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Introduction générale

Les structures à résolution submicronique ont une rôle essentiel dans de nombreuses applications, en mécanique, en optique et dans les sciences de la vie. Un défi majeur est la fabrication précise, à grande échelle et économiquement durable de ces structures. Au cours des dernières décennies, de nombreux outils de nanofabrication sont devenus des realiser techniques viables pour "imprimer" des nanomatériaux fonctionnels. La polymérisation multiphotonique (MPP) est l'un de ces outils importants. La MPP est le processus photochimique par lequel une molécule absorbe simultanément de nombreux photons de faible énergie pour obtenir une excitation correspondant à un seul photon de leur énergie totale. Elle est généralement initiée par la focalisation d'une impulsion laser ultracourte dans un volume de photorésine à l'aide d'une lentille à ouverture numérique élevée. Contrairement à la polymérisation à un photon, dont la probabilité est linéairement proportionnelle à l'intensité incidente, la MPP dépend du chevauchement spatial et temporel des photons incidents et présente une dépendance non linéaire par rapport à l'intensité incidente.

Problématique de la thèse

Cette technique de fabrication additive présente un grand intérêt en raison de sa résolution spatiale inférieure à la limite de diffraction de la longueur d'onde considérée. Cependant, la faible vitesse d'écriture et le coût élevé de cette technique freinent son entrée sur le marché. Pour répondre à cette problématique, un projet européen H2020 a été financé en janvier 2018. L'objectif du projet était de développer des systèmes optiques et chimiques qui permettraient de fabriquer plus rapidement de plusieurs ordre de grandeur les structures en utilisant la technique de MPP que ce qui était possible à l'époque, permettant vitesse de fabrication sans précédent dans la fabrication de structures optiques 3D à l'échelle nanométrique. Ce doctorat a été financé par ce projet.

Objectifs de la thèse

Comme mentionné ci-dessus, la fabrication de structures tridimensionnelles à haute résolution par polymérisation multiphotonique est désormais une technologie mature et disponible dans le commerce. Cependant, l'extension de la technologie à une gamme plus large d'applications industrielles est actuellement limitée par la lenteur de la vitesse d'écriture résultant de la nature séquentielle de la plupart des mises en oeuvre basées sur les balayage par un seul faisceau laser. Une stratégie pour résoudre ce problème est la parallélisation massive, l'approche utilisée dans le projet européen PHENOmenon H2020. stratégies de fabrication de démonstrateurs pour les utilisateurs finaux et au transfert de technologie vers les partenaires MPO et AIMEN dans le cadre du projet PHENOmenon. Une description plus détaillée de mes contributions suit.

Contributions de la thèse

Système prototype d'écriture parallèle IMT-A MPP

Le phototraceur prototype se compose de deux parties principales : le système de phototraçage, la station de pilotage et le contrôle électronique comprenant un PC. L'ensemble du système est monté sur une table en granit avec un support pneumatique qui isole des vibrations. La salle contenant le système expérimental à l'IMT-A étant partagée avec d'autres équipements et utilisateurs, une boîte étanche à la lumière a été conçue et installée sur le système pour respecter les normes de sécurité des lasers, simplifier la manipulation par des non-chercheurs et réduire les effets des vibrations provenant du flux d'air de la salle blanche.

La figure 1 illustre le phototraceur, montrant les différents chemins lumineux du système. Le premier chemin, surligné en bleu, fait référence à la LED violette qui est utilisée pour l'alignement du système et l'étalonnage du SLM. La deuxième voie fait référence au laser à ondes continues homogénéisés par fibre et est utilisée pour la fabrication parallèle basée sur le SLM. La troisième voie, représentée par une ligne verte en pointillé, est utilisée pour la fabrication parallèle basée sur le DOE. La trajectoire de l'autofocus est représentée par une ligne rouge qui sert de contrôle de la mise au point et d'affichage de la précision submicrométrique.

Comme stratégie d'exposition dans cette thèse, nous utilisons une configuration standard de lithographie 3D. Cela consiste à tracer à travers le substrat en verre, l'épaisseur du substrat doit donc être corrigée par l'objectif de microscope utilisé pour imager le motif à tracer. D'autres propriétés importantes sont la courbure du champ et le fait que l'objectif doit être corrigée "plan" pour éviter que les images projetées soient courbées et déformées au niveau des bords/coins. Dans cette thèse, des platines de translation hybrides ont été utilisés pour obtenir une haute résolution et de grandes portées afin d'éviter d'être limité par le champ de vue (FoV) de l'objectif du microscope et de permettre une fabrication. Pour fabriquer la structure souhaitée, il est essentiel d'appliquer une stratégie de parcours de balayage. Pour fabriquer une structure 2D, le logiciel implémenté dans le phototraceur centre lorsqu'on utilise une dose de lumière plus élevée. Avant de développer différentes techniques pour réduire ou éviter les effets de proximité, il était important de mettre au point un modèle numérique qui nous aiderait à prédire les résultats expérimentaux et à précompenser les effets de proximité. Ce modèle a été conçu et programmé en collaboration avec nos partenaires du projet ENS-Lyon en comparant les structures expérimentales déjà obtenues et en concevant des DOE et des structures spécifiques pour améliorer la calibration du modèle. Afin d'obtenir un meilleur accord avec les structures observées expérimentalement, il a été nécessaire de prendre en compte les effets de diffusion dans les résines. Parmi les différents processus de diffusion possibles figurent la diffusion de la température, des molécules inhibiteurs telles que l'oxygène et des radicaux. Les paramètres de diffusion seront différents pour différentes résines en raison de la chimie différente (monomères, photoinitiateur, viscosité des espèces, etc.). Dans le cadre du projet PHENOmenon, de nouvelles formulations de photorésine ont été conçues pour fonctionner dans la gamme 515-535 nm, notamment un nouveau photo-initiateur très sensible mis au point par l'ENS de Lyon, en France. Les structures fabriquées obtenues par parallélisation DOE présentées dans cette thèse ont été principalement réalisées avec cette résine et comparées avec la résine hybride (inorganiqueorganique) commerciale bien connue OrmoComp®. Ces résultats semblent indiquer que la diffusion dans la résine hybrid est beaucoup plus forte que dans la nouvelle résine, ayant à la fois une plus grande portée (plus grande valeur de la largeur de la fonction de diffusion, 360 nm) et une plus longue durée de vie des espèces diffusantes (5,9s).

Nous avons ensuite étudié systématiquement les modifications des paramètres de fabrication standard de notre système afin de réduire l'effet de proximité. Les principales techniques permettant d'éviter la modification des structures polymérisées souhaitées par l'effet de proximité, il est conseillé de:

1. Adaptez l'espacement des points d'écriture à la résiné et à l'objectif utilisé, généralement >5µm pour un objectif X40 NA 0,95 et >2µm pour un X100 NA 1,4.

2. Utilisez des objectifs de microscope avec une ouverture numérique élevée, de préférence supérieure à 0,9.

3. Choisissez des résines à faible diffusion.

4. Réduisez l'épaisseur de la couche de résine si possible -les couches <50µm ont tendance à montrer moins d'effets de proximité.

Fabrication parallèle basée sur les DOE

Grâce à cette meilleure compréhension, des techniques spécifiques ont été développées avec succès pour éviter, réduire et compenser l'effet de proximité dans l'écriture parallèle. Nous commençons par une stratégie de gravure parallèle relativement simple appelée " stop-and-go ", qui consiste à placer un réseau de points DOE à un endroit approprié dans le trajet du faisceau d'écriture d'un laser pulsé pour polymériser simultanément un réseau NxN de structures 3D identiques dans un résine photosensible appropriée. Nous avons fabriqué des structures 2D, 2,5D et 3D, telles que des réseaux binaires, des réseaux blazés et des structures en forme de T, afin de démontrer la capacité de notre système à réaliser des motifs 3D en utilisant cette technique de fabrication parallèle.

L'objectif principal de cette thèse est le développement de techniques MPP à haut vitesse taux de traçage utilisant la méthode d'écriture parallèle. À cette fin, nous présentons des méthodes de fabrication plus sophistiquées que nous avons développées et qui sont basées sur la superposition "à la volée" des tracés, en utilisant des réseaux de points 1D et les deux approches précédentes. Il est possible de "façonner" les structures obtenues en utilisant des réseaux de points lumineuses avec des intensités différentes dans les différents points. En balayant les différents points, les points de puissance supérieure produiront des voxels plus grands et donc des structures plus grandes que les points de puissance inférieure.

En raison de ces résultats importants et motivants et de notre rôle dans le projet PHE-NOmenon, nous avons conçu et fabriqué de nouveaux DOE et transferé à nos partenaires AIMEN et MPO, qui ont appliqué cette stratégie à l'échelle industrielle pour la fabrication des démonstrateurs finaux dans leur système laser haute puissance. Par exemple, à IMT-A, nous avions des vitesses de traçage allant jusqu'à 1,4 mm 2 /min par balayage, alors qu'AIMEN a atteint des vitesses de traçage allant jusqu'à 5 cm 2 /min (plus de 300 fois plus rapide).

Fabrication parallèle basée sur le SLM

La parallélisation avec des matrices de points fixes générées par le DOE fonctionne bien et peut produire des taux de traçage très élevés, mais elle est limitée à la fabrication de structures périodiques. Pour produire des structures plus générales (par exemple, non périodiques), il faut faire varier le motif des points pendant le tracer, par exemple en utilisant un modulateur de lumière spatial (SLM). À l'IMT-A, nous avons étudié l'utilisation d'un SLM dans une approche d'imagerie qui offre potentiellement les taux de traçage les plus élevés avec plus de 100 M voxels/s (SLM LCD indépendant de 2 M pixels à une fréquence d'affichage de 50 Hz). Pour fabriquer des structures à l'aide de cette technique, il faut une résine à très haute sensibilité, car la puissance du faisceau laser d'entrée est répartie sur un grand nombre de pixels. Le photorésine utilisé peut être polymérisé à l'aide d'un laser CW basé sur la photochimie annihilation de triplet de triplet (TTA). L'ENS Lyon a développé cette photorésine dans le cadre du projet PHENOmenon. Dans la figure suivante (a), nous montrons le principe de fabrication par l'imagerie-SLM utilisée á IMT-A. Le laser sélectionné est un système laser vert de 1,2 W à sortie optique avec un module d'homogénéisation du faisceau en fibre et de réduction du speckle. L'image chargée dans le SLM est projetée à travers une lentille pour réduire sa taille et polymériser la résine photosensible en différentes couches.

Nous avons montré que la technique basée sur une image SLM projectté dans une résine TTA très sensible est un outil très efficase pour fabriquer des structures 2D et 2,5D en parallèle à des vitesses de traçage compatibles avec les procédés industriels. En attendre en proportion du nombre de points. A l'IMT-A, nous avons obtenu des vitesses de traçage allant jusqu'à 1,4 mm 2 /min par scan. Ces nouvelles techniques de traçage MPP sont actuellement en cours de brevetage dans le but de les publier immédiatement après.

Nous avons également présenté une approche de fabrication parallèle potentiellement plus flexible et plus rapide basée sur l'image-SLM MPP pour fabriquer rapidement des structures non périodiques complexes sur de grandes surfaces dans une résine TTA innovante développée par notre partenaire du projet PHENOmenon, l'ENS Lyon. Cela nous permet de fabriquer en une petite fraction du temps nécessaire à la fabrication sur des resines MPP conventionnelles.

La faisabilité industrielle des techniques indiquées a été développée, puis testée et vérifiée expérimentalement par la fabrication de micro/nanostructures de démonstration sur le prototype polyvalent de phototraceur MPP dans la salle blanche d'IMT Atlantique. Nous avons également transféré avec succès l'ensemble du processus et des stratégies (DOE, fichiers de structuration, chimie et processus de fabrication) à nos partenaires de projet AIMEN et MPO pour la fabrication sur leurs systèmes à laser industriels haute puissance, où des vitesses de structuration allant jusqu'à 5 cm 2 /min ont été atteintes.

Les travaux visant à compléter la compréhension des processus d'écriture parallèles de MPP basés sur les DOE et les SLM se poursuivent au-delà de cette thèse. Dans la fabrication MPP parallèle basée sur le DOE, cela se fera en optimisant le nombre de points utilisés simultanément en les plaçant aussi près que possible les uns des autres tout en compensant les effets de proximité. Pour le processus d'écriture parallèle MPP basé sur l'imagerie-SLM dans les résines TTA utilisées á l'IMT-A, nous travaillons actuellement sur des solutions et des améliorations, en particulier les effets de focalisation/polymerisation hors plan focal pour la fabrication de structures 3D complètes. Enfin, le système autofocus de notre système MPP polyvalent actuel doit également être amélioré pour permettre le suivi en temps réel de la mise au point sur toute la surface d'ecriture, car notre méthode actuelle suppose que le substrat est parfaitement plat. De plus, dans notre système, l'ouverture numérique de 0,95 de l'objectif du microscope ne permet pas un fort confinement spatial de la lumière le long de l'axe optique (résolution axiale). Comme utilisé par nos partenaires du projet ENS de Lyon, le choix d'un objectif de microscope à immersion avec une plus grande ouverture numérique (1.4 NA) est une solution possible.

ABSTRACT

Nowadays, submicronic structures are used in numerous essential applications in mechanics, optics and life sciences. A major challenge is the precise, large-scale and costeffective fabrication of such structures. One of the most promising techniques to meet this demand is multiphoton polymerization (MPP). MPP is a photochemical process usually initiated by tightly focusing an ultrafast laser pulse into a volume of a photosensitive resist with a high numerical aperture objective. Scanning the resulting focused "voxel" 1 in 3D allows the writing of almost any shape, but at a limited speed since only a single writing beam is usually used, which is a critical factor for industrial purposes.

The main objective of this thesis is to optimize the performance of an ultrafast 3D nano-printer implementing a novel parallel writing technique based on MPP, which enables parallel writing of structures with submicron resolution. The developed nano-printer is designed to implement massively parallel writing by using beam-splitting diffractive optical elements (DOE), which enable simultaneous fabrication with up to thousands of beams, thus reducing the overall fabrication time. The limitation of using DOEs is the fixed pattern they produce, which only allows the fabrication of periodic or semiperiodic structures. For this reason, a second approach is investigated using a Spatial Light Modulator (SLM) to project and write time-varying patterns in high sensitivity continuous wave (CW) resists.

In initial experiments on parallel writing with DOE-generated write spot arrays, we encountered a major unexpected obstacle in massively parallel fabrication: corner and edge spots were frequently under-polymerized compared to spots in the array center. This proximity effect results from local changes in the MPP threshold associated with the presence of other light spots near a probed light spot (spatial proximity effects) or with prior exposure of the resist -whether or not leading to polymerization -by spots scanned over the same plot area (temporal proximity effects). This proximity effect is known in the literature but has been very little explored, mainly because almost all MPP systems use a single write beam. We combined this approach with a phenomenological digital simulation model to better understand and predict proximity effects in parallel microfabrication. The simulation method was validated and calibrated by comparing it with experimental results. Based on these simulations, several systematic experiments were performed to reduce or use the proximity effect.

With this knowledge, the thesis then focuses on developing innovative plot techniques for numerous structures using 1D and 2D spot array at plot speeds limited only available by laser power. By adjusting the number and spacing of spots along the scan line and/or the laser repetition rate and/or the scan speed, we were able to control the overlap of laser spot pulses to optimize the overall plot rate and fabricated structure smoothness. Using these techniques, we were able to write 255 spots simultaneously in our home-built system and achieve a plot rate of 1.4 mm 2 /min per scan with the low-power laser (17.5 mW) available to us.

We also studied the fabrication of different structures by exploiting the proximity effect, which allowed fast fabrication of complex 3D structures in multiple laser flashes for European Project demonstrators. These strategies were transferred to industrial partners with high-power lasers (>2 W), allowing them to reach plot rates up to cm 2 /min to fabricate a complete demonstrator.

In a similar approach, the use of an SLM enables the rapid fabrication of complex non-periodic structures over large areas in a small fraction of the time generally required with a single write beam. Our results show that it is possible to fabricate structures such as domes and ramps using the SLM-based technique's continuous gray-scale profiles. For this purpose, we adjusted the mapping calibration table (exposure time vs height of the structures) and the manufacturing process of the structures to obtain the desired structures. We achieved what believe to be the first fabrication of fully 3D bridge-type structures using SLM-based MPP parallel writing and ultra-sensitive resists using the same approach. Although the fabrication of 3D structures is not yet systematic and optimal, these encouraging results open strong opportunities for extremely high speed 3D nanofabrication based on this technique.

In the near future, rapid free-form fabrication based on massively parallelized multiphoton polymerization should enable mass production in industry and hence expand applications of 3D micro/nanostructures in previously unexplored fields.

INTRODUCTION

Submicronic structures are today used in numerous applications in various aspects of humanity, such as mechanics, optics, and life sciences. In recent decades, numerous nanofabrication tools have evolved into viable techniques for printing functional nanomaterials. Direct laser writing Multiphoton polymerization (MPP) is one of these important tools. MPP is a photochemical process usually initiated by tightly focusing an ultrafast laser pulse into a volume of photosensitive resist with a high numerical aperture objective. The main limitations of the technique are its production of single voxels, which forces a trade-off between resolution and productivity, and the photochemistry, which requires extremely high photon density. Commercial MPP photoplotting equipment has already appeared on the market, but they are single-beam devices with low write speeds and small working volumes, i.e., several hours for mm 3 . Therefore, there is a clear need for high volume, high plotting rate plotting systems for 3D structures with sub-micrometer resolution. This thesis aims to address this limitation by implementing different parallelization techniques using novel ultra-high sensitivity photoresists. First, we give a summary of the current state-of-the-art nanofabrication techniques, particularly those based on MPP.

Introduction to MPP

Multiphoton absorption (MPA) is the process by which a molecule simultaneously absorbs many low-energy photons to obtain an excitation corresponding to a single photon of their total energy. Unlike single-photon absorption, whose probability to occur is linearly proportional to the incident intensity, MPA depends on the spatial and temporal overlap of incident photons and has a nonlinear dependence on incident intensity (Figure 5a). As shown in Figure 5b, MPA allows highly localized excitation with a focused beam of light [START_REF] Sekkat | Laser nanofabrication in photoresists and azopolymers[END_REF]. In the mid-1990s, some potential applications were demonstrated using this technique [START_REF] Maruo | Three-dimensional microfabrication with two-photon-absorbed photopolymerization[END_REF], however, the very low MPA efficiency of the materials was a major problem, which triggered the search for new materials with higher MPA efficiency. More recently, with the new generations of cheaper high-power lasers, the MPA technique found a variety of applications in micro-nanofabrication, including micro-optical components, ously individually addressed voxels). The parallelization developed strategies were tested on laser writing systems of different partners (AIMEN, IMT-A, ENS-Lyon, MPO [START_REF]Multiphoton Optics: Multiphoton Optics -Your global partner for 3D Lithography[END_REF]) and the results were complemented with post-processing at the wafer level of the end-user partners. The project involved the development of disruptive applications, ensured by the participation of leading end-user technology companies, who proposed target prototype structures for future products, in the project demonstrators. THALES (France) [START_REF]Thales -Building a future we can all trust[END_REF] in the field of technologies for security and aeronautical applications; FNMT (Spain) [START_REF]Real Casa de la Moneda -FNMT[END_REF] in techniques for original documents protection, such as banknotes or ID cards; PSA (France) [22] in the design of holography-based new interaction methods between driver and vehicle; FlexEnable [START_REF]Flexible Electronics[END_REF] and DesignLED (UK) [24] targetted advanced components for low-consumption LED-based visualization and lighting.

Scope of the thesis

As presented previously, the fabrication of high-resolution fully three-dimensional structures by multiphoton polymerization is now a maturing and commercially available technology [START_REF]Print nano. Your partner for high-precision additive manufacturing[END_REF]. However, the extension of the technology to a wider range of industrial applications is currently limited by the slow write speed resulting from the sequential nature of most implementations based on a single scanned laser beam. One strategy to solve this problem is massive parallelization, the approach used in the European PHENOmenon H2020 project. This thesis focuses on implementing and optimizing two techniques to parallelize the process through the use of Diffractive Optical Elements (DOEs) and Spatial Light Modulator (SLM) to split a high-power laser beam into numerous write beams. In parallel fabrication based on DOEs, we use sophisticated DOE designs (e.g., 1D, 2D, write spot arrays, uniform and modulated spot powers) and scan strategies to optimize the practical overall write speed by making full use of available laser power and compensating system limitations such as illumination non-uniformity and scan stage imperfections. In the SLM approach, the parallel fabrication is based on an imaging configuration projection of an amplitude modulated SLM into high photosensitive resists. The advantage is that an SLM is an active device that allows fast switching of the projected pattern and allows the fabrication of complex structures, contrary to DOE, which generates a fixed pattern.

The project-developed photoplotter used in this thesis was principally built by research engineer Quentin Carlier in our cleanroom. During the development of my thesis, my fellow Ph.D. student Qiang Song also contributed to designing the optical illumination system for the source based on a fibered laser. Towards the end of my Ph.D. research, under my supervision, masters student Florie Ogor worked on the fabrication of structures using the machine, principally focused on the imaged SLM approach.

My main work centered on understanding and optimizing the photochemical process, and giving the hardware and software developer (Quentin) feedback to develop and optimize new plot strategies. I also gave feedback to the resist development team (ENS Lyon) to improve and adapt the resist performance for parallel writing. Finally, I helped the development of end-user demonstrator manufacturing strategies and in the transfer of the technology to partners MPO and AIMEN as part of the PHENOmenon project.

Thesis Outline

The thesis is divided into six chapters organized as follows. As a general introduction, we present to the reader the motivation and scope of the thesis. Chapter 1 introduces the state-of-the-art nanostructure fabrication techniques, particularly those based on parallel multiphoton polymerization. Here we present the basics of multiphoton polymerization and the chemical, physical, and engineering methods currently investigated to increase the fabrication speed. Then, we discuss in detail the latest research related to parallel manufacturing.

Chapter 2 presents our prototype system for massively parallel direct-write multiphoton photoplotting developed during the thesis. In a second part, the chapter describes the fabrication process, mainly my contributions to improving the process, including the elaboration of the photoresists and characterization of the structures fabricated.

During our first parallel-write experiments, a major unexpected obstacle was encountered in massively parallelized fabrication, called the proximity effect. In chapter 3, we analyze the effect systematically. First through observation of the phenomena, then the simulation of the effect using a phenomenological approach. After better understanding the effect, we develop and demonstrate different ways to reduce the proximity effect and control it.

With the proximity effect controlled, Chapter 4 presents different ways to fabricate in parallel using DOEs. We present novel strategies to fabricate periodic structures such as on-the-fly, demonstrating it to be a versatile method to fabricate quickly any type of periodic structure in parallel, even in 3D. Then, by carefully choosing the spot separation and the thickness of the layer, we show that it becomes possible to use the proximity effect to produce smooth structures of various shapes with little or no over-scanning across the structure.

In chapter 5, we present structures similar to the test structures presented in the previous chapter, such as binary and blazed gratings, but fabricated over larger areas to observe the reliability of our system (mainly to fabricate initial demonstration structures for the end-users of the PHENOmenon project). We transferred these strategies to our industrial partners MPO and AIMEN, and we present some of their results in the chapter.

The basic principle of the parallel-write imaged SLM photoplotter to enable the extremely high speed fabrication of non-periodic nanostructures is presented in Chapter 

STATE-OF-THE-ART OF NANOFABRICATION

In this chapter, we present the main scientific and technical concepts behind nanofabrication techniques. Among the different direct writing techniques described, we focus on one of the most promising techniques Multiphoton Polymerization (MPP). One of the principal limits of the MPP techniques is that it currently presents a slow fabrication rate. Thus, we summarize the chemical, physical and engineering methods, indicating the current state of the art on how to increase the fabrication speed of the MPP technique. After presenting the different methods, we present in detail the scientific background of the principal elements used to parallelize the fabrication in this thesis, Diffraction Optical Elements (DOEs) and Spatial Light Modulators (SLM).

Photolithography

Since photolithography is widely used and well known in the micro and nanofabrication industry, it will only be briefly discussed here. The principle is based on projecting images of structures on a lithographic mask onto a photosensitive resist previously applied to a substrate. The photoresist is spin-coated on the substrate and soft baked up for 30 min at temperatures between 60 and 100 °C to remove solvents. In the semiconductor industry, sometimes a layer of metal is deposited on the substrate [START_REF] Hubenthal | Comprehensive Nanoscience and Technology[END_REF]. Figure 1.1 shows the general process, which can follow two paths, positive resist or negative. The sample is then illuminated through a mask with suitable light. Thus, the pattern on the mask is copied into the resist and causes photochemical changes therein. Afterward, the resist is developed and hard-baked for 20-30 min at temperatures between 80 and 180 °C. In the case of a positive photoresist, the open areas are removed, leaving unexposed areas on the substrate (Figure 1.1b). The residual resist is chemically solidified in a negative resist, removing the unexposed areas (Figure 1.1c).

The main advantage of photolithography is the parallel process technique, which is necessary for mass production. However, it suffers from the fact that its resolution is limited by the Abbe-Rayleigh criterion [START_REF] Abbe | Beiträge zur Theorie des Mikroskops und der mikroskopischen Wahrnehmung[END_REF][START_REF] Rayleigh | XXXI. Investigations in optics, with special reference to the spectroscope[END_REF] :

r = 0.61 λ n sin a = 0.61 kλ NA (1.1)
Where r is the minimum distance between two structures, in the same units as λ is specified, n the refraction index of the environment, α the aperture angle, and NA the numerical aperture of the light source. Therefore, high numerical apertures and short wavelengths must be used for small structures. While a high-pressure mercury lamp is sufficient for structures larger than 250 nm, shorter wavelengths are required for structure sizes between 150 and 250 nm. For even smaller structures with sizes below 100 nm, light with a wavelength λ < 150nm should be applied. This resolution can be achieved by extreme ultraviolet (EUV) lithography, which uses wavelengths down to 13.4 nm (100 eV) [29].

Although these microfabrication techniques have been used for years, they have several limitations. It is very complicated to fabricate multilevel elements in a single fabrication step because of the realignment of masks. Also, if there is a lateral misalignment of the mask, fabrication errors can occur. In addition, if new structures are to be made, it is impossible to make new devices based on previously manufactured masks, so new structures must be written entirely from scratch. For this reason, various direct-write lithography systems have been developed, some with electrons, some with ions and some with photons [START_REF] Ulrich | Direct writing laser lithography for production of microstructures[END_REF]. Each approach has its advantages and disadvantages, and it is instructive to discuss them before moving on from this chapter to multiphoton polymerization.

Direct-write microfabrication

In general, all direct-write techniques transfer or modify material zones (voxels) by four basic mechanisms: dispensing, flow, particle beam, or laser [START_REF] Piqué | Three-Dimensional Microfabrication Using Two-Photon Polymerization 1-23[END_REF]. Since the techniques are widely studied, we focus only on the fabrication based on particle and laser beams for the purpose of this thesis.

Particle-beam-based nanofabrication

The direct writing mechanism is based on the interaction of an energetic particle beam, i.e., ions or electrons, with an organic precursor molecule containing the element to be deposited or removed. Examples of direct writing techniques based on particle beams include focused ion beam and electron beam, which are used for high-resolution [START_REF] Vaezi | A review on 3D micro-additive manufacturing technologies[END_REF].

Electron beam lithography

Electron beam lithography (EBL) is the primary nanofabrication technique used to create nanoscale features in a material. EBL uses electrons to print, while photolithography uses light. Both methods use an organic material (resist) that is sensitive to either electrons or light, depending on the material used. The EBL technique uses a beam of electrons focused by magnetic lenses to scan the material and form the desired pattern. The focused electron beam is precisely directed to the positions on the wafer to form the pattern. The electron beam exposes the pattern point by point and line by line, which can take longer than conventional photolithography. However, it is a more flexible system that does not require expensive masks [START_REF] Henini | EBL opening up the nano-world[END_REF]. The electron sources commonly used have outputs in the 50-100 keV range. The spot size of the beam greatly influences the resolution obtained by this type of lithography. The "typical" resolution is around 150 nm but recently much better resolutions can be obtained (a few nm) [START_REF] Zhu | Nanofabrication of 30 nm Au zone plates by e-beam lithography and pulse voltage electroplating for soft x-ray imaging[END_REF]. Sample position and beam characteristics are electronically controlled to achieve the desired resolution at the nanoscale. The main drawbacks of electron beam lithography are the cost of purchasing and maintaining the system and the slow write speed (single-beam) [START_REF] Gates | New Approaches to Nanofabrication: Molding, Printing, and Other Techniques[END_REF][START_REF] Parker | High-throughput NGL electron-beam direct-write lithography system in Emerging Lithographic Technologies IV[END_REF].

Focused ion beam lithography

Focused ion beam (FIB) is a technique that uses ions instead of electrons to write in a resist or substrate material directly. FIB can also image the sample surface or locally sputter the material surface to fabricate arbitrary nanostructures directly [START_REF] Lee | Biomaterials Science (Fourth Edition)[END_REF]. The ions are generated from a liquid metal tip containing a chemical element and is focused on the surface of the material with electrostatic lenses. Most commercially available FIB systems use gallium (Ga) ions to micromachine the surfaces.

A highly focused ion beam is required to obtain good image resolution or micromachining accuracy. With only ions, FIB is a subtractive method in which material is removed from the sample. Some systems also use a gas injection system to transform the system into an additive technique [START_REF] Reyntjens | A review of focused ion beam applications in microsystem technology[END_REF]. Typical operating energy levels are in the range of 10 to 200 keV. FIB is a potent tool, and virtually any material can be sputtered and imaged in situ. However, it is time-consuming because the spot size is very small, on the order of 5-10 nm [START_REF] Wilhelmi | Handbook of Silicon Based MEMS Materials and Technologies[END_REF].

Compared to electron-ion beam lithography, the patterning speed offered by this technique is significantly slower due to the lower ion current density that can be achieved. There are fewer papers on the fabrication of 3D structures with this technology due to its slow speed and expensive price. [START_REF] Rigort | Focused ion beam micromachining of eukaryotic cells for cryoelectron tomography[END_REF]. Common feature resolutions are in the nm range at write speeds of (10-100 nm/s). FIB and EBL are techniques that can be used to fabricate 3D structures [START_REF] Schleunitz | Fabrication of 3D patterns with vertical and sloped sidewalls by grayscale electron-beam lithography and thermal annealing[END_REF]. However, to do this, these techniques require multiple coating for layer-by-layer writing, which is very time-consuming [START_REF] Gates | New Approaches to Nanofabrication: Molding, Printing, and Other Techniques[END_REF].

In order to obtain fast writing speed for the fabrication of nanostructures, high-power lasers and mask-less systems can be used to scans and parallelize production. In literature, this approach is generally referred to as Laser-based Direct Write (LDW). Although not all techniques have a limited resolution, we present a general overview of some of those techniques in the following section.

Laser-based nanofabrication

Among the existing Laser-based Direct Write (LDW) processes are: subtractive, modifying, and additive. In the case of subtractive LDW, the most widely used and known for many applications is laser micromachining [START_REF] Lenzner | Incubation of laser ablation in fused silica with 5-fs pulses[END_REF]. On the other hand, if the intensity is reduced below the ablation threshold for a given material, changes can be made to the morphology, structure and chemistry of the material. This type of LDW modifier can achieve annealing, surface structuring, selective sintering, photodecomposition photochemistry, and photopolymerization. Additive LDW involves the deposition, transfer or imprinting of voxels of material onto a surface and can be achieved using different processes such as photodeposition (i.e., laser chemical vapor deposition (LCVD)), laser material transfer from a donor layer to a receiving surface (i.e., laser-induced forward transfer (LIFT)), or photopolymerization (e.g., stereolithography (SLA) and Two/Multiphoton polymerization (TPP/MPP)). In the following section, we present some additive manufacturing techniques using the LDW approach.

Additive manufacturing

Stereolithography is an Additive Manufacturing (AM) process. AM is generally used for directly making three-dimensional objects from digital data. We can create solid parts from 3D models layer by layer thanks to SLA. Stereolithography is a 3D printing process that uses a laser to cure liquid resin into hardened plastic. Among the different configurations, inverted stereolithography is the most common SLA system available on the market. At the beginning of the print, a build platform is lowered into the resin, leaving only a thin layer of liquid between the platform and the top of the tank. Galvanometers direct the laser through a transparent window in the top of the resin tank, drawing a cross section of the 3D model and selectively hardening the material. The print is made in consecutive layers, each of which is typically less than one hundred microns thick. When one layer is complete, the part is lifted off the bottom of the tank, allowing fresh resin to flow underneath, the next layer is written, and the process is repeated. [START_REF] Fateri | 3D Printing of Optical Components[END_REF]. A recently developed technology by Formlabs [START_REF]High Resolution SLA and SLS 3D Printers for Professionals[END_REF] builds the part upside down, in which the build platform moves against gravity. Doing so, after emerging the build part from the resin, the resin pours out of the part. The thickness accuracy is typically 0.1 mm, and the minimum pattern size is 0.25 mm for the XY writing plane and 0.4 mm for the XY writing plane and 0.4 mm for the Z construction direction [START_REF]Stereolithography (SLA) 3D Printing Service | Instant Quoting[END_REF]. One of the main advantages of stereolithography is that the part can be built relatively quickly since curing is fast. However, SLA has two main disadvantages for the fabrication of nanostructures. Although SLA allows fast layer-by-layer fabrication, it also limits it for fabricating 3D structures since its resolution is inferior compared to other techniques available on the market.

For that Two-photon polymerization and more broadly multiphoton polymerization (MPP) has a high potential for nanofabrication. This additive manufacturing method is used to solidify liquid resist into a digitally defined structure. Its major advantage is that the photochemical reaction can be controlled in a submicrometer volume µm 3 and reach a resolution higher than 200 nm1 so the fully 3D fabrication of different shapes is possible without layer by layer resist deposition. However, nanofabrication based on multiphoton photopolymerization is not yet competitive with UV lithography in terms of mass production. Although it is possible to plot over large areas, this approach is limited on most commercial equipment and very time consuming (typically hours for 1 cm 2 ). The

Basics of MultiPhoton Photopolymerization

In this section, we will explain the multiphoton polymerization process more in detail. We will first introduce to the reader the simplest non-linear situation, two-photon polymerization (TPP) and its physical principle Two-Photon Absorption (TPA).

Non-linear Absorption

Non-linear optics describes the behavior of light in non-linear media, that features a non-linear relationship between the electric polarization P and the electric field E. The first observation of a non-linear optical phenomenon was in 1961. P. Franken et al. focused a pulsed ruby laser (λ = 694 nm) into a quartz crystal. With about 3 joules of energy in the red pulse, they generated a few nanojoules of blue light (λ = 347nm) [START_REF] Franken | Generation of Optical Harmonics[END_REF]. To better explain this phenomenon, we will briefly review the fundamentals of linear optics [START_REF] Butcher | The Elements of Nonlinear Optics[END_REF].

P (w) = ǫ 0 χ(w)E(w) (1.2)
Where P is the polarization density at given w frequency, ǫ 0 is the electric permittivity of free space (electric constant), χ is the electric susceptibility and E is the electric field. The presence of an electric field E within an optical medium leads to a displacement of positive and negative charges, thereby inducing an electric polarization (P). The medium's optical properties depend on the relationship between E and P, and the nature of this relationship often classifies optical media. The non-linear relationship between E and P is typically only observed at very high light intensities, featuring electric fields comparable to inter-atomic electric fields (typically of the order of 108 V/µm). Such field strengths can be generated by using pulsed lasers and/or focusing the light into a very small volume. When we include higher-order terms, we can write the polarization as:

P (w) = P 0 (w) + ǫ 0 [χ (1) E (1) (w) + χ (2) E (2) (w) + χ (3) E (3) (w) + ...χ (n) E (n) (w)] (1.3)
Non-linear effects such as Sum-Frequency Generation (SFG), Difference-Frequency Generation (DFG), Second Harmonic Generation (SHG) are second-order nonlinearities χ (2) .

Influence of oxygen

In literature, oxygen inhibitions have been presented as a problem in free radical photopolymerization [START_REF] O'brien | Modeling the Effect of Oxygen on Photopolymerization Kinetics[END_REF]. It quenches the excited triplet states of photoinitiators, reducing the quantum yields of initiator radicals. In addition, oxygen primarily reacts with carbon-based polymerizing radicals at the diffusion-controlled boundary to form peroxy radicals that are much less reactive toward the double bonds, thus reducing initiation and propagation efficiency [START_REF] Andrzejewska | Photopolymerization kinetics of multifunctional monomers[END_REF].

Moreover, as Yang et al. have explained, oxygen even completely prevents polymerization if the laser power is chosen too low, regardless of the exposure time of the photoresist. In that regime, the laser threshold intensity for polymerization is even independent of the exposure duration. This effect has been known as the Schwarzschild effect [START_REF] Yang | On the Schwarzschild Effect in 3D Two-Photon Laser Lithography[END_REF]. Although the oxygen inhibition appears to be a problem, as we present more in detail in section 4.1.3, in parallel MPP fabrication, it becomes a way to solve or reduce the overpolymerization.

Another aspect of photopolymerization that must be taken into account is the polymerization threshold that influences the resolution of the polymerized structures.

Polymerization threshold

The polymerization threshold corresponds to the minimum intensity required to induce polymerization. While one-photon absorption is intensity dependent, two-photon absorption is intensity squared dependent. As is shown in Figure 1.10a, in a hypothetical case where both effects have the same polymerization threshold, smaller structures can be photopolymerized with two-photon absorption compared to one-photon absorption. Furthermore, the fact that the resolution is less influenced by the diffraction limit than by the power used allows the fabrication of smaller structures. This has been used to fabricate structures as small as 9 nm as Zongsong et al. demonstrated in their experimental results [START_REF] Gan | Three-dimensional deep sub-diffraction optical beam lithography with 9 nm feature size, en[END_REF].

Chemical methods to increase speed

One way to increase write speed is to improve resist sensitivity. Photopolymerization is a chemical reaction triggered by a sufficient critical dose of photons. The speed of this chemical reaction depends on the nature of the compounds but also on how they interact with the light. For example, it seems possible to move the beam 1000 times faster than normal if the average power increases by a factor of 1000 to maintain the same exposure dosage. In 2003, it was shown by Kawata et al. that the voxel aspect ratio changes significantly, even if the product of irradiance (J/s/cm 2 ) and time (s) are kept constant [START_REF] Sun | Scaling laws of voxels in two-photon photopolymerization nanofabrication[END_REF].

To fabricate faster, many teams have synthesized more efficient photoinitiators having a wide dynamic range. The dynamic range is defined as the ratio of damage threshold power to the polymerization threshold at some fixed scanning speed 3 . Having a wide dynamic range is critical for rapid fabrication. The first attempt was made by Perry et al., who published the synthesis of a molecule consisting of a bis(styryl)benzene core flanked by two dibutylamino groups at either end (E,E-1,4-bis [4-(di-n-butylamino)styryl]-2,5-dimethoxybenzene) capable of high-speed fabrication [START_REF] Cumpston | Two-photon polymerization initiators for three-dimensional optical data storage and microfabrication[END_REF][START_REF] Kuebler | Optimizing Two-Photon Initiators and Exposure Conditions for Three-Dimensional Lithographic Microfabrication[END_REF]. The cross-section of the photoinitiator was 900 GM 4 .

A speed of 80 mm/s and a cross-section of nearly 200 GM were reached by Li et al. in 2013 [START_REF] Li | A Straightforward Synthesis and Structure-Activity Relationship of Highly Efficient Initiators for Two-Photon Polymerization[END_REF]. They fabricated a 3D racing car (285 x 130 x 150 µm 3 ) consisting of 200 polymer lines to be in total 100 layers using a Ti:sapphire laser at 80 MHz, with 100-fs pulses at 780 nm. They were able to increase the fabrication speed to several meters per second, which is faster than anything else reported at that time in the literature [START_REF] Lafratta | Chapter 9 -Making two-photon polymerization faster[END_REF].

More recently our PHENOmenon project partners from ENS Lyon, Arnoux et al. have published two chromophore photoinitiators where one called V-shape has a crosssection of 1500 GM and Oct, therefore, has a cross-section of 740 GM operating at 532nm [START_REF] Arnoux | Polymerization Photoinitiators with Near-Resonance Enhanced Two-Photon Absorption Cross-Section: Toward High-Resolution Photoresist with Improved Sensitivity[END_REF]. With these photoinitiators, the authors were able to fabricate structures reaching threshold powers eight times lower than a classical two-photon initiator. For this reason, the V-shape photoinitiator was used extensively during the development of this thesis for parallel writing due to its improved sensitivity and we will present it more in detail in the next Chapter 2.

Engineering methods

According to the literature, writing by galvo scanning mirrors is the fastest way to move the laser beam with respect to the sample [START_REF] Lafratta | Chapter 9 -Making two-photon polymerization faster[END_REF]. Galvanometer-based optical scanners consist of two small mirrors mounted on motors that can be very quickly rotated. The third dimension is usually accessed by a piezo stage either mounted on the objective lens or as part of a three-axis sample stage. However, galvo scanning has a limited accessible scan area, usually only 0.02 mm 2 with a high-numerical-aperture objective [START_REF] Malinauskas | A femtosecond laser-induced two-photon photopolymerization technique for structuring microlenses[END_REF]. This limited range has to be coordinated with a three-axis stage to create larger 3D structures. This coordination can be challenging and/or expensive in terms of timing and precision. The coordination is complicated in space, given that large area patterns require many small areas scanned by the galvanometric mirror to be linked together. For example, using a typical XY air-bearing stage from PI has an accuracy of about 50 nm over 10 mm of travel [START_REF]A-142 PIglide Voice Coil Linear Stage with Air Bearings[END_REF]. In other words, an area of 10 x 10 mm requires over 5,000 galvo scans to fabricate the desired area. Also, a delay of 1 µs between the shutter and the scanner can result in a displacement between structures. This displacement will increase if the fabrication speed increases. Jonusauskas et al. presented the synchronization of the linear and galvanometric scanners for efficient femtosecond 3D optical printing of objects based on TPA reaching speed from 1 µm/s to 1 cm/s [START_REF] Jonušauskas | Mesoscale laser 3D printing[END_REF].

To sum up, if the structure fits within the field of view, it will always be faster to scan the beam than scan the sample, but the situation is significantly more complex for large-area structures.

Physical methods

Given the requirements of the European project (fabricate structures over large areas/volumes), the most adapted techniques that seem to be the used Diffractive Optical Elements (DOE), a Micro Lenses Array (MLA), or a Spatial Light Modulator (SLM) to write in parallel. In a basic approach, the parallelization techniques used scale the manufacturing throughput as a function of the number of focal points. In the same time that a single structure is produced with a single beam, multiple structures of the same type can be fabricated when multiple focal spots are used. Writing in parallel requires an increase of the power of the laser or an increase in the sensitivity of the resist to compensate for the spot power reduction induced by the beam-splitting. We now present the different strategies that have been demonstrated to use multiple or structured beams.

Summary

As we presented in this chapter, the fabrication of sub-micron structures over large areas/volumes using MPP is promising because of the possibility of applying different chemical, engineering and physical methods to increase the write speed and specially through the use of multiple write spots simultaneously. For this, two very promising techniques are DOE and SLM. Fabrication techniques developed based on DOEs are promising because their easy application in industry but are limited by their restriction to the fabrication of spatially periodic structures. The goal of using an SLM is to overcome these limitations by simultaneously writing with multiple individually modulated beams and scanning of the Z-axis to permit the fabrication of individual 3D structures. In order to conduct this research, it is necessary to build a versatile system that allows a fast transition between DOE and SLM modes. In the next chapter, we present the prototype versatile photoplotter developed in the IMT-A cleanroom.

Chapter 2

IMT-A MPP PARALLEL WRITING PROTOTYPE

In the previous chapter, we introduced the state-of-the-art in nanofabrication and in particular, we explained the different approaches to increasing plot rate by parallelized multiphoton plotting. For that purpose, it is necessary to design novel photoplotting systems. As part of the PHENOmenon project, IMT-A was assigned as task leader and main contributor to build a massively parallelized prototype MPP photoplotter. This chapter describes the assembly, development, and operation of the prototype system developed in this thesis for massively parallel direct-write multiphoton photoplotting. The highly versatile system is based on two configurations. The first is based on fixed multi-spot write patterns using DOEs, and the second on an imaging configuration projection of an amplitude modulated SLM into a photosensitive layer. An extra configuration based on one-photon polymerization plotting was also added to help in the alignment of the two first configurations. In a second part, the chapter describes the cleanroom fabrication process, including the photoresist used and characterization of the structures fabricated by the versatile system. DOEs and SLM are key elements in the parallelization of the MPP process which is central to this thesis. We will start by describing the design and fabrication of DOEs, which are important aspects to consider for parallel fabrication using the MPP process.

Diffractive Optical Elements

We introduced in the previous chapter the basic principle of DOEs as a tool in parallel fabrication, allowing splitting of an incident beam. This section presents the design and fabrication of DOEs using our home-built parallel maskless microlithography process and the importance of these elements in the thesis.

The DOEs were designed using either IMT Atlantique in-home algorithms or the commercial VirtualLab fusion™software [START_REF]VirtualLab Fusion: Optical Design Software from LightTrans[END_REF] which have been demonstrated to be efficient tools for optimizing such Diffractive Optical Elements. Both sets of software are based on the Iterative Fourier Transform Algorithm (IFTA), which is one of the most popular algorithms in diffractive optics design [START_REF] Gerchberg | A practical algorithm for the determination of phase from image and diffraction plane pictures[END_REF][START_REF] Wyrowski | Iterative quantization of digital amplitude holograms[END_REF][START_REF] Ripoll | Review of iterative Fourier-transform algorithms for beam shaping applications[END_REF].

Fabrication of Diffractive Optical Elements

After the design stage, it is possible to continue with the fabrication process. The basic principle of the DOE fabrication process can be seen in Figure 2.1a. A glass substrate is cleaned in an ultrasonic water bath and then heated on a hot plate for 15 minutes at a temperature of 120 degrees to evaporate the residual water. The next step is spin-coating a photoresist layer onto the cleaned glass substrate, see Figure 2.1b. In this thesis, we used the photoresists S1800 series, positive photoresists from Micro Resist Technology. Specifically, the photoresist was S1805 for its viscosity, suitable for binary DOEs (500 to 1000 nm in thickness) in the visible spectrum. The spin coating speed was chosen to give the desired phase delay typically π for a binary phase DOE. Depending on the output pattern, the speed can vary from 3200 rpm to 3400 rpm to obtain the best uniformity. The repeatability error of the thickness uniformity of our spin-coating process is approximately 30 nm. According to the thin element approximation (TEA) [START_REF]Diffractive Optics for Industrial and Commercial Applications[END_REF], the etch depth of the surface relief structure can be written as

d = N -1 N λ n material -n air (2.1)
Where N is the number of phase levels (in our case 2), n material is the refractive index of photoresist. λ is the design wavelength (here 532 nm). For example, using the wavelength of 532 nm and for a photoresist refractive index of 1.66 the maximum etch depth d for a binary DOE is about 403 nm. The resist coated substrate is heated for 2 minutes at a temperature of 120 degrees to evaporate the solvent, and then it is cooled down to room temperature (see Figure 2.1c).

The DOEs used in this thesis were fabricated using a home-built parallel maskless microlithography machine, Figure 2.2a. The machine is located in the IMT-A cleanroom to avoid contamination because the size of DOE structures are around 2 µm and dust particles which regularly are around 5 µm can block them. In the same way, in DOE fab-

Violet LED illumination path

When the SLM is used, the machine plots large areas by a step-and-repeat process so it is therefore necessary to have a correct alignment between the SLM axes and those of the XY table. Another problem is parallelism between the SLM plane and the imaged plane on the substrate because of the tight depth-of-field restriction (∼ µm). These two alignments require numerous test plots for the required adjustment accuracy. To permit this calibration procedure, a violet LED illumination path going through the SLM was added to the system to offer the possibility of easier alignment of the system and resolution optimization using well-known and mastered 1PP photochemistry.

The subsystem (see Figure 2.9) is composed of the 420nm wavelength 750 mW LED (Thorlabs M420L3 [START_REF]Thorlabs -M420L3 420 nm, 750 mW (Min) Mounted LED[END_REF]) going through collimation optics and an in-house custom designed (by a previous Ph.D. student, Qiang Song) and built DOE beam homogenizer, the light is then polarized in the direction necessary for the SLM. This wavelength permits imaging of the SLM in a standard 1PP photoresist, making the alignment procedure more accessible, but it also allows us to perform standard 1PP plotting to test other subsystems (autofocus, etc.). 

Manufacturing Strategies

Exposure strategy

Objective numerical aperture, working distance and its configuration with respect to the sample are important properties. Objectives with a low numerical aperture have longer working distances, but also a lower plot resolution. This is a key factor in parallel fabrication as is explained in the next chapters. High numerical aperture objectives have low working distances and higher printing resolutions. Depending on the optical configuration, the printing height of structures can be limited to only a few hundred micrometers. There are different possible configurations for the microscope objective, such as the Dip-in 3D lithography configuration [START_REF] Bückmann | Tailored 3D Mechanical Metamaterials Made by Dip-in Direct-Laser-Writing Optical Lithography[END_REF] or bath 3D lithography [START_REF] Stichel | Die Herstellung von Scaffolds aus funktionellen Hybridpolymeren für die regenerative Medizin mittels Zwei-Photonen-Polymerisation doctoralthesis[END_REF].

In this thesis, we used a standard 3D lithography setup, as shown in Figure 2.11. We plot through the glass substrate, so the thickness of the substrate must be corrected by the objective. Other important properties are the field curvature and that the objective has to be plan corrected. When field curvature aberration is not corrected, projected images are curved and deformed in the edges/corners. To overcome this inherent condition arising from flat images planes, optical designers have produced flat-field corrected objectives, which yield images that are in common focus throughout the field of view. This aspect is very important given that we want to image a plane (a spot array with the DOE or pixels on the SLM). Avoiding distortion and field curvature is therefore vitally important in the case of parallel writing, which is not at all the case when a single beam is used.

At the beginning of the thesis, the microscope objective used was a Zeiss LD Plan Neofluar with a numerical aperture of 0.6 and magnification of x40 [START_REF] Zeiss | Neofluar 40x/0,6 Korr Ph2 M27[END_REF]. In the aim of increasing the MPP resolution and energy density, we changed the microscope. The new Zeiss Corr M27 objective used in our optical system has a higher numerical aperture (0.95) and a magnification factor of x40. More precisely, it is a plan-apochromatic objective [START_REF] Zeiss | LLC -Objective Assistant -Objective[END_REF] (see Figure 2.11a). Some experiments shown in this thesis were performed by Caroline Arnoux et al. from ENS Lyon in the framework of our collaboration in the PHENOmenon project using our DOEs in a similar configuration but with a much higher numerical aperture (1.4) and magnification factor of x100 [START_REF] Zeiss | LLC -Objective Assistant -Objective Plan-Apochromat 100x/1.40 Oil DIC M27[END_REF]. The only difference is that this configuration adds an immersion layer between the objective lens and coverslip because of its high NA. This configuration is shown in Figure 2.11b. based on the ENS Lyon experiments. Here we will call the photoresist based on Ormocomp and project-developed (V-shape) photoinitiator as PR hybrid * to differentiate it from our formulation.

High resolution MPP photoresist

For massively parallelized nanofabrication, the use of a photoresist with a low energy polymerization threshold is primordial. During the PHENOmenon project a new photoinitiator was developed by ENS Lyon, which is optimized for multiphoton absorption of lasers operating in the range 515 -535nm. This formulation is made of 1,10-decanediol diacrylate which contains ca 600 ppm MEHQ as a radical inhibitor (DDA, purchased from TCI) and dipentaerythritol penta-/hexaacrylate (DPHPA, Sigma Aldrich ) with a V-shaped molecule photoinitiator provided by ENS in Lyon [START_REF] Arnoux | Polymerization Photoinitiators with Near-Resonance Enhanced Two-Photon Absorption Cross-Section: Toward High-Resolution Photoresist with Improved Sensitivity[END_REF] (see Figure 2.19). This Vshaped molecule photoinitiator was synthesized to enhance the polymerization at a lower threshold compared with the commercial brands. In this thesis this new photoresist will be called PR organic to difference it from the PR hybrid which corresponds to the photoresist based on Ormocomp2 .

As for the previous photoresist I made the mixture in the lab using the following recipe for 1g of photoresist:

1. In a small flask with a stirring magnet put 10 mg of the V-shaped photoinitiator and add 198 mg of DDA to dissolve it. In case it does not dissolve well is possible to add a few mL of dichloromethane (CH 2 Cl 2 ) because the V-shape photoinitiator is very viscous.

2. When it is dissolved, add 792 mg of DPHPA.

3. Stir for 24 hours by opening the vial to evaporate the solvents. Although the light is yellow in the clean room, the vial should be amber colored to protect the contents from ambient light. 

Structure characterization

Generally, the structures fabricated in this thesis have resolutions in the size range of microns or hundreds of nanometers making them almost impossible to observe with the naked eye. For that reason, it is necessary to use different characterization instruments to analyze them. The photographs of these instruments are shown in Figure 2.36.

Figure 2.36a shows the optical microscope (Reichert-Jung Polyvar Met). This microscope has objectives of 5x, 10x, 20x, 50x and 100x magnifications with a maximum resolution of about 700 nm. It is used to observe and photograph samples just after fabrication. In general, with the help of a CMOS camera, a quick overview of the shape of the structure is obtained, helping to quickly fine-tune the parameters for the following fabrications without the need to use another slower, more expensive, and invasive instruments, even before the sample is developed. The limitations using the microscope is that dependent) and gives an accurate view of the fabricated structures from different angles. The main drawback of using an SEM is the FoV which does not allow to observe a large area (∼3mm) at a time. Also because of its limited resolution and a prolonged breakdown during the COVID confinement, some structures were observed in the SEM of L'Institut Français de Recherche pour l'Exploitation de la Mer (IFREMER) operated by Nicolas Gayet.

Summary

This chapter presents the assembly, development, and operation of the versatile prototype system for massively parallel direct-write multiphoton photoplotting (MPP) at IMT-A based on fixed DOEs-generated spot arrays an imaging configuration projection of an amplitude modulated SLM into photosensitive layers. The system includes an improved multi-functional architecture adding piezo-based inactinic autofocus, anti-vibration table, real-time sample observation, high-quality projection optics, violet illumination for single-photon photoplotting to aid system alignment, drive electronics and modular control software.

To use the two modes for parallel manufacturing, it is necessary to use ultra-sensitive resists. Therefore, in this chapter, we also presented these resists. For the fixed DOE mode, we present two resists based on a commercial photoresist with photoinitiators developed by ENS Lyon (PR hybrid and PR hybrid * ) and a project-developed resist (PR organic ). In the case of imaged-SLM mode, we presented a new resist formulation (also developed during the PHENOmenon project).

We have also presented the general process fabrication developed over three years for the DOE and SLM systems. In fact, we encountered a significant unexpected difficulty during our first parallel fabrication using the versatile photoplotter in the DOE mode. When plotting with multi-spot arrays, corner and edge spots were frequently under-polymerized compared to spots in the array center. In the next Chapter 3 we present our study about this effect and how we came to understood, model and minimize its negative consequences.

Chapter 3

ANALYSIS OF PROXIMITY EFFECTS IN PARALLEL FABRICATION

As we explained in previous chapters, massive parallelization can be achieved by beamsplitting diffractive optical elements that allow simultaneous fabrication with up to thousands of beams, reducing the overall fabrication time. But as we explain in this chapter, a major unexpected obstacle was encountered by all project partners when multiple spots were used simultaneously for multiphoton polymerization. We were able to relate this phenomenon to proximity effects. Polymerization appears to depend on the local photochemical environment and the intensity distribution further away from the desired focal spots. Proximity effects are very well known in 1PP fabrication but the effects are different [105] and in MPP literature have been only mentioned occasionally [106, 107]. We found no records of its specific effects in the massive parallelization of the MPP process.

The main goal of this chapter and one of my main contributions is to improve understanding of the proximity effect in parallel multiphoton microfabrication and enable prediction of its behavior using digital simulations. The phenomenological model we developed was coded in MATLAB and is based on point spread functions (PSF) computed using the PSF Generator software based on the Gibson-Lanni model [108,109]. We constantly improved our simulations through qualitative iterations1 , including diffusion parameters, to calibrate it to experimental results. This chapter presents numerous systematic experiments developed to reduce the proximity effect in our system, such as low diffusion photoresist, thinner photoresist layers to increase oxygen penetration, and higher numerical aperture objectives so that the focused energy is can polymerize a smaller area.

Observation of the Proximity Effect

In the initial experiments with parallel MPP fabrication, it proved very difficult to achieve uniform polymerization across the write-spot array with DOEs producing arrays with different numbers of spots (5x5, 7x7, and 11x11). When using a spot array of 11x11 spots, as shown in Figure 3.1a, the fabricated structures (Figures 3.1b and 3.1c) often either showed lost or under-polymerized outer parts or experienced undesirable overpolymerization in the center when using a higher light dose. Similar effects were observed to different extents by all photoplotting partners in the PHENOmenon project (CNRS/ENS-Lyon, AIMEN, and MPO) when using the various DOEs we supplied to them, even though they used different lasers, optical systems, and sometimes different photoresists. We determined that proximity effects caused these problems. MPP proximity effects are normally defined as any local change in MPP threshold linked to the presence of other light spots near a studied light spot (spatial proximity effects) or a previous exposure of the photoresist, whether leading to polymerization or not, by spots scanned over the same plot area (temporal proximity effects).

Before the proximity effect was properly studied, some authors had mentioned some similar effects in single spot fabrication in DLW-MPP using a different definition to ours. For example, Park et al., in 2006, experimented with the generation of nanofibers in the interior of microstructures using a TPP method with long duration laser irradiation. They mention that in cases where the central distance (D) between two fabricated features is smaller than a critical value (700 nm in this case), as seen in Figure 3.2a, thin network lines regularly appear [110]. Similarly, Tan et al. in 2007 presented undesirable effects such as linewidth broadening and tiny sporadic connections in their experiments [111]. This effect occurred when they decreased the distance between written rods, as shown in Figure 3.2b. This effect appears more related to a photochemical effect due to spatial proximity. That is to say, some molecules that have not been completely cross-linked when they are close to each other start to entangle until they form a more rigid structure. This effect becomes stronger when very long exposure times are used and the structures are closer together. In fact, it may be that at any given distance these effects may be related to proximity effects as we define them (due to MPP threshold shifts).

Since then, various authors have mentioned the term "proximity effect" in MPP experiments. In 2016, Waller et al. studied the proximity effect by time delaying a series of fabricated paired lines using an SLM to measure the effect's strength dynamically. They suggested that the proximity effect is mainly caused by molecular diffusion [112]. In more detail, Oakdale et al. in 2017 mentioned that higher laser powers and scanning speeds could produce proximity effects in DLW-TPP (see Figure 3.3a). They indicated that proximity effects could cause feature broadening and bleeding. To address these defects, they suggested that producing lines of constant width but varying spacing requires an adjustment of the laser power [106]. In the same year, Saha et al. reported the quantification of the laser damage that occurs on top of a glass slide surface due to the proximity of features during two-photon polymerization using IP-DIP resist from Nanoscribe (Figure 3.3e and f). They concluded that the proximity effect reduces the threshold power for laser damage during the writing of closely spaced overlapping features. They also mentioned that the proximity effect could significantly impact manufacturing scalability, as this effect is more important at high write speeds [107].

All of these authors have reported the existence of the proximity effect but none studied its specific effects in parallel MPP. We are, to our knowledge, the pioneers in the investigation of this crucial effect in parallel DLW-MPP in our two publications. In one, we presented a first approach to understanding parallel-write proximity effects and how to reduce them [113], and from which this chapter is inspired. In a second article written with Arnoux et. al. from our ENS Lyon partners (pending publication). We demonstrated how process parameters can be modeled in digital simulations to successfully predict and optimize the outcome of parallel write MPP experiments.

To better understand the proximity effect and quantify its effect with our photoplotter, we designed and fabricated calibration DOEs with the same number of spots (same writing power) but different spot spacings. For this experiment, 5x5 spot array DOEs with the spacing of 13, 11.35, 9.6, and 7.775 µm were selected. A drop of PR hybrid photoresist was applied to a glass substrate and the laser power was set to 30.17% of the total power (5.2 mW). L-shaped lines were plotted by scanning using our Zeiss x40 microscope objective with a NA of 0.6. The results show that the linewidth of the lines (same resist, same microscope objective, same light power) varies significantly with spot spacing, with undesirable polymerization starting between spots at distances less than 9 µm. This is a serious problem when we want to fabricate structures with small features (as mentioned in the literature for a single beam) since the proximity effect becomes stronger at smaller spot separations and the option to reduce the power is not possible, since the corners and edges of the structure start to disappear because they do not reach the polymerization threshold. Before developing different techniques to reduce or avoid proximity effects, it First, we simulated the PSF of a single point using a microscope objective with a numerical aperture of 0.6 and then compared it with the PSFs of the other two microscope objectives used in the thesis that have higher numerical apertures (0.95 and 1.4), see Figure 3.5a. As we can see in Figure 3.5b, the voxel size becomes smaller as the NA increases. When we simulate a PSF with a numerical aperture of 1.4, the size of the voxel is more than three times smaller in the Z-axis and two times smaller in the XY plane since the light is concentrated in a smaller volume.

Second, we summed the 3D PSF of the individual spots in a spot array to simulate the intensity distribution of a 5x5 array of DOE write spots. Figure 3.6 shows the resulting PSF light distribution intensity for spot arrays with the same inter-spot separation but for different objectives. In the simulation with the smallest NA (0.6), the effect of spatial proximity due to intensity overlap is observed, where regions between the array spots are polymerized. When the NA is higher, the polymerization regions are smaller and more homogeneous because there is less overlap between the spots. This is important to understand because, as will be explained in the next section, using a high NA improves the resolution and reduces overlap-induced proximity effects, allowing us to produce structures with smaller features. 

Diffusion model

So far, this model is very simplified and although it partially explains some of the experimentally observed structures, overlap effects alone do not appear able to explain structures such as those observed in Figure 3.1. To obtain closer agreement with the experimentally observed structures, it was necessary to take diffusion effects into account. Among the different possible diffusion processes are temperature, oxygen inhibitions, and radicals. The diffusion parameters will differ for different resists because of different photochemistry (monomers, photoinitiator, species viscosity, etc.).

For this purpose, we modeled the multiphoton process by assuming that each laser pulse generates a quasi-instant 3D spatial distribution of diffusing species (r inst ) corresponding to the exposed PSF spot array intensity distribution. The polymerized structures result from sequential cumulative addition of diffusing species distributions, one for each laser pulse. The following recursive convolution algorithm modeled the diffusion of diffusing species during laser exposure:

r (k) = d ⊗ (r (k-1) + r inst ) q (3.1)
Where r (k-1) and r (k) stand for the spatial distribution of the accumulated diffusing species after the (k-1) th and k th laser pulse, respectively. The spatial coordinates are omitted for simplicity. The function d represents for the effective diffusion function modelled by a Gaussian spatial distribution and is shown for 1D only:

d(x) = N exp -x 2 2σ 2 (3.2)
The spatial distribution of the diffusing species r (k) after the k th laser pulse is obtained by convolving the diffusion function d with the sum of the accumulated diffusing species r (k-1) generated by the previous laser pulses and then adding the diffusing species distribution generated by the k th pulse r inst . N is a normalization factor.

The standard deviation parameter σ is proportional to the width of the Gaussian function. Then from the fit of our simulations to the experiments we can find σ in time t (inter-flash time) hence we should be able to deduce an approximately value of diffusion coefficient using the next equation:

D = σ 2 2t
Where D is the diffusion coefficient in m2 /s, the mathematical derivation of D is explained in detail in the Appendix B. The consumption of the diffusing species was taken into account by the decay parameter q, whose value is lower than 1. From these value is possible to obtain the lifetime of the diffusing species using the following equation.

τ = -∆ ln q (3.3)
We know ∆ from the laser repetition rate and q from the simulation. The mathematical derivation of the lifetime is explained in detail in the Appendix C. Finally, the beam scanning process was included in the model by spatially shifting the r inst from one laser pulse to another. As can be seen from equation 3.1, we assume that each laser pulse generates the same amount of diffusing species; therefore, the eventual depletion of PI is not considered. Moreover, the effective diffusion rate remains constant during the accumulation of laser pulses.

Polymerization was modeled by thresholding the accumulated light energy dose during the process: any zone (each sampling voxel) of the accumulated 3D spatial distribution, r (k) , whose value was above an empirically chosen threshold was considered polymerized. Nonlinear multiphoton effects were represented by applying nonlinear functions as needed to the PSF spot light distribution and thus equivalently to the quasi-instantaneous 3D spatial distribution of the diffusing species r inst .

Experimental calibration

The study presented in this section is a collaboration between our PHENOmenon project partner ENS Lyon and ITM-A, which is part of an article we have jointly prepared. The fabrication of the structures presented in this section was performed by Caroline Arnoux from ENS Lyon based in two photoresists PR organic 2 and PR hybrid *3 , the photoresist preparation and fabrication process are described in appendix D. In our case, due to our experience in simulation, we were responsible for the modeling and calibration of the proposed model.

To implement the previously explained algorithm using a 3D convolution, we chose a 200 nm sampling grid as a compromise between maintaining a manageable computational load and modeling the PSF functions with sufficient accuracy. The computed accumu-lated 3D spatial distribution was convolved with a Gaussian diffusion kernel between each laser pulse using the Matlab function smooth3. We empirically optimized the σ parameter of the Gaussian kernel through repeated simulations to achieve an acceptable fit to the experimentally obtained structures. We adjusted the kernel size to minimize the computational load while maintaining acceptable accuracy in sampling the Gaussian convolution function. For all simulations, we used the same kernel size and σ parameters (summarized in Table 3.1) for the given photoresist to maintain simulation coherence.

Influence of the write spot separation

Figure 3.7a shows two structures made using spot arrays with an equal number of spots but different spot spacing (the two SEM pictures are at the same scale). The observed differences highlight the influence of the spot spacing: a small spacing increases proximity effect induced inhomogeneity even at short exposure times. Thus in the ENS Lyon system was not possible to achieve homogeneous polymerization of voxel structures with an 11×11 spot DOE with an inter-spot distance of 0.62 µm. In comparison, the analogous structure is easily achieved with an 11×11 DOE with an inter-spot distance three times larger (1.85 µm). It is important to note that the array of voxel structures seen in Figure 3.7a with the 0.62 µm spacing was obtained with a hundred times shorter exposure time than that produced with the 1.85 µm spacing DOE indicating strong polymerization threshold variations due to spot overlap and proximity effects at the close spacing.

We modeled these experimental conditions in our digital simulations using 585 and 58500 laser pulses to account for the experimental exposure times (50 ms and 5 s, respectively) and the laser repetition rate (11.7 kHz). Figures 3.7b and 3.7c show the results of these simulations for the 100× NA 1.40 objective PSF with a writing spot spacing of 0.6 µm (left) and 1.8 µm (right), where the approximation in the choice of simulated spacing is due to the computation time limitation imposed on our sampling grid (200 nm).

We first simulated the overlap of PSFs without introducing diffusion effects into the numerical model (Figure 3.7b). In this case, no overpolymerized regions were observed in the simulated structures at spot separation of 1.8 or 0.6 m. In contrast, when we added diffusion and decay parameters to the simulations, an overall result remarkably similar to the experimentally obtained structures was obtained (Figure 3.7c). Despite the model's simplicity, this result suggests that simulating the parallel writing process as a PSF overlap and basic diffusion process appears to be a remarkably accurate description.

The influence of spot separation in the polymerization threshold is even more clearly demonstrated in Figure 3.8 showing microfabricated voxel structure arrays obtained with 5x5 spot array different spacings but in otherwise identical exposure conditions. We modeled by varying the individuals spot PSF separation distance. These distances were directly related to the experiments by using distances as close as possible (sampling grid, 200 nm) to5.5 µm, 2.22 µm, and 0.89 µm. For each structure, the number of flashes was the same, 585 in total.

A decay factor of 0.995 (assuming exponential decay) corresponds to a species half-life of 0.012 s, in good agreement with previously reported values for short-lived radical species [114]. Also, the diffusion coefficient of 5.85x10 -11 m 2 /s obtained from the σ value of 100 nm is in good agreement with reported values for similar resist [115]. As in the previous experiment, we can see a strong similarity between the simulated structures and the experimental results. A noticeable difference between simulated and experimental results is the height of the simulated structures (Figure 3.8c), which tends to saturate ("flat top") as a result of the limited Z-range of the simulations (constraint of computational load).

Influence of the objective numerical aperture

Besides the distance between the spots, which partly depends on the magnification of the objective, the numerical aperture of the objective used is another important parameter affecting the proximity effects, as it influences the light distribution and the overlaps of the PSF between the spots. To address this issue, parallel fabrication was compared using a 0.95 NA (Zeiss 40× apochromatic)4 and a 1.40 NA (Zeiss 100× apochromatic) microscope objective.

Due to the different magnification of the objectives, the spot spacing obtained with the 40× objective is 2.5 times that obtained with the 100× objective for the same DOE. To allow a reliable comparison of both objectives at the same spot distance in the final fabricated array of structures, we used two different DOEs with different output diffraction angles (DOE spatial periods) giving 5.55 µm in spot separation. We digitally simulated this process by translating the 5×5 PSF writing spot array between each laser pulse to model laser beam scanning with arrays of two different PSF to represent the 100× NA 1.40 (Figure 3.9a) and the 40× NA 0.95 (Figure 3.9b) objectives.

We simulated the process by using a number of pulses corresponding to 200 nm steps at the considered scan rate (2.4 µm/s), meaning about 975 pulses per sampling grid position.

As before, we empirically adjusted the diffusion kernel, σ value, and decay factor to fit the simulations to the experimentally observed structures. A decay factor of 0.99999 gave the best fit if we use the equation 3.3 corresponding to a lifetime of 5.9s. In the same case, the σ value of 360nm used gives a diffusion coefficient (D) of 75.8x10 -11 m 2 /s. These results indicated a stronger diffusion behaviour in the PR hybrid * resist.

The results shown in Figure 3.9 confirmed that focusing the light more strongly leads to reduced overlap of the high-intensity part of the light beams with the higher NA objective for a given inter-spot distance. As expected, the use of higher NA objectives helps to reduce the spatial extent of the point spread function (PSF), making this technique a way to minimize the overlap and thus reduce the specific proximity effects observed in parallel MPP. Interestingly, in the case of these L-shaped structures, the simulations seem to reproduce not only the spatial component of the proximity effect (decreasing polymerization threshold from the periphery to the center) but also the temporal component (decreasing polymerization threshold with increasing fabrication time, as indicated by the larger and taller structures towards the end of the plot) of the proximity effect, confirming the likely crucial role of species diffusion in the overall process.

Influence of the photoresist composition

The spatial resolution of a photopolymerization reaction is influenced by the dimensions of the irradiated voxels and ultimately by how far growing radical species can diffuse away from the irradiated region. The latter parameter can be influenced by several factors, such as the intrinsic mobility of the radicals, the presence and diffusivity of radical quenchers, such as molecular oxygen or polymerization inhibitors or even temperature. These processes are strongly dependent on the type and composition of the photoresist.

A huge influence of the photoresist composition was indeed observed by comparing an organic resist PR organic based on a mixture of acrylates (DPPHA and DDA) and a hybrid resin PR hybrid * based on the PHENOmenon project-developed PI and modified (unstabilized) Ormocomp® resist 5 . We used the same PI in both resist, so that the difference lies exclusively in the composition of the monomer mixture organic acrylate mixture stabilized with MEHQ on the one hand (PR organic ), unstabilized hybrid resist on the other (PR hybrid * ).

Figure 3.10 shows the corresponding simulation results. Good empirical fits to the experimental voxel pillar structures were obtained with the corresponding number of 5. as explained in detail in the Appendix D laser pulses, 58500 and 585 laser pulses for PR organic and PR hybrid , respectively, and the simulation parameters previously used for both resists (see Table 3.1).

For the simulations of the "L" shapes (Figures b and e in 3.10), the same diffusion parameters gave the best experimental fit, considering 19500 and 59 pulses per sample grid position every 200 nm for PR organic and PR hybrid * , respectively, in accordance to the scan speed.

These results seem to indicate that diffusion in the PR hybrid * resist is much stronger than in the PR organic resist, having both a longer range (higher σ value, 360 nm) and a longer lifetime of the diffusing species (5.9s). Figure 3.10e also shows significant polymerization outside the focal plane, which also occurs in the simulations, but to a lesser extent, probably because the simulations only model interactions near the focal plane and do not account for light energy outside the focal plane (computational load constraints currently prevent this).

To summarize in the following table 3.1, we show the σ-value of the Gaussian kernel and decay factor q used for convolution to simulate the effect of diffusion in each photoresist and the diffusion coefficient and lifetime that we can obtain from those values.

Photoresist

kernel size σ q D τ (XYZ) (nm 3 ) (nm) (10 -11 m 2 /s) (s) PR organic 200×200×600 100 nm 0.995 5.85 0.012 PR hybrid * 600×600×1400 360 nm 0.9999 75.8 5.9

Table 3.1 -Summary of the kernel size, σ-value of the Gaussian kernel and decay factor q used for convolution to simulate the effect of diffusion. As well as the diffusion coefficient and lifetime that we can obtain from those values.

size from the center to the periphery) is also qualitatively verified by simulations, the simulation fails to fully reproduce the observed structure. In particular lateral voxels, although faint, are present in the experimental pattern but missing in the simulation.

These results bring an additional confirmation of the general validity of our model as a qualitative rationalization of the origin of proximity effects, but also suggest that it may not yet fully address the subtlety and complexity of the phenomenon. Further refinements appear necessary in order to give it a broader predictive relevance. For example, the incorporation of parallel computing reduces the simulation time of the structures. This will allow reducing the sampling grid, for example, from the 200 nm used in this thesis to 25 or 10 nm allowing a more accurate measurement.

Reduction of the Proximity Effect

We have shown through simulations that spatiotemporal proximity effects in parallel MPP writing are increased by several factors: small distances between the spots of the DOE array, microscope objectives with low numerical aperture, and photochemistry of the photoresist. These parameters contribute to changing the polymerization threshold near the exposed areas, which can become more sensitive due to diffusion effects. This is a serious problem when we want to fabricate structures with small features since the proximity effect is stronger at smaller spot separations.

To reduce the influence of proximity effect during fabrication of the structures by our photoplotter, we systematically investigated changes in the standard fabrication parameters in our system, such as photoresist type, deposition method, and microscope objective. The following structures were obtained with our photoplotter and not with the ENS Lyon, since at IMT-A we use different fabrication systems such as microscope objectives, lasers, etc.

Resist type

In the left part of Figure 3.12 we see an "L"-shaped structure obtained by scanning a 5X5 spot array with a spot spacing of 9.6µm. For this structure, the standard process parameters were used (OC +Cabazyl (PR hybrid ) resist, drop-cast, and NA 0.6). The first change we made was the use of the PHENOmenon project-developed photoresist (PR organic ). As shown in the previous section, the ENS Lyon experiments and our simu-Proximity effects and the diffusion model cannot explain all the effects occurring as seen in Figure 3.8c and 3.10e structures, particularly in very long z-extensions (see later in Chapter 6). The dependence of the height of the obtained structures on their width also appears to be related to the "out-of-focus-plane" light distribution effects when using DOEs with closely spaced write-spots.

Current understanding of out-of-focal plane polymerization

The process is explained schematically in Figure 3.18. When a DOE generates an array of light spots, the light distribution forms gradually as it propagates. Out of the focus plane, the light from the different light spots will overlap and interfere and produce light spots in planes above and below. If the light spots are regularly spaced and coherent, then out-of-plane light spots with a light power density above the polymerization threshold can appear, as shown in Figure 3.18a (obtained by Patrice Baldeck and the ENS Lyon team). This generation of out of focus plane "hot spots" bears some resemblance to the well-known Talbot effect which can lead to periodic repetitions of an image of the spot pattern at regular distances away from the focal plane, the first layer being shifted by half the period of the focal spot pattern [116,117]. The Talbot effect has already been used for patterning and 3D printing applications such as displacement Talbot lithography [118,119] or proximity field nanopatterning [120]. To calculate the Talbot distance, Z t (distance in Z between pattern repetitions), we can use the next equation:

Z t = 2a 2 λ (3.4)
Where a is the period of the diffraction grating and λ is the wavelength of the light incident on the grating. For example, if the inter-spot spacing in the focal plane is 860 nm, these "parasite" spot planes will be separated 2.8 µm from the focal plane. They can produce polymerization at this distance as observed in a structure made at ENS Lyon shown in Figure 3.18b. However, the Talbot effect generally occurs when all the spots in a regular array have the same light field phase. In the case of DOEs, the spots in the write spot arrays generally have random phases, so the interference in planes outside the focus plane have a random nature rather than the regular interference of 

PARALLEL FABRICATION BASED ON DOES

This chapter presents our investigation and development of different strategies for plotting at high speed in parallel MPP manufacturing based on DOEs that take proximity effects into account. We begin with a brief general introduction of each strategy studied in the chapter.

We start with a relatively simple parallel plot strategy called "stop-and-go," which consists in placing a spot array DOE at a suitable location on the write beam path of a pulsed laser to simultaneously polymerize an NxN array of identical 3D structures in a suitable photosensitive resist. We fabricate 2D, 2.5D, and 3D structures such as binary gratings, blazed gratings, and T-shaped structures to demonstrate the ability of our photoplotter to plot using this parallel manufacturing technique.

The main objective of this thesis is the development of high plot-rate MPP techniques using the parallel writing method. For that, we present some more sophisticated fabrication methods we developed based on overlapping "on-the-fly" plotting, using both 1D and 2D spot arrays. Principally they consist in using both 1xN and/or MxN spot arrays to fabricate large-area structures such as binary or blazed diffraction gratings (several cm or longer only limited by the scan range of the tables). Then, we present an experimental and even faster extension called "Big-step" overlapping, a technique which fabricates over large areas by choosing interpulse distances greater than the conventional value (around 200 -300 nm). This investigation is still ongoing as I finish my thesis and will be studied by a new Ph.D. student Florie Ogor (former master intern supervised by me). Here we present some recent encouraging results of binary grating structures fabricated using this method. Also, in this chapter, we investigate the fabrication of various structures by exploiting proximity effects, which enables the rapid fabrication of complex structures with only a few laser flashes. For example, the fabrication of 2.5D blazed gratings by laser power modulation between scans using the overlapping "on-the-fly" technique. We also show how the strategy was used to fabricate dome-shaped structures by varying the spotpower, where we use different intensity DOE spot profiles to reduce or avoid proximity effects. Finally, we present a strategy combining the two previous approaches. It is possible to "shape" the structures obtained by using spot arrays with different intensities in the different spots. As the different powered spots are scanned, higher power spots will produce larger voxels and so larger structures than lower-powered spots.

But before we go into the detail of these techniques, the reader is directed to how numerous practical fabrication problems and limitations such as surface adhesion, the effect of resist layer thickness, loss of focus in large area plots, and vignetting have been overcome in the work of this thesis to achieve the desired plot rates while maintaining structure resolution.

Process development

In addition to the proximity effects described in chapter 3, we encountered several process problems during the fabrication of structures based on DOE-generated spot arrays, such as detachment and shrinkage of structures, the flatness of the upper part of structures and vignetting. These problems pose severe limitations for parallel fabrication. This section explains how we solved these problems to fabricate the targeted structures and define the final fabrication process.

Proximity correction

We start with comparing the fabrication of structures when a proximity compensated spot array is used and when it is not used. For this, we fabricated two L-shaped structures using two 11x11 spot arrays. Both DOEs have a spot spacing of 6.15 µm. For the fabrication of the structures, we used the same fabrication conditions for both samples. The interpulse distance was 50 nm in the plotting direction using a laser power of 8.7 mW (50% of total available power). The resist used was PR hybrid with a film thickness of 70 µm.

Figure 4.1 shows the optical microscope pictures taken at IMT-A of the fabricated structures. In the subset of each image, we present the target spot array pattern used to fabricate the structure. As expected, the structure without the proximity compen-by the proximity effect. This effect create a pedestal but causes a detachment of the structure from the substrate. In the case of Figure 4.15b we also successfully fabricated a more inclined structure by changing the distance between the layers. In this case the structure was fabricated using an 8-layer data file separated by 1 micron (although we only observed 5-6 layers).

As shown in Figure 4.15c, we built an underlying pedestal for some blazed gratings to improve the adhesion of the structures to the substrate and the mechanical stability. This can be seen in Figure 4.15c, where a layer was fabricated to cover the entire plot area. The blazed grating consists of 10 layers separated by 0.5 µm 9 . In fact, the pedestal hardly improved adhesion and, in fact, detachment of the structures can be seen in Figures 4.15a and 4.15b. Our current hypothesis is that shrinkage upon drying causes the large structure to curl and may increase detachment. Ozone surface treatment and slow drying appear to be more effective in preventing detachment 10 .

With conventional parallel photolithography (direct writing and masks) it is possible to obtain 2D and 2.5D structures, such as binary and blazed gratings. It was therfore important to demonstrate the full 3D capability of parallel MPP. One way to do this is to fabricate T-shaped structures for optical applications. In the next section we show how to fabricate this type of structure.

T-Structures

The fabrication of these structures was inspired by the Ph.D. work of Qiang Song, who designed a wavelength-selective thick diffractive optical structure for color 3D displays and security hologram applications [126]. The structure is shown in Figure 4.16. It is a multilayer periodic structure, where a l and b l are the transition points of each layer and t l arw their thicknesses. n air and n 1 are the refractive indices of air and the structure, respectively, and δ is the period of the structure. The attractiveness of such a structure lies in the fact that it allows volume hologram (Bragg-like) type performance (high diffraction efficiency and wavelength selectivity) but is specifically suited for fabrication by MPP techniques.

9. It is interesting to note in this Figure 4.15c that one spot from the DOE higher orders (noise) (from the 11x11 spot array) had enough energy to reach the polymerization threshold and create one external unwanted triangle structure.

10. explained in detail in section 4.1.2 of conversion may vary, which may result in a variation of physical properties across the structures. In this approach the scanning distances involved (equal to or smaller than the inter-spot distance) are small so when large area/volume structures are fabricated by scanning, then field stitching, the XY translation tables/galvo scan mirrors must make many accelerations, decelerations and direction changes. They therefore rarely reach their optimum translation speed and the overall plot rate can be slowed considerably, depending on the structure size and hardware specifications. For these reasons in the following section we present a novel method to overcome these limitations.

On-the-fly technique 4.3.1 Overlapping 1D spot array

Figure 4.19 schematics a technique using a 1xN spot array, with which it is possible to fabricate large-area structures such as binary diffraction gratings "on-the-fly" using long 1D scans (several cm or longer limited only by the scan range of the tables) at the maximum speed permitted by the tables, laser repetition rate and laser power. The overheads due to acceleration, deceleration, direction change and laser blanking are thus reduced to a minimum, significantly increasing the overall plot rate.

The use of a 1D spot array and limited FoV reduce the parallelization factor but because of reduced proximity effects (fewer neighbor spots in a 1D spot array compared to a 2D array), it becomes possible to decrease the inter-spot distance along the 1D array and so fit more spots across the projection objective field of view. Similarly, the faster scanning allows laser pulse overlap along the scanning line to be adjusted to maximize use of available laser power, optimize polymerized structure smoothness and hence maximize the overall plot rate. To correct for proximity effects and microscope objective roll-off, it is often also useful to artificially increase the power in the external light spots of the array, as Figure 4.20a shows. The targeted binary diffraction grating was fabricated in 50 µm of PR organic using 4.4 mW laser power (25% of total available power). The interpulse distance was set at 100 nm with a table speed of 50 µm • min -1 . -When using a 2D spot array, all the spots along a scan line direction will contribute (through the controlled overlap of the laser pulse positions as the line is scanned) to the polymerization of each part of a written structure. -The averaging effect produced by using several different DOE spots will significantly reduce the influence of DOE spot intensity variations (the average intensity of the spots along a scan line will be closer to the desired intensity) and produce more uniform polymerization. In this way the design and fabrication constraints for the DOE are reduced significantly. -The averaging effect of using several DOE spots along a scan line to produce the desired polymerization is also advantageous in reducing the influence of other system limitations such as laser pulse power variations, pulse jitter, table vibrations etc. and can permit lower specification (and lower cost) tables and lasers to be used.

The plot speed increases obtained by using multi-spot parallelization and high pulse rate lasers with spot overlap and high scan rates are not of the same nature or dependence on the number of spots or scan rate. With fast scan rates, temporal aspects of the photochemical MPP process are important, whereas, with multi-spot arrays, the spatial aspects become more significant. The use of scanned 2D arrays of spots allows these different aspects to be finely controlled and leveraged. For example, the correct choice of the number and separation of spots in the spot array (which are not necessarily the same along the scan direction and orthogonal to this direction) can help obtain an optimal compromise between line scan rate, spot pulse overlap and the number of simultaneous scan lines and so maximize the overall plot rate. Figure 4.22 shows one example of a binary grating fabricated based on the "on-thefly" plot process using a 2D array of write spots. Here the DOE used had a 5x25 spot array configuration (Figure 4.22a) with a spot separation of 4 µm in both directions. In the same way, as mentioned in the previous section, the 2D DOE generated spot array intensity profile was compensated to correct for objective roll-off and proximity effects. As before the targeted structure was a binary grating with similar fabrication conditions but using a higher laser power and scan speed to fabricate it.

The laser power used was 80% of the total available power, which is 14 mW. This number of spots N x and the degree of overlap (rugosity) desired, the interpulse distance can be adjusted by an overlap factor (τ ). In order to fabricate structures using this technique, it is important first to calculate the interpulse distance (I d ) and the intervoxel distance (V d ). In equation 4.1 we present how the interpulse distance is calculated.

I d = N x τ N x + 1 δ (4.1)
Where I d is the interpulse distance, N x is the number the spots in the plotting axis.

τ is a whole number and represents an overlap factor (a high number represents a small interpulse distance and consequently slower table scan speed). δ represents the spot separation of the DOE. In a similar way, to calculate the distance between voxels along the scan line, it is necessary to use the equation 4.2, where V d is the intervoxel distance.

V d = (1 - τ N x τ N x + 1 )δ (4.2)
Examples of fabricated structures using this method are shown in Figure 4.24. The binary structures were fabricated using a 5x25 DOE-generated spot array with a spot separation of 3.85 µm. The photoresist used was the PR organic with a thickness of 50 µm.

The binary grating shown in Figure 4.24a was fabricated using a τ parameter equal to 3, which means an interpulse distance of 1.2 µm at a table scan speed of 600 µm/s with a final intervoxel distance of 240 nm. Observing closer in Figure 4.24b, we can see that we have fabricated the binary grating lines with a good quality even if it is possible to note that each scan line presents irregularities (which is completely expected due to the fact that the spots are not well overlapped). Now, when the τ parameter is equal to 4, the interpulse is 916 nm (around 280 nm shorter), giving a table scan speed of 458 µm/s. This means that the fabrication time increases but is still shorter than the standard on-the-fly technique when fabricating a grating with the same parameters, which takes around 1 min 13 s. Using the "big-step" method, the time is reduced to 20 and 23 s with τ equal to 3 and 4, respectively. This represents a plot rate 1.4 mm 2 /min per scan (8 scans in total). We then can use the equation 4.2 to obtain the intervoxel distance of 183 nm. In fact, we can observe that the structure in Figure 4.24d presents more homogeneous and smoother written lines using a smaller intervoxel distance. Although the structures obtained at the start and end of each scan line (as we observed in Figure 4.22) are not perfectly formed because the spot overlap is not yet complete, in practice, such "edge effects" are negligible (a few approaching to the desired target structures that the PHENOmenon end-user DLED requested. This approach is presented in the next Chapter 5.

Summary

In this chapter we have presented several specific and novel plot strategies to maximize parallel plotting speed and resolution with DOE generated spot array in the presence of proximity effects. These techniques have enabled DOE-based plotting with up to a few hundred beams with the low laser power system at IMTA.

We have shown the ability of our system to manufacture 2D and 3D structures in parallel using the basic stop-and-go strategy. Although this represents an increase in speed roughly proportional to the number of spots, the resulting plot rate is too slow for manufacturing over large areas. For this, we presented different on-the-fly parallel fabrication strategies which allow the fabrication of periodic structures up to 20 times faster than the stop-and-go strategy or 500 times faster than a single beam.

However, so far these strategies have only been applied to relatively small areas (<1mm 2 ) test structures (not for use in real optical applications). In the following chapters we will focus on presenting the application of these strategies we have developed for fabricating demonstrators over large areas for end-users of the PHENOmenon project.

Chapter 5

FABRICATION OF DEMONSTRATORS FOR END-USER APPLICATIONS

During the PHENOmenon project, one of our major roles was also to develop parallel plot techniques and fabrication processes specifically for different large area (mm 2 ) demonstrator structures. The end-users that required our know-how in parallel manufacturing were La Fábrica Nacional de Moneda y Timbre (FNMT), DesignLED and FlexEnable. FNMT requested a basic security hologram design with nanostructures compatible with direct write onto various substrates. DLED requested nanostructures on structured films for improved light extraction efficiency and uniform light output distribution for LEDs illuminations. FlexEnable requested ultra-flat light management structured films for flexible LCD backlighting. In this chapter, we show how we designed, implemented, optimized, and transferred the best strategies to our industrial partners (AIMEN and MPO) for each specific demonstrator. First, we show the various strategies to fabricate simple structures over large areas such as binary and blazed gratings. Then, we present the fabrication of more complex structures such as triangular gratings and domes by controlling or exploiting proximity effects to allow the fast fabrication of complex structures for the project demonstrators.

Large Area fabrication at IMT Atlantique

In Chapter 4, we presented a novel process development for small areas (∼ 100x100 µm 2 ). Before implementing these strategies in the final demonstrators, we fabricated a series of basic diffractive structures such as binary and blazed gratings to check the viability of the IMT-A MPP photoplotter to fabricate over larger areas (mm 2 ) using the "on-the-fly" mode at the maximum plot rate and the maximum number of spots possible with our system.

Binary gratings

To fabricate the binary grating over a large area, we used the "on-the-fly" technique with overlapping 2D spot arrays to improve smoothness. Figure 5.1a shows the target pattern of a 5x25 DOE used to fabricate binary gratings over large areas. We used a DOE with 50% roll-off compensation to overcome proximity effects. We can also see the artificial weakening of the zeroth-order spot to compensate for fabrication constraint increases in the real DOE zeroth order.

We selected a scanning step of 200 nm in X and Y fabrication axes, making a linewidth of 1.6 µm. The laser power used was 7.8 mW (45% of maximum power). Regardless of the physical limit of the tables, the maximum possible area to the plot could be as large as the area of photoresist dispensed on the substrate. In our case, the maximum dispensed areas are about 6 mm x 10 mm (Figure 5.1b). To fabricate the binary gratings, we selected 16 mm 2 (4 mm x 4 mm) as the plotting area to avoid extremely long plotting times and photoresist boundary areas that could be inhomogeneous, affecting the fabrication. The fabrication time in our low laser power system was 3h54 min giving a plot rate of ∼ 0.06mm 2 /min. Figure 5.1c shows the resulting 4mm x 4mm fabricated binary structure showing that using our system we can fabricate high quality large-area structures at relatively high speed.

Figure 5.2 shows the SEM pictures of the binary grating fabricated over a large area in our cleanroom. As shown in Figure 5.2b, we observe that the individual lines of the binary grids are quite homogeneous over the fabrication area, indicating that the fabrication of these structures is feasible in our system, allowing us to fabricate the end-user FMNT demonstrator as presented in the next section 5.2.1.

Each scan field is composed of 25 lines, so by stitching 40 fields it is possible to form the 4 mm x 4 mm area. However, we observe a stitching problem in Figure 5.2b probably caused by one or several reasons. Possible explanations could be instability of the motion tables, shrinkage of the photoresist after development, or loss of focus during manufacturing. Although this may represent a problem for diffraction efficiency, these problems have been solved largely for the systems of our PHENOmenon partners AIMEN and MPO, who have industrial manufacturing systems. In our system, these problems can be corrected in a first instance by selecting a closer scan field distance. In the long term, it would be necessary to change the motion table and implement a new drying process to avoid strong superficial stresses caused by the shrinkage of the photoresist and evaporation of the developer. the plot rate by increasing the number of spots used simultaneously (ex. 39 or 51 spots per line). The study of using more spots is currently carried out by Florie Orgor, who is now continuing the investigation in her Ph.D.

After development and stabilization of a parallel process, our role within the PHE-NOmenon project was to transfer the know-how to industrial partners for large area manufacturing based on parallel MPP. We transferred new 5x25 DOE-generated spot arrays to AIMEN and MPO, adapting the design and manufacturing to their lasers and systems.

Binary gratings are useful in the first steps but the final demonstrators require more complex shapes. In the Chapter 4 we presented our study of the strategies developed to make such shapes over small areas (using laser power modulation between scans or Z-stack layers). In the following part, we show how we have extended these strategies to fabrication over large areas.

Blazed gratings

A series of large-area blazed diffractive structures were fabricated to check the viability of the IMT-A photoplotter based on MPP fabrication to fabricate in "on-the-fly" mode at maximum plot rate and the maximum number of write spots available.

As explained in Chapter 4, there are two different approaches to fabricate blazed gratings:

-3D stack layer with constant laser power -Laser power tuning between scans Since the laser power tuning mode was not needed to fabricate the final demonstrators and our results in fabricating blazed gratings using a 3D stacking layer with constant laser power were the most compelling, we only focus on this mode for large-area manufacturing. The figure 5.3 shows the SEM picture of a fabricated blazed grating using stacking layers in 3D mode. We used a spot array of 5x25 spots to write 5 layers spaced 0.5 µm to make the triangle shape. The scanning step was 200 nm in X and Y with a speed of 100 µm/s. We set the power at 6 mW (∼ 35% of maximum power). The 3 x 2.4 mm plotted area was fabricated in 12 hours giving a plot rate of ∼ 0.01mm 2 /min. We observed that we obtained the desired plotted area and that the structures' shape is correct. This gives us the confidence that we have obtained the necessary parameters to obtain the required structures for the demonstrators.

In such plots, we observe that the first few microns of grating lines are incorrectly

PHENOmenon project demonstrators

As explained in the general introduction, there is a clear need to improve nanostructure fabrication tools at the industrial level. Currently, e-beam based nanofabrication is widely used has a high resolution but requires long fabrication times. One-photon polymerization-based fabrication is fast enough, but the required high resolution cannot be obtained. Therefore, if plot speeds can be improved by parallelization MPP-based fabrication is the window of opportunity for industrial-level nanofabrication of structures to be carried out effectively and quickly. In the following part, we show our work on the PHENOmenon project for end-user demonstrator fabrication applying our results on parallel DOEs-based fabrication using MPP.

FNMT -Security Hologram

La Fábrica Nacional de Moneda y Timbre (FNMT) is a public enterprise, linked to the Spanish Ministry of Economy, constituted according to the Spanish legislation as the manufacturer and supplier of official products for top security. FNMT is a world player in the production of security paper and other security substrates and materials for document certification and products for document integrity and validation [START_REF]Real Casa de la Moneda -FNMT[END_REF].

Holographic images have been in use for over 30 years to protect documents. To remain ahead of counterfeiters continuous research is developed to enhance the anti-counterfeiting properties of holograms. In this context, the term "hologram" covers a vast number of optical surfaces, classified as DOVID (Diffractive Optical Variable Image Device) [127]. Their topography defines the standard DOVID, resulting in the angle-dependent interference pattern that produces a changing color field. Nanostructures are considered a major asset for new developments in this field, as they can provide conventional optical responses in the far-field while adding functional hierarchical levels in the optical near-field [128,129].

The dominant technology for high-resolution nanostructures in security holographic features uses an E-beam on a silicon master which is costly and slow. In addition, all stamped surfaces can be used as masters to obtain a new mold for stamping a new identical copy. Therefore, one possible avenue for DOVIDs would be the individual fabrication of such structures to avoid counterfeiting. 1PP Laser-based fabrication could potentially be fast enough to individualize, but the resolution is too far for angular effects. Parallel MPP has resolution and is potentially fast enough to write individually. riors, flexible sensors, and optics. Displays play a crucial role in showing information and interact with the user [130]. However, displays will typically need to conform naturally to the curved surfaces of the vehicle, and often they will need to be non-rectangular as well as non-flat. The performance of FlexEanble displays is currently limited by the backlight unit (BLU). It is not easy to achieve good uniformity and efficiency in large BLUs. Therefore, additional optical films such as diffusers and Brightness Enhancement Films (BEFs) are required to improve the angular distribution of the light. In this scenario, the final user partner in the PHENOmenon project, FlexEnable, requested the design and fabrication of these backlight diffusers films structures through parallel MPP. The aim was to reduce the costs and complexity of both the BLU and LCD and improve the efficiency of the final display thanks to the improved resolution of the optical components.

As for DLED, we received the specifications of the diffuse structures to fabricate from the PHENOmenon partner Fluxim who simulated and designed the desired structures. The target structures were a variable spatial density random distribution of dome structures with a radius of 21.7 µm (diameter 43.3 µm) and a height of 3.6 µm. The figure 5.15 shows a representation of the requested structures.

In section 4.5.1, we demonstrated the parallel MPP technique developed to fabricate dome structures. To fabricate them over a large area with the desired random distribution of varying density, we wrote software to prepare a list of dome center coordinates with the required spatial distribution. We adapted the photoplotter software to read these data files and plot a dome shape at each point using the power modulated DOE spot array.

We used similar fabrication parameters to those presented in Figure 4.35. In the subset Figure 5.16c, we show the used DOE generated spot array with an intensity correction roll-off of 50% towards the center and a black hole of 5 spots in the center. This pattern has a diameter of 21 spots spaced by 1.6 µm. This DOE allowed us to fabricate domeshaped structures. We used 30 µm of PR hybrid photoresist to promote oxygen depletion and inhibit strong proximity effects. We flashed the pattern 20 times in each direction every 25 nm (400 flashes) and used 50% of the total available power. Figure 5.16a shows a general view, where the different fabricated structures with a continuously variable density distribution can be observed. The 328 domes fabricated at IMT-A correspond to an area of 2 mm 2 in a plotting time of 40 min giving a plot rate of 0.05 mm 2 /min. The fabricated structures have the targeted dome-shaped form but are slightly pointed and the surface presents rugosity due to the high resolution of the photoresists, see Figure 5.16b. However, in this application this is not a major problem as such features tend to cause

Summary

In this chapter we have described how described how we adapted the different plot strategies developed in Chapter 4 to the specific requirements of the individual demonstrators for several end-user partners. In each case the most appropriate approach was selected, optimized for medium area plotting at IMT-A (∼ mm 2 ) and then the entire process and strategy (DOEs, plot files, chemistry, and fabrication process) were transferred to the industrial partners (AIMEN and MPO) for use in their high-power industrial laser systems. To this point, we have demonstrated that our study of parallel MPP manufacturing based on DOEs has culminated in the fabrication of final demonstrators that have several different industrial applications. Although it is possible to optimize these strategies further, they are already almost sufficient for industrial applications, and the end-users are satisfied with the encouraging results. More development remains to be done to realize strategies that allow us to manufacture at high speed, the even more complex structures such as T-structures presented in section 4.2.3. Also, during the manufacturing of the different demonstrators at IMT-A and AIMEN, we did not use the full power of the lasers, so it should be possible to further increase the number of points used simultaneously hence allowing higher plot rates. The new doctoral student is carrying out this research.

It is also important to mention here that parallel fabrication based on DOEs has a major limitation: it is very difficult or almost impossible to fabricate structures that are not periodic. Therefore, in the next chapter, we present a new technique that allows the fabrication of non-periodic structures in a single flash by using a Spatial Light Modulator (SLM) and new chemistry. 

PARALLEL FABRICATION BASED ON SLM

Parallelization with fixed DOE generated spot arrays works well and can produce very high plot rates but is limited to periodic patterns. To produce any general structure (e.g., non-periodic), the spot pattern must be varied during the plot, for example, using a Spatial Light Modulator. At the IMT-A, we studied the use of an SLM in an imaging approach giving potentially the highest plot rates with more than 100 M voxels/s (independent 2M pixels LCD SLM at 50Hz framerate). To fabricate structures using this technique requires an ultra-high sensitivity resist because the input laser beam power is spread over a very large number of pixels. The photoresist used was presented in section 2.4.3, this resist can be polymerized using a CW laser based on TTA photochemistry. ENS Lyon developed the photoresist during the PHENOmenon project. In the next Figure 6.1, we show the principle of imaged-SLM fabrication used at the IMT-A. The selected laser is a 1.2 W optical output green laser system from CNI with a fibred beam homogenization and speckle reduction module. The image loaded onto the SLM is projected through a lens to reduce its size and polymerize the photoresist in different layers.

Concerning this method, we focus on the fabrication of continuous profile structures such as domes and ramps. These structures are very interesting from an application point of view because domes can be used as microlenses or light diffusers, for example, and ramptype structures are the basis for blazed gratings. Another important challenge required that we demonstrate the capabilities of the approach to build real 3D structures, such as bridges. Mastering the stacking of structures is necessary to be able to manufacture metamaterials, for example. All the experiments presented in this chapter were performed by Florie Orgor who, under my joint supervision, did her internship in our group at IMT Atlantique.

spatial averaging technique (Figure 6.3b).

Focus offset

The focus offset for this mode works in exactly the same way as for the pulsed MPP mode based on DOEs fabrication. The main difference is the order of magnitude of the selected values. For pulsed MPP mode, the ideal focus offset is close to 0 µm. For imaged SLM mode, the selected value is close to 15 µm. As with the pulsed MPP mode, the focus offset is used to fabricate 3D structures by moving the focus point along the optical axis in the resist.

Exposure time

The exposure time allows us to control the height of the fabricated structures. For example, the curve below was obtained for structures 50 pixels (about 10 µm) wide and 660 pixels (about 140 µm) long in 150 µm of photoresit. The full power of the continuous laser was used. The laser power is initially 1.3 W but the power delivered to the SLM is lower. As explained above, to illuminate homogeneously the SLM, a DOE is used to form a rectangle of light and the diffraction efficiency of the DOE and the transmission efficiency of the SLM are not 100%. The image used to make the structures was white (on pixels) in the area to be traced and black elsewhere. The height of the fabricated structures was measured with the optical profilometer in the IMT-A cleanroom.

Fabrication of structures in SLM-CW mode 6.2.1 Fabrication of ramps

The uniform and collimated light beam is modulated according to the amplitude pattern loaded on the 1920 x 1080 pixel SLM to perform multilevel lithography using the MPP CW mode. The exposure is implemented using a look-up table that establishes a linear relationship between the gray level value on the SLM image file and the height of the polymerized structure. This method does not allow the fabrication of very high structures because when the power increases the voxel size also increases in all directions, which leads to a loss of resolution. The method presented in the following part allows to overcome these defects but requires a longer plot time.

Diameter in pixels of the domes

For the FlexEnable demonstrator, domes should be about 42 µm in diameter. Now that the grayscale profile to make a dome was known, the second step was to look for the pixel image size to make domes of about 40 µm in diameter. Figure 6.8a shows the image of the different dome sizes used to find the most suitable dome size for our problem. The image of the dome with a diameter of 400 pixels allows structures of about 40 µm to be fabricated. Some possible explanations of why we obtained 42 µm using the 400 pixels dome image (in theory 200 pixels should be sufficient) are presented below:

-The highly nonlinear process, below a certain value of gray level there is no polymerization. -Imperfect look-up-table (LUT) calibration used to establish a linear relation between the addressed gray phase level on the SLM and the etch depth. -Possible proximity effects weaker at edges of structure, making smaller than expected.

Then, the domes should be a little less than 10 µm in height approximately. The 400pixel diameter dome with the gray level profile identified in the first step was therefore plotted for a range of focus offsets and exposure times. The measurement of the height and diameter of the domes with the profilometer allowed identification of the ideal parameter values (see an example in Figure 6.8b). A focus offset of 17 µm and an exposure time of 0.15 s appeared to be the most suitable values. The average diameter of domes is 43 µm, and the average height is 6 µm (measured over 12 domes) for these parameter values.

Optical characterization of the microlenses

The structures presented above can also be used as microlenses. To measure the focal length of the lenses, we used an optical bench microscope objective. The microlenses were illuminated with a plane wave (collimated low power laser beam) and the focusing observed with an optical bench microscope. Figure 6.9 shows the resulting view of the lenses and their focal spots. We measured a focal length of 85 µm (± 10 µm), in agreement with the theoretical value of 79.8 µm (which calculation is shown in Appendix E). In the same manner, we measured the spot size in the focal plane corresponding to between 2 and 3 µm in diameter.

adjusting the number and spacing of spots along the scan line and/or the laser repetition rate and/or the scan speed, we were able to control the overlap of laser spot pulses and optimize the overall plot rate and structure smoothness. By leveraging proximity effects we were even able to achieve plot rate improvements greater than those would be expected by a proportionally to the number of spots. At IMT-A, we obtained plot rates up to 1.4 mm 2 /min per scan. These new MPP plot techniques are currently being patented with the aim to publish them immediately afterwards.

In the last part of the thesis, we presented a potentially more flexible and higher speed parallel fabrication approach based on imaged-SLM MPP to rapidly fabricate complex non-periodic structures over large areas into an innovative TTA resist developed by our PHENOmenon project partner ENS Lyon. This allows us to fabricate in a small fraction of the time required for fabrication in conventional MPP resist (for example Figure 6.9 -0.31 mm 2 /min). Strong proximity effects and out of focal plane light overlap and polymerization also occur in this approach. But at the end of this thesis, these effects are beginning to be understood and overcome in the SLM configuration. We have already demonstrated very promising fabrications of continuous relief structures with large controlled surface area and full 3D capabilities.

The industrial feasibility of the indicated techniques have all been developed, and experimentally tested and verified by fabricating demonstrator micro-/nano-structures on the versatile prototype MPP photoplotter in the IMT Atlantique cleanroom. We have also successfully transferred the entire process and strategies (DOEs, plot files, chemistry, and fabrication process) to our project partners AIMEN and MPO for fabrication in their high power industrial laser systems where plot rates up to 5 cm 2 /min have been reached.

Perspectives

The work to complete the understanding of the parallel MPP writing processes based on DOEs and SLMs continues beyond this thesis. In parallel MPP manufacturing based on DOEs, this will occur by optimizing the number of spots used simultaneously by placing them as close as possible while compensating for proximity effects. Similarly, the optimization of the overlap in the "big-step" overlap strategy will be important to achieve the best plotting speed/rugosity compromise. For example, the future work will focus on developing higher resolution simulations through parallel computing techniques taking the understanding of the parallel MPP process to new levels.

For the parallel MPP writing process based on imaged-SLM into TTA resists used IMT-A, we are currently working on solutions and improvements, particularly the offfocal plane effects for full 3D structures fabrication.

Finally, our current versatile MPP system's autofocus system also needs to be improved to enable real-time surface focus tracking because our current method assumes that the substrate is perfectly flat. In the same way, in our system, the 0.95 numerical aperture of the microscope objective does not allow strong spatial confining of the light along the optical axis (axial resolution). As used by our project partners Lyon ENS, choosing an immersion microscope objective with a higher numerical aperture (1.4 NA) is a possible solution.

Parameter Description

NA Numerical Aperture of the objective lens. This value is given by NA = n i sin(θ) where θ is one half of the angular aperture of the lens. n s

Refractive index of the sample layer. t s Axial location of the point source within the sample layer. The corresponding input field in the plugin is "z". n g Actual value of the refractive index of the coverslip. This value is assumed to be equal to n * g and it is therefore not used by the plugin. n * g Nominal value of the refractive index of the coverslip. This value is assumed to be equal to ng and it is therefore not used by the plugin. t g Actual value of the coverslip thickness. This value is assumed to be equal to t * g and it is therefore not used by the plugin. t * g Nominal value of the coverslip thickness. This value is assumed to be equal to tg and it is therefore not used by the plugin.

t i
Actual working distance between the objective and the coverslip (the Gibson and Lanni paper uses the notation t oil ). t * i Nominal working distance between the objective lens and the coverslip. This value is given by t * i = t i + ∆ where ∆ is the stage displacement. When generating a z-stack, stage displacement values are determined by the "Axial resolution" and by the "slices" input parameters of the plugin. λ

Wavelength of the light emitted by the point source. k Wavenumber in vacuum of the emitted light, k = 2Π/λ. x,y Lateral position for evaluating the PSF at the detector plane. z d Axial distance between the detector and the tube lens. This value is assumed to be equal to the focal length of the tube lens, and for this reason the plugin substitutes NA = a/z d in h(x, y, z). W

The Gibson and Lanni phase aberration. C A normalizing constant. 
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 2 Figure 2 -(a) Exemple d'un motif diffracté à partir d'un réseau de points 11x11 DOE, (b) Structure typique modifiée par effet de proximité obtenue à l'IMT-A -la partie extérieure de la structure fabriquée est sous-polymérisée et (c) lorsque la puissance est augmentée -la partie centrale de la structure fabriquée devient surpolymérisée (image MEB de l'ENS Lyon).
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 29 Figure 2.9 -Violet LED Path. (1) In violet -LED and collimation optics, (2) in blue -homogenization DOE and polarization, (3) in red -beam size adaptation and (4) SLM system. The laser path is highlighted with a dotted line.
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 234 Figure 2.34 -Photographs of (a) Placement of the sample into a glass container to be developed (b) Developing in an acetone bath.
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 235 Figure 2.35 -Photograph showing the drying of the recently developed fabricated structure.
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 34 Figure 3.4 -"L" shape patterns obtained in our system at the IMT-A by scanning a 5X5 spot array. Identical laser power in each case but decreasing spot separation (13 µm, 11.35 µm, and 9.6 µm, 7.775 µm left to right). We used 0.6 NA microscope objective and PR hybrid photoresist. Red arrows mark the writing direction

  (a) PSFs using microscope objectives of different Numerical aperture for a DOE generated 5x5 spot array. From left to right: 0.6, 0.95 and 1.4. The spot separation in 500 nm (b) 3D visualization of the polymerized volumes using microscopes objectives of different Numerical aperture for a DOE generated 5x5 spot array From left to right: 0.6, 0.95 and 1.4.
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 36 Figure 3.6 -Simulation of overlapped PSF and polymerized voxels for different microscope objectives NA.

  Figure 3.18a, hence the structure of Figure 3.18b. Chapter 4

Figure 4 .

 4 Figure 4.20 shows an example plot using an on-the-fly scanned 1D plot array (1x25).To correct for proximity effects and microscope objective roll-off, it is often also useful to artificially increase the power in the external light spots of the array, as Figure4.20a shows. The targeted binary diffraction grating was fabricated in 50 µm of PR organic using 4.4 mW laser power (25% of total available power). The interpulse distance was set at 100 nm with a table speed of 50 µm • min -1 .

Figure 4 .

 4 Figure 4.20b shows that the technique is clearly very effective with 25 lines of the high-resolution binary grating written simultaneously in 11 seconds, which represents a
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 61 Parameters description of the Gibson and Lanni model

Cette thèse se concentre sur la mise en oeuvre et l'optimisation de deux techniques visant à paralléliser le processus en utilisant des éléments optiques diffractifs (DOE) et le modulateur spatial de lumière (SLM) pour diviser un faisceau laser de haute puissance en de nombreux faisceaux d'écriture. Dans la fabrication parallèle basée sur les DOEs, nous utilisons et concevons des DOEs sophistiquées (par exemple, 1D, 2D, réseaux de points d'écriture, puissances de points uniformes et modulées) et des nouvelles stratégies de balayage pour optimiser la vitesse d'écriture globale, en maximisant la puissance laser disponible et en compensant les limitations du système telles que la non-uniformité de l'éclairage et les imperfections de la platine de balayage. Dans l'approche SLM, la fabrication parallèle est basée sur la projection d'une image d'un SLM modulé en amplitude sur des résines à haute sensibilité. L'avantage est qu'un SLM est un dispositif actif qui permet de modifier rapidement le motif projeté et de fabriquer des structures complexes, contrairement au DOE, qui génère un motif fixe.Le phototraceur développé dans le projet et utilisé dans cette thèse a été principalement construit par l'ingénieur de recherche Quentin Carlier dans notre salle blanche. Au cours du développement de ma thèse, mon collègue doctorant Qiang Song a également contribué à la conception du système d'éclairage à base de lasers pulsés et à emmision continue (CW). Vers la fin de mes recherches doctorales, sous ma supervision, l'étudiante en master Florie Ogor a travaillé sur la fabrication de structures avec cette machine, en se concentrant principalement sur l'approche d'imagerie SLM. Mon travail principal a consisté à comprendre et à optimiser le processus photochimique, et à donner un retour d'information au développeur du matériel et du logiciel (Quentin) pour développer et optimiser de nouvelles stratégies de traçage. J'ai également fourni un retour d'information à l'équipe de développement des résines (ENS Lyon) afin d'améliorer et d'adapter les performances des résines pour l'écriture parallèle. Enfin, j'ai collaboré au développement de

(still under development at IMT-A), particularly the contributions of master student Florie Ogor who I supervised. Finally, we extract the main conclusions from the work of this thesis and propose some promising directions for future research.

it is important to note that these values depend on many parameters such as the type of resist used, the light source used, the exposure time etc.

A resin with a small dynamic range may boil at the endpoints (high exposure time) or be underexposed in the middle (small exposure time) because the dosage is not uniform.

4. 1 GM = 10 -50 cm 4 sphoton -1 molecule -1

The selection of the names is based on the nature of each monomer, in the case of PR organic the components are principally organic, while PR hybrid and PR hybrid * have a partial inorganic nature because of silicon (Si) from the Ormocomp®.

simulation → experiment → simulation

it is the same formulation used at IMT-A

the * is added to distinguish it from the photoresist used in IMT-A. The difference is the PI used.

which corresponds to the type of microscope objective used in ENS-Lyon and IMT-A.
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CONCLUSION

General conclusion

In the general introduction, we gave the overall context that frames this thesis and explained how objectives of this thesis which were closed linked to the H2020 European project PHENOmenon. The main objective of this thesis was thus the development and optimization of high plot rate MPP techniques based on parallel writing methods. In the PHENOmenon project we also aimed to transfer these strategies to industrial-scale manufacturing project partners for end-user applications. The more quantified objective was to enable a breakthrough in MPP's ability to fabricate orders of magnitude faster than previously possible using single write beams, and thus to reach unprecedented plot speeds in the fabrication of nanoscale 3D structures. Specifically, we have demonstrated the feasibility of our versatile MPP system to fabricate sub-micron structures using novel parallel manufacturing methods that we developed by using both fixed write spot patterns generated by Diffractive Optical Elements (DOE) and time varying patterns using Amplitude Spatial Light Modulators (SLM).

In initial experiments on parallel writing using fixed DOE patterns, we and our partners encountered a major unexpected obstacle. We observed that the corner and edge spots of parallel-write light spot patterns frequently underpolymerized compared to spots in the array center. Through numerous experiments, we related this phenomenon to proximity effects, which to our knowledge had never reported before in parallel MPP fabrication. In collaboration with ENS Lyon we elaborated experimental investigations and phenomenological simulations to better understand and predict the proximity effects in parallel MPP fabrication (these detailed experiments, analysis and simulations are currently being published [132]), allowing subsequent experiments to significantly reduce material usage and greatly increase plot rates.

Once the specific parallel-write proximity effect avoidance, reduction and compensation methods had been successfully developed, we implemented several novel plotting techniques based on spot array DOE parallelized MPP fabrication for numerous structures using 1D and 2D spot arrays at plot speeds limited only by available laser power. By

Appendix A Gibson and Lanni PSF model

This model describes the scalar-based diffraction that occurs in the microscope [108]. It accounts for the immersion, the cover-slip and the sample layers. The PSF of this model is shift invariant in the lateral directions only. This model is defined by the following equation:

Appendix C

Link between decay factor and the diffusing species lifetime

The population of diffusing species after one flash can be defined as:

where q is a decay factor between flashes. After N flashes the reduction factor can be written as q N . If the population of diffusing species is the number of discrete elements, it is possible to calculate the average time an element remains in the 3D spatial distribution, the decay will be approximately exponential then the population of diffusing species would be:

Where τ is the time at which the population is reduced to 1/e of the initial values. If we consider Λ the time between laser pulses then the decay factor after N flashes can be written as q N = exp -N Λ τ . Then, finally we can obtain the lifetime of the given diffusing species. τ = -∆ ln q

Appendix D Experimental details of ENS Lyon setup

Resist preparation 1,10-decanediol diacrylate (DDA) was purchased from TCI, dipentaerythritol penta/hexaacrylate (DPPHA) from Merck, unstabilized Ormocomp® from Micro Resist Technology GmbH, and 4-methoxyphenol (MEHQ) from Acros Organics. All reagents were used without further purification. Two resist were used in this study based on the use of a photoinitiator (PI) previously reported by our team [START_REF] Vaezi | A review on 3D micro-additive manufacturing technologies[END_REF][START_REF] Henini | EBL opening up the nano-world[END_REF]: PR organic (DPPHA/DDA/V-Shape, weight ratio: 79.2/19.8/1, includes ca. 600 ppm MEHQ as stabilizer/polymerization inhibitor and PR hybrid * (PI-free Ormocomp/V-Shape, weight ratio: 99.5/0.5, stabilizer free).

In the first formulation PR organic (DPPHA/DDA/V-Shape, weight ratio: 79.2/19.8/1), V-Shape was mixed with 1,10-decanediol diacrylate (DDA) and stirred for 30 min at room temperature and then dipentaerythritol penta-/hexa-acrylate (DPPHA) was added without additional solvent (PR organic ). The solution was stirred mechanically for 1 min and then magnetically for 30 min. For the second resin PR hybrid * (PI-free Ormocomp/V-Shape, weight ratio: 99.5/0.5), the PI was mixed with a special PI-free Ormocomp resin and dichloromethane. Dichloromethane was allowed to evaporate overnight under stirring. Homogeneous resist was obtained without filtering.

Fabrication and setup

The fabrication of the structures presented in this section were performed by Caroline Arnoux from ENS Lyon on a Microlight3D printer µFAB -3D based on a Zeiss Axiovert 200 inverted microscope equipped with a XYZ piezo nanomanipulator allowing translation of the sample relative to the laser focal point, and a CMOS camera mounted behind a dichroic mirror to monitor the polymerization process. The laser module includes a microchip self-Q-switched frequency-doubled Nd:YAG laser at 532 nm providing 560 ps pulses at a repetition rate of 11.7 kHz with a maximum average power of 11.5 mW at the entrance of the microscope objective. Average laser powers were measured at the entrance pupil of the objective on a standard photodiode power sensor (S120VC, Thorlabs). The incident beam was focused with one of two different objectives (×100, NA 1.40, oil immersion, Zeiss Plan-APOCHROMAT and ×40, NA 0.95, dry, Zeiss Plan-APOCHROMAT). The laser power was controlled by an acousto-optic modulator which was computer-controlled via Lithos software as well as the displacement of the sample relative to the objective and the scanning speed. The DOE were introduced at the entrance of the dichroic mirror cube in the reflector turret of the inverted microscope. The sample consists of a drop of resin deposited on a borosilicate coverslip (170 ± 5 µm thick). After the manufacturing process, the structures were obtained by washing away the unreacted monomer with two successive 10-minute acetone baths.

The samples were metallized with a 5 nm thick gold layer by vacuum coating with the Leica EM ACE600 sputter coater to prevent charge accumulation and increase contrast in the following Scanning Electron Microscopy (SEM) observations. The latter were performed on a Zeiss Supra 55VP SEM operating at a voltage of 5kV, using a top view (0°) or a 45°view.