrogen flux configuration, the samples were heated at 75°C during 30 min in the chamber before the TCR measurement to degas the silver layers. Also, the soaks duration was extended from 4 min in air to 10 minutes in nitrogen because of a longer thermalization period. 

d) Results

For each annealing temperature, three different resistors were measured. In Figure 2.45 are reported the extracted TCR values from the linear fit of the experimental data. Standard deviation is lower than 10% demonstrating the accuracy and repeatability of the measurements. After thermal cycling, microscopy investigation of the printed layers surface did not reveal any cracks or delamination.

The determination of the TCR is done through the linear fit of the relative resistance variation Δ/ as a function of the sample temperature, traced in Figure 2.46. The TCR value is given by the slope of the curve. The curves in Figure 2.46 have the expected linear behavior predicted by (2. 10) both in air and nitrogen, and the coefficient of determination R² of the linear fit is higher than 0.99. Finally, the influence of the annealing time on the TCR was explored at 150°C (Figure 2.47). This temperature was chosen because it is compatible with most of plastic substrates. This curve shows that the TCR increases with the annealing time, although it seems to reach a limit value around ppm/°C, which is about 4 times lower than the bulk value. This limit value is probably caused by the reach of a steady state of the silver microstructure after a several hours annealing at a given temperature (150°C). 

e) Discussion

The TCR increases with the annealing temperature and reaches 75% of the silver bulk value for the samples annealed at 350°C. Also, the measurements performed under the nitrogen flux show that the TCR value is stable in the range -25°C -75°C, with values similar to those measured in air during the cooling process. Further investigations in controlled hygrometry atmospheres should bring major information on the effect of water absorbed by the silver layers.

The measured values are in agreement with measurements of other works, reported in Table 2.5. The comparison to the reported values of TCR shows that variations of the TCR can be attributed to several parameters: silver nanoparticles initial dimensions, annealing time and temperature, substrate, addition of tuning (Ni) or capping materials (parylene).

Several studies (Singh, 1974;[START_REF] Pichard | Effect of grain boundary scattering on the TCR of thin tin films[END_REF][START_REF] Zhang | Influence of grain boundary scattering on the electrical properties of platinum nanofilms[END_REF] demonstrated that the TCR depends on the same electron scattering mechanisms that govern the electrical resistivity. Moreover, [START_REF] Deschacht | General expression for the temperature coefficient of resistivity of polycrystalline semi-metal films[END_REF] have related the TCR of thin films to the mechanical constraints in the thin film generated by the difference of thermal expansion between the substrate and the film itself. Thus, when comparing the TCR values of the printed silver layers, the substrate nature has also to be considered.

Models based on the Mayadas-Schatzkes theory for electron scattering in thin films have been developed to study the TCR of thin films [START_REF] Tellier | Exact and approximate expressions for the temperature coefficient of resistivity of polycrystalline films using the Mayadas-Shatzkes model[END_REF]. It would be interesting to apply these models to the experimental data presented so far. 

III.3. Summary

The evolution of both the electrical resistivity and the temperature coefficient of resistance of inkjet printed silver layers on a SiO2/Si substrate was investigated as a function of the annealing temperature in room atmosphere.

The electrical measurements on metallic layers require an appropriate method and protocol because of the low resistivity values. In particular, a dedicated test bench was developed and improved to measure the TCR of the printed silver both in air and nitrogen atmospheres.

Electrical resistivity and TCR increase and almost reach silver bulk values. Such behavior was related to the microstructural properties of the printed layers (thickness, grain size, and porosity). The analysis of the experimental results through models from the literature and the microstructural characterization offers an accurate understanding of the physical phenomena driving electron transport in the silver printed layers.

IV. Mechanical properties

The mechanical properties of the inkjet printed silver layers were measured by nanoindentation with a Berkovich diamond tip on the DCM column of a nanoindenter (MTS Systems Corporation, XP model).

Nanoindentation measurements are very sensitive to building noise and thermal variations. Moreover, surface contamination such as dusts and water can highly influence the mechanical response of the sample analyzed. The nanoindentation measurements were realized during the night in a closed room at ambient temperature. To decrease the influence of surface contamination, at least 20 indents with 50 µm spacing were realized for each sample. Eventually, discrepant load-indentation depth curves were eliminated for the results analysis. All the results presented in this part are averaged over the adopted measurement curves.

Finally all the measurements were realized following the standard method of the DCM column (high resolution). The main experimental parameters are:

-̇/ is constant, (where = applied load).

-The CSM harmonic load is set at 1 nm amplitude oscillations.

-The maximum applied load is between 15-20 mN.

IV.1. Calibration

The first step of the mechanical characterization consists in calibrating the nanoindenter. Oliver and Pharr method (1992) was followed. The calibration can be divided in three main steps:

i. Calibration of the column displacement and load sensors.

ii. Calibration of the frame stiffness.

iii. Calibration of the area function of the Berkovich indenter.

Steps (ii) and (iii) require the indentation of a reference material whose properties are known. Fused silica, which is amorphous and isotropic, was used. Frame stiffness was calculated in order to obtain a constant value of / = . • -(where = contact stiffness). The calibrated frame stiffness is .

• . -.
The calibration of the area function consists in fitting the coefficients of (1. 24) by a least square method on the You g's odulus of fused sili a (72 GPa). The You g's odulus a d the ha d ess of fused silica after calibration of the frame stiffness and of the area function are plotted as a function of the indentation depth in Figure 2.48. The You g's modulus curve shows that the calibration of the indenter allows trusting the area function for indentation depth higher than 15 nm. Between 0 and 15 nm, the indenter defects prevent from a trustworthy measurement.

The hardness reaches a stable value of 10 GPa at 50 nm indentation depth, which is in agreement with the properties of fused silica.

IV.2. Elastic properties a) Measurements

The measurements of the elastic properties of the inkjet printed silver layers as a function of the annealing temperature requires analyzing the nanoindentation data with the appropriate models. Indeed, the samples are a stack of two thin films (silver and silicon oxide) on a substrate (silicon). The measurement procedure is described in Figure 2.49.  Fi all , the You g's odulus of the p i ted sil e la e was e t a ted ith Me ie 's odel (2010). The measured You g's odulus is plotted as a function of the indentation depth in Figure 2.51. This curve includes the contribution of the silver layer, the silicon oxide film and the silicon substrate. The increase of the appa e t You g's odulus is due to the increasing influence of the underlying film and substrate, which are stiffer than the printed silver. The residual footprints on silver exhibited pile-up of the indented area, thus indentation depth is corrected with [START_REF] Loubet | Nanoindentation with a surface force apparatus[END_REF] equation (1. 22).

The sil e p i ted la e You g's odulus is finally extracted by a least square fit of the corresponding contact stiffness data with equation ( 1. 27) and the measured properties of the underlying SiO2 and Si. 

b) Results

The You g's odulus of the sil e la e s is t a ed as a fu tio of the a eali g te pe atu e i

Figure 2.52. The fi st o se atio is that the You g's odulus is at least % lo e tha the sil e bulk alue. The se o d is the i ease of the You g's odulus ith a eali g te pe atu e. 

c) Discussion

The You g's odulus of a material is highly dependent on its porosity rate [START_REF] Gibson | Cellular Solids: Structure and Properties[END_REF]. There are several models in the literature offering empirical relationships between porosity and elastic modulus.

In this work, the empirical law (2. 12) was applied to correlate the measurements of the elastic properties to the porosity measurements. Equation ( 2. 12) was established by [START_REF] Roberts | Elastic Properties of Model Porous Ceramics[END_REF] by finite element modeling of different structures in three dimensions (Figure 2.53) whose geometry is similar to the 3D reconstruction of the silver layers obtained in II.4.a.

= ( -)

(2. 12)

where and a e the espe ti e You g's oduli of the sil e p i ted la e s a d of ulk sil e , is the porosity and and are given by Roberts for each simulated structure. Adapted from [START_REF] Roberts | Elastic Properties of Model Porous Ceramics[END_REF]. d) 3D representation of a silver layer annealed at 250°C.

The e pe i e tal You g's odulus is plotted as a function of the measured porosity together with Roberts modelled laws in Figure 2.54. The experimental data fit between the curves corresponding to the solid spheres and the ellipsoidal pores laws. The porosity measurement and the extraction of the You g's odulus ith Me ie 's odel o elate ith Ro e ts' odel.

The measurement of the porosity is challenging at the nanometric dimensions of the printed silver layers. Moreover, the porosity values were measured with image processing and are thus subjected to a subjective evaluation in the choice of the segmentation algorithm. As in the analysis of the thickness of the printed silver layers in II.5.c, these results corroborate the porosity rates measured by image processing of SEM imaging of the layers cross-sections. Moreover, the results offer an alternative ethod, a el the easu e e t of the You g's odulus, to esti ate the po osit of the p i ted silver layers. 

IV.3. Plastic properties a) Measurements

The hardness of the inkjet printed silver layers is calculated with (1. 28). However, for this relation to be valid, the radius of the hemi-spherical region in elasto-plastic deformation regime must be lower than the silver layer thickness.

It was shown in chapter 1 that = . ( contact radius). In the case of a Berkovich indenter, in a first approximation, the indentation depth ℎ ≈ * . As a consequence, the hardness can be estimated for indentation depths lower than 20% of the film thickness.

In Figure 2.55, the hardness of a silver layer annealed at 150°C is traced a function of the indentation depth. A plateau where the hardness value is stable occurs between 50 and 150 nm indentation depth. This range is lower than 20% of the film thickness. Hence, the hardness value is calculated by averaging the values between 70 and 120 nm. 

IV.4. Summary

The evolution of the You g's Modulus a d the ha d ess of i kjet p i ted la e s ith the a eali g temperature was studied in the range 100°C-°C. Co e i g the elasti p ope ties, the You g's modulus is less than half of the bulk value and it increases with the annealing temperature. Such a behavior is due to the densification of the printed layers with the annealing temperature. The hardness of the silver layers decreases with the annealing temperature, as predicted by the Hall-Petch theory.

Its value is at least three times lower than the bulk value, mainly because of the grain size.

Conclusion

In the manufacturing of printed electronic devices, silver inks and pastes are the most employed when conductive materials are required. Indeed, the commercial offer for such inks covers lots of specifications:

-Silver nanoparticles or silver salt inks -Silver content up to 60 wt% -Nanoparticles size between 5 and 100 nm -Different types of ink vehicles: water-based and solvent-based Moreover, the knowledge of silver chemistry has reached a maturity that allows self-formulation in laboratories with special features. As a consequence, silver inks for functional printing have been extensively studied in the last decades: formulation, printing, and sintering.

In this chapter, a thorough study of the properties of inkjet printed silver layers was proposed. The evolution of the microstructure, the ele t i al o du ti it , the TCR, the You g's odulus, a d the hardness were monitored with the annealing temperature in the range 100°C-300°C. Microstructure evolution of silver layers annealed above 300°C was observed, showing that grain size exceeds the micron and that patterns might lose electrical continuity. A special attention was given to the morphological parameters of the silver layers, and in particular to their porosity. To our best knowledge, we have presented here the first 3D porosity measurements of inkjet printed silver layers. Moreover, this porosity characterization provided supplementary data for the analysis of electrical and mechanical properties. Crystallographic analysis was not performed in this work. A thorough study was realized by [START_REF] Cauchois | Microstructuring inkjet-printed deposits from silver nanoparticules coalescence to the fabrication of interconnections for electronic devices[END_REF] using Backscattered Electron Diffraction (EBSD) and X-Ray Diffraction.

The knowledge of the mechanical properties of the inkjet printed silver layers is of major interest for flexible electronics applications. Further studies focused on the adhesion of silver layers printed on polyimide substrates are ongoing and will be pursued in a PhD thesis at our laboratory. Moreover, reliability issues to thermal and mechanical cycling will be investigated.

Besides the experimental results, several characterization methods were developed and adapted to the studied material. It must be noted that the presented results were obtained with a commercial silver ink from SunChemical. With other inks, if similar trends are to expected, large deviations might occur, especially if the initial dimensions of the silver nanoparticles are very different. The proposed characterization approach revealed to be accurate thanks to the cross-correlation of microstructural, electrical and mechanical results.

Finally, in this chapter, several properties of inkjet printed silver layers were highlighted. Silver layers can be employed beyond their classical interconnection or electrode role. In the next chapter, the characterization results obtained in this chapter will serve the conception of flexible and printed electronic devices.

Chapter 3

Prototyping of Printed Flexible Devices

Introduction

Inkjet printing is being widely investigated for electronic components fabrication. Indeed, because low viscosity inks are required, a drastic reduction of binders in ink formulation is resulting in inks containing mainly active materials and solvent (Subramanian, 2008). This particular characteristic of inkjet inks led to major advances in ink formulation, which today offers a large spectrum of printable materials:

-Conductive materials: metallic nanoparticles (Ag, Au, Cu, Al), carbon nanotubes, graphene, etc.

-Ceramics: Al2O3, SiO2, PZT, etc.

-Polymers: organic light emitting polymer, conductive polymers (PEDOT:PSS), organic semiconductors, UV-curing polymers, etc.

Thanks to the available inks either on the market or by self-formulation, inkjet printing of several types of electronic components is visible in the literature. One of the most advanced application fields is the Radio Frequency Identification (RFID) tags and antennas together with RF components (filters, couplers, etc.) [START_REF] Yang | Design and characterization of novel paper-based inkjet-printed RFID and microwave structures for telecommunication and sensing applications[END_REF][START_REF] Sridhar | Inkjet-printingand electroless-plating-based fabrication of RF circuit structures on high-frequency substrates[END_REF][START_REF] Arriola | New inkjet printed wideband 3 dB branch line coupler[END_REF]. The success of printing in RF applications relies on the dimensions of the components, usually in the millimeter range.

Printing of physical and chemical sensors is also being explored. Several examples of functional sensors were reported:

-Ammonia sensors were realized by inkjet printing of an aqueous solution of PANI-PSS 1 [START_REF] Jang | Fabrication of Water-Dispersible Polyaniline-Poly(4-styrenesulfonate) Nanoparticles For Inkjet-Printed Chemical-Sensor Applications[END_REF]. -Inkjet printed HgTe nanoparticles demonstrated highly sensitive photodetectors [START_REF] Böberl | Inkjet-Printed Nanocrystal Photodetectors Operating up to 3 μm Wavelengths[END_REF]. -Temperature and humidity sensors were inkjet printed on paper with silver inks [START_REF] Courbat | Inkjet printing on paper for the realization of humidity and temperature sensors[END_REF]. -All-inkjet printed strain gauges were recently reported by Andò and Baglio (2013).

Besides, inkjet is also employed for printed organic electronics research and development. The first inkjet printed all-polymer transistor circuit was reported by [START_REF] Sirringhaus | High-Resolution Inkjet Printing of All-Polymer Transistor Circuits[END_REF] Since then, organic electronic components such as organic light emitting diodes (OLEDs) [START_REF] Mauthner | Inkjet printed surface cell light-emitting devices from a water-based polymer dispersion[END_REF][START_REF] Villani | Inkjet Printed Polymer Layer on Flexible Substrate for OLED Applications[END_REF], and organic photovoltaics [START_REF] Hoth | High Photovoltaic Performance of Inkjet Printed Polymer:Fullerene Blends[END_REF][START_REF] Aernouts | Polymer based organic solar cells using ink-jet printed active layers[END_REF] were demonstrated.

In this chapter, we took advantage of the physical properties of silver printed layers as well as the inkjet printing capabilities to propose original electronic components. Prototypes of RF filter, vacuum sensor and membrane switch were designed, fabricated and characterized. The last paragraph concerns the fabrication of a standard design Metal-Insulator-Metal (MIM) RF capacitor. 

I. Optimization of printing conditions

The printing of a conformal pattern with respect to the design relies on the equilibrium of the printing process, the ink properties (physico-chemical and rheological), and the substrate properties. This first paragraph focuses on the optimization of the printing parameters of the SunChemical EMD5714 silver ink on a polyimide substrate with the Dimatix DMP2831 printer for the fabrication of a RF band-pass filter and a Pirani gauge.

I.1. Flexible polyimide substrate

The polyimide substrate was Kapton HN, 75 µm thick from DuPont (DuPont, n.d.). It was chosen for its robustness and its compatibility with annealing temperatures up to 400°C.

The substrate surface energy measurement was carried out by the contact angle method (Annex 1) using an OCA Dataphysics goniometer. The contact angle measurements are reported in Table 3.1. The extracted value of the Kapton HN surface energy using the Owens-Wendt model was ± 4 mJ. m -with a coefficient of determination of the linear fit = . . This value is similar to the results of [START_REF] Huang | Surface modification studies of Kapton HN polyimide films[END_REF]. Substrate properties are summarized in Table 3.2. It should be noted that no surface treatment was performed before printing. Moreover, the cleanroom environment prevented from dust contamination on the substrate surface. 

I.2. Optimization of the printed pattern

The most compelling pattern requirements arise from the micro-strip lines at the input and output of the RF filter. The pattern of the microstrip is illustrated in Figure 3.1. Consequently, this pattern is employed to illustrate the optimization steps and the encountered issues. where is the volume of a droplet, and the resolution along and directions. The optimal printing resolution on the Dimatix printer with the EMD5714 silver ink, the 10 pl cartridge and the Kapton substrate was experimentally determined.

For pattern resolutions higher than 555 pix/cm, corresponding to an 18 µm pitch between droplets, borders were well defined during printing, although a few minutes afterwards the ink spreads under the influence of gravity and the pattern loses its shape (Figure 3. In this optimized configuration of the printing, the chuck at 60°C has an influence on the nozzles temperature because of the 600 µm stand-off distance. The nozzles temperature increases from ambient to 32-33°C after a few minutes of printing. To take account of this temperature increase, the setting of the actuation voltage is realized by heating the nozzles at 33°C. As a consequence, the viscosity of the ink is reduced and so is the actuation voltage.

b) Pattern design

The gap between the feed line and the ground plane is designed at 50 µm and a single pixel connecting these two elements will cause a critical short-circuit (Figure 3.4). The scratches visible on the silver surface occurred after printing and annealing as the sample was left unprotected during several months. The input binary bitmap pattern was created using the layout software CleWin4. The automatic conversion from the desired design (vectorial data) to a discrete pixelated pattern generates random and irregular spacing on the Input/Output (I/O) feed lines patterns. The random arrangement of the pixels has been identified as a cause of failure during the printing. To overcome this critical issue, the pixels of the border were manually set in a regular arrangement, e.g. in Figure 3.5, and different configurations of spacing were printed in order to approximate the desired design while obtaining a reliable and repeatable printing. 

I.3. Drying and annealing

The printed patterns were firstly dried at 60°C during 20 to 60 minutes depending on their dimensions. Then, the annealing step was performed in an oven. The conditions will be specified for each prototype.

I.4. Summary

The optimization of the printing conditions goes through the settings of the printer which mainly depends on the interaction between the ink and the substrate. Moreover, the arrangement of pixels has to be optimized where gaps of 50 µm are required in order to get a reliable and repeatable printing.

The optimized printing parameters that were used to print both the band-pass filter and the Pirani gauge are summarized in Table 3.3. 

II. 17 GHz band-pass filter

II.1. State-of-the-art

The most advanced potential RF application of printing technologies on flexible substrate is the RFID tag in the UHF range (Ultra High Frequency -0.3-3 GHz). Although other inkjet printed devices at higher frequencies have been developed, they are usually printed on specific substrates in order to decrease the transmission losses. For example, antennas on LCP (Liquid Crystal Polymer) substrate at 60 GHz [START_REF] Shaker | Low-cost antennas for mm-Wave sensing applications using inkjet printing of silver nano-particles on liquid crystal polymers[END_REF], couplers on Chuko substrate at 6 GHz [START_REF] Arriola | New inkjet printed wideband 3 dB branch line coupler[END_REF], coplanar waveguides on LCP substrate up to 110 GHz and bandpass filters on alumina substrate at 2.4 GHz [START_REF] Sridhar | Inkjet-printingand electroless-plating-based fabrication of RF circuit structures on high-frequency substrates[END_REF] have been reported.

The purpose of this work is to demonstrate that it is possible to use inkjet printing on low-cost substrates for filtering applications at frequencies much higher than what has been made up to now. The reported filters fabricated by inkjet printing technology have shown relatively good performance up to 2.4 GHz, but their center frequency and their minimum bandwidth is mainly limited by the substrate dielectric losses that increase at high frequencies. To overcome this issue, [START_REF] Blondy | Low-loss micromachined filters for millimeterwave communication systems[END_REF] proposed to use micromachined suspended silicon substrates for designing high performances RF filters. The major drawback of this solution is the micromachining that requires deep silicon etching and photolithography steps, which increase the fabrication cost and complexity. Moreover, the cost of silicon substrate rapidly increase for large area components.

In this work, we show that it is possible to fabricate low-cost RF filters by using inkjet printed technology on polyimide films. The fabricated filter has been designed at 17 GHz and it combines both inkjet printing and suspended technologies.

II.2. Filter design

The designed filter is a two pole device centered at 17 GHz and has a 4% bandwidth with transmission zeros to improve the rejection. The filter is based on suspended microstrip lines as shown in Figure 3.6 with coplanar feed lines for the measurements. The filter was designed following the procedures detailed by [START_REF] Blondy | Low-loss micromachined filters for millimeterwave communication systems[END_REF] and Hong (2001). The feed lines are capacitively coupled while the resonators are magnetically coupled. The filter response was computed and optimized with the software Agilent Momentum based on the method of moments. The filter layout is presented Figure 3.6 and the optimized dimensions are given in Table 3.4.

The filter and the feed lines including the transition from coplanar to microstrip lines have been simulated at the same time as they are both suspended on the polyimide film. The width of the coplanar line center conductor and gaps are respectively 120 µm and 50 µm. With such dimensions only one mode of propagation is possible at the input of the filter as the cutoff frequency of the first higher mode is well above the frequency of interest. The relative permittivity of the polyimide is 3.5 and the loss tangent extrapolated from Kapton HN datasheet is about 0.05 at 17 GHz. The conductivity of the brass cavity is 1.5×10 7 S/m. With such dimensions and material properties, the unloaded quality factor Q0, the external quality factor Qext and the inter-resonator coupling coefficient k12 extracted from computations are Q0≈ , Qext=29 and k12=0.034. -can be obtained. The polyimide substrate was selected because of its low dielectric constant for a plastic substrate and its tolerance to temperatures up to 400°C. Moreover, it has a smooth surface and low porosity, which prevents major defects on the printed layer and nanoparticle permeation into the substrate.

The filter pattern was printed with one and two silver layers according to the procedure detailed in paragraph I. Ten minutes lasted between the printing of the two layers by keeping the substrate at 60°C on the printer chuck. After printing the pattern, which is approximately 1 cm², it was dried in an oven during 1 hour at 60°C. This was necessary to fully evaporate the ink solvent.

The characterization of the silver layers in chapter 2 and the properties of the substrates led to the following annealing conditions: 220°C during one hour. The requirements were:

-Uniform microstructure -Electrical conductivity above 7 . -.

-Prevent substrate damaging.

To precisely measure the electrical conductivity of the filter silver layer, two van der Pauw patterns were printed at the same time (Figure 3.7). The measured thickness and electrical conductivity are given in Table 3.5. The top cavity is glued with silver paste on the ground plane while the substrate is glued with Araldite on the bottom cavity. Both cavities are electrically connected with silver paste. After assembly, the filter was cured at 150°C during 15 minutes on a hot-plate to evaporate the silver paste solvent. Figure 3.7 illustrates the final device with the opened top cavity. 

II.4. Frequency response of the filter

The filter response was measured using an Agilent N5230A vectorial network analyzer and a SOLT calibration (Short, Open, Load, Thru). The results in Figure 3.8 show the response of the one and the two printed layers filters. In both cases, the filters are centered at 17 GHz and have a 4% bandwidth. Insertion losses (S21), corresponding to the attenuation of the transmitted signal in the pass-band filter, are 5.7 dB for the one layer filter and decrease to 3.6 dB for the two layers filter. Such a difference is equivalent to an increase of the signal amplitude by a factor 1.6. The reduction of the conduction losses is due to a higher electrical conductivity and a more homogeneous silver layer: better covering of the substrate defects and more homogeneous thickness of the silver layer. For both filters, the return losses (S11) are lower than -20 dB on the whole bandwidth and the rejection up to 20 GHz is better than -20 dB. The simulated response of the filter with two layers presented in Figure 3.9 is in good agreement with the measurements even if the simulated insertion losses are slightly underestimated. Also, a small frequency shift can be observed. It may arise from the misalignment of the top cavity with the silver pattern, its irregular thickness and edges, and the polycrystalline and porous microstructure. Indeed, the simulation considers the conductive printed layer as a bulk material with straight borders (no scalloping) and steps (pattern edges are thinner than at the center). Further simulations have shown that the 3.6 dB insertion losses arise both from metallic and dielectric losses. Metallic losses in the brass cavities and printed silver layer, which have the same electrical conductivity at . • 7 . -, account for 0.9 dB. The dielectric losses in the Kapton HN substrate, which was simulated with 0.05 loss tangent at 17 GHz, account for 2.7 dB.

II.5. Conclusion

This first application demonstrates that inkjet printing on low-cost substrates can be employed for the fabrication of RF devices working beyond 10 GHz frequencies. Insertion losses as low as 3.6 dB were obtained on several prototypes and there is a possibility of improving the filter performances.

Indeed, conduction losses can be reduced by increasing the electrical conductivity of the silver layer (annealing temperature and time) and of the metallic cavity (silver or gold metallization). However, simulations have shown that doubling the electrical conductivity would decrease conduction losses of only 0.3 dB (ie 8%). Transmission losses mainly arise from the dielectric losses in the Kapton flexible substrate. Reducing the substrate thickness and/or loss tangent would drastically decrease the insertion loss.

We have tried to print a pattern on a Kapton HN substrate 25 µm thick. However, thermo-mechanical strains during the annealing step led to the failure of the silver layers: cracking and loss of planarity.

III. Micro Pirani gauge

III.1. State-of-the-art

Micro Pirani gauges are pressure sensors typically used in medium to high vacuum systems ( --mbar). The Pirani principle consists in measuring the resistance of a heated conductor placed in the vacuum environment to be monitored. When gas molecules collide with the heated conductor, thermal energy is transferred away. As the electrical resistance of the heated conductor is related to its temperature and as the frequency of molecular collisions increase with the gas residual pressure, the resistance variation of the conductor is pressure-dependent.

The most common micro Pirani sensors are either micro hotplates [START_REF] Van Herwaarden | Floating-membrane thermal vacuum sensor[END_REF][START_REF] Weng | Micro-Pirani vacuum gauge[END_REF] or micro bridges [START_REF] Mastrangelo | Microfabricated thermal absolute-pressure sensor with on-chip digital front-end processor. Solid-State Circuits[END_REF][START_REF] Van Baar | A Method of Measuring Specific Resistivity and Hall Effect of Discs of Arbitrary Shape[END_REF] fabricated by silicon micromachining techniques which are complex and time consuming. Here an alternative fabrication technique using inkjet printing of silver nanoparticles is implemented for the first time. Electrical properties of the printed layer and response of the pressure sensor are investigated and correlated with thermal conduction models.

III.2. Printed micro Pirani design

The layout of the printed Pirani gauge is illustrated in Figure 3.10. The sensitive element is a serpentine planar resistor with four connection lines. Its dimensions are detailed in Table 3.6. The overall occupied active surface of the sensor is less than 1 mm². 

III.3. Fabrication details a) Printing and annealing steps

The micro Pirani gauge was printed following the procedure described in paragraph I. The Kapton HN substrate was chosen for its low cost and its thermal properties. Indeed, it has a thermal conductivity of 0.12 W.m -1 .K -1 , more than 100 times smaller than the one of silicon. This property favors thermal exchanges of the printed resistor with the surrounding gas rather than with the substrate. The pattern has been printed with two passes in order to improve thickness homogeneity and to better cover substrate defects.

The gauge temperature is expected to reach a maximum around 100°C at the lower working pressure. Thus, the annealing temperature was set to a higher temperature, namely 150°C, for two reasons: firstly to prevent further annealing due to working temperature, and secondly to reach a nominal resistance value of a few ohms in order to be able to accurately measure the resistance variations. Finally, the annealing time was set to 5 hours in order to stabilize the layer microstructure because of the temperature elevation of the sensor.

These annealing conditions resulted in a 1.3 µm thick layer. The electrical conductivity is of about .

-at room temperature and pressure.

b) Gauge mounting

The printed micro Pirani gauge is mounted on a circuit board using a vertical four point electrical connector which holds the sensor suspended to optimize thermal exchanges with the gas. A copper pipe surrounding the sensor at a 6 mm distance is used as heat-sink. The connector allows four point electrical measurements of the resistance, giving an accurate measurement of the resistance variations by removing the resistance of the electrical printed lines, the pads and the cables. The four point measurement is realized with two coaxial cables which are connected to the circuit board through SMA connectors. The gauge mounted on the circuit board is illustrated in Figure 3.11. 

III.4. Test bench

The circuit board with the gauge is placed in a vacuum-controlled chamber (Figure 3.12) in order to characterize its response to pressure variations. A reference micro Pirani pressure gauge MKS 925 is used to monitor the pressure in the chamber while a variable leak valve allows controlling the pressure. The resistance variation is measured with a four point method under a DC current supplied by a Keithley 2400 while the voltage is monitored by a Keithley 2700. Data are recorded with a Labview program. 

b) Set point determination

The nominal resistance of the sensor is . Ω measured at atmospheric pressure with 1 mA DC current. To determine the optimal current set point, the micro Pirani gauge is tested in the vacuum chamber both at atmospheric pressure and at 10 -3 Pa. The relative resistance variation versus current at constant pressure is plotted in Figure 3.14. The TCR value combined with resistance measurements as a function of the applied current allows extracting the transducer temperature elevation according to equation (3. 2).

= TCR (3. 2)

In Figure 3.14, relative resistance variation and temperature elevation curves are overlapped and follow the quadratic behavior dictated by Joule effect power dissipation. It must be noticed that above 40 mA the quadratic behavior is no longer respected at -Pa, probably because the sensor reaches a temperature higher than 100°C and the microstructure evolves. As a consequence, a safe value of 40 mA is chosen to perform the characterization of the gauge versus pressure as it offers the highest temperature elevation, and thus the highest sensitivity. The measured sensitivity range goes from 10 -2 to 10 4 Pa. It corresponds to a 4% variation of the resistance. Also, hysteresis of the response to increasing and decreasing pressure is lower than 0.2%. III.6. Discussion a) Thermal conductance of the system The total thermal conductance of the micro Pirani gauge can be modeled with equation (3. 3) [START_REF] Stark | A doubly anchored surface micromachined Pirani gauge for vacuum package characterization[END_REF]. Radiation losses are neglected because of the low temperatures involved.

= + (3. 3) where corresponds to thermal conduction through the solid, which is constant with pressure, while is the thermal conduction of the gas, expressed by equation (3. 4) [START_REF] Zhang | A simple micro pirani vasuum gauge fabricated by bulk micromachining technology[END_REF].

= / + / (3. 4)
where is the thermal conductance of air in the continuum regime and the empirical transition pressure. Knowing that the electrical dissipated power is related to the total thermal conductance by equation (3. 5), experimental data are fitted with a least square method in order to extract the values of , and . The fitted values are reported in Table 3.7. The experimental thermal conductance of the system and of the gas are plotted with pressure in Figure 3.16. On this graph, it can be noticed that the total thermal conductance sweeps across one decade. Its value in free molecular regime approaches solid thermal conductance while in continuum regime it tends to air thermal conductance .

G tot = P elec ΔT (3. 5)
The gas conductance, in the free molecular regime, decreases linearly with pressure. The lower limit of the sensitive range is imposed by the ratio / , which tends to zero in this regime. When the pressure is higher than , is approximately five times , meaning that gaseous thermal conduction is the main factor for power dissipation. The upper limit of the sensitivity range may be increased by narrowing the gap with the heat sink [START_REF] Puers | The NanoPirani-an extremely miniaturized pressure sensor fabricated by focused ion beam rapid prototyping[END_REF][START_REF] Brun | Silicon nanowire based Pirani sensor for vacuum measurements[END_REF].

b) Power consumption

The maximum power consumption is 6.2 mW and it is reached in free molecular regime. Despite the high functioning current, this value is in the same order than those of micromachined Pirani gauge, mainly because of the low value of the sensor nominal resistance. 

III.7. Conclusion

Inkjet printing of silver nanoparticles on Kapton HN flexible substrate allowed the fabrication of the first printed micro Pirani gauge. The sensitive element of the gauge is a printed silver resistor with a measured TCR of ppm. °C-. The characterization of the sensor showed a sensitivity range from 10 -2 to 10 4 Pa in DC current functioning mode. Also, the response to increasing and decreasing pressure did not revealed any significant hysteresis.

In chapter 2, it was demonstrated that TCR values as high as ppm. °Ccan be reached with inkjet printed silver layers. However, the layer resistivity also drops with the annealing temperature. As a consequence, the required DC current to heat the resistor by Joule effect would be much higher.

As an example, the same micro Pirani gauge annealed at 250°C during one hour required a DC current of 80 mA to obtain the same normalize resistance variation of 4% in the same pressure range. Hence, a trade-off has to be done between the sensitivity of the printed silver to temperature variations, the nominal resistance value and the power consumption. Finally, other measurements configuration such as Wheatstone bridge or working at constant sensor temperature with a current feedback should improve accuracy.

This work offers a novel application to inkjet printing of silver nanoparticles inks and demonstrates that printed sensors with performances similar to silicon micromachining can be achieved.

IV. Membrane switch

This work describes a membrane switch fully printed with silver nanoparticles on PI and PET substrates.

It is focused on the electrical measurements of the contact resistance between two printed silver layers. The membrane switch was developed in the frame of the I2Flex project to qualify printing technologies for electrical contact applications. Inkjet printing is the technique of main interest, but LIFT technology was also tested. The final scope of this study was to design a flat-type switch for finger actuation that can be integrated in smart-cards. The specifications of the membrane switch are:

-An electrical contact resistance of Ω for a actuatio force of 5N.

-Endurance up to actuation cycles under cold and hot switching at 5V and 10 mA.

IV.1. State-of-the-art

The idea of inkjet printed membrane switches has been previously mentioned in the literature and in market forecasts for printed electronics. However, to our best knowledge, the demonstration of switching devices with an inkjet printed contact material has not been reported up to now. In this paragraph, an electrical contact manufactured by inkjet printing of silver nanoparticles is investigated.

A membrane switch is a temporary electrical switch for turning a circuit on and off. The typical structure of such a device consists in a stack of several layers, one at least being flexible (Figure 3.17).

The top layer is bent under finger pressure to connect a pattern on the bottom layer. Membrane switches are typically used as an interface in remote controls, keyboards and other electronic devices.

The main fabrication technique of the conductive patterns in commercial membrane switches is screen printing. The most employed materials are copper, silver and graphite. Screen printing requires a hard mask, inks with high viscosity and the typical final thickness of the patterns is around ten microns.

In this work, the design, fabrication and characterization of a fully inkjet printed membrane switch are presented. The aim is to demonstrate the potential of inkjet printing technology for electrical contact applications. The electrical and mechanical properties of the printed layer as well as its microstructure are investigated. Endurance tests under hot and cold switching are performed while actuation force and contact resistance are monitored. 

IV.2. Membrane switch fabrication a) Design

A simplified non-tactile membrane switch, i.e. without snap action, is designed. The studied device is a flat-type membrane switch composed of three layers (Figure 3.17). Commercial membrane switches usually incorporate a front graphic overlay and a rear adhesive layer.

The fixed contact part is printed on the bottom layer, a 125 µm thick Kapton HN sheet. The middle layer acts as a spacer, it has a circular opening of 8 mm diameter which allows mechanical contact between the top and bottom layers. The spacer is a 130 µm thick double-sided adhesive that defines the contact gap. The mobile contact consists of a pill printed on the top layer which is a 125 µm thick PET sheet. The top layer is considered as the mobile element of the device, meaning that only the PET membrane is subjected to deformations under finger pressure. Thus, its mechanical properties, the spacer thickness and opening diameter define the restoring force of the contact.

The pattern of the fixed contact is illustrated in Figure 3.18. The four connection pads were employed to measure the contact resistance by a four point method. The contact zone is composed of four regularly spaced lines that can be connected through the 5 mm diameter circular contact pill. Both bottom and top layers patterns were printed with an EMD5603 SunChemical silver nanoparticles ink. This ink has the same formulation as the EMD5714 except the weight percentage of silver, which is 20%. The ink rheological properties are reported in Table 3.9. The piezoelectric printer nozzles are actuated at 90V and their temperature is set to 35°C resulting in 30 pL droplets. The control of the nozzles temperature allows tuning ink viscosity in order to perform fine ink jetting and droplet generation. The patterns are printed with a resolution of 608 dpi, corresponding to a pitch of 42µm. Photographs of the printed layers are shown in Figure 3.20. The properties of the top and bottom substrates are reported in Table 3.9. PI and PET substrate have similar surface energy values which allow proper wettability of the silver ink without changing printing conditions. 

IV.3. Experimental procedure

The device under test (DUT) is characterized on a test bench developed at our laboratory that allows both the measurement of the contact resistance and of the actuation force. The device reliability may also be assessed through mechanical cycling which is performed with simultaneous monitoring of the contact resistance and of the applied force on the membrane switch. The DUT is glued on a rigid substrate and aligned with a rubber knob actuator (5 mm diameter) thanks to a manual micrometric XY stage. A schematic view of the test bench is illustrated in Figure 3.22. Reliability investigations have been realized under hot and cold switching cycling conditions. In the cold switching configuration, a DC voltage source is applied to the DUT whereas the current is measured. The source output is turned on only when the contact is closed.

In the hot switching configuration, a DC current source is applied to the DUT whereas the voltage is measured. The source output is always on during the approach of the contact pill, thus the open circuit voltage across the fixed contact lines corresponds to the voltage compliance of the current source. The cycling conditions are indicated in Table 3.10. The printed silver layers are expected to have the same microstructure that was observed with EMD5714 (chapter 2). The microstructure of the EMD5603 silver layers was analyzed on 1 cm² pattern printed on silicon and annealed at 150°C.

Surface roughness extracted from the AFM scans is 5.6 nm. Cross-section SEM observation allowed precise measurement of the thickness of the printed silver layers, whose value is of about 560 nm. This is about half the thickness obtained with EMD5714 silver ink, corresponding to the factor 2 on the silver weight percentage. Moreover, the microstructure in Figure 3.23 is very similar to the observations realized in chapter 2. 

b) Mechanical properties

To characterize the mechanical properties of the printed silver nanoparticles, nanoindentation tests were performed on a MTS-XP nanoindenter with a Berkovich diamond tip. The silicon substrate was preferred to Kapton because of its higher hardness and You g's odulus with respect to silver. Indeed, the extraction of elastic and hardness is much more reliable when studying a soft material on a hard substrate. The measured Sil er You g's odulus is ± GPa and the hardness is . ± . GPa.

Finally, the lack of adhesion of the printed layer on the substrate was identified as a potential failure mode of the membrane switch. Because of the small surface of the printed samples, all the recommendations of the tape test -ASTM method D3359could not be applied. Results of the tape tests on the printed contact patterns on Kapton showed traces of peeling and removal, while on PET the printed layer remained firmly stuck.

c) Electrical properties

Resistivity was evaluated from 1 cm² printed patterns on Kapton substrate with a four point in-line spreading resistance measurement method. The resistivity measured on the printed patterns which compose the membrane switch is 6.10 -8 Ω. , achie ed with 5 °C a eali g duri g o e hour. The value is about half the value measured for the EMD5714 silver ink in the same conditions.

IV.5. Membrane switch characterization

In order to evaluate the reliability of the electrical contact between inkjet printed silver lines, cycling tests were achieved on the test bench described in paragraph IV.3. The measurements of the actuation force and contact resistance are traced with the number of cycles in Figure 3.24 for hot and cold switching conditions. Actuation force was set around 8N, although other tests have been performed between 4N and 13N. The actuation force slowly decreases during the 10 4 cycles due to creep of the testing equipment and in particular of the rubber knob. As a consequence, a slight contact resistance increase can be observed. However, the cycling tests reveal that the membrane switch electrical contact remains stable despite the high actuation force involved. In cold switching cycling conditions, the evolution of the contact resistance is lower than in hot switching, demonstrating that hot switching corresponds to more drastic endurance conditions. Observations of the contact surfaces after cycling with AFM and optical microscopy did not reveal any major degradation such as delamination and cracking of the printed silver layers. Finally, cycling tests were performed up to 10 5 cycles (non-stop during one week), revealing the stability and reliability of the membrane switch.

In Figure 3.25, the contact resistance versus the actuation force is traced before and after the cycling test. The first contact is established around 2N, corresponding to the necessary force to bend the membrane over the contact gap. The contact resistance strongly decreases for actuation forces up to 10 N while for higher force its value tends toward a lower limit. According to Figure 3.25, the electrical contact resistance exhibits three steps, corresponding to the sequential addition of a contact line. 

IV.6. Electrical contact

When closing the membrane switch, a resistance network appears and evolves with the applied force on the top layer. As the contact pill spreads on the contact zone, a resistance decrease due to the contact area expansion is measured as illustrated in Figure 3.26. The total resistance resulting from the contact between the pill and the two central lines can be modeled with the equivalent electrical circuit in Figure 3.27. It is the sum of the series resistances of the contact lines and , the contact pill resistance , the film resistance and and the constriction resistance and . Both film and constriction resistances are located at the intersection of the contact pill and contact lines. Several arguments allow neglecting both the constriction and the film resistances compared to line resistance. Indeed, because of the membrane switch geometry and dimensions, high loads and large contact areas are involved. I-V plot at constant load reveal a linear behavior confirming that the electrical contact behavior corresponds to an ohmic regime. Low surface roughness = .

indicates a multi-spot contact configuration with large contact radii. Finally, the printed silver films have an average thickness of 570 nm and a resistivity of • -Ω. m, owing to a full contact line a theoretical resistance of . Ω, much higher of the eventual constriction and film resistances. As a consequence, the electrical contact can be simulated by considering only the line resistance with geometric approximation of the intersection of the contact lines and the contact pill. When the contact zone extends to the other contact lines, the electrical contact can be modeled as in Figure 3.28. The expansion of the contact pill on the contact lines was simulated on Matlab®. The contact pill and lines cannot be perfectly aligned, meaning that lines 3 and 4 are not connected at the same actuation force. In order to replicate this misalignment, the contact geometry is simulated by shifting the contact pill center by 100 µm from the contact lines center towards line 3. In the model, the contact radius is increased, and geometrical intersections of the contact lines with the pill are used to approximate the resistances and using equation (3. 6).

= * (3. 6)

The resistance values calculated from the geometry are then introduced in the equivalent electrical circuit of the contact (Figure 3.28) and lead to the curve traced in Figure 3.29. The insets describe the different possible configurations of the contact between the silver pill and the lines. The curve shape is very similar to the experimental one. Also, the simulated and experimental contact resistance values are very similar, despite the large geometrical approximations and the neglecting of the constriction resistance. 

IV.7. LIFT membrane switch

In the framework of the I2Flex project, a membrane switch with similar design was fabricated by LIFT technique at LP3 laboratory in Luminy (France). These results were presented at E-MRS Spring Meeting 2013 (Ailuno, 2013).

The LIFT printed material was Harima silver nanoparticles paste whose properties are reported in Table 3.11. The donor substrate (quartz suprasil) was prepared with a doctor blade resulting in 10-20 µm thick silver paste layer. LIFT Printing was realized with a laser Nd:YAG at 355 nm wavelength and pulses were 50 ps long. Well-defined pixels were transferred at 100 mJ.cm -2 . After LIFT printing, the patterns were annealed at 220°C during one hour. The resulting thickness, measured with confocal microscope, is of about 15 µm. The measured resistivity on van der Pauw patterns was μΩ. cm. The contact pattern (Figure 3.30.a) was printed on a polyimide substrate. The contact electrodes were 350 µm large and 400 µm spaced. The circular contact pill (Figure 3.30.b) was also printed on polyimide and had a 5 mm diameter. The same 130 µm double-sided adhesive was employed for the spacer. The LIFT membrane switch was cycled in the same conditions (cold and hot switching) as the inkjet printed device. Endurance tests revealed the stability of the contact resistance on 10000 actuation cycles at 8-9 N (Figure 3.31). The contact resistance is about twenty times lower than the values measured on the inkjet printed device. This large difference is due to the thicker silver layers and the higher annealing temperature. 

IV.8. Conclusion

A fully inkjet printed membrane switch was designed, fabricated and characterized. The electrical contact between silver printed layers, despite their thickness of 560 nm, exhibits an electrical resista ce lower tha Ω a d ca reach alues as low as Ω u der high actuatio forces. The actuation force might be decreased by reducing the contact gap (spacer thickness). Even though resistivity could be lowered with higher annealing temperatures, a 150°C curing step remains compatible with most of plastic substrates. Also, printing with several passes could be considered to improve the printed layer electrical properties.

The realization of the membrane switch with LIFT technique resulted in lower contact resistance values than the inkjet device because of the thicker silver layers. The LIFT devices also fulfilled the initial specifications for the final application.

A simplified electrical contact model based on geometrical considerations qualitatively describes the behavior of the contact resistance with the applied load with an acceptable accuracy.

The printed material withstood actuation loads up to 10 N and up to 10 5 actuation cycles without any critical damage. This study demonstrates the potential of both inkjet printed and LIFT printed silver nanoparticles for electrical contact applications.

V. Printed Barium Strontium Titanate Capacitors

This paragraph is focused on the fabrication of Metal-Insulator-Metal (MIM) capacitors on silicon substrate. The aim of this work is to prove that printing technology can be used to efficiently process Barium Strontium Titanate (BST) varactors 2 on silicon with no need of complex clean room operations.

Here, the approach is substantially different than the previous prototypes. The silicon substrate is not flexible and has already been processed to realize a full-sheet platinum bottom electrode. Then, a dielectric layer is inkjet printed with a BST sol-gel. This allows the direct-patterning of the dielectric layer and avoids lithography and etching usual steps. Finally, a top electrode is printed with silver ink.

V.1. State-of-the-art

Barium Strontium Titanate (BST) films have been studied for more than 20 years especially for their tunable properties [START_REF] Padmini | Realization of high tunability barium strontium titanate thin films by RF magnetron sputtering[END_REF][START_REF] Cole | Structure-property relationships in pure and acceptor-doped Ba -SrxTiO3 thin films for tunable microwave device applications[END_REF][START_REF] Tagantsev | Ferroelectric materials for microwave tunable applications[END_REF][START_REF] Noren | Thin film barium strontium titanate (BST) for a new class of tunable RF components[END_REF]Zhu, 2009). Indeed, BST exhibits a large variation of dielectric constant when an external DC electric field is applied. Moreover, BST can handle large radio frequency (RF) power as high as 30 dBm [START_REF] Entesari | RF MEMS, BST, and GaAs varactor system-level response in complex modulation systems[END_REF]. Besides, BST composition can be chosen in order to avoid any hysteretic behavior, which in turn reduces dielectric losses and simplify the associated electronics [START_REF] Tagantsev | Ferroelectric materials for microwave tunable applications[END_REF][START_REF] Setter | Ferroelectric thin films: Review of materials, properties, and applications[END_REF]. Consequently, BST-based materials are nowadays the best tunable dielectric candidates to fulfill the tough requirements of tunable RF varactors for impedance matching. Industrial solutions have even been very recently proposed.

Technologically speaking, BST can be deposited by several means, namely Pulsed Laser Deposition (PLD) [START_REF] Craciun | Characteristics of the surface layer of barium strontium titanate thin films deposited by laser ablation[END_REF], sputtering (Zhu, 2009), sol-gel [START_REF] Wang | High-tunability and low-leakage current of the polycrystalline compositionally graded (Ba,Sr)TiO3 thin films derived by a sol-gel process[END_REF] or MOCVD [START_REF] Sbrockey | MOCVD Growth of Compositionally Graded BaxSr1-xTiO3 Thin Films[END_REF]. Each of these techniques is mostly compatible with microelectronic standards and requires photolithography and etching steps.

A promising alternative deposition technique could be inkjet printing, enabling to quickly process small series of devices. In the case of BST, this technique has been already investigated in the literature. In 2007, . BST was deposited on MgO substrate and interdigitated (IDT) structures were used to demonstrate the tunability of printed BST at 1 MHz. In 2013, Nikfalazar et al. showed that IDT structures of copper-fluorine-co-doped Ba0.6Sr0.4TiO3 printed on alumina were able to work until 12 GHz. Recently, the same team proved that BST MIM varactors can be printed on a bottom electrode made of Cr/Ni/Au that was deposited and patterned by lithography on alumina substrate [START_REF] Mohammad Nikfalazar | Metal-Isolator-Metal Varactor Based on Inkjet-Printed Tunable Ceramics[END_REF]. The top electrode was made by gold electroplating and photolithography.

V.2. Experimental procedure a) MIM capacitor design MIM capacitors are planar passive components whose basic structure consists in stacking three layers, namely a bottom electrode, a dielectric and a top electrode. The capacitance is defined by the surface of the smallest electrode and can be calculated with the well-known formula:

= • (3. 7)
where and are respectively the vacuum and relative dielectric permittivity, the thickness of the dielectric layer, and the area of the smallest electrode.

In this work, the objective is to show that BST capacitors can be fully printed on a bottom sputtered platinum electrode. For this proof of concept, two capacitors design were realized:

-The first was designed for capacitance values in the order of nanofarads for low frequency (LF) measurements in the kHz range; -The second was designed for capacitance values in the order of picofarads for RF measurements in the GHz range. The first printed layer is made of commercial BST sol-gel with 7% weight percentage. The exact composition of the sol-gel, designed for spin-coating deposition, is reported in Table 3.12. Its main component is the isoamyle acetate solvent, which defines both its viscosity and surface tension. Two BST patterns were printed, namely rectangles of 3x2 cm² and squares of 1 mm². Printing resolution was set to 476 pixels per cm, corresponding to a pitch of 21 µm between adjacent droplets. BST sol-gel viscosity is around 1 mPa.s, defined by the solvent viscosity, which is one order of magnitude lower than the range recommended for the Dimatix printer. In order to obtain a correct ink ejection, the actuation voltage was set to 13 V and the nozzles were kept at ambient temperature. The actuation waveform used was the same as in chapter 2.I.3, Figure 2.5. BST droplet ejection versus time is illustrated in Figure 3.33. The droplet diameter is 24 µm, corresponding to a volume of 7.2 pl. In the second photograph of Figure 3.33, a satellite droplet appears because of the filament break. This satellite droplet is then absorbed by the main droplet and remains stable at a distance of 120 µm from the nozzle. Here, the nozzle-substrate distance was set to 350 µm (600 µm for silver ink) to reduce the time of flight of BST droplets. Increasing the actuation voltage caused a longer filament and a higher velocity of the main droplet. Hence, filament break induced satellite droplets that could not catch up with the main droplet. Satellite droplets lower the quality of the printing and might induce killer defects such as holes in the dielectric layer inducing short-circuits between bottom and top electrodes. After BST printing, the wafer was dried on a hot-plate for 5 minutes at 130°C followed by 5 minutes at 360°C for calcination of organic compounds. Finally, crystallization was performed by Rapid Thermal Annealing (RTA) at 700°C under O2 for 1 minute.

The final step of the MIM capacitors fabrication consists in printing the top electrode. The ink EMD5714 from SunChemical at 40 wt% of silver nanoparticles was employed. Printing conditions were the same as in paragraph I. A second annealing was then realized at 250°C for one hour to anneal the silver ink.

c) Characterization

 X-Ray diffraction and Microstructure

The printed BST layer crystalline orientation was measured by X-Ray Diffraction (XRD) on a four circle X-Pert PANalytical diffractometer using a fixed divergence ½° slit, a Cu W/Si mirror, a Soller slit and a 10 mm mask as incident optics and a parallel plate collimator, a Soller slit, a graphite monochromator and a proportional detector as diffracted bea optics. The θ/ θ sy etrical easure e t was perfor ed fro ° to 5 ° i θ, with sca step size of . 5° a d a ac uisitio ti e of 5s per step.

XRD was realized on the large BST 6 cm² rectangles.

The surface roughness was measured on a Veeco 3100 AFM. The microstructure of the MIM capacitors was analyzed by Field-Effect Scanning Electron Microscopy (FE-SEM) (Hitachi 5500) on cleaved and FIB-milled cross-sections.

 Electrical characterization

The low frequency capacitors were measured on a manual prober with an Agilent HP-LCR meter with a 10 kHz AC signal with 50 mV amplitude.

The RF measurements were performed on a semi-automatic prober with a RF ground-signal-ground probe. Spectral response of the capacitor was recorded with a Vectorial Network Analyzer (VNA) Agilent N5230A from 100 MHz up to 2 GHz after a Short-Open-Load calibration. DC bias was applied by an Agilent E3631 DC source. Capacitance and dielectric loss of the measured capacitors were deduced from S11 parameters.

V.3. Results a) Printed capacitors

The low frequency and RF capacitors are respectively illustrated in Figure 3.34.a and b. Image analysis allowed measuring the surface of the top printed silver electrode, which defines the capacitance value.

-Area of the low frequency capacitor top electrode: . mm .

-Area of the RF capacitor top electrode: • -μm . The surface roughness of the inkjet printed BST on the platinum electrode after crystallization is = .4 nm. This value is similar to the surface roughness of crystallized BST sol-gel deposited by spin-coating in our laboratory. As depicted in Figure 3.35, the θ/ θ X-ray diagram shows that the deposited BST film is crystallized in perovskite phase only. The diffraction pattern is very similar to BST powder, meaning that there is no preferential orientation. The MIM capacitor was cleaved manually and FIB-milled for FE-SEM observation (Figure 3.36). The respective thickness of each layer is reported in Table 3.13. The silver top electrode is much thicker than the other layers. The microstructure is polycrystalline and porous. Both grains and pores dimensions are around 70 nm, in agreement with the results in chapter 2.II.3. According to the electrical characterization in chapter 2.III.1, after annealing at 250°C for one hour, the expected electrical conductivity is . 7 S. m -. Crystallized BST thickness is 65 nm, its microstructure is polycrystalline with low porosity and there are no large cracks. The LF capacitor exhibited a capacitance value of 3.4 nF at 10 kHz. From the top electrode area of 0.32 mm² and the BST thickness of 65 nm, one can infer a relative dielectric constant of the BST dielectric layer of about 100. On this capacitor, the application of an electrical field caused a voltage breakdown of the BST dielectric layer. This was probably caused by thickness irregularities of the dielectric causing a localized high electrical field.

RF measurements performed on the BST MIM capacitor show that BST behaves like an actual capacitor of 18.2 pF at 2GHz. Observing the silver electrode after electrical measurement showed that a third of its surface was damaged by the RF probe. Thus considering an electrode area of . -μm and the thickness of BST layer 65nm, one can calculate the relative dielectric constant and the dielectric losses tanδ, plotted versus the applied electrical field in Figure 3.37. decreases from 67 to 61 as long as electric field increases whereas tanδ remains nearly constant at 0.18. 

V.4. Discussion

In the case of dense and smooth substrates, the interaction between the ink and the substrate is driven by their respective surface energies. The average surface energy of Pt is . J. m - [START_REF] Mezey | The Surface Free Energies of Solid Chemical Elements: Calculation from Internal Free Enthalpies of Atomization[END_REF], which is much higher than the surface tension of BST solvent. Hence, BST droplets are expected to greatly spread on the Pt surface. This is inferred by the 30% larger surface of BST compared to the 1mm² initial design. Besides, the edges of the BST printed patterns exhibit a yellowish outside ring due to lower BST thickness (Figure 3.34.a). This phenomenon is caused by the lower covering of the droplets at the pattern edges. Indeed, the color of the BST layer becomes homogeneous at a 80 µm distance from the borders, where each droplet has the same number of neighboring droplets.

Thickness homogeneity and sharp edges of printed layers are among the main challenges of inkjet printing. There are ways of improvement by optimizing droplets positioning and solvent evaporation that might induce coffee-ring effects (Soltman, 2007).

Besides, Figure 3.36 reveals that BST/Pt and Ag/BST interfaces are well defined, all interfaces being very neat whatever the sample prepared, either cleavage or FIB. In particular, the silver does not diffuse through BST, even after annealing at 250°C. However, the lower dielectric constant than usual suggests that silver is not optimal as top electrode, though very practical to be inkjet deposited. This result proves that Ag is compatible with BST.

It is also worth reporting that inkjet BST has the same XRD pattern as BST processed in different ways in our lab, either by sol gel or sputtering (Zhu, 2009). No secondary phase is observed and no strong crystalline orientation has been spotted.

The decrease of versus applied electrical field reported is in line with what one would expect from a perovskite thin film. Note that is basically a third of the value published by [START_REF] Basceri | The dielectric response as a function of temperature and film thickness of fiber-textured (Ba,Sr)TiO[sub 3] thin films grown by chemical vapor deposition[END_REF] in their reference paper on BST thin films deposited on Si substrate for such thickness range. Note that their results were collected at 1 kHz and ours at 2 GHz. It is also very likely that the silver top electrode has a negative influence on the dielectric results, as the standard metal is Pt rather than any other metal. The losses could be considered as large but they are mostly dominated by the resistive contribution of the bottom electrode and not the film dielectric losses themselves. A rough estimation of the series resistance imposed by the bottom electrode made of Pt is Ω Pt fil resisti ity = 18 µΩ.c while B"T i peda ce odule is arou d 5 Ω at GHz. Therefore, as o de-embedding of the series resistance has been performed, losses in the 20% range are logical (= 1/5). The quite constant value of tanδ versus field is also a clue that resistive losses are involved rather than dielectric losses that normally follow the behavior of with field. The slight increase of ta δ ersus field i the 100-200 kV/cm window is therefore well explained by the constant value of resistance associated with the decrease of the dielectric constant.

The tuning ratio / is 10%, which could sound rather weak compared with the literature [START_REF] Basceri | The dielectric response as a function of temperature and film thickness of fiber-textured (Ba,Sr)TiO[sub 3] thin films grown by chemical vapor deposition[END_REF]. However, the main reason is related to the small maximum field withstood by this inkjet BST around 200 kV/cm. However, the intrinsic tunability of this film is very similar to 0.5 µm thick sputtered BST reported by [START_REF] Tagantsev | Ferroelectric materials for microwave tunable applications[END_REF] for the same electrical field. It shows therefore that tunability is equivalent to well crystallized BST films. The reason for the weak breakdown field is most probably related to:

1) Ag/BST interface as Ag is normally used only for BST ceramics and not for thin films;

2) and non-optimized process that could induce slight cracks in BST films inferring a local thinner thickness resulting in a stronger local field.

Finally, we assessed how much BST precursors can be saved by using this inkjet technique instead of standard sol gel spin coating. From our estimation, the consumption ratio is basically 40 in favor of inkjet. To do so, we considered that 100% of the final substrate has been covered with BST, which is normally far from being true. It means that this ratio of 40 is a lower bound for raw material consumption and practically speaking it is even larger than this. Therefore using this inkjet technique could end up with substantial savings not only on processing but also with respect to precursors as well.

V.5. Conclusion

In this paragraph, we show that it is possible to process BST thin films by inkjet deposition on silicon substrate without using lithography and etching. A BST sol-gel that was not designed for inkjet printing has been used to realize both LF and RF capacitors.

The LF capacitor was functional with a capacitance of 3.4 nF. However, the tunability of dielectric with an electrical field layer could not be measured because of voltage breakdown. This result shows the limits of inkjet printing for patterning layers with high thickness homogeneity. The RF capacitor remained functional up to 2GHz, with most of characteristics similar to what is obtained with standard BST films processed in clean rooms. Moreover, thanks to the smaller top electrode area, tunability of the dielectric constant of 10% was demonstrated.

The developed technology infers using 40 times less BST precursor amount than standard sol-gel deposition mean. Consequently, this inkjet technology enables to prepare functional BST films on silicon substrate inducing many perspectives for electronics applications, in particular for impedance matching in the GHz range.

Conclusion

The results presented in this chapter demonstrate that silver printed layers can be used to achieve much more than electrical interconnections. The technological background for the design of sensors and RF components, as well as the knowledge in device characterization of our laboratory made the design, fabrication and characterization of several fully printed prototypes:

-A 17 GHz band-pass filter with 3.6 dB insertion losses -A micro Pirani vacuum sensor working between -and mbar.

-A 250 µm thick membrane switch working after actuation cycles at 5 N. -A low frequency and a RF MIM tunable capacitor working at 2 GHz.

The extended analysis of the printed silver layers achieved in chapter 2 allowed the optimization of the printing and annealing conditions to fulfill the requirements of the designed components. In particular, the small gaps (50 µm) of the feed lines of the RF filter required an optimization of the printing conditions on all fronts: ejection parameters, pattern resolution, pixels arrangements, substrate temperature, and drying conditions. However, the time spent on the improvement of the printing led to reliable and repeatable printing conditions that revealed more than useful for the preparation of all the other samples.

Finally, the versatility of the inkjet printing process allowed adapting the patterns to the existing test benches in our laboratory, minimizing the efforts for the devices characterizations. The only exception was for the endurance bench entirely developed for the mechanical cycling with contact resistance and actuation force measurement to assess the reliability of the membrane switch.

General Conclusion & Perspectives

The main objective of this work was to contribute to the development of functional printing by enhancing the connections between inkjet printing and material science. In the framework of the research activities of Leti and LGP2, we have mobilized our knowledge and know-how in electronics design, materials and components characterization to develop a new expertise in printing technology.

In the first chapter, the state-of-the-art of printing technologies for functional printing was presented and our attention was drawn towards inkjet because of its several assets. Indeed, inkjet printing, as a non-contact direct-writing technique, offers innovative opportunities in the fabrication of electronic devices. It can be adapted to rigid, flexible and even 3D shaped substrates, a large spectrum of printable materials can be found on the market, and the available inkjet printing equipment allows patterning features with minimum dimensions in the order of 10 µm. Last but not least, the digital source-patterns of inkjet offers design flexibility that is of much interest for prototyping and small series fabrication.

Among the spectrum of printable materials, silver nanoparticles inks are undoubtedly the most widespread with many commercial references, and they were thus selected for this study. Silver inks exhibit the lowest achievable electrical resistivity and a long shelf-life (more than one year). The well-controlled fabrication of silver nanoparticles allows the formulation of inks with high silver load (up to 60 wt%), and low dispersion of the NPs size.

Metallic nanoparticles inks require a post-printing thermal annealing to achieve conductive patterns. This step induces an evolution of the printed layers microstructure affecting their intrinsic properties. We have inferred this evolution by microscopic analysis in the range 100-300°C. AFM and SEM images of our samples are illustrated in In the second Chapter, we have focused on the evolution of the intrinsic properties of the printed silver layers. Our characterization tools were hence adapted to their features. The investigation of the microstructure resulted in typical measurements of roughness and grain size, highlighting normal and secondary growth mechanisms. Moreover, SEM observation revealed a porous microstructure with dimensions below 100 nm. The quantification of porosity rates at such dimensions was a real challenge. FE-SEM observation of FIB-milled cross-sections gave accurate results in 2D that were corroborated by the 3D reconstruction of a silver layer by FIB-SEM slice-and-view. We have recently investigated the silver layers with electronic tomography on a 300 nm diameter cylinder. This Afterwards, electrical and mechanical properties of the printed layers were studied as a function of the annealing temperature focusing on the following parameters: electrical resistivity, temperature coefficient of resista ce, You g's odulus, a d hard ess. Because of the porous a d polycrystalli e microstructure, the measurement of these properties required adjusting our equipment as well as the analysis methods. In this characterization study, the accuracy of the measurements was always questioned. Hence, to ensure the reliability of our results, they were either correlated one-to-another or to theoretical models. In this chapter, the results were obtained on a single commercial silver ink. It would be of much interest to employ these experimental protocols to qualify and characterize other metallic nanoparticles inks. Moreover, our study focused mainly on thermal annealing in oven under standard atmospheres conditions. When using other annealing methods are available, a different evolution of the silver nanoparticles is to be expected. Attempts were realized with laser annealing in the UV range (192 nm). This method revealed poorly effective because of the low absorption rate of silver. Also, we had the opportunity to test a Xenon flash from Polytec PI on silver layers printed on polyimide and silicon oxide on silicon substrate. These trials emphasized the influence of the substrate thermal properties when exposing samples to light flashes: with two flashes on polyimide, silver patterns exploded while at least twenty flashes were necessary to remove the bluish color of the undried ink.

The detailed characterization of the silver layers features led to the final part of this study, namely the prototyping of inkjet printed electronic devices. We have first focused on the design and fabrication of a 17 GHz band-pass filter on a flexible and low-cost substrate compared to standard RF substrates (quartz and sapphire). The filter pattern had compelling dimensions near the resolution limits of the Dimatix printer. A methodical improvement of the printing conditions on a polyimide substrate eventually resulted in stable and reliable printing conditions that were used along the whole thesis.

The optimization of the printing conditions led to the reliable and repeatable printing of silver patterns for the realization of: i.

A 17 GHz band-pass filter printed with one and two layers. The characterization of the two layers filter demonstrated transmission losses as low as 3.6 dB. Simulations of the device showed that these losses mainly occur because of the polymer substrate. They could be improved by reducing its thickness, however thermal constraints during annealing in oven led to cracks and delamination. The use of a selective annealing techniques such as photonic or microwave might prevent the experienced failure mechanisms.

ii.

A micro-Pirani gauge sensitive between 10 -4 and 100 mbar. The sensitivity of this gauge can be increased with the annealing temperature. Indeed, a higher TCR would offer higher resistance variations to temperature and thus pressure. Nevertheless, this would also decrease the resistivity of the sensor making the measurement more difficult. A Wheatstone bridge measurement configuration seems a suitable solution to free oneself from very low voltage measurements (in the order of microvolts). iii.

Low frequency and radio-frequency tunable capacitors printed on platinum substrate. The MIM structure of the capacitors was achieved by inkjet printing a BST sol-gel for spin-coating processes. Printing conditions were found to print this solution that was not designed to fulfill inkjet ejection requirements. The successful realization printing of the BST sol-gel highlights the versatility of the printing process. Moreover, the direct-writing of ceramic materials such as BST offers promising fabrication assets: it decreases consumption of precursors by at least a factor 40 and it removes the difficult etching steps of crystallized ceramics.

Finally, a 250 µm thick membrane switch was fully inkjet printed in the frame of the I2Flex project on the JetPac industrial inkjet printer prototype. Endurance tests demonstrated that inkjet printed silver layers are compatible with electrical contact applications. The demonstrator that was realized offers new opportunities to inkjet patterning in smart cards and keyboards systems.

In this thesis, which mainly took place in the silicon environment of Leti, studies were conducted to evaluate the potential of inkjet printing to solve some issues in standard microelectronics.

 Through Polymer Vias (TPV) filling TPV are vertical electrical connections between two levels of electronic devices. This type of structures allows increasing the density per unit area thanks to the 3D stacking of silicon chips. Large vias with 80-100 µm were filled with silver ink on the Dimatix printer resulting in a conductive liner deposited on the walls of the vertical holes. Larger ink quantities would have been necessary to completely fill the vias. However, the Dimatix printer is not well-adapted for ink dispensing because the cartridge carrier cannot be stopped in one position and deliver a pre-defined quantity of ink. Filling of through silicon vias (TSV) with inkjet droplets has recently been the object of several works demonstrating the potential of this method [START_REF] Quack | Through Silicon Vias and thermocompression bonding using inkjet-printed gold nanoparticles for heterogeneous MEMS integration[END_REF][START_REF] Khorramdel | Inkjet filling of TSVs with silver nanoparticle ink[END_REF].

 Fabrication of standards for contamination measurements

The ability of inkjet printing to deliver a known quantity of material attracted the contamination laboratory of Leti. The idea here is to deliver single droplets of silver ink at a precise location on a silicon wafer in order to fabricate standards samples for the calibration of metrology equipment. Silver ink droplets were deposited on silicon wafers, then the silver was quantified with Vapor Phase Decomposition (VPD) Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) technique and also with Total Reflection X-ray Fluorescence.

 Fabrication of silver electrodes on polyimide substrates for microfluidics circuits

In a recent work at Leti [START_REF] Renaudot | Conception, fabrication de puces microfluidiques à géométrie programmable reposant sur les pri cipes d'élecro ouillagesur diélectri ue et de diélectrophor se li uide[END_REF] reconfigurable and programmable microfluidics circuits fabricated on silicon substrates were designed and fabricated with standard lithographic processes. The typical dimensions of such circuits being in the order of centimeters, the cost of the silicon substrate might become prohibitive for industrial production. Successful printing of silver electrodes networks were realized on polyimide substrates to replace the silicon patterning (Figure C.3). Printing these electrodes saved a dozen of processing steps in clean room environment. Moreover, this application clearly demonstrates the assets of printing techniques for large area patterning. As a conclusion, this thesis provides original results on the intrinsic properties of inkjet printed silver layers as well as experimental methods for their measurement. Moreover, optimization of the printing and annealing conditions led to the fabrication of near state-of-the-art flexible electronic devices whose performances still have a margin of improvement. Besides, regarding resolution, the Japanese company SIJTechnology (www.sijtechnology.com) has recently pushed droplet ejection to its limit and managed to deliver one femtoliter droplets. This allows printing micrometer scale patterns comparable to the photolithographic methods to be drawn directly under normal temperature and normal atmospheric pressure.

In this thesis, reliability issues of flexible components have not been addressed. However, a preliminary study to identify the failure mechanisms of printed silver layers under mechanical strain was conducted and showed cracking, delamination, and buckling. This work is being pursued in a PhD thesis.

With this work, we have assessed the potential of inkjet printing for the patterning of conductive materials and showed that their functionality can go beyond electrical conduction. This multidisciplinary approach was made possible by bringing together industrial actors and research institutes with expertise in electronics design, material science and printing technologies.

between the tip and the sample are detected, and topographic images are constructed by scanning the tip above the surface. The attractive forces from the sample are substantially weaker than the forces used by contact mode. Therefore the tip must be given a small oscillation so that AC detection methods with high sensitivity can be used to detect the small forces. Non-contact mode generally provides low resolution imaging and can also be hampered by contaminant layer (water vapor and nitrogen) which can interfere with oscillations.

 The tapping mode: Tapping mode overcomes problems associated with friction, adhesion, electrostatic forces, and other difficulties of conventional AFM scanning methods by alternately placing the tip in contact with the surface to provide high resolution and then lifting the tip off the surface to avoid dragging the tip across the surface. Tapping mode imaging is implemented in ambient air by oscillating the cantilever assembly at or near the cantilever's resonant frequency using a piezoelectric crystal. The oscillation amplitude is in the order of 20 nm, and when the cantilever contacts the surface, its oscillation is reduced due to energy loss caused. The reduction in oscillation amplitude is used to identify and measure surface features. Tapping mode allows achieving high resolution imaging without inducing destructive frictional forces both in air and fluid. With the Tapping mode technique, the soft and fragile samples can be imaged successfully. 

II.2. Scanning electron microscopy 1

Imaging with a scanning electron microscope is realized in high vacuum through the analysis of the signals that derive from the interaction between the region of interest (ROI) and an impinging beam of electrons. Electrons are generated by an electron gun and are then focused by a series of electron lenses. These lenses allow improving the coherence of the electron beam and correcting stigmatic aberrations. When the electrons collide with the sample surface, several signals are generated. Depending on the detectors that are mounted on the microscope, several information can be obtained.

-Secondary electrons are the product of the inelastic scattering of the sample electrons with the beam electrons. They usually have low energy, below 50 eV. Secondary electrons detection offers valuable information on both the topology and morphology of the surface. -X-ray generation is produced by inelastic collisions of the incident electrons with electrons in the atomic orbitals of the sample. As the excited electrons return to lower energy states, they yield X-rays that are of a fixed wavelength, producing characteristic X-rays each chemical element. -Backscattered electrons are the product of elastic scattering of the beam electrons with the samples atoms (reflection). They have high energy, almost the same as the beam.

Backscattered electrons produce a chemical contrast between the chemical elements contained in the sample: brighter areas usually correspond to greater atomic number Z.

Other types of signals (Figure A.5) that can be analyzed in a SEM are generated by the interaction etwee the high e ergy ea electro s a d the sa ple such as Auger's electro s a d cathodoluminescence. If several signals can be acquired by electron microscopy without damaging the samples, it provides only two dimensional information and cannot image buried defects.

II.3. Focused Ion Beam

Focused ion beam instruments allow both imaging and micromachining at micro and nanoscale. The instrument is similar to SEM, except that the raster beam is composed of ions rather than electrons. The most common ions employed in FIB are Ga + . They allow precise micromachining as well as ion beam activated deposition when used in conjunction with gas injection.

The most common and employed ion source for micromachining applications is the liquid-metal ion source (LMIS) as it provides the brightest and highly focused ion beam. The column is always composed of at least two lenses, a condenser to define the beam and an objective lens to focus it on the sample. Moreover, there are beam-defining apertures to define the beam diameter, stigmation poles to ensure a spherical beam profile and a high-speed beam blanker to quickly deflect the beam.

FIB techniques have demonstrated their potential in the semiconductor industry for both fabrication and characterization. However, several limitations of a single-beam are to be addressed: 2 http://serc.carleton.edu/research_education/geochemsheets/electroninteractions.html -As in electron microscopy, ions interact with the samples and generate signals that can be analyzed for imaging. Although, the ion beam removes material from the sample which alters the ROIs. -When imaging crystalline structures, the highly energetic ions might cause local amorphization of the ROIs. -Another issue that goes together with the amorphization is ion implantation which modifies the chemical composition of the ROIs.

The association of the two beams, namely electrons and ions, in the same equipment offers a wide range of operations for high resolution imaging and 3D inspection.

Introduction

Le développement industriel du XX e siècle est sans aucun doute fortement marqué par le développement de l'électro i ue. Depuis la réalisation du premier transistor dans les laboratoires Bell e , les tech i ues de fa ricatio pour les co posa ts électro i ues 'o t cessé d'é oluer. Les défis ajeurs à rele er e core aujourd'hui so t la i iaturisation, l'intégration et la consommation énergétique.

Pour fabriquer des composants électroniques, différents types de matériaux (conducteurs, semi-conducteurs et isolants) sont usinés. Da s la co u auté de l'électro i ue, le ter e patter i g créatio d'u motif) est communément employé. Au cours des vingt dernières années, l'essor de l'électro i ue fle i le et grande surface a mis en évidence certaines limites des procédés du silicium. En effet, le prix des composants sur silicium augmente exponentiellement à cause du fort coût par unité de surface des substrats [START_REF] Hutchings | Inkjet Technology for Digital Fabrication[END_REF].

Pour répo dre à cette pro lé ati ue du coût par u ité de surface, les tech i ues d'i pressio , naturellement compatibles avec des substrats grande surface et bas-coût, ont été adaptées à des matériaux fonctionnels. C'est da s ce co te te ue les o des de l'i pressio , de la scie ce des atériau et de l'électro i ue colla ore t, da s le ut de réaliser des fonctions imprimées [START_REF] Gunde | Material Science meets graphic communication for a joint venture beyond the conventional[END_REF].

Cependant, l'impression fonctionnelle ne cherche pas à remplacer ni entrer en compétition avec les techniques standard du silicium. Elle offre plutôt des solutions technologiques complémentaires, en particulier pour des applications qui ne sont pas contraintes en surface. Il semble y avoir de réelles opportunités industrielles à saisir dans plusieurs domaines d'applications. Si le marché de l'électronique flexible est fortement soutenu par les matériaux organiques pour le photovoltaïque, les écrans et l'éclairage, il existe d'autres domaines à croissance rapide tels que les capteurs, les papiers et les textiles intelligents. Les instituts de recherche appliquée tels que Leti ont donc un grand intérêt à explorer le potentiel de ce marché émergent.

Les objectifs de la thèse

Parmi les tech ologies e ista tes pour l'électro i ue i pri ée, otre étude s'est co ce trée sur les procédés de goutte à la demande (Drop-On-De a d . L'i pressio jet d'e cre est u e tech i ue numérique sans contact qui permet de réaliser des motifs dont les dimensions varient entre 10 µm et plusieurs centimètres. Ce procédé numérique est particulièrement bien adapté au prototypage et à la fabrication en petites séries. Au cours des di der i res a ées, de o reu efforts o t été four is pour la for ulatio d'e cres conductrices. La littérature o tre u'u e large ga e de résisti ité est aujourd'hui cou erte par ces encres ( -7 -Ω. m). E particulier, grâce au pote tiel a éré de la tech ologie jet d'e cre pour la réalisatio d'i terco e io s électri ues, d'électrodes et d'a te es, les e cres à ase de a oparticules étalli ues Au, Ag, Cu et Al o t fait l'o jet de o reuses études. La formulation de ces suspe sio s colloïdales per et d'attei dre jus u'à 60 % en taux massique du matériau actif sans modifier les performances du procédé de fabrication. Enfin, les effets de tailles connus nanoparticules, ui réduise t leur te pérature de fusio et leur é ergie d'acti atio , re de t les traite e ts thermiques post-impression compatibles avec les substrats polymères utilisés dans les applications flexibles. Ces traitements thermiques sont en effet indispensables pour éli i er le éhicule de l'e cre et ainsi assurer la continuité électrique de la couche imprimée.

Les e cres à ase de a oparticules d'arge t so t sans aucun doute les plus répandues sur le marché des matériaux conducteurs imprimables. La formulation avec des fonctionnalités spécifiques est couramment réalisée à l'échelle du laboratoire et de nombreuses références commerciales sont aujourd'hui disponibles. Ces encres ont donc été sélectionnées et sont étudiées de manière approfondie dans cette thèse. Les protocoles expérimentaux mis au point pour la caractérisation de ces paramètres sont détaillés et les propriétés fo ctio elles des couches d'arge t so t corrélées a ec la icrostructure au tra ers de modèles existants.

Le troisième et dernier chapitre s'appuie sur la aîtrise des conditions de dépôts et les propriétés des couches d'arge t ises e évidence précédemment pour le prototypage de composants électroniques entièrement imprimés : un filtre passe-bande centré à 17 GHz et un micro-capteur de vide imprimé sur des substrats flexibles en polyimide, un interrupteur de type « membrane switch » de 250 µm d'épaisseur et des capacités de type Métal-Isolant-Métal pour des applications radio-fréquence. La fa ricatio et la caractérisatio de ces prototypes do t les caractéristi ues so t proches de l'état de l'art o t fait l'o jet de plusieurs pu licatio s et suggèrent de nouvelles opportunités pour les tech ologies d'i pressio .

L'e périe ce ac uise au cours de cette th se sur le dépôt la fa ricatio de otifs i pri és par jet d'e cre da s l'e iro e e t siliciu du CEA, Leti ou re des perspecti es pro etteuses qui seront discutées dans un chapitre de conclusion.

Dans le cadre de ce résumé, nous présentons les principaux résultats de cette thèse sous forme de diapositives commentées et adaptées, provenant de la soutenance de thèse.

Conclusion

L'o jectif pri cipal de ce tra ail de th se a été de co tri uer au dé eloppe e t de l'i pressio fo ctio elle e co solida t les relatio s i terdiscipli aires e tre l'i pressio et la scie ce des matériaux. Dans le cadre des activités de recherche du Leti et du LGP2, les connaissances et savoirfaire en desig de co posa ts, caractérisatio des atériau et tech i ues d'i pressio o t été ises en commun pour développer des nouvelles compétences. La maîtrise du procédé d'i pressio et la co aissa ce des propriétés des couches d'arge t imprimées nous ont menés à la conception, la fabrication et la qualification de différents prototypes de composants électroniques.

i.

Un filtre passe-bande centré à 17 GHz imprimé avec 1 et 2 couches. En premier, nous avons conçu et imprimé un filtre passe-bande centré à 17 GHz sur un substrat polyimide, dont le coût est au moins deux ordres de grandeur inférieur aux substrats utilisés dans ces gammes de fréquence (quartz et saphir). Les dimensions minimales du motif du filtre sont proches des li ites de résolutio de l'i pri a te Di ati DMP . Par co sé ue t, l'i pressio du otif a ec l'e cre arge t sur le polyi ide a re uis l'opti isatio des para tres d'i pressio pour obtenir des conditions de dépôt stable, répétable et conformes aux dimensions désirées. Ces conditions ont ensuite été réutilisées pour la réalisation des autres composants. Les pertes de transmission mesurées sur le filtre imprimé avec deux couches sur un substrat Kapton HN, 75 µm sont de 3.6 dB. Des simulations de ce composant montrent que ces pertes sont dues à hauteur de 63 % aux pertes diélectriques dans le substrat. Celles-ci pourraient être e core di i uées e réduisa t l'épaisseur du polyi ide. Des essais réalisés sur u Kapto HN, 5 µ 'o t pas été co clua ts à cause d'u e déla i atio de la couche i pri ée au o e t du traitement thermique en étuve (contraintes thermiques). Une méthode de traitement sélectif comme les traitements par irradiation ou microondes devrait permettre de limiter ces modes de défaillance du procédé de fabrication. ii.

Une micro-jauge Pirani sensible entre 10 -4 et 100 mbar. La sensibilité de ce capteur de vide dépe d pri cipale e t du coefficie t de te pérature de l'élé e t se si le pp /°C pour cette jauge et des pertes par co ductio da s le su strat. L'aug e tatio de la te pérature du traite e t ther i ue per et d'aug e ter la aleur du TCR et donc la sensibilité du capteur au ariatio s de pressio . Cepe da t, cela a égale e t pour effet d'aug e ter la conductivité électrique du matériau imprimé, ce qui induit des valeurs de résistances plus faibles et donc plus difficiles à mesurer. Des montages électroniques comme une configuration e po t de Wheatsto e per ette t de s'affra chir de mesures de tensions délicates (de l'ordre du icro olt .

iii.

Des condensateurs MIM accordables imprimés sur platine pour des applications bassefréquence et radio-fréquence. La structure MIM est réalisée en imprimant un sol-gel de BST couche diélectri ue sur u e électrode e plati e. L'électrode supérieure est e fi déposée a ec l'e cre arge t. Le otif et la di e sio de cette électrode o t défi ir les caractéristiques du co de sateur. L'i pressio du sol-gel initialement prévu pour des dépôts en "spin-coating" o tre la fle i ilité et l'adapta ilité du de l'i pressio par jet d'e cre. De plus, cette preu e de concept ouvre des perspectives intéressantes en termes de consommation du produit brut réduite d'u facteur et e ter es de si plificatio du procédé gra ure des céra i ues cristallisées complexe).

Le dernier prototype réalisé est un interrupteur de type "membrane switch" do t l'épaisseur est de [START_REF] Quack | Through Silicon Vias and thermocompression bonding using inkjet-printed gold nanoparticles for heterogeneous MEMS integration[END_REF][START_REF] Khorramdel | Inkjet filling of TSVs with silver nanoparticle ink[END_REF].

 Fabrication d'étalo s pour des esures de co ta i atio La capacité du jet d'e cre à déli rer des ua tités de ati re co ues et répéta les a per is au la oratoire de esure de co ta i atio de réaliser des ou eau types d'étalo s. L'idée consiste à déposer des gouttes u i ues d'e cre arge t e des positio s co ues sur u wafer de siliciu . Les En conclusion, cette thèse fournit des résultats originaux concernant les propriétés intrinsèques des couches d'arge t i pri ées, leur é olutio en fonction des conditions de traitement thermique et leur utilisatio da s différe ts types d'applicatio s. Des éthodes et des protocoles e péri e tau ont été développés pour répondre aux contraintes exigeantes des matériaux imprimés (dimensions allant du nanomètre au millimètre, porosité) et les résultats obtenus ont été pondérés et justifiés par des corrélations avec des modèles théoriques et empiriques. Les caractéristiques des prototypes réalisés so t proches de l'état de l'art et le dé eloppe e t des é uipe e ts d'impression promet de nouvelles perspectives. On peut citer par exemple le constructeur japonais SIJTechnology (www.sijtechnology.com) qui a réussi à éjecter des gouttes dont le volume est inférieur à 1 femtolitre, per etta t d'i pri er des lignes de quelques microns de large.

La problématique de la fiabilité des composants imprimés et flexibles 'a pu tre a ordée au cours de cette th se. Cepe da t des tra au préli i aires da s le cadre d'u stage i gé ieur o t per is d'ide tifier les odes de défailla ce des couches d'arge t i pri ées sou ises à des co trai tes de traction (fissuration, délamination, flambement). Ces travaux continuent aujourd'hui dans le cadre des travaux de thèse de Marie Le Druillennec au LCFC.

Ces travaux de thèse confirment le pote tiel de l'i pressio par jet d'e cre pour la réalisatio de motifs dont la fonctionnalité peut aller au-delà de la conduction électrique. Cette thèse, avec une approche fortement expérimentale et multidisciplinaire a été possible grâce au travail collaboratif e tre des acteurs acadé i ues et i dustriels a ec des do ai es d'e pertise e électro i ue, scie ce des atériau et tech ologies d'i pressio .
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Figure I. 1

 1 Figure I.1. a) 2013-2020 Flexible & Printed Electronics Market. b) 2020 Market Share for Printed, Flexible, and Printed and Flexible. Adapted from Materials & Equipment for Printed and Flexible Electronics, Yole Développement, 2014.

Figure 1 . 1 .

 11 Figure 1.1. Printing process flow. Adapted from Pasquarelli (2011).

Figure 1 .

 1 Figure 1.2. a) Inking process of a plate for offset lithography. b) Offset lithography printing.Adapted from[START_REF] Kipphan | Handbook of Print Media: Technologies and Production Methods[END_REF].

Figure 1 . 3 .

 13 Figure 1.3. Flexographic printing process. Adapted from Kipphan (2001).

Figure 1 .

 1 Figure 1.6. Classification of direct-writing methods. Adapted from Hon (2008).

Figure 1 .

 1 Figure 1.7. Working principle of Laser Induced Forward Transfer (LIFT).

Figure 1 .

 1 Figure 1.9. Roadmap of inkjet printing technology. Adapted from Le (1998).

Figure 1 .

 1 Figure 1.10. Continuous inkjet. Adapted from Kipphan (2001).

Figure 1 .

 1 Figure 1.13. 2012-2018 MEMS market forecast by devices. (Source: Status of the MEMS Industry report, July 2013, Yole Développement).

Figure 1 . 14 .

 114 Figure 1.14. Schematic of the actuation of a piezoelectric inkjet nozzle. Adapted from[START_REF] Wu | Study of micro-droplet behavior for a piezoelectric inkjet printing device using a single pulse voltage pattern[END_REF].

Figure 1 .

 1 Figure 1.15. Influence of driving voltage on ejected droplet volume and velocity[START_REF] Reis | Ink-jet delivery of particle suspensions by piezoelectric droplet ejectors[END_REF].

  but also by the ink physico-chemical properties. These mechanisms can be described by the Navier-Stokes e uatio . Based o Fro 's results 4 , one of the most employed methods is to characterize droplets behavior through dimensionless numbers used in fluid mechanics. In the following equations (1. 1), (1. 2), and (1. 3) , , , , are the droplet velocity ( . -), density ( . -), surface tension ( . -), viscosity ( . ) and the characteristic dimension of the nozzle ( ), respectively.

  2009, Jang et al. redefined the printability range to < < by monitoring droplet formation dynamics. They considered characteristics such as single droplet formability, positional accuracy and maximum allowable jetting frequency. -When < , long-living filaments are to be expected worsening minimum stand-off distance, positional accuracy, and maximum jetting frequency (Figure 1.16.a). -For > , droplets experience a rapid elongation and rupture of the filament generating satellite droplets (Figure 1.16.b).

Figure 1 .

 1 Figure 1.16. Droplet formation sequence for a fluid with a) Z=2.17 and b) Z=17.32. Adapted from Jang (2009).

Figure 1 .

 1 Figure 1.18. Presumed interaction phenomena of ink setting and their relevant onset timescales in porous media (coated paper). Kettle (2010).

Figure 1 .

 1 Figure 1.19. Deposits obtained after drying of colloidal drops. a) Coffee droplet[START_REF] Deegan | Capillary flow as the cause of ring stains from dried liquid drops[END_REF].b) Aqueous drop containing polystyrene spheres on titanium(Sommer, 2004). c A ueous drop containing μ polystyrene icrospheres on glass[START_REF] Bhardwaj | Pattern formation during the evaporation of a colloidal nanoliter drop: a numerical and experimental study[END_REF].

Figure 1 .

 1 Figure 1.20. Splat of a silver ink droplet observed by optical interferometry. a) 3D view and b) profile.

Figure 1 .

 1 Figure 1.21. Dimatix DMP2831 inkjet printer. a) Picture. b) Schematic and parts.

Figure 1 .

 1 Figure 1.22. The four phases of the piezoelectric actuator of the Dimatix nozzles. Adapted from (Dimatix DMP2831 User manual, n.d.).

Figure 1 .

 1 Figure 1.23. Setting of the drop spacing on the Dimatix DMP2831 printer.

Figure 1 .

 1 Figure 1.24. PEDOT-PSS printed line behaviors: a) separated droplets, b) scalloped, c) uniform, d) bulging.Drop spacing decreases from left to right. Adapted fromSoltman (2008).

Figure 1 .

 1 Figure 1.25. Uniform and scalloped edges because of discrepancies in the setting of the Dimatix sabre angle.

Figure 1 .

 1 Figure 1.26. TEM image size distribution of nanoplates as ink particles: (A) TEM images, (B) statistical amount, (C) mean diameter of nanodisks, (D) mean height of triangular(Lee, 2011).

Figure 1 .

 1 27.a) is realized by attaching long polymer chains to the nanoparticle surface; -depletion stabilization (Figure 1.27.b) is realized by long polymer chains that are free in the solution.

Figure 1 .

 1 Figure 1.27. Schematic view of a) Steric and b) depletion stabilization. Adapted from Shi (2002).

Figure 1 .

 1 Figure 1.28. Experimental and theoretical values of the melting-point temperature of gold particles[START_REF] Buffat | Size effect on the melting temperature of gold particles[END_REF].

Figure 1 .

 1 Figure 1.29.Illustration of the sintering process on Cu particles. a) Before sintering. b) After sintering at 1000°C. c) and d) after sintering at 1050°C[START_REF] Lame | In situ microtomography investigation of metal powder compacts during sintering[END_REF].

Figure 1 .

 1 Figure 1.30. Coalescence of two spherical particles.

Figure 1 .

 1 Figure 1.31. Top view of a thin film undergoing normal grain growth. Large grains tend to grow larger and small grains tend to disappear, thus average grain size increases over time. Adapted from Frost (1988).

Figure 1 .

 1 Figure 1.33. Electrical performance of Cabot silver nanoparticles ink CCI-30 printed on Kapton and annealed in oven under air. (Cabot CCI-300, n.d.).

Figure 1 .

 1 Figure1.33 clearly indicates that electrical resistivity decreases with the annealing temperature and time. Depending on the annealing temperature, it tends to a limit value higher than the bulk resistivity. Bulk resistivity of silver material is difficult to achieve because of the printed layer microstructure and thickness.

Figure 1 .

 1 Figure 1.34. a) SEM image of silver ink as printed and b) Annealed silver ink at 400°C for 60 min.[START_REF] Denneulin | Infra-red assisted sintering of inkjet printed silver tracks on paper substrates[END_REF].

Figure 1 .

 1 Figure 1.35. Principle of selective laser sintering of inkjet printed gold nanoparticles ink for high resolution patterning. Adapted from Ko (2007).

Figure 1 .

 1 Figure 1.36. Spectral Distribution of a xenon flash lamp.(Kim, 2009).

Figure 1 .

 1 Figure 1.37. SEM image of the cross-section of one typical track on PI substrate[START_REF] Yung | Ink-jet printing and camera flash sintering of silver tracks on different substrates[END_REF].

  e) Built-in self-sintering[START_REF] Grouchko | Conductive Inks with a Built-I Mecha is That E a les "i teri g at Roo Te perature[END_REF] have established a self-sintering mechanism of silver nanoparticles which is triggered during the drying of the printed pattern by a spontaneous chemical reaction, reaching up to 41% of bulk silver conductivity.The principle of self-sintering is presented in Figure1.38. During drying of the printed pattern, the concentration of a sintering agent (NaCl in this case) present in the ink vehicle increases and destabilizes the polymeric coating around nanoparticles. Then the sintering agent binds to the nanoparticles surface and leads to their coalescence.

Figure 1 .

 1 Figure 1.38. Schematic illustration of the stabilizer detachment, which leads to the NP sintering[START_REF] Grouchko | Conductive Inks with a Built-I Mecha is That E a les "i teri g at Roo Te perature[END_REF].

Figure 1 .

 1 Figure 1.40. Electronic conduction in a thin film according to the FS model. If = , electrons scatter inelastically at the surface (diffusion). If = , electrons scatter elastically (reflection).

Figure 1 .

 1 Figure 1.41. Electronic conduction in a thin film according to the MS model. If = , electrons are entirely transmitted through the potential barrier. If = , the electrons are fully reflected and the resistivity is maximum.

Figure 1 .

 1 Figure 1.42. MTS Systems Corporation Nanoindenter.

Figure 1 .

 1 Figure 1.43.Working principle of a nanoindenter.

Figure 1 .

 1 Figure 1.44. Berkovich diamond tip.

Figure 1 .

 1 Figure 1.45. Typical load-indentation depth curve on an elasto-plastic material.

Figure 1 .

 1 Figure 1.46. Principle of the Continuous Stiffness measurement. Adapted from Li (2002).

Figure 1 .

 1 Figure 1.47. Illustration of sink-in and pile-up with a conic indenter.

  1993): both models described by equations(1. 20) and(1. 21) do not consider the case of pile-up where ℎ > ℎ. Loubet proposed the expression(1. 22) for the contact depth, where is a constant, depending on the indented material. ℎ = (ℎ -)(1. 22) 

Figure 1 .

 1 Figure 1.48. a) AFM scan of a residual footprint of a Berkovich indenter in a printed silver layer on SiO2/Si substrate. b) Profile of the footprint showing pile-up of the indented material.

Figure 1 .

 1 Figure 1.49. Bec's elastic odel. Adapted fro Bec 6 .

Figure 1 .

 1 Figure 1.50. Mercier's elastic odel. Adapted fro Mercier .

Figure 1 .

 1 Figure 1.51. Elastic-plastic indentation by a cone. Adapted from[START_REF] Johnson | Contact Mechanics[END_REF].

Figure 2 . 1 .

 21 Figure 2.1. Size distribution of silver nanoparticles in EMD5714 SunChemical ink(SunChemical, n.d.).

Figure 2 .

 2 Figure 2.2. a) Surface of EMD5714 silver ink dried at 60°C during 20 min. b) Feret's dia eter distri ution.

Figure 2 .

 2 Figure 2.3. FE-SEM observation of a silver nanoparticle with its polymeric coating layer (cross-section).

Figure 2 . 4 .

 24 Figure 2.4. Van der Pauw printed patterns.

Figure 2 . 5 .

 25 Figure 2.5. Jetting waveform.

Figure 2 .

 2 Figure 2.6. EMD5714 droplet generation. Interval: 8 µs.

Figure 2 .

 2 Figure 2.7. a) AFM working principle. b) AFM tip and cantilever (NanoWorld Arrow NCR tip).

Figure 2 .

 2 Figure 2.8. Slice-and-view process. a) Raw Sample. b) First Raw cut to step away from cleaved surface. c) Successive milling and observation steps.

Figure 2 .

 2 Figure 2.9. Raw AFM height data of a silver sample annealed at 150°C, 1h. Surface: 1 µm².

Figure 2 .

 2 Figure 2.10. Plane fit. a) Raw data. b) Plane fit and minimum value set to 0.

Figure 2 .

 2 Figure 2.11. 2D Fast Fourier Transform. 

Figure 2 .

 2 Figure2.12 shows the original data of the height signal and its 2D FFT. By masking some areas in the frequency domain and by returning to the spatial domain the quality of the image is improved.

Figure 2 .

 2 Figure 2.12. 2D Fast Fourier Transform on the height signal of the silver sample.

Figure 2 .

 2 Figure 2.13. Convolution operation illustrated for a 2x2 Gaussian Kernel.

Figure 2 . 14 .

 214 Figure 2.14. Gaussian blur for different values of the standard deviation.

Figure 2 .

 2 Figure 2.15. Laplacian filter.

Figure 2 .

 2 Figure 2.16. Otsu segmentation on rice grains.

Figure 2 .

 2 Figure 2.17. Binary operations. Adapted from Fisher (2000).

Figure 2 .

 2 Figure 2.18. Grain growth of inkjet printed silver nanoparticles as a function of the annealing temperature. Annealing time is constant with a ramp of 15 min and a soak of one hour under air. Images a to f are phase signal and 500 nm x 500 nm. Images g and h are height signals and 5 µm x 5 µm. a) 100°C. b) 150°C. c) 200°C. d) 250°C. e) 300°C. f) 350°C. g) 450°C. h) 550°C.

Figure 2 .

 2 Figure 2.19. Image processing of AFM phase signal for grain size and distribution analysis for a sample annealed at 100°C during one hour. Scan dimensions: 500 nm x 500 nm.

Figure 2 .

 2 Figure 2.20. Evolution of Feret's dia eter and grain nu er with the annealing temperature on 1 µm² AFM scans.

Figure 2 .

 2 Figure 2.21. Grain size distribution on samples annealed at 200°C and 300°C during 1h.

Figure 2 .

 2 18.a, b and c.

Figure 2 .

 2 Figure 2.22. Evolution of the esti ator Cir ularit as a fun tion of the annnealing te perature (Perfect circle = 1).

Figure 2 .

 2 Figure 2.23. Image processing for roughness measurement.

Figure 2 .

 2 Figure 2.24. Roughness of the inkjet printed silver layers as a function of the annealing temperature.

Figure 2 .

 2 Figure 2.25. AFM scan of a silver sample annealed at 350°C during 1h.

Figure 2 .

 2 Figure 2.26. SEM observations of printed layers annealed at a) 450°C and b) 550°C with a 23 µm FIB milled window.

Figure 2 .

 2 Figure 2.27. SEM observation of a silver line on SiO2 substrate annealed at 550°C during one hour.

Figure 2 .

 2 Figure 2.28. Cross-section of a silver layer annealed at 150°C during one hour. a) Manually cut. b) FIB milled.

Figure 2 .

 2 Figure 2.29. Effect of the protective layer on the FIB-cut cross-section (a. Without and b. with).

Figure 2 .

 2 Figure 2.30. Curtaining phenomenon on inkjet printed samples.

Figure 2 .

 2 Figure 2.31. Image processing for 3D analysis of the slice-and-view data.

Figure 2 .

 2 Figure 2.32. One slice of the slice-and-view 3D observation of a sample annealed at 250°C during 1 hour.

Figure 2 .

 2 Figure 2.33. Orthogonal view of the segmented data. Volume of the sample: 600x500x300 nm 3 .

Figure 2 .

 2 Figure 2.34. 3D representation of a 200 nm-side cube of a sample annealed at 250°C -1 hour. a) Silver. b) Pores.The porosity of the other silver printed samples, annealed in the range 100-300°C, was measured in two dimensions as described in paragraph II.4.b). The evolution of the porosity is traced as a function of the annealing temperature in Figure2.35. In this graph, the values at 250°C measured both in 2D and 3D are almost the same. Thus the measurement of the porosity in 2D averaged on several images seems to be representative of the porosity of the analyzed medium.

Figure 2 .

 2 Figure 2.35. Evolution of the porosity in inkjet printed silver layers as a function of the annealing temperature.

Figure 2 .

 2 Figure 2.36. Thickness measurement of the van der Pauw pattern by optical interferometry.

Figure 2 .

 2 Figure 2.37. Average thickness of the silver printed layers.

Figure 2 .

 2 Figure 2.38. Electrical setup of the resistance measurement of the van der Pauw patterns.

Figure 2 .

 2 Figure 2.39. Resistance (a) and electrical resistivity (b) evolution of van der Pauw patterns as a function of the annealing temperature.

Figure 2 .

 2 40 are traced the electrical resistivity predicted by the FS model (equation(1. 13)) and by the MS model (equations(1. 15) and(1. 16)) as a function of their respective parameters. It must be noted that the curve for = in Figure2.40.a is hidden by the bulk curve; indeed in equation (1. 13) = = .

Figure 2 .

 2 Figure 2.40. Theoretical electrical resistivity predicted by the FS and MS models.

Figure 2 .

 2 Figure 2.40 shows that according to the FS model, the influence of the specular parameter can be neglected for thicknesses around one micrometer, corresponding to the studied silver layers. However, the MS model curves illustrate that the influence of the reflection coefficient has a strong impact on the resistivity value in the range 10-100 nm, which corresponds to the dimensions of the silver grains for annealing temperature lower than 300°C (cf. Figure2.20).

Figure 2 .

 2 Figure 2.41. Experimental resistivity as a function of the annealing temperature compared to the extended MS model calculated with experimental thicknesses and grain diameters.

Figure 2 .

 2 Figure 2.42. Test pattern for TCR measurement. a) Dimensions. b) Printed pattern annealed at 200°C during 1 hour.

Figure 2 .

 2 Figure 2.43. Experimental setup for the TCR measurements.

Figure 2 .

 2 Figure 2.44. Temperature and resistance measurement in air of a sample annealed at 250°C during 1 hour.

Figure 2 .

 2 Figure 2.45. Evolution of the TCR with annealing temperature.

Figure 2 .

 2 Figure 2.46. Relative resistance variation as a function of temperature for different annealing temperatures. Experimental (black lines and dots) and fitted data (color lines). Measurement in air (a) and under nitrogen (b).

Figure 2 .

 2 Figure 2.47. TCR of inkjet printed silver as a function of the annealing time at 150°C.

Figure 2 .

 2 Figure 2.48. Young's odulus and hardness of fused sili a after ali ration of the nanoindenter.

Figure 2 .

 2 Figure 2.49. E peri ental pro edure for the easure ent of the inkjet printed silver la ers Young's odulus. The nanoindentation of the silicon substrate resulted in value of 162 GPa, which is in agreement with literature values. Depending on the orientation of the silicon crystal, values between 160-180 GPa are usually reported.  The You g's odulus of the sili o o ide la e was e t a ted ith Be 's odel . The measured You g's odulus is t a ed as a fu tion of the indentation depth in Figure2.50. This curve includes the contribution of the silicon oxide film and the silicon substrate. The increase of the apparent You g's odulus is due to the increasing influence of the silicon substrate, which is stiffer than the silicon oxide. The residual footprints exhibited sink-in of the indented area, thus indentation depth was corrected with Oliver (1992) equation (1. 21).The sili o o ide You g's odulus is e t a ted a least s ua e fit of the o espo di g contact stiffness data with equation(1. 26). The extracted values are between 69 and 73 GPa, which are in agreement with literature data and the experimental value measured on fused silica (it is actually the same material in bulk state).

Figure 2 .

 2 Figure 2.50. Apparent Young's odulus measured on 500 nm thick thermal silicon oxide on silicon.

Figure 2 .

 2 Figure 2.51. Apparent Young's odulus measured on a 1 µm thick inkjet printed silver layer annealed at 100°C during 1h.

Figure 2 .

 2 Figure 2.52. Young's odulus of the inkjet printed silver layers as a function of the annealing temperature.

Figure 2 .

 2 Figure 2.53. Structures simulated by Roberts (2000). a) Solid spheres. b) Spherical pores. c) Ellipsoidal pores.Adapted from[START_REF] Roberts | Elastic Properties of Model Porous Ceramics[END_REF]. d) 3D representation of a silver layer annealed at 250°C.

Figure 2 .

 2 Figure 2.54. Normalized Young's odulus as a fun tion of the aterial porosit .Experimental results and Roberts model.

Figure 2 .

 2 Figure 2.55. Hardness of 1 µm thick inkjet printed silver layer annealed at 100°C during one hour.

Figure 2 .

 2 Figure 2.56. Hardness of the silver layers as a function of the annealing temperature (a) and the grain diameter (b).

1

  Polyaniline-Poly(4-styrenesulfonate) 

Figure 3 . 1 .

 31 Figure 3.1. Micro-strip line pattern (black area corresponds to ink).

  2.a). Decreasing the resolution down to 400 pix/cm led to a dewetting phenomenon during drying at 60°C as shown in Figure 3.2.b.

Figure 3 . 2 .

 32 Figure 3.2. Ink spreading (a) and dewetting (b) on a micro-strip line pattern.These unwanted phenomena were eliminated by accelerating the drying step by heating the printer chuck at 60°C during ink deposition, and the best printing definition on the Kapton HN substrate was obtained at 476 pixels/cm (21 µm pitch). A conformal printed micro-strip line is illustrated in Figure3.3.

Figure 3 .

 3 Figure 3.3. a) Conformal printed pattern at 476 pixels/cm. b) Pattern edges parallel to printing direction. c) Pattern edges not parallel to printing direction.

Figure 3 . 4 .

 34 Figure 3.4. Critical short-circuit between feeding strip and ground plane.

Figure 3 .

 3 Figure 3.3.b illustrates that edges parallel to the printing direction are well defined while droplets shape (pixels) is visible when the pattern edges are not parallel to the printing direction (Figure 3.3.c).

Figure 3 . 5 .

 35 Figure 3.5. Examples of pixel arrangement.

Figure 3 .

 3 Figure 3.6. a) Top view of the printed pattern. b) Schematic design of the suspended structure (cross-section view).

  assembly The final step in fabricating the filter is the assembly of the printed layer with top and bottom cavities.

Figure 3 .

 3 Figure 3.7. Printed band-pass filter.

Figure 3 .

 3 Figure 3.8. Measured response of filters printed with one and two layers.

Figure 3 .

 3 Figure 3.9. Measured and simulated response of the filter (two layers) including metallic and dielectric losses.

Figure 3 .

 3 Figure 3.10. a) Design of the micro Pirani gauge with connection pads b) Microphotograph of the active part of the sensor. Table 3.6. Dimensions of the printed micro Pirani gauge. a (µm) b (µm) c (µm) d (µm) e (mm) 990 830 90 250 12.2

Figure 3 .

 3 Figure 3.11. Mounting of the micro Pirani printed gauge.

Figure 3 .

 3 Figure 3.12. Test bench with controlled pressure.

Figure 3 .

 3 Figure 3.13. Experimental determination of the TCR of the printed Pirani gauge.

Figure 3 . 14 .

 314 Figure 3.14. Resistance and temperature variation as a function of the applied current.

Figure 3 .

 3 Figure 3.15. Variation of the normalized resistance versus chamber pressure for = 40 mA applied current.

Figure 3 .

 3 Figure 3.16. Total and gas conductance versus pressure.

Figure 3 .

 3 Figure 3.17. Cross-section of a flat type membrane switch.

Figure 3 .

 3 Figure 3.18. Top view of the pattern of the fixed contact. The dotted area corresponds to the potential contact zone.

  detailsThe membrane switch printed layers have been deposited with a semi-industrial prototype printer JetPac (cf. chapter 1). The JetPac printer (Figure3.19) includes all the modules required to perform the fabrication steps for printed electronics. The first module consists in surface cleaning and, if necessary, surface energy enhancement using atmospheric plasma treatment. The second module includes two drop-on-demand inkjet printing heads and an alignment camera. The final module is dedicated to post-printing treatment and allows both UV curing for dielectric inks photopolymerization and microwave annealing for nanoparticles sintering.

Figure 3 .

 3 Figure 3.19. Inkjet printer JetPac prototype at the Center of Microelectronics in Provence (CMP).

Figure 3 .

 3 Figure 3.20. Top view of the top (a) and bottom (b) inkjet printed layers.

  withstand temperatures up to 180°C, thus annealing was realized at 150°C during 1 hour on both patterns to get the same properties. The final device is presented in Figure3.21.

Figure 3 .

 3 Figure 3.21. Prototype of the fully inkjet printed membrane switch.

Figure 3 .

 3 Figure 3.22. Cycling test bench.The contact resistance is measured with a four point method by a Keithley 2400. The force applied on the strain gauge (Tedea-Huntleigh 1042-30N) is measured by monitoring the unbalance voltage with a Keithley 2400 on a Wheatstone bridge powered by a constant DC voltage. The mechanical actuation is driven by a high-load motor Newport LTA-HL with ±4 µm accuracy. Its maximum speed being 1mm/s, cycling frequency is around 0.5 Hz.

Figure 3 .

 3 Figure 3.23. SEM observation of the printed silver layers (cross-section) of a sample annealed at 150°C.

Figure 3 .

 3 Figure 3.24. Actuation force and contact resistance of the membrane switch over 10 4 cycles. a) Cold switching. b) Hot switching.

Figure 3 .

 3 Figure 3.25. Evolution of the contact resistance before and after 10 4 cycles. a) Cold switching. b) Hot switching

Figure 3 .

 3 Figure 3.26. Increase of the contact area.

Figure 3 .

 3 Figure 3.27. Model of the electrical contact between two lines and the contact pill.

Figure 3 .

 3 Figure 3.28. Equivalent electrical model.

Figure 3 .

 3 Figure 3.29. Simulated contact resistance of the membrane switch.

Figure 3 .

 3 Figure 3.30. LIFT printed a) contact pattern and b) contact pill.

Figure 3 .

 3 Figure 3.31. Contact resistance of the LIFT membrane switch over 10 4 cycles in cold and hot switching conditions.

Figure 3 .

 3 Figure 3.32. BST MIM capacitors design. a) Stack. b) Low frequency capacitor. c) RF capacitor.

Figure 3 .

 3 Figure 3.33. Sequence of photographs of the ejection of BST sol-gel droplets. Interval: 8 µs.

Figure 3 .

 3 Figure 3.34. Printed BST MIM design. a) Low frequency capacitor. b) RF capacitor.

Figure 3 .

 3 Figure 3.35. θ/ θ X-Ray diffraction spectrum of a 6 cm² BST printed rectangle.

Figure 3 .

 3 Figure 3.36. FE-SEM observation of the cross-section FIB-cut (left) and cleaved (right).

Figure 3 .

 3 Figure 3.37. Relative dielectric constant and dielectric losses at 2 GHz.

  Figure C.1.

Figure C. 1 .

 1 Figure C.1. Evolution of the microstructure of inkjet printed silver nanoparticles layers.

  technique offers a much higher resolution than FIB-SEM slice-and-view, especially for the 3D characterization of the grain boundaries(Figure C.2).

Figure C. 2 .

 2 Figure C.2. Electronic tomography of a printed silver layer annealed at 150°C during 1 hour.

Figure C. 3 .

 3 Figure C.3. Inkjet printed electrodes for microfluidics applications on polyimide substrate.

Figure A. 4 .

 4 Figure A.4. Lennard-Jones Potential.

Figure A. 5 .

 5 Figure A.5. Types of interaction between electrons and a sample 2 .

  marché de l'électronique flexible impri ée est suscepti le d'attei dre pr s d'u illiard de dollars d'ici 2020, avec un taux de croissance annuel moyen de 27% (TCAM). En particulier, comme le montre la Figure I.1, l'impression fonctionnelle représentera 89 % de ce marché.

Figure I. 1

 1 Figure I.1. a) Ma hé de l'éle t o i ue flexi le i p i ée e t e 2013-2020. b) Pa ts de a hé l'éle t o i ue Imprimée, Flexible et Imprimée et Flexible en 2020. Adapté de Materials & Equipment for Printed and Flexible Electronics, Yole Développement, 2014.
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  'i pressio par jet d'e cre est u e tech i ue de fa ricatio additi e sa s contact, qui promet des opportunités innovantes pour la fabrication de composants électroniques. Elle peut être adaptée à des substrats rigides, flexibles et même en trois dimensions et la source numérique des motifs en fait une tech i ue totale e t adapta le au esoi s de l'applicatio . De ou elles opportu ités e cesse t d'apparaître grâce à l'aug e tatio et la di ersité des atériau i pri a les. Enfin, cette technique rapide à ettre e oeu re et e tr e e t fle i le est parfaite e t adaptée à la fa ricatio de petite séries, au prototypage et à l'utilisatio co joi te a ec d'autres tech i ues co e l'i pressio D et la personnalisation de motifs à la demande. Parmi les matériaux imprimables, les encres argent sont les plus utilisées; elles ont donc été choisies pour cette th se et o t fait l'o jet d'u e étude approfo die. La réalisatio de otifs co ducteurs passe par un traitement thermique des couches imprimées. Cette étape induit une évolution de leur microstructure (Figure C.1) et affecte fortement leurs propriétés intrinsèques.

Figure C. 1 .

 1 Figure C.1. Evolution de la microstructure de ou hes d'a ge t i p i ées pa jet d'e e. Cette é olutio a fait l'o jet d'u e étude approfo die dans la gamme de température 100-300°C. Nos équipements et protocoles de caractérisation ont dû être adaptés aux particularités des couches i pri ées. Les résultats des o ser atio s icroscopi ues o t o tré l'aug e tatio de la taille de grain et de la rugosité avec la température de traitement et ont mis en évidence différents modes de croissa ce de grai s. De plus, l'o ser atio au icroscope électro i ue de la sectio des couches imprimées a révélé une structure poreuse avec des dimensions inférieures à 100 nm. La mesure des tau de porosité à ces échelles da s des atériau étalli ues a été u rai défi, rele é par l'utilisatio de tech i ues d'i agerie en deux et trois dimensions couplant les coupes ioniques (FIB) et la microscopie électronique à balayage (MEB). Plus réce e t, ous a o s o ser é la icrostructure des couches d'arge t i pri ées par tomographie électronique sur des cylindres de 300 nm de diamètre usinés par FIB (Figure C.2). Cette technique permet une observation plus résolue des échantillons et ouvre à de nouvelles pistes dans l'étude des joi ts de grai s e trois di e sio s.

Figure C. 2 .

 2 Figure C.2. Tomographie éle t o i ue d'u e ou he d'a ge t i p i ée et t aitée e étuve 150°C pendant 1 h. Les propriétés électriques et mécaniques des couches imprimées ont été étudiées en fonction de la température de traitement. En particulier, la résistivité électrique, le coefficient de température, le module d'Young et la dureté ont été mesurés. Nos équipements de mesure ainsi que les méthodes d'analyse ont dû être adaptés à la microstructure poreuse et polycristalline des couches. Pour assurer la fiabilité et la justesse de ces nouveaux résultats, les grandeurs mesurées ont été corrélées entre elle ou bien à des modèles de la littérature. Les résultats de caractérisatio des couches d'arge t o t été o te us sur u e seule e cre. Il serait d'u gra d i tér t d'e ployer les protocoles e péri e tau is au poi t pour ualifier et caractériser d'autres encres étalli ues. De plus, otre étude s'est co ce trée pri cipale e t sur u traite e t thermique en étuve four sous air. En utilisant d'autres méthodes, une évolution différente des nanoparticules d'argent est à prévoir. Nous avons réalisés des essais d'irradiation par laser UV à 192 nm. Cette méthode s'est révélée peu efficace en raison du faible tau d'absorption de l'arge t dans les ultraviolets. Aussi, nous avons eu l'occasion de tester des traitements par flash au xénon de Polytec PI sur des couches d'argent imprimées sur des substrats polyimide et silicium. Ces essais ont souligné l'influence des propriétés thermiques du substrat lors de l'exposition des échantillons à des flashs de lumière: deux flashs sur le polyimide ont explosé les motifs argent imprimés alors qu'au moins vingt flashs ont été nécessaires pour faire disparaître la couleur bleutée caractéristique d'u e encre non sèche sur le substrat silicium.

  5 µ . Ce co posa t a été fa ri ué da s le cadre du projet I Fle sur u prototype d'i pri a te industrielle JetPac, au Centre de Microélectronique de Provence. Des tests de fatigues réalisés sur un a c d'essais co çu et o té da s otre la oratoire o t permis de mesurer la résistance de contact et la force d'actio e e t sur plus de 000 cycles. Ce dé o strateur o tre ue l'i pressio jet d'e cre peut tre utilisée pour des applicatio s de type co tact électri ue, ha ituelle e t réalisée par sérigraphie. Au cours de cette th se, d'autres problématiques liées à l'utilisatio des tech i ues d'i pressio conjointement aux techniques du silicium ont été abordées.  Re plissage d'i terco e io s erticales: Through Polymer Vias (TPV) Les TPV sont des lignes de co e io électri ue erticales e tre deu i eau d'u co posa t électri ue. Ce type de liaiso per et d'aug e ter la de sité par u ité de surface e e pila t e D plusieurs puces électroniques. Des essais de remplissage de TPV de diamètre entre 80 et 100 µm ont été réalisés sur la Di ati . Les résultats o tre t la for atio d'u "li er" co ducteur déposé sur les flancs et au fond des ouvertures. Le remplissage complet des TPV aurait nécessité des quantités d'e cre à fois plus i porta tes. Cepe da t, la Di ati 'est pas u outil adapté à ce ge re d'étude car la t te e peut tre utilisée en mode distributeur goutte-à-goutte. Le remplissage de vias dans du silicium (TSV) par jet d'e cre a récemment fait l'o jet de plusieurs études

  quantités exactes de matières déposées sont mesurées par Décomposition en Phase Vapeur (VPD) et par fluorescence X en réflexion totale. Fabrication d'électrodes argent sur des substrats polyimide pour des circuits microfluidiques Dans les récents travaux de Renaudot au Leti (2014) des circuits microfluidiques reconfigurables et programmables ont été réalisés sur des substrats silicium en utilisant des techniques standard de lithographie. Les dimensions typiques de ces composants étant de plusieurs centimètres, le coût des substrats silicium serait prohibitif pour une production industrielle. Des motifs identiques ont pu être réalisés sur un substrat polyimide(Figure C.3). L'i pressio de ces électrodes per et de réduire d'u e dizai e d'étape le procédé de fa ricatio e salle la che et dé o tre claire e t l'i tér t des tech i ues d'i pressio pour les co posa ts gra de surface.

Figure C. 3 .

 3 Figure C.3. Ele t odes pou des i uits i ofluidi ues i p i ées pa jet d'e e su u su st at polyimide.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 .

 1 

1. Main characteristics of printing processes.

Printing method Ink viscosity (Pa.s) Min. Thick- ness (µm) Min. size (µm) Registration 2 (µm) Throughput (m²/s)

  

Table 1 .2. Main characteristics of the Dimatix DMP2831 printer.

 1 

	Cartridge	Reservoir Volume	1.5 ml
		Nozzles	16 (single row), 254 µm spacing
		Droplet volume	1 pl or 10 pl (depending on print head)
		Temperature	Heating up to 70°C
	Ink	Viscosity	2-30 mPa.s
		Surface tension	28 and 33 mJ.m -2
		Particles dimensions	< 200 nm
	Mechanical parts	Printable surface	210 mm x 315 mm
		Repeatability	± 25 µm
		Temperature	Heating up to 60°C

Table 1 .

 1 3. Review of functional materials for inkjet printing technology.

	Nature	Material	Reference	Comments		
	Metals	Ag NPs	Kim, 2005	= . Ω.	@	°
		Ag metal organic	Dearden, 2005	Transparent ink	
		Cu NPs	Park, 2007	= . Ω.	@	° in vacuum
		Cu salt	Li, 2009	Printed reducing agent NaBH4 on paper
		Au NPs	Chung, 2004	Laser annealing	
	Ceramics	Al2O3	Seerden, 2001	Hot-melt ink		
		ZrO2	Ebert, 2009	3D inkjet printing, dental prostheses
		Si3N4	Cappi, 2008	Gearwheels		
		PZT	Bhatti, 2001	Micro-pillars		
	Dielectrics BST metal organic	Kaydanova, 2007	RF tunable circuits	
		Ion-gel [EMIM][TFSI] 5	Cho, 2008	Dielectric gate for OTFT (10 kHz)
		and PS-PEO-PS 6				
	Polymers	SU-8 and PVP	Cook, 2013	MIM RF capacitors	
		PEDOT:PSS (SemiC.)	Blaudeck, 2012	Channel of OECTs	
		Polypyrrole (SemiC.)	Liu, 2005	All-polymer FETs	
		Polyaniline (Cond.)	Crowley, 2008	Ammonia gas sensor	
		PVK 7 (luminescent)	Hebner, 1998	OLEDs		
	Carbon	Carbon black	Loffredo, 2009	Chemical sensor	
		MWCNTs	Denneulin, 2009	Conductive patterns	
		MWCNTs	Gohier, 2011	Infrared sensor		
		Graphene	Torrisi, 2012	TFTs		
	5 [EMIM][TFSI]: 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide		
	6 PS-PEO-PS: poly(styrene-block-ethylene oxide-block-styrene)			

Table 1 .

 1 4. Composition and properties of commercial silver nanoparticles inks for inkjet printing.

	Supplier

and Reference Diameter (nm) Weight percentage Ink vehicles Viscosity (mPa.s) Surface tension (mJ.m -2 ) Harima NPS-JL

  

		5-12	52-57	Tetradecane,	8-15	-
				naphtene		
	SunChemical	30	40%	Ethanol,	10-13	27-31
	EMD5714			ethylene glycol		
	Cabot	60-80	20%	Alcohol-based	11-15	30-33
	CCI-300					
	ANP	10	30-35	TGME	10-17	35-38
	DGP-40LT-15C					
	Novacentrix	55	15	Water-based	6	31
	Metalon JS-B35P					
	Politronica	5-20	20-22	Bidistilled	16.5-19	55-58
	InkA-C10			water, ethanol		

Table 1 .

 1 6. Comparison of grain growth mechanisms

		Normal growth	Abnormal growth
	Grain size distribution	Monomodal	Bimodal
	Grain size		
	Grain Number		
	Driving force	Grain boundary energy Surface energy anisotropy
	When?	Always	Grain size ≈ film thickness

Table 1 .

 1 7. Continuous vs. Pulsed wave laser sintering

Table 1 .

 1 9. MTS XP Nanoindenter specifications (User manualMTS-XP, n.d.).

		XP Column	DCM Column
	Maximum load	500 mN	20 mN
	Displacement range	-750 -750 µm	-17.5 -17.5 µm
	Force resolution	50nN	1nN
	Displacement resolution	0.04nm	0.0002nm

Table 1

 1 

		.10. Diamond indenter properties (Fischer-Cripps, 2004)
	Material	You g's odulus ( )	Poisso 's ratio ( )
	Diamond	1070 GPa	0.07

b) Thin film on substrate -Bec's model

The easured You g's odulus is a effecti e alue hich i cludes the combined mechanical response of the indented film and of the underlying films and/or substrate.

Table 1 .

 1 11. Properties of bulk silver.

	Fer i's e ergy Mean free path (25°C) Melting temperature Electrical resistivity (25°C) Temp. Coeff. of Resistance Coeff. of Thermal expansion You g's odulus Poisso 's ratio Elastic limit Hardness Radius of plastic deformation	. eV nm °C . * -Ω. m ppm/°C . ppm/°C GPa . . -. GPa . -. GPa r p = . r c	Kittel, 2007 Calculated (1. 9) Slade, 1999 Slade, 1999 Slade, 1999 Slade, 1999 Slade, 1999 Slade, 1999 Slade, 1999 Slade, 1999 Calculated (1. 29)

Table 2 .

 2 1. Ink and ejection properties. 

	Viscosity Surface tension Density ρ Droplet velocity Square nozzle side Jetting frequency Reynolds Weber Ohnesorge ℎ = / ℎ	. ± . 4 ± . 4. .4 .	mPa. s mJ. m -kg. m -m. s -μm kHz ----	measured measured supplie 's data measured (Figure 2.6) measured set on printer calculated (1. 1) calculated (1. 2) calculated (1. 3) calculated

Table 2 .

 2 2. Coefficient of thermal expansion of the substrate

		Coeff. of thermal expansion (ppm/°C)	You g's Modulus	Yield strength	Stress =	°	Strain =	°
	Bulk Si (Rebeiz, 2003)	.	GPa	. -. GPa	MPa	. %
	Bulk (Petersen, 1982)	.	GPa	.4 GPa	MPa		. %
	Thermal on Si	Δ = .	GPa	.4 GPa	4 MPa		. %

Table 2 .

 2 3. Dimensions of the test pattern.

	b	12.7 mm	e	5.3 mm
	c	0.3 mm	L	42 mm
	d	1 mm	W	22 mm

Table 2 .

 2 5. TCR of inkjet printed silver layers reported from literature (non-exhaustive list).

	Reference	Sample	Substrate	TCR
	Slade, 1999	Bulk silver	-	3800 ppm/°C
	Sette et al., 2013	Inkjet printed silver		
	(Transducers 2013)	(SunChemical EMD5714)		
		annealed at 150°C		

, 5h Kapton HN 75 µm, Dupont 910 ppm/°C

  

	Courbat et al., 2011	Inkjet printed silver (DGP	pe:smart paper type	1100 ppm°/C
		40LT-15C , Anapro) with	2, Felix Schoeller		
		parylene coating			
		annealed at 150°C, 1h			
	Molina-Lopez et al.,	Inkjet printed silver (DGP	PET, Melinex ST506,	630 ppm/°C
	2012	40LT-15C, Anapro)	Dupont		
		annealed at 150°C, 30			
		min			
		Same sample with Ni			4300 ppm/°C
		electrodeposition			
	Felba et al., 2009	Inkjet printed silver (4-10	Microscope	glass	2080ppm/°C
		nm nanoparticles)	slides		
		annealed at 250°C, 1h			
	Tao et al., 2013	Organic silver conductive	PET		700 ppm/°C
		ink (OSC ink) annealed at			
		120°C, 30s			

Table 3 .

 3 1. Probe liquids for surface energy measurement and contact angle measured on Kapton HN.

		Total σ T	Surface tension at 25°C (mJ.m -2 ) Dispersive Polar component σ D component σ P	Contact angle (°)
	Water	72.8	21.8	51	73.9
	Glycerol	63.4	37	26.4	70.4
	Diiodomethane	50.8	50.8	0	38.7
	Hexadecane	27.4	27.4	0	18.5
	Bromonaphtalene	44.6	44.6	0	32.0

Table 3 .

 3 2. Properties ofKapton HN 75 µm, Dupont®. 

	Surface energy Relative dielectric constant Coeff. of thermal Conductivity Thermal Coeff. of Expansion	.	± 4 .	measured Datasheet Wm -K -Datasheet mJ. m --ppm/°C Datasheet

Table 3 .

 3 3. Optimized printing parameters. 

	Settings	Value	Comments
	Nozzles temperature	33°C	Match heating from the chuck
	Actuation voltage	17-19V	21-23 V at room temperature
	Waveform	Figure 2.5, chapter 2.I.3	-
	Firing frequency	5kHz	-
	Meniscus	5 inches of H2O	Prevents from clogging
	Droplet diameter	28 µm	-
	Droplet volume	11 pl	-
	Droplet velocity	≈ 5 m.s -1	-
	Filament disappearing	300 µm from the nozzle	Spherical droplet, no satellites
	Stand-off distance	600 µm	-
	Chuck temperature	60°C	Fix pattern borders
	Resolution	476 pixels.cm -1	Optimal resolution

Table 3 .

 3 4. Dimensions of the filter.

		Length (µm)		Length (µm)
	La	1500	Lg	1000
	Lb	300	Lh	700
	Lc	2300	Li	2200
	Ld	800	Lj	500
	Le	500	Lk	4250
	Lf	500	Ll	1000
	II.3. Fabrication details			
	a) Printing and annealing steps			
	Silver nanoparticle ink was chosen since electrical conductivity higher than	7 .

Table 3 .

 3 5. Measured conductivity of the silver layers.

Table 3 .

 3 7. Thermal conductance and transition pressure.

	/	/	
	. * -	. * -	.

Table 3 .

 3 8. Dimensions of the fixed contact part.

Table 3 .

 3 9. Ink rheology and substrates surface energy.

Table 3 .

 3 10. Cycling conditions.

	Cold Switching -10 4 cycles
	V source	1 mV
	I compliance	10 mA
	Hot Switching -10 4 cycles
	I source	10 mA
	V compliance	5 V

a) Inkjet printed lines microstructure

Table 3 .

 3 11. Harima NPS paste properties.

	Viscosity (mPa.s)	Particle size (nm)	Silver NPs wt%
	-	•	-	-

Table 3 .

 3  

		Viscosity	Surface tension	wt%
		(mPa.s)	(mJ/m²)	
	BaO	-	-	3
	SrO	-	-	1
	TiO2	-	-	3
	Isoamyl acetate	0.741	24.7	88
	Isoamyl alcohol	4.37	23.73	5

Table 3 .

 3 13. Measured thickness of the MIM capacitor layers.

	Silver	750 nm
	BST	65 nm
	Pt	100 nm
	TiO2	18 nm
	SiO2	500 nm
	Si	Substrate
	b) Capacitance measurements	

  Le pre ier chapitre de cette th se est dédié à u e re ue i liographi ue des tech i ues d'i pressio pour des applications fonctionnelles. En particulier, ous décri o s l'i pressio par jet d'e cre par actio e e t piézoélectri ue. Les étapes de ce procédé d'i pressio so t détaillées, à partir de l'éjectio jus u'à l'i pact des gouttes sur le substrat. Les co ditio s d'i pressio ui per ette t d'o te ir des motifs conformes sont mises e é ide ce. Apr s le dépôt de l'e cre, u traite e t ther i ue est i dispe sa le. Différe tes tech i ues so t dispo i les pour four ir l'é ergie ther i ue nécessaire au frittage des nanoparticules : transfert par convection, conduction et irradiation. Les spécificités de chacune de ces méthodes sont résumées dans ce chapitre. Enfin, nous apportons les ases théori ues pour l'a alyse et la caractérisatio des propriétés électri ues et éca i ues des couches minces imprimées. Le deuxième chapitre est entièrement dédié à la caractérisatio et à l'é olutio des propriétés de couches d'arge t i pri ées par jet d'e cre à partir d'u e e cre co erciale, en fonction des conditions de traitement thermique. Les motifs de tests sont imprimés sur un substrat SiO2/Si sélectio é pour sa sta ilité au ariatio s de te pérature e tre l'a ia te et °C. La éthode rete ue da s cette étude est le traite e t e étu e. Ce chapitre s'articule autour de trois catégories de propriétés des couches d'arge t i pri ées : iii. La microstructure et les paramètres morphologiques comme la taille de grain, la rugosité et la porosité. iv. Les propriétés de conduction électronique comme la conductivité et le coefficient de température. v. Les propriétés mécaniques co e le odule d'You g et la dureté.
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Annex I: surface energy measurement

I.1. Pendant drop

The pendant drop method consist in determining the surface tension of the analyzed fluid from the measurement of the pendant drop equilibrium shape and size as illustrated in where and are the principal radii of curvature, the surface tension and Δ the difference pressure between the fluids, namely inside and outside the drop.

 The expression of the fluid equilibrium through the balance of the vertical forces acting across any horizontal plane, equation (A.2).

where is the drop volume, the effective density and the acceleration of gravity. 

I.2. Owens-Wendt Method

The Owens-Wendt model relates the surface energy of a solid surface to the measured contact angle of a probe liquid with

To determine the polar and dispersive components of the solid surface energy , the method consists in measuring the contact angle of several probe liquids which must be either polar or fully dispersive.

The method is illustrated with the measurement of the surface energy of a thermal silicon oxide on a wafer of silicon. For each used liquid, the total surface energy , the dispersive component , the polar component and the measured contact angle are reported in Table A.1. From the contact angle measurement, the graph in The total, polar and dispersive components of the silicon oxide substrate are detailed in Table A.2. Annex II: microscopy instruments

II.1. Atomic force Microscopy

Atomic force microscopy, or AFM, is a scanning probe technique which allows atomic resolution imaging. It consists in measuring the forces that interact between the surface of a sample and a very sharp tip with a radius of curvature of a few nanometers. This tip is located at the free end of a cantilever that is between 100 and 200 µm long, as illustrated in When the tip is scanned over a surface, forces of different nature (contact, Van der Waals, capillary, etc.) cause a deflection of the cantilever. A laser beam is focused on the backside of the cantilever, which is usually metalized to improve light reflection, and reflected onto a matrix of photodiodes able to measure laser shift position due to the cantilever deflection. The tip is usually mounted on a tri-axial piezoelectric motor controlled by a feedback loop that maintains the tip at either a constant force (to obtain height information), or a constant height (to obtain force information) above the sample surface.

The interaction between the tip and the sample surface is described by the Lennard-Jones potential.

The tipsample interaction in equation (A.5) results from the derivation the Lennard-Jones potential function.

Where r is the tipsample distance, and are constants depending on the sample properties. In Functional printing: From the study of printed layers to the prototyping of flexible devices

Abstract

In the last decade, functional printing has gained a large interest for the manufacturing of electronic components. It stands aside to silicon technologies and specifically targets markets of large area devices (screens, photovoltaics) and flexible electronics (RFID antennas, sensors, smart textiles). In this work, inkjet printed silver layers are characterized depending on the printing conditions and the required post-printing annealing. The evolution of their microstructure, electrical and mechanical properties is investigated as a function of the annealing temperature. The correlation of the measurements with theoretical models supports the experimental methods that were developed. The knowledge of the printed silver layers assets and the optimization of the printing process lead to the design, fabrication and characterization of flexible electronics devices: a 17 GHz band-pass filter printed on polyimide, a flexible vacuum micro-sensor working on the Pirani principle, and a 250 µm thick membrane switch for keyboards. Finally, all-printed RF capacitors were realized by stacking Barium Strontium Titanate (dielectric) and silver printed layers. These prototypes exhibit performances near the state-of-the-art and suggest new opportunities for printing technologies. This thesis offers a thorough study of inkjet printed silver layers and assess their potential for the manufacturing of flexible devices.