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Résumé en Français

Introduction

La compréhension et la manipulation des propriétés des matériaux conduit à l'évolution de notre civilisation. Il y a quelques centaines d'années, nous avons commencé à construire des matériaux artificiels, tels que la céramique et les matières plastiques avec de nouvelles propriétés extraordinaires. Au siècle dernier, nous avons ouvert l'âge des nanomatériaux.

Au cours des dernières décennies, la nanotechnologie a façonnée notre monde énormément.

En construisant des structures sur des échelles de longueur de 10-100 fois la taille des atomes individuels, les propriétés des matériaux sont significativement différentes de celles de leur état massif. Les nano-structures périodiques jouent un rôle important, car nous devons considérer à la fois le matériel et sa configuration géométrique.

Fabrication de la nanostructure périodique

Les techniques de lithographie optique, lithographie électronique et nanoimpression ont été largement utilisés pour la fabrication d'objets. La lithographie optique est bien établie pour la fabrication de dispositifs circuit intégré. Mais elle est fondamentalement limitée par la diffraction de Rayleigh pour fabriquer des structures jusqu'au nanomètre. La lithographie électronique peut compenser cette limite pour produire des structures très fines, mais elle souffre d'un faible débit. La nanoimpression est une technique rentable dans la production nano-motifs sur une grande surface. Toutefois, elle ne convient pas pour le prototypage rapide à l'échelle du laboratoire lorsque la réalisation d'un masque est nécessaire dans le processus de fabrication. En tant que tel, une technique alternative nommé Laser Interférences Lithographie (LIL) semble être bien adaptée à l'échelle x du laboratoire pour la réalisation rapide à un faible coût de prototypes. LIL est une technique rapide pour réaliser des structures fines sur une grande surface sans système optique complexe. En combinant d'autres techniques de transfert de motifs, on peut fabriquer des structures périodiques qui peuvent être utilisées en nano-fluidique, et surtout pour le contrôle de photons.

Dans le chapitre 2, nous introduisons la technique LIL et son principe de base.

Les avantages et les limites concernant notre configuration spécifique utilisant une configuration interférométrique de type miroir de Lloyd sont décrits et détaillés. Les différents types de formes de motifs qui peuvent être fabriqués sont également présentées.

En outre, les techniques structurelles de transfert (de gravure humide et de gravure sèche) à partir de la résine photosensible à motifs sur un substrat de silicium sont explorées et donne lieu à l'obtention de motifs cylindrique et en forme de pyramide inversée.

Dans le chapitre 3, nous décrivons les différentes applications des nanostructures périodiques fabriqués par LIL. Dans la première partie, un réseau de silicium poreux avec une période de 300 nm sur des substrats de tailles supérieures au cm 2 est fabriqué par la combinaison de LIL et gravure électrochimique. La fabrication d'un vaste réseau périodique de pores 2D ayant un fort facteur d'aspect, avec 250 nm de diamètre, sur une profondeur de 5 µm est démontrée. Toutes les étapes du procédé ont été optimisées pour réaliser un réseau de pores avec des parois latérales verticales d'épaisseur 50 nm et un rapport d'aspect de 100 sur des substrats de silicium de type n sur une surface de 2 × 2 cm 2 . Dans la deuxième partie de ce chapitre, nous discutons des applications de nanostructures périodiques unidimensionnelles. La réalisation d'un dispositif de pré-concentration, qui utilise une structure périodique unidimensionnelle comme filtre nano-fluidique, est discutée. La combinaison des techniques LIL et xurography nous a permis de fabriquer une puce de pré-concentration simple et à faible coût basé sur phénomène de polarisation de concentration d'ions.

Simulation optique de nanostructure périodique

Même si la LIL est une technique relativement rapide pour le prototypage, les méthodes de simulation électromagnétiques rigoureuses sont encore nécessaires pour accélérer le xi processus d'optimisation de conception de dispositifs photoniques, ce qui nous amène à la deuxième partie de la thèse : la simulation électromagnétique rigoureuse et l'optimisation de la structure optique. Dans le cadre de la modélisation optique, des méthodes aux différences finies, aux éléments finis, et des techniques utilisant des décompositions en série de Fourier ont été proposées. Compte tenu des caractéristiques physiques sousjacentes des structures que l'on est capable de réaliser, à savoir la périodicité, nous avons choisi une méthode basée sur la décomposition en série de Fourier pour effectuer les simulations optiques rigoureuses. La méthode choisie nommé « Rigorous Coupled-Wave Analysis » (RCWA) ou «Fourier Modal Method » (FMM) est très efficace pour calculer rigoureusement les performances optiques des structures périodiques. Comparé à d'autres méthodes couramment utilisées comme des différences finies dans le domaine temporel (FDTD) ou la méthode des éléments finis (FEM), elle est beaucoup plus rapide et fournit les mêmes résultats en termes de précision. Pour les deux méthodes FDTD et FEM, les structures simulées doivent être discrétisée dans une grille régulière ou irrégulière pour effectuer le calcul. Le nombre de points de calcul peut être énorme si la structure est grande ou contient des traits fins. Dans le cas de structures multicouches, les autres couches homogènes doivent également être discrétisées, ce qui pose problème lorsque les épaisseurs de couches deviennent relativement grandes. La technique RCWA utilise une décomposition en onde plane qui permet de modéliser avec le même encombrement mémoire les couches homogènes quel que soit leurs épaisseurs et les couches périodiques sont représentées par une décomposition en série de Fourier, qui, dans la plupart des cas, contient très peu de points, notamment pour des motifs avec des profils verticaux. Le plus grand inconvénient de la méthode RCWA est que seules des structures périodiques peuvent être simulées. La simulation d'objets plus complexes nécessite l'emploi de techniques de super-cellule et l'utilisation de conditions absorbantes sur les bords qui nécessite d'utiliser un nombre d'ondes planes plus important et qui par conséquent réduit l'intérêt de cette technique.

Dans le chapitre 4, la méthode RCWA est introduite et les formulations sont présentées en détail. Une comparaison avec la technique FDTD est donnée en fin de chapitre, afin de valider le code développé lors de ce travail de thèse et de vérifier son exactitude. xii Dans le chapitre 5, nous introduisons une nouvelle approche pour construire des structures pseudo-désordonnées unidimensionnelles. La méthode nous permet de sélectionner parmi tous les motifs multi-périodiques possibles, ceux qui sont non redondant en termes de propriétés optiques afin de diminuer le temps de calcul et ainsi pouvoir étudier toutes les combinaisons, ce qui permet de déterminer la meilleure structure là ou souvent d'autres techniques de modélisation et de schéma d'optimisation ne permettent d'étudier qu'un nombre limité de combinaisons. Cette technique mise en place durant ce travail de thèse a été utilisée pour concevoir une couche mince de silicium structurée permettant de maximiser son pouvoir absorbant sur une large bande spectrale pour des applications photovoltaïques.

Dans le chapitre 6, nous concluons en soulignant les apports marquants de ce travail de thèse en en discutant des orientations futures possibles que cette recherche peut prendre.

Nanostructure Fabrication en Utilisant Laser Interférences Lithographie

Dans cette section, nous allons d'abord donner un bref aperçu de la lithographie LIL. Le transfert structurel des motifs de résine dans le substrat de silicium par gravure sèche et gravure chimique humide sera ensuite discuté. Nous illustrons les avantageuses et les limites de cette technique avec la fabrication de différents types de motifs périodiques.

Laser Interference Lithographie

Généralement, il existe deux types de configuration pour la lithographie LIL, nommées interféromètre de Mach-Zehnder et miroir interférométrique de Lloyd, respectivement.

La première technique, utilisant un interféromètre de Mach-Zehnder, est principalement utilisée comme un outil de production pour exposer des substrats de grande surface.

Il permet d'utiliser des angles d'incidences différents pour la réalisation de motifs possédant un angle de blaze, mais nécessite un système asservi de recalage des franges d'interférences. Il doit être également placé sur une table anti-vibration. Il est également xiii sensible au milieu environnant, comme le débit d'air. La technique mise en oeuvre lors de ce travail de thèse utilise un montage interférométrique de type miroir de Lloyd.

Comme le miroir est solidaire de l'échantillon, même si le montage vibre, les franges restent localisées au même endroit sur l'échantillon à insoler. Le problème de brouillage des franges est ainsi résolu sans ajout de systèmes coûteux. En contrepartie, il n'est pas possible de réaliser des motifs possédant un angle de blaze directement dans la résine.

Toutefois, en utilisant une gravure sèche de type RIE (Reactive Ion Etching) sur un substrat incliné lors de l'étape de transfert des motifs, il est possible de réaliser de telles structures.

Miroir Interférométrique de Lloyd

Le système de lithographie utilisant un miroir interférométrique de la Lloyd est composé de trois parties principales : un laser, un filtre spatial et le porte échantillon. Une illustration schématique de la mise en oeuvre de ce montage est représentée sur la Fig. 

Procédé de lithographie LIL

Des substrats de silicium avec une couche de silice de 100 nm sont principalement utilisé dans le processus de lithographie LIL. La couche de silice est déposée sur le substrat de silicium par un procédé PECVD (Plasma Enhanced Chemical Vapor Deposition) et présente deux intérêts majeurs pour les dispositifs que l'on cherche à réaliser. D'une part, la partie réelle de son indice de réfraction à la longueur d'onde d'insolation (λ = 266 nm) est proche de celui de la résine, ce qui permet d'obtenir un coefficient de réflexion à l'interface résine/silice quasiment nul. D'autre part, la silice PECVD est absorbante dans cette gamme de longueur d'onde et l'épaisseur de 100 nm suffit pour absorber la totalité de la lumière transmise. Cette couche de silice nous permet d'éliminer le phénomène d'ondes stationnaires à l'origine d'un réseau parasite dans l'épaisseur de résine et ainsi d'améliorer l'uniformité des motifs. Elle joue le même rôle qu'une couche BARC (Back Anti Reflection Coating) dans les procédés de lithographie avancée de la micro-électronique. Le second intérêt est que cette couche de silice sert de masque dur pour le transfert des motifs dans le substrat de silicium. En général, il comprend quatre étapes, à savoir, le nettoyage des substrats, le dépôt à la tournette de la résine xv photosensible, l'exposition de la résine, et le développement.

• La première étape est le nettoyage du substrat. L'échantillon est successivement immergé dans de l'acétone, de l'éthanol et de l'eau désionisée (eau DI) pour éliminer la contamination de surface. L'ensemble du processus est exécuté dans un bain à ultrasons, et chaque étape dure 10 minutes.

• Par la suite, le film de polymère de résine photosensible est déposé sur le substrat en utilisant une technique de revêtement par centrifugation pour former un film mince uniforme sur l'échantillon.

• L'exposition se fait en utilisant le montage LIL. Les réseaux unidimensionnels sont obtenus par simple exposition de la résine sensible alors que les réseaux 2D nécessitent une double exposition en tournant l'échantillon de 90 • entre les deux expositions. La résine à hautes résolution utilisée est une résine négative à amplification chimique (NEB 22) qui requiert une étape supplémentaire nommée « Post-Exposure Bake » (PEB) doit être effectué après le processus d'exposition.

• Le processus de lithographie se termine par le développement dans une solution basique (MF 702) et un recuit thermique sur plaque chauffante à 110 • C qui permet de durcir la résine et d'améliorer sa résistance aux étapes de gravure suivantes utilisées pour transférer le motif dans le substrat.

La figure 2 montre des images MEB de trois types d'échantillons. Un réseau de traits unidimensionnels, et de réseaux de trous bidimensionnels de diamètres différents.

L'évolution du facteur d'aspect des motifs en fonction de la dose d'exposition a fait l'objet d'une étude particulière afin d'obtenir les motifs désirés en fin de procédé suivant l'application visée. Ce point sera détaillé dans les paragraphes suivants.

Transfert des structures

Pour que les motifs soient utilisables, il faut les transférer dans le substrat. Dans cette partie, nous décrivons deux procédés de gravure anisotropes. Le premier est un processus de gravure sèche ionique réactive (RIE pour Reactive Ion Etching). C'est une xvi des techniques les plus couramment utilisée dans l'industrie des semi-conducteurs. En choisissant différents réactifs gazeux de gravure, le procédé RIE permet de transférer des motifs à des échelles nanométriques de façon anisotrope quel que soit l'orientation cristalline du substrat, et donc de conserver une haute résolution. La seconde technique est un procédé de gravure humide. L'hydroxyde de potassium (KOH) ou l'hydroxyde de tétraméthylammonium (TMAH) en tant que solution est utilisée ici. La combinaison de cette technique de gravure avec la lithographie LIL, nous a permis de réaliser des réseaux de pyramides inversées de différentes périodes sur des substrats de relativement grande échelle. Contrairement à la gravure RIE, les gravures KOH ou TMAH sont fortement dépendantes de l'orientation cristalline.

Une recette de gravure avec le mélange de gaz de CHF On peut constater sur la figure 4 que l'anisotropie de la gravure humide a transformé les trous ronds du masque de silice en un réseau carré de 250 nm de côté pour une période de 300 nm. Le phénomène de sous-gravure fait que les pyrmides deviennent pratiquemen jointives. p o u rr é a l i s e r l e sp a r o i s l a t é r a l e sv e r t i c a l e sd ' u n eé p a i s s e u rd e5 0nm ,c eq u ir e p r é s e n t e u nr a p p o r td ' a s p e c td e1 0 0s u rd e ss u b s t r a t sd es i l i c i umd et y p end e2×2 cm 2 .C e s r é s u l t a t sc o n s t i t u e n t l ' é t a td e l ' a r td a n sc ed om a i n ed e f a b r i c a t i o n .

P r o c é d u r ed ef a b r i c a t i o n
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Scattering Matrix

Pour décrire la propagation des ondes planes dans les différents milieux homogènes ou modulés dans le dispositif, deux approches, à savoir les matrices de transfert (matrice 

Validation du Code

S k (n) = n k (1) 
Si nous remplaçons la chaîne par un collier, grâce à une symétrie de rotation, le nombre de colliers possibles ou de structure non redondantes se réduit à :

B k (n) =    1 2 N k (n) + 1 4 (k+1)k n/2 n even 1 2 N k (n) + 1 2 k (n+1)/2 n odd (2) 
Nous utilisons un algorithme pour générer de manière efficace tous les bracelets possibles avec différentes longueurs de séquences de code. Ensuite, nous combinons l'algorithme de génération de bracelet avec le calcul rigoureux RCWA pour obtenir la réponse du Cristal Photonique (CP). Comme nous prenons en compte tous les arrangements possibles, la réponse optimale obtenue correspond à un maximum global et non pas local, contrairement aux algorithmes heuristiques (par exemple Algorithmes Génétiques). Notre processus d'optimisation conduit toujours à la meilleure structure xxxi c om p t e t e n ud e sp a r am è t r e se td e l a t a i l l ed e l a s u p e r -c e l l u l eu t i l i s é e ,c eq u in o u sp e rm e t é g a l em e n td ' é t u d i e r l ' i n fl u e n c ed e l at a i l l ed e l as u p e r -c e l l u l e .

At i t r ed ' e x em p l e ,u n eé p a i s s ec o u c h ed eS i l i c i umc r i s t a l l i n( c -S i )1µ m aé t éc h o i s i caractères. Lorsque la période de motif multi-périodique est égale à 2,550 nm (contenant 17 caractères), une valeur de I abs maximale de 42,2% est obtenue (Fig. 13b), ce qui est 11,9% fois supérieur à celle du motif mono-périodique optimisé (Fig. 13a). Dans le manuscrit principal, nous allons étudier en détail comment le modèle multi-périodique améliore l'absorption de sur une large bande spectrale.

Les résultats obtenus ont montré l'efficacité de l'approche originale développée dans ce travail de thèse. Ce concept pourrait être encore plus efficace pour les motifs binaires plus complexes. Il y a plusieurs sujets qui pourraient faire l'objet de travaux complémentaires.

• Nous avons montré que le réseau de pores avec une période de 300 nm n'était en fait pas la limite de cette technique. Une réduction du diamètre des pores et de la période pourrait faire l'objet de travaux complémentaires.

• La méthode que nous avons développée RCWA n'était pas entièrement fonctionnel.

Plusieurs améliorations pourraient être apportées pour réduire le temps de simula- times the size of the individual atoms, materials behave significantly different from their respective bulk properties [START_REF] Joannopoulos | Photonic crystals: molding the flow of light[END_REF]. In the category of nano-scale materials, periodic nanomaterials play an important role because of the geometric configuration.

Fabrication of Periodic Nanostructures

In fabrication, optical lithography, Electron-Beam Lithography (EBL) and Nanoimprint Lithography (NIL) have been widely used. Optical lithography is well established to manufacture integrated circuit devices. However, it is fundamentally limited by Rayleigh relation [START_REF] Ziaie | Introduction to Micro/Nanofabrication[END_REF] to fabricate structures down to nanometer scale. Even though EBL can compensate the limit to produce very fine structures, it suffers from low throughput [START_REF] Vieu | Electron beam lithography: resolution limits and applications[END_REF].

NIL is a cost-effective technique for producing nanopatterns over a large area [START_REF] Guo | Recent progress in nanoimprint technology and its applications[END_REF]. But it is not suitable for rapid and flexible prototyping in lab scale since a premade mask is needed in the fabrication process. And most of time this mask is fabricated by other 1 t e c h n i q u e ss u c ha so p t i c a l l i t h o g r a p h yo rE B L .F o r t u n a t e l y ,as i g n i fi c a n tp r o p o r t i o no f a p p l i c a t i o n s s u c ha sp h o t o n i cc r y s t a l [START_REF] Campbell | Fabrication of photonic crystals for the visible spectrum by holographic lithography[END_REF] ,d a t a s t o r a g e [ 6 , 7 ] ,e t c . [START_REF] Wei | Wafer-scale highthroughput ordered growth of vertically aligned ZnO nanowire arrays[END_REF] , r e q u i r eo n l yp e r i o d i c p a t t e r n s . A ss u c h ,a na l t e r n a t i v et e c h n i q u en am e dL a s e r I n t e r f e r e n c eL i t h o g r a p h y( L I L ) 

Optical Simulation of Periodic Nanostructures

Even though LIL is a relatively fast technique for prototyping, rigorous electromagnetic simulation methods are still needed to accelerate the optimization and design process, which leads us to the second part of the thesis: rigorous electromagnetic simulation and optimization of optical structures. In the scope of rigorous optical modeling, the finite difference [START_REF] Taflove | Computational electrodynamics: the finitedifference time-domain method[END_REF][START_REF] Gedney | Introduction to the Finite-Difference Time-Domain (FDTD) Method for Electromagnetics[END_REF][START_REF] Schneider | Understanding the Finite-Difference Time-Domain Method[END_REF], finite element [START_REF] Polycarpou | Introduction to the finite element method in electromagnetics[END_REF], and Fourier-based methods [START_REF] Moharam | Three-dimensional vector coupled-wave analysis of planar-grating diffraction[END_REF] have been proposed. To tackle our particular problem, we chose a Fourier-based method to perform rigorous optical simulations. The decision was made by adapting to the common underlying physical characteristic of our structures, namely periodicity. The chosen method named Rigorous Coupled-Wave Analysis (RCWA) or Fourier Modal Method (FMM) is very efficient for rigorously calculating the optical performance of periodic structures. Compared with other widely used methods like Finite-Difference Time-Domain (FDTD) method or Finite Element Method (FEM), we argue that RCWA is more adapted to simulating periodic structures. In both FDTD method and FEM, simulated structures have to be discretized in a regular grid or irregular grid to perform calculations. The number of computing points can be enormous if the structure is large or contains fine features. However, in RCWA method, structures and fields are represented in Fourier basis, which, in most cases, contains very few points. As such, the calculation burden of the RCWA method is not as heavy as that of the other two methods. Also, being a semi-analytical method, the propagation of the eigenmodes in each layer is calculated analytically regardless of the thickness of the layer. Therefore, RCWA is very efficient for computing thick devices. The largest disadvantage of RCWA method is that only periodic structures can be simulated. In this work we only consider periodic structures, RCWA method is therefore preferable.

In Chapter 4, we start to consider the optical properties of periodic structures. The RCWA method is introduced and the formulations are presented in detail. A validation of the developed code is given to verify the accuracy at the end. A comparison between the FDTD and RCWA methods is shown to highlight the calculation accuracy of the RCWA method for periodic structures.

In Chapter 5, we investigate another kind of periodic structures named pseudo-disordered structures. They seem to be chaos in short range, yet they are periodic based on extending unit cell. This pseudo-disordered design concept enables additional design freedom for photon management, but the benefit comes with a penalty, as the optimization and interpretation are challenging when a large number of degrees of freedom encounters computationally intensive electromagnetic simulation method. Here, we propose a novel one-dimensional multi-periodic pattern generation method to help us squeeze the disorder design space before performing the rigorous calculation, by making use of the periodic attribute of the patterns. Consequently, thanks to the pre-filtered design space, it typically relieves us from the computational burden and enables us to 'globally' optimize and study pseudo-disordered patterns. As an example, we show how this approach can be used to comprehensively optimize and systematically analyze generated disorder for broadband light trapping in thin film.

In Chapter 6, we conclude by providing an overview of the work done in this dissertation and discuss possible future directions this research can take.

Chapter 2

Nanostructure Fabrication by Using

Laser Interference Lithography

In this section, we will first provide a brief overview of the Laser Interference Lithography (LIL) technique and its basic principle. And then the structural transfer from the photoresist to the silicon substrate through dry etching and wet chemical etching is discussed. We then illustrate the strengths and limitations of this technique with the demonstration of different kinds of fabricated periodic patterns.

Interference of Light Waves

LIL is a technique for patterning regular arrays of delicate features, by using two interfering incident beams. Typically, two coherent beams interfere and set up interference patterns that can then be recorded by photoresist. Based on this physical principle, there exist two kinds of interference lithography setups, namely Mach-Zehnder Interferometer and Lloyd's-Mirror Interferometer [START_REF] Walsh | On the design of lithographic interferometers and their application[END_REF]. The focus of this thesis is the second one.

Periodicity of interference patterns

When two coherent laser beams coincide, an interference pattern is created as illustrated in Fig. 2.1. It can be interpreted as the superposition of two plane waves. For two overlapping plane waves with the intensity of I 1 and I 2 , the interfered intensity d i s t r i b u t i o nIa tag i v e ns p a t i a lp o i n tc a nb ed e s c r i b e db y

I=I 1 +I 2 +2 I 1 I 2 ( ê 1 • ê 2 ) c o s k 1 -k 2 • r ( 2 . 1 )
w h e r eê 1 a n dê 2 a r e t h ed i r e c t i o n so f t h e t w op l a n ew a v e s , k 1 a n d k 2 a r e t h ew a v ev e c t o r s o ft h ep l a n ew a v e s ,r θ θ

-→ k 1 -→ k 2 Λ=λ / ( 2 * s i n ( θ ) ) -→ k f
x y i sag i v e ns p a t i a lp o i n t .

F i g u r e2 . 1 : T h ep e r i o d i c i t yo f t h e i n t e r f e r e n c ep a t t e r n i sd e fi n e d i n t h es ymm e t r i c a lc a s e w h e r eb i s e c t i o no ft h ea n g l eo f i n t e r f e r e n c eo ft h eb e am s i sp e r p e n d i c u l a rt ot h ep l a n eo f o b s e r v a t i o no ft h e f r i n g e s . 

I nE q .2 . 1w ed on o tt a k e i n t oa c c o u n tt h ep h a s ed i ff e r e n c eb e t w e e nt h et w ow a v e s b e c a u s e i to n l ys h i f t st h es i n u s o i d a l i n t e r f e r e n c ep a t t e r n . T h es p a t i a ld e p e n d e n c eo ft h i s e q u a t i o no c c u r so n l y i nt h ep h a s ea r g um e n to ft h ec o s i n e . T h e m a x im aa n d m i n im ao f t h i s s i n u s o i d a lp a t t e r na r ec a l l e d f r i n g e s ,w h i c h i s t h e s a l i e n t f e a t u r e f o rm o s t l i t h o g r a

k f =k 1 -k 2 ( 2 . 2 )
I no u rc a s e ,t h ea n g l e so f i n c i d e n c e sa r ee q u a l ,a n dt h et w o i n c i d e n tb e am sh a v et h e s am ew a v e l e n g t h( λ ) . S o i nt h e i l l u s t r a t e dc o o r d i n a t es y s t emw h e r exa x i s i s i nt h e same direction as fringe-vector (Fig. 2.1), the fringe-vector will be simplified as

k f = 2k 1x x (2.3)
where k 1x is the x-component of k 1 . The spatial periodicity Λ of the interference fringes can be calculated as

Λ = 2π k f (2.4)
Defining the angle between the two incidence vectors as 2θ, we can easily get

sin θ = k 1x k 1 (2.5)
Substituting Eqs. 2.5 and 2.3 in to Eq. 2.4 the spatial periodicity can be simply calculated as in Eq. 2.6.

Λ = λ 2 sin(θ) (2.6) 
Note that even though the coordinate system was specified to enable the derivation, Eq. 2.6 is valid for any arbitrary coordinate system. The spatial periodicity is only dependent on the interference angle θ, as long as the direction over which the measured fringe period is perpendicular to the bisection of the interference angle.

Visibility of interference patterns

Achieving energy intensity differentiation is the ultimate goal in lithography. In LIL, it is achieved by destructive and constructive interference, which is essentially an energy redistribution process. The visibility of the fringes is closely related to the contrast of the redistributed energy intensity. Compared with that, the absolute intensity of an interference pattern is less crucial since it can be regulated by exposure time. We use parameter V to quantify the contrast or visibility, which is defined in Eq. 2.7

V = I max -I min I max + I min (2.7) 7 
where I max and I min are the maximum and minimum intensity values, respectively.

From our previous discussion, I max and I min can be easily found by setting the value of the cosine term in Eq. 2.1 to 1 and -1, respectively, corresponding to constructive and destructive interference.

I max = I 1 + I 2 + 2 √ I 1 I 2 (ê 1 • ê2 ) I min = I 1 + I 2 -2 √ I 1 I 2 (ê 1 • ê2 ) (2.8)
Then the contrast of the interference patterns can be calculated by substituting the above equations into Eq. 2.7, which is given in Eq. 2.9

V = 2 √ I 1 I 2 I 1 + I 2 (ê 1 • ê2 ) = 2 √ I r I r + 1 (ê 1 • ê2 ) (2.9)
where I r is the relative intensity equaling to

I 1 /I 2 .
The dot-product is determined by the polarization of the incidence. For this reason, TE (electric field is perpendicular to the plane-of-incidence) and TM (electric field is parallel to the plane-of-incidence) polarizations have to be discussed separately. Note that the superposition of these two modes is sufficient to describe an arbitrarily polarized incidence.

The situation for TE polarization is relatively straightforward, as the dot-product is always equal to unity. Eq. 2.10 can be simplified as

V T E = 2 √ I r I r + 1
(2.10) Fig. 2.2a shows the relationship between I r and V T E for TE mode. As we can see, the visibility is maximized when the intensities of the two beams are equal. We also notice that the fringe contrast is tolerant to intensity mismatch, which demonstrates the solidity of the technique.

A more complex situation occurs for TM mode. The dot-product can be expressed with the interference angle θ in the function below. S u b s t i t u t i n gt h ea b o v ee q u a t i o n i n t oE q .2 . 9 ,w eg e tt h ev i s i b i l i t ye q u a t i o n f o rt h eTM p o l a r i z a t i o n .

ê1 • ê2 = -cos(2θ) (2.
V T M = 2 √ I r I r +1 | c o s ( 2 θ ) | ( 2 . 1 2 ) 
T h ev i s i b i l i t y i st h e f u n c t i o no fr e l a t i v e i n t e n s i t ya n d i n t e r f e r e n c ea n g l e(θ )w h i c h i s p l o t t e d i nF i g .2 . 2 b . T h eh i g h e s tc o n t r a s ta l s oa p p e a r sw h e nt h e i n t e n s i t i e so ft h et w o b e am sa r ee q u i v a l e n t ;h o w e v e r ,t h e i n t e r f e r e n c ea n g l ea l s op l a y sa n im p o r t a n tr o l e . T h e i n t e r f e r e n c ec o n t r a s tw i l lb eh i g h f o r i n t e r f e r e n c ea n g l ec l o s et o 0 • o r9 0 • i n d i c a t i n gt h e e l e c t r i cfi e l d sa r ep a r a l l e lo ra n t i -p a r a l l e l . A ss u c h ,T Ep o l a r i z a t i o n i sd e s i r a b l e i nL I L i no r d e rt oa c h i e v eh i g ha n da n g u l a r i n d e p e n d e n te x p o s u r ec o n t r a s t . is shaped by the adding effect of these two interferences. The visibility of the vertical interference is consistent with Eq. 2.9. As the intensities of the incoming beam and reflected beam are not constant across the photoresist, the visibility is changing in the exposed photoresist. One common way to eliminate the vertical standing wave is to prevent the light from bouncing inside the photoresist layer by adding an anti-reflection layer beneath the photoresist [START_REF] Wolferen | Laser interference lithography[END_REF]. In our case, a 100 nm thick silica layer is added on the top of the silicon substrate, acting as an anti-reflective layer, to decrease the vertical standing wave. This layer can also be used as a hard mark in the following etching process. 

. 1 . 3 S t a n d i n g w a v e

Laser Interference Lithography Setup

There are two kinds of LIL setups, named Mach-Zehnder interferometer and Lloyd's

Mirror interferometer, respectively. The first one, Mach-Zehnder interferometer, is mainly used as a production tool to expose large area substrate. This system falls short when it comes to lab-scale prototyping mainly because it requires a dedicated set of expensive optical elements and re-alignment of the optical path for different fringe periods. Beyond that, it is also sensitive to surrounding environment, such as airflow [START_REF] Walsh | On the design of lithographic interferometers and their application[END_REF].

Compared with the first one, the Lloyd's Mirror interferometer is more economical and robust for lab use. It can be easily adjusted to meet applications that require a multitude of different periods. In this thesis, we will focus on the Lloyd's Mirror interferometer. 

Lloyd's Mirror interferometer

The Lloyd's Mirror interferometer is composed of three main parts: a laser, a spatial filter, and an interferometer. A schematic illustration of the implementation of the Lloyd's Mirror interferometer is shown in Fig. 2.4. A semiconductor laser is chosen to be the source. A spatial filter is placed between the laser and the interferometer, providing a "clean" Gaussian profile beam thanks to the speckle effect. The interferometer consists of a station stage, a mirror, and a substrate chuck. It is placed far away from the spatial-filter to ensure a large beam diameter. The increase of the beam diameter creates a homogeneous intensity distribution over the exposed area, which is close to the plane-wave interference approximation. As such, the fabricated fringes are more homogeneous [START_REF] Byun | Cost-effective laser interference lithography using a 405 nm AlInGaN semiconductor laser[END_REF].

The elegance of Lloyd's Mirror interferometer is the result of the usage of the mirror. Another advantage of the Lloyd's Mirror is that it is immune to small vibrations.

A rigid mechanical connection between the mirror and substrate chuck means that the relative length of the two arms is very stable since variations in arm length can only occur if the mirror moves about the substrate. In general, small vibrations of the assembly or wandering of the incoming beams does not cause fringe drift, as the image source created by the mirror will automatically compensate. The high inherent stability of the system enables long exposure time, which in turn allows either the use of a low power laser or long beam expansion distance.

So far the use of the mirror enables the Lloyd's Mirror to have some benefits such as simple to align, highly robust and easy to configure for different fringe periods. Thus, the choice of the mirror becomes critical for the whole system. The imperfections of the mirror can be roughly divided into four categories. Attention should be paid to each of them when choosing the mirror.

The first is flatness. The roughness of the mirror causes phase error for the reflected beam, which will then print as a distortion in the interference fringes. Such distortions will be systematic and repeatable as long as the same mirror is used. For this reason, a mirror with high flatness is always preferred.

The second is local surface defects. These could be scratches, fingerprint, dust particles, etc. These defects act as additional coherent point sources. The recorded reference pattern will be the sum interference of the two beams plus the additional point source on the mirror. Large defects will print directly in the fringe due to loss of reflected power. Of course, these are rare cases. Most of the time the defects are very small even not visible to human eyes. The observed exposure will still be a grating but local distorted such as rippling of the line on a large scale. So great care should be taken to keep the mirror clean.

The third is reflectivity. The qualified mirror should be highly reflective regardless of the reflection angles, as a broad range of incidence angles are used to expose different period gratings. Fortunately, the reflectivity is not such strict. In practice, a minimum reflectivity value of 0.85 in the interested wavelength is enough to have a high fringe visibility, as illustrated in Fig. 2.2. We also notice that beams with very different intensities are still able to make a high fringe contrast. It underlines the necessity to prevent coherent scattering.

The fourth is mirror size. The physical size of the mirror affects the fringe formation in two different ways: the uniformity of the fringe and the exposure size. For the first one, it is desirable to have larger expanded beam than the size of the exposure area.

It also means that the beam diameter is larger than the mirror size, so diffraction or scattering beam from the edge of the mirror will not affect the fringe. The use of a large mirror will prevent this from happening in most cases. The second impact of the mirror size is the limiting effect on exposure area. Obviously, the interference can only occur in the region where there are two beams. The illumination distance (W ) of the reflected beam is a function of the mirror size (L) and incident angle (θ), as shown in Fig. 2.6.

The maximum distance W in Eq. 2.13 is the sample size limit.

W = L tan(θ) (2.13)
size limits the exposed area of large period gratings. For small period gratings, the mirror size is not the restricting parameter. For our specific setup, every component was carefully chosen to satisfy our needs.

A laser emitting at 266 nm acts as a light source. As shown in Eq. 2.6, the emission wavelength of the laser source determines the variation range of the available fringe periods. Our setup enables us to fabricate patterns with accurate periods ranging from 150 to 700 nm, as shown in Fig. 2.7a. In a practical case, the minimum available period is also determined by other facts such as the resolution of the photoresist, which will be discussed in Section 2.2.2. Moreover, the upper periodic limit is also constrained by the required sample size, since the physical dimensions of the mirror are fixed. The mirror currently in use is a 10 cm square aluminum mirror with the flatness of λ/20.

The samples that can be fabricated by this setup are summed up in Fig. 2.7b, which clearly shows the accessible fringe periods and the corresponding sample sizes.

Laser interference lithography process

The lithographic process contains four steps: substrate cleaning, spin coating, photoresist exposure, and development.

The first step is substrate cleaning. The sample is immersed consequently in acetone, ethanol, and deionized water (DI water) to remove surface contamination. The whole process is executed in an ultrasonic bath, and each step lasts about 10 minutes. Acetone is used to remove the organic contamination, which will then be cleaned by ethanol.

The remaining ethanol and inorganic ions are rinsed away with DI water. Then, a hightemperature process (@100 • C, 2 minutes) called dehydration bake is used to remove the adsorbed water. An addition of an adhesion promoter named hexamethyldisilazane (HMDS) is spin coated to promote the adhesion to the photoresist. Subsequently, the photoresist polymer film is deposited on the substrate by using the spin-coating technique which is reliable to form a uniform thin film on samples. The dominant spin-coating parameters to control the film thickness are the acceleration rate, velocity, and spin-coating time without taking into account the property of the photoresist. We used a chemically amplified photoresist named NEB-22 in this thesis. For this particular photoresist, we have calibrated the spin-coating parameters to form a very thin film (approximately 150 nm thick) for the next steps. After spin coating, a prebake process is performed to remove the excess solvent in the photoresist.

The exposure process is done using the LIL setup. Recall from section 2.1.1 that one-dimensional structures are obtained by exposure the photoresist once. Also, the period is defined by the interference angle (Eq. 2.6) which is further controlled by the rotation angle of the interferometer. More complex periodic structures can be fabricated by multiple exposures. For example, cross-exposure of negative photoresist by rotating the sample at 90 • enables the formation of arrays of holes. The aspect of double-exposure sample is determined by the periods of two exposures and rotation angle between two exposures. Fig. 2.8 shows the simulated aspects of three kinds of samples. For chemically amplified resists, which we use here, one more step named post-exposure bake (PEB) has to be performed to finish the exposure process. Because PEB creates a solubility differential between exposed and unexposed parts of the photoresist. Also, it helps to reduce the standing wave effect. [START_REF] Mack | Field guide to optical lithography[END_REF]. 

Structure Transfer

The LIL process enables us to draw large-scale periodic structures on a polymer layer.

Pattern transfer processes have to be performed to make use of the developed structures.

In this part, we talk about two anisotropic etching processes that we use to transfer Compared with RIE, KOH or TMAH etching is also highly anisotropic but of crystal orientation dependence. 

Reactive ion etching

Wet etching

Wet etching uses liquid chemicals to remove material from a wafer. Some wet etchants etch crystalline materials at different rates depending on which crystal face is exposed. 

Chapter 3

Periodic Nanostructure Applications

Previously, we described the techniques to pattern substrates with various periods.

In this chapter, we focus on the development of different applications based on these periodic structures. In the first section, a porous silicon array with the period of 300 nm on centimeter-scale substrates is fabricated by the combination of LIL and electrochemical etching. Then, in the second section, a preconcentration device based on a one-dimensional periodic structure on the glass substrate is discussed.

Porous Silicon Fabrication

This section highlights that combining LIL and electrochemical etching (EE) is a costeffective, efficient method to realize periodic nanopore arrays in silicon with lattice pitch as small as 300 nm on centimeter-scale substrates. The fabrication of wide-area and high aspect ratio 2D pore arrays with 250 nm diameter and 5 µm depth is demonstrated.

All the steps of the process have been optimized to achieve vertical sidewalls with 50 nm thickness, providing pore arrays with aspect ratio of 100 on n-type silicon substrates over an area of 2 × 2 cm 2 . These results constitute a technological advance in the realization of ordered pore arrays in silicon with very small lattice parameters, with impact in biotechnology, energy harvesting, or sensors. 
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processes to fabricate inverted nanopyramids on a centimeter scale substrate, as well as in adapting them to low-resistivity silicon to ensure a stable pore growth in EE process. 

Fabrication procedure

The fabrication procedure is schematically illustrated in Fig. 3.1 and consists in four main steps: LIL, pattern transfer into a silica mask, formation of the nanopyramids by anisotropic wet etching, and EE. The key parameter that dominates the whole process optimization is the uniformity: high uniformity of the inverted pyramids is absolutely crucial for a successful etching of the pore arrays by EE, which means that the preceding process steps have been carefully and interactively optimized in order to obtain the smallest and the most uniform holes as possible in the silica mask. Each step optimization is discussed in the following.

LIL is employed as a high-resolution, high-throughput and low-cost tool for the fabrication of large-scale patterns with tunable lattice constants [START_REF] Lu | Interference lithography: a powerful tool for fabricating periodic structures[END_REF][START_REF] Zhou | Fabrication of large-area 3D optical fishnet metamaterial by laser interference lithography[END_REF]. We have highlighted successful realizations of photonic crystals in the photovoltaic area [START_REF] Gomard | Light harvesting by planar photonic crystals in solar cells: the case of amorphous silicon[END_REF][START_REF] Meng | Absorbing photonic crystals for silicon thin-film solar cells: Design, fabrication and experimental investigation[END_REF] and of finite grating couplers [START_REF] Orobtchouk | Simple technique for fabricating limited coupler gratings by holographic method using standard thick photoresist[END_REF] using this technique. A single exposure by LIL gives fringes with a spatial period Λ = λ/2 sin(θ), where λ is the wavelength of the laser and θ is the half-angle between the two interfering beams. Our setup is based on a Lloyd's mirror interferometer and uses a semiconductor laser (λ = 266 nm) as a light source. The periodicity of the pattern can be adjusted from 150 nm to 700 nm (as shown in Fig. 2.7).

Circular holes can be generated by two consecutive exposures in negative-tone photoresist with a sample rotation by 90 • between the two exposures. A detailed explanation can be found in Chapter 2.

In our LIL process, the negative-tone photoresist (NEB 22) was spin-coated and then baked on 100 oriented n-type silicon substrates with a resistivity of 100 mΩ • cm. Prior to resist spin coating, a 100 nm thick silicon dioxide layer was deposited by pulsed plasma enhanced chemical vapor deposition. Both the silicon resistivity and the deposited silicon dioxide layer have been carefully selected to guarantee the accomplishment of the EE process, which has been systemically demonstrated in reference [START_REF] Laffite | Formation of Submicrometer Pore Arrays by Electrochemical Etching of Silicon and Nanoimprint Lithography[END_REF]. Next, the sample was exposed twice to form a 2D array of circular holes (Fig. 3.1b). In order to reach a period of 300 nm, the angle of incidence was adjusted to 26.3 • . Figure 3.2a shows the SEM image of the resist pattern having the 300 nm period. The holes in the resist pattern show a good uniformity, which is crucial for subsequent formation of a uniform silicon pore array. Looking into the details of individual holes shown in Fig. 3.2b, a small ring can be observed inside each hole: this vertical radius variation is generated by the vertical standing wave in the LIL exposure process. This phenomenon can be eliminated by using anti-reflective coating [START_REF] Xia | Nanostructures and Functional Materials Fabricated by Interferometric Lithography[END_REF]. Our approach is simpler, as the next process step, RIE, is a way to economically and efficiently eliminate the vertical radius variation resulting from the standing-wave effect, as discussed in the following. 

Reactive-ion etching

The polymer pattern generated by LIL served as etching mask for RIE transfer into the SiO 2 layer. Before the silica etching process, a short O 2 plasma etching (∼ 15 s, 60 W and 15 mTorr) was applied to remove the residual photoresist at the bottom of the holes and to smooth the inner wall of the holes. As the objective is to obtain homogeneous holes in the silica layer with the smallest possible diameter in order to achieve the highest homogeneity of pore array, the LIL process has been carefully optimized. In particular, the exposure time has been tuned to achieve the smallest possible hole diameter that could be efficiently developed without leaving any extra residual resist that could lead to inhomogeneity during RIE transfer.

RIE was used to pattern the SiO 2 hard mask with a CHF 3 /Ar mixture (Fig. 3.1c), and the remaining resist was removed after pattern transfer by subsequent O 2 plasma etching. After careful optimization of the pattern transfer, the power and pressure of the RIE process have been selected at 60 W and 15 mTorr (self-bias voltage: ∼ 120 V), respectively, in order to obtain a very "soft" process yielding a high etching selectivity between silicon oxide and photoresist as well as a good preservation of the hole size. The main reason for the uniformity improvement is the smoothing, via the RIE process (O 2 and CHF 3 /Ar), of the vertical radius variation in the initial photoresist pattern, which resulted from the vertical standing wave generated in the LIL process.

KOH etching

After RIE, the next process step is anisotropic KOH wet chemical etching in order to form inverted pyramid structures into the silicon substrate (Fig. 3.1d). The etching solution used in this work is typically a 32 wt% KOH solution heated at 70 • C. Fabrication of inverted pyramid arrays with periodicities below 300 nm is very challenging because of the low wettability of the KOH solution, which hinders the penetration of the solution through the small silica holes. This technological hurdle cannot be overcome by an increase of the hole diameter, because the undercutting occurring during the etching step can exfoliate the hard mask or induce the merging of neighboring pyramids that would destroy the periodicity of the pattern.

One of the successfully solutions turned out to be the use of an ultrasonic bath to improve the spreading/ filling of KOH solution into the silica holes while removing the gas bubbles produced during the etching process that could prevent the etching. This procedure enables to achieve complete pyramid formation within 8 min for the 300 nm lattice, which is much slower than in the case of a 500 nm square lattice, where an etching time of 3 min is sufficient; this large difference highlights the difficulties arising with smaller periods. Figure 3.2d shows SEM images of the resulting inverted pyramids having an inradius of 116 ± 5 nm, obtained on the same sample as in Fig. 3.2a and 3.2b.

It can be observed that all the pyramids are well-defined and centered without showing any merging between neighbors. The side view image in Fig. 3.2d (inset) clearly shows all the inverted pyramids are completely formed. Statistically, we can notice that the uniformity of the pattern is increased (Fig. 3.3). This can be explained by the fact that the size of the pyramids does not vary anymore once it is completely formed due to the high anisotropy of the etching velocity in the two different crystallographic directions [START_REF] Zubel | Silicon anisotropic etching in alkaline solutions III: On the possibility of spatial structures forming in the course of Si(100) anisotropic etching in KOH and KOH+IPA solutions[END_REF]. This means that, even if the formation of all the pyramids does not start at the same time, the sample stay a sufficient long time in the KOH solution to achieve the formation of all of the pyramids with a uniformity that directly depends on the initial silica mask. 

Electrochemical etching

After these preliminary process steps, the last process is the formation of high aspect ratio pore arrays which is carried out by photo electrochemical etching in a HF-containing electrolyte (Fig. 3.1e). Briefly, it is commonly accepted that the high aspect ratio structure formation is ascribed to the deviation of the etching current lines by the electrical field in the space charge region [START_REF] Kleimann | Toward the formation of three-dimensional nanostructures by electrochemical etching of silicon[END_REF]. The size of the structures is then intimately linked to the silicon resistivity and the applied voltage [START_REF] Matthias | Threedimensional silicon-based photonic crystals fabricated by electrochemical etching[END_REF] (M e r c k -Amm o n i umfl u o r i d ee t c h a n tA F8 7 . 5 -1 2 . 5 )/3 0 : 1 0 : 1 , ( i i )e t c h i n gp a r am e t e r s :3 . 5
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Preconcentrator

Low concentration biomolecule detection is a major issue in biosensing [START_REF] Homola | Present and future of surface plasmon resonance biosensors[END_REF]. One of the successful strategies to traverse the detection limit is to concentrate the low-abundance molecules [START_REF] Wang | Million-fold Preconcentration of Proteins and Peptides by Nanofluidic Filter[END_REF]. Also, the preconcentration is even more important in microfluidic sensing systems because of the inherently small channel size, which leads to inefficient use of available target molecules in the samples [START_REF] Jeon | Ion concentration polarization-based continuous separation device using electrical repulsion in the depletion region[END_REF]. Several excellent efforts have been committed to solving the problem, such as field-amplified sample stacking [START_REF] Jung | On-Chip Millionfold Sample Stacking Using Transient Isotachophoresis[END_REF], isotachophoresis [START_REF] Han | Increasing hybridization rate and sensitivity of DNA microarrays using isotachophoresis[END_REF], membrane preconcentration [START_REF] Song | Electrophoretic Concentration of Proteins at Laser-Patterned Nanoporous Membranes in Microchips[END_REF], ICP [START_REF] Plecis | Ionic Transport Phenomena in Nanofluidics: Experimental and Theoretical Study of the Exclusion-Enrichment Effect on a Chip[END_REF][START_REF] Yuan | Electrokinetic Biomolecule Preconcentration Using Xurography-Based Micro-Nano-Micro Fluidic Devices[END_REF], etc. Our preconcentration scheme is based on ICP phenomenon, which could guide any charged biomolecules in the electrolyte to a given location and separate them without suffering from clogging.

In this section, we present a simple and low-cost prototyping technique based on ICP phenomenon by combining LIL and xurography [START_REF] Bartholomeusz | Xurography: rapid prototyping of microstructures using a cutting plotter[END_REF][START_REF] Lacroix-Fralish | A rapid prototyping technique for valves and filters in centrifugal microfluidic devices[END_REF]. 

Chip fabrication

The two essential parts of the device, nanochannels and microchannels were fabricated respectively by LIL and xurography. In the LIL process, a glass substrate ( Before starting the measurement, the preconcentrator was washed with DI water. The mixed solution was injected into microchannels. A source meter (Keithley 2400) was used to apply electrical potential through the Pt electrodes on both ends of the microchannels.

For the quantification, fluorescent images of preconcentration phenomenon were captured by a CCD camera (12 bits, DFC340 FX, Leica) combined with an inverted microscope (Leica DMI4000 B) equipped with a mercury short arc lamp (HBO 103 W/2, OSRAM).

The images were analyzed by ImageJ software [START_REF] Abràmoff | Image processing with ImageJ[END_REF] to calculate the concentration of fluorescein. The quantified relationship between the gray levels and concentrations of fluorescein had been pre-calibrated. The detailed experiment process can be found in our partner's previous publication [START_REF] Yuan | Electrokinetic Biomolecule Preconcentration Using Xurography-Based Micro-Nano-Micro Fluidic Devices[END_REF]. side of nanochannels will decrease due to the concentration polarization effect [START_REF] Levich | Physicochemical Hydrodynamics[END_REF].

Results and discussion

Since a little amount of liquid generated by electroosmotic flow in the microchannel is allowed to pass through the nanochannels, a backflow, namely feedback pressure driven flow, is generated on both sides [START_REF] Dydek | Overlimiting current in a microchannel[END_REF], which leads to a circulation flow in the microchannel (Fig. 3.9b). Additionally, in the depletion region, the electric field as well as the electrophoretic velocity increase, since the electrical resistance is inversely proportional to the ion concentration. As a result, the negatively charged biomolecules will be trapped in a particular region where the convection and migration force is balanced (Fig. 3.9c). A more detailed explanation can be found in reference [START_REF] Yuan | Electrokinetic Biomolecule Preconcentration Using Xurography-Based Micro-Nano-Micro Fluidic Devices[END_REF]. Apart from other preconcentrators in the literature, the advantage of using LIL is that the dimensions of the nanochannels could be easily controlled. Based on that, we could easily analyze the size effect of nanochannels to perconcentrator and improve the performance of the chip. Theoretically, nanochannels with smaller size might improve the performance of the chip. However, due to the elasticity of the self-adhesive film, more diminutive nanochannels might be blocked (e.g. nanochannels with the etching depths of 25 nm and 50 nm). Our experiments for shallower nanochannels ended up failure. We believe that the improvement of bonding technique could further improve the performance of the device.

Summary

In this work, we have developed a simple, rapid prototyping and low-cost biomolecule preconcentration chip by combining LIL and xurography. Despite its limitation in resolution, our device could be attractive for fabricating low-priced biomolecule preconcentration chip. Also, by improving the bonding technique, the device performance could be further improved.

Chapter 4

Periodic Structure and Rigorous

Coupled Wave Analysis

In this section, we consider the optical properties of periodic structures. Previously, we described the fast and economic lab-scale fabrication method named LIL. Even though this approach enables us to efficiently fabricate periodic structures, numerical methods still are needed to accelerate the exploration of their optical properties. In this part, a rigorous electromagnetic calculation method is introduced. With the consideration of the primary attribute of our problem, periodicity, a Fourier-based method seems to be the most appropriate choice. In the domain of electromagnetic calculation, the Fourier-based numerical method named Rigorous Coupled-Wave Analysis (RCWA) also known as Fourier Modal Method (FMM), is developed to solved the problem. It is unconditionally stable, full vector, and rigorous in the sense that no approximation is made to Maxwell's equations. We will explore this numerical method for analyzing the optical properties of our periodic structures.

Rigorous Coupled Wave Analysis

RCWA is an eigenmode expansion method that was originally developed to study optical diffraction efficiencies from volume holographic or surface relief grating [START_REF] Kogelnik | Coupled Wave Theory for Thick Hologram Gratings[END_REF][START_REF] Kaspar | Diffraction by thick, periodically stratified gratings with complex dielectric constant[END_REF]. The first stable RCWA method for one-dimensional multilayer gratings was formulated by Moharam and Gaylord [START_REF] Moharam | Stable implementation of the rigorous coupled-wave analysis for surface-relief gratings: enhanced transmittance matrix approach[END_REF]. The extension to two-dimensional structures occurred later with improved computational power and numerical algorithms [START_REF] Whittaker | Scattering-matrix treatment of patterned multilayer photonic structures[END_REF][START_REF] Bräuer | Electromagnetic diffraction analysis of twodimensional gratings[END_REF][START_REF] Lalanne | Improved formulation of the coupled-wave method for two-dimensional gratings[END_REF][START_REF] Rumpf | Improved formulation of scattering matrices for semi-analytical methods that is consistent with convention[END_REF][START_REF] Liu | S4 : A free electromagnetic solver for layered periodic structures[END_REF] The basic idea of RCWA is to expand the electromagnetic field within each layer into reciprocal space representing by a sum of spatial harmonics. This transforms the wave equation into a set of ordinary differential equations which is then solved as an eigenvalue problem. The Being a semi-analytical method where the wave equation is treated analytically in the longitudinal direction, this approach can model structures of arbitrary length without increasing simulation time. Arbitrarily shaped devices are handled by using staircase approximation to resolve them with many thin layers. However, the RCWA method is best suited to analyze structures with minimal complexity in the z-direction. For slowly varied structures in the z-direction, the calculation can become computationally intensive because of the increasing number of layers under staircase approximation.

As described above, structures that can be well described by a few number of Fourier components are suitable for the RCWA method due to the eigenmode computation in each layer. For this reason, low to moderate index contrast media can be accurately analyzed. When dealing with high contrast index such as the metallic grating, RCWA suffers from slow convergence, especially under transverse magnetic (TM) polarization [START_REF] Li | Convergence of the coupled-wave method for metallic lamellar diffraction gratings[END_REF]. Because many Fourier components are required to describe accurately the structure and field. Lalanne had first proposed a solution to tackle the problem [START_REF] Lalanne | Highly improved convergence of the coupled-wave method for TM polarization[END_REF]. Lifeng Li identified the actual mathematical problem [START_REF] Li | Use of Fourier series in the analysis of discontinuous periodic structures[END_REF]. Then, several different approaches based on Fast Fourier Factorization (FFF) methods have been proposed [START_REF] Popov | Grating theory: new equations in Fourier space leading to fast converging results for TM polarization[END_REF][START_REF] Chernov | Fast Fourier factorization method applied to modal analysis of slanted lamellar diffraction gratings in conical mountings[END_REF][START_REF] Popov | Maxwell equations in Fourier space: fast-converging formulation for diffraction by arbitrary shaped, periodic, anisotropic media[END_REF]. Although the FFF can effectively improve the convergence for high contrast index, the use of FFF is beyond the scope of the thesis since we only focus on low to moderate index materials.

In the following sections, we will describe in detail the derivation and implementation of RCWA and then validate the implemented code.

Geometric Definitions

The coordinate system is oriented such that the z-axis is normal to the layers of a structure, and the structure is assumed to be periodic in the xy-plane, as shown in Fig 4 .1. The plane wave source illuminates the structure from the top with arbitrary angles.

It is placed in the zeroth layer, where is the reflection region. Then the whole structure is constructed layer by layer beneath the source. Each layer in the structure is assume invariant in the z-direction, as such complex structures could be naturally separated.

For some pieces of the structure with the same material but varies in the z-direction, a staircase approximation is used.

Typical problems require solving for transmission, reflection, or absorption spectra of structures. The reflection spectra are calculated in the zeroth layer beneath the source.

And the transmission spectra are calculated in the transmission layer, where the device resides. The absorption is obtained by using the law of energy conservation.

Unit and Conventions

To facilitate the discussion, we clarify the conventions we used here.

• A right-handed orthogonal Cartesian coordinate system is used, as shown in Fig.

4.1.

• The sign convention e -jkz is adopted to describe a wave propagating in the +z-direction.

• The bold letters in equations stand for matrices or column vectors.

• Symbols I and 0 stand for two-dimensional identity and zero matrices, respectively.

The size of the matrices would be clear in the context.

• SI units are used throughout.

Maxwell's Equations in a Layer

Equation normalization

We start from Maxwell's equations for source free materials:

∇ × E = -jωμ 0 μ r H (4.1) ∇ × H = jωε 0 ε r E (4.2)
For the sake of simplicity and convenience, we normalize the magnetic field in the following manner (see Eq. 4.3) to bring the electric and magnetic fields onto the same scale, which provides better numerical conditioning in implementation.

H = -j μ 0 ε 0 H (4.3)
In the new term, Maxwell's equations become

∇ × E = k 0 μ r H (4.4) ∇ × H = k 0 ε r E (4.5) 
where

k 0 = ω √ µ 0 ε 0 (4.6)

Fourier expansion

The next step is to take the Fourier transform in xand ydirections. For a grating layer, the expansions can be written as

E = ∞ m=-∞ ∞ n=-∞ S(m, n)e -j[kx(m)x+ky(n)y] (4.7) H = ∞ m=-∞ ∞ n=-∞ U (m, n)e -j[kx(m)x+ky(n)y] (4.8) 
In a square or rectangular symmetric system, the wave vector components of the spatial harmonics are defined as

k x (m) = k x,inc -m 2π Λ x (4.9) k y (n) = k y,inc -n 2π Λ y (4.10) 
In a similar manner, the permittivity and permeability functions can be expanded into Fourier series.

ε r (x, y) = ∞ m=-∞ ∞ n=-∞ a m,n e j( 2πmx Λx + 2πny Λy ) (4.11) µ r (x, y) = ∞ m=-∞ ∞ n=-∞ b m,n e j( 2πmx Λx + 2πny Λy ) (4.12) 
where the Fourier coefficients are calculated as

a m,n = 1 Λ x Λ y Λx/2 Λx/2 Λy/2 Λy/2 ε r (x, y)e -j( 2πmx Λx + 2πny Λy ) dxdy (4.13) b m,n = 1 Λ x Λ y Λx/2 Λx/2 Λy/2 Λy/2 µ r (x, y)e -j( 2πmx Λx + 2πny Λy ) dxdy (4.14) 
Using these definitions, each component of Maxwell's equations can be transformed as following:

-j ky (n)U z (m, n) - dU y (m, n) dz = ∞ p=-∞ ∞ q=-∞ a m-p,n-q S x (p, q) (4.15) dU x (m, n) dz + j kx (m)U z (m, n) = ∞ p=-∞ ∞ q=-∞ a m-p,n-q S y (p, q) (4.16) -j kx (m)U y (m, n) + j ky (n)U x (m, n) = ∞ p=-∞ ∞ q=-∞
a m-p,n-q S z (p, q) (4.17)

-j ky (n)S z (m, n) - dS y (m, n) dz = ∞ p=-∞ ∞ q=-∞ b m-p,n-q U x (p, q) (4.18) dS x (m, n) dz + j kx (m)S z (m, n) = ∞ p=-∞ ∞ q=-∞ b m-p,n-q U y (p, q) (4.19) 
-j kx (m)S y (m, n) + j ky (n)S x (m, n) = ∞ p=-∞ ∞ q=-∞ b m-p,n-q U z (p, q) (4.20) 
where wave vector and distance are normalized as:

k = k/k 0 (4.21) z = k 0 z (4.22) 
The set of equations can then be written in matrix form as: 

-j Ky U z - d dz U y = ε r S x (4.23) 
d dz U x + j Kx U z = ε r S y (4.24) Kx U y -Ky U x = jε r S z (4.25) -j Ky S z - d dz S y = µ r U x (4.26) 
d dz S x + j Kx S z = µ r U y (4.

. . 3 D i ff e r e n t i a le q u a t i o n s

T h e n w es t a r tt of o rmt h ed i ff e r e n t i a le q u a t i o n sf o ro n el a y e r . E l im i n a t i n gt h e z c om p o n e n t su s i n gE q .4 . S im i l a r l y ,e l im i n a t i n gt h ezc om p o n e n t su s i n gE q .4 . 2 8 ,E q s .4 . 2 3a n d4 . ( Kx S y -Ky S x )= ε r S y ( 4 . 3 4 )

I nb l o c k m a t r i x f o rm : d d z  U x U y   =Q   S x S y   ( 4 . 3 5 ) Q =   Kx µ r -1 Ky ε r -Kx µ r -1 Ky Ky µ r -1 Ky -ε r -Ky µ r -1 Kx   ( 4 . 3 6 ) 
F r omh e r e ,w ed e r i v eo u rs e c o n d -o r d e rd i ff e r e n t i a ls em i -a n a l y t i c a lw a v ee q u a t i o n .I t i s s im p l yd o n eb ys u b s t i t u t i n gE q .4 . 3 1i nE q .4 . The eigenvector and eigenvalue matrices are used to break Eq. 4.39 down to:

⎡ ⎣ S x S y ⎤ ⎦ = We -λz W -1 S + (0) + We λz W -1 S -(0) = We -λz C + + We λz C - (4.40)
where W is the eigenvalue of Ω, λ is the eigenvector of Ω and C is the product of W and S.

Similarly, the solution for the magnetic fields can be written as:

⎡ ⎣ U x U y ⎤ ⎦ = -Ve -λz C + + Ve λz C - (4.41)
To compute V, Eq. 4.41 is differentiated with respect to z.

d dz ⎡ ⎣ U x U y ⎤ ⎦ = Vλe -λz C + + Vλe λz C - (4.42) 
Comparing Eqs. 4.42 and 4.35, we get

V = QWλ -1 (4.43)
Then the overall solution for a single layer can be written as:

Ψ = ⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ S x S y U x U y ⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ = ⎡ ⎣ W W -V V ⎤ ⎦ ⎡ ⎣ e -λz 0 0 e λz ⎤ ⎦ ⎡ ⎣ C + C - ⎤ ⎦ (4.44) 
In this equation, W describes the eigenmodes of the electric fields and V describes the eigenmodes of the magnetic fields. The exponential terms represent the forward and backward wave propagations through the respective layer. The column vectors C + and C -are amplitude coefficients of the eigenmodes in the forward and backward directions, respectively.

Scattering Matrices

At this point, the field propagation through a uniform layer in the z-direction is solved.

In reality, most of the devices are composed of several layers or can be approximated with several layers. The next stage is to match the fields at each boundary, and then solve the multilayer problem. Two approaches, namely transfer matrix (T-matrix) method and scattering matrix (S-matrix) method [START_REF] Taniyama | S-matrix calculation of radiation characteristics from dipole oscillation in two-dimensional photonic crystal slabs[END_REF], have been widely used. The T-matrix method, could be numerically unstable due to the exponential growing wave amplitudes within layers as pointed by Moharam [START_REF] Moharam | Stable implementation of the rigorous coupled-wave analysis for surface-relief gratings: enhanced transmittance matrix approach[END_REF]. The stability of S-matrix method is indeed better than that of the T-matrix method [START_REF] Whittaker | Scattering-matrix treatment of patterned multilayer photonic structures[END_REF]. However, the stability comes with a price as there are more matrix manipulations involving in S-matrix approach. As such, the S-matrix method could be slower than the T-matrix method. In this work, we chose S-matrix method considering the numerical stability. A tt h efi r s t i n t e r f a c e :

Ψ i -1 =Ψ i ⇒   W 1 W 1 -V 1 V 1     C + 1 C - 1   =   W i W i -V i V i     C + i C - i   ⇒   C + i C - i   =   W i W i -V i V i   -1   W 1 W 1 -V 1 V 1     C + 1 C - 1   ( 4 . 4 5 ) 
A tt h es e c o n d i n t e r f a c e :

Ψ i =Ψ i +1 ⇒   W i W i -V i V i     e -λ i k 0 L i 0 0 e λ i k 0 L i     C + i C - i   =   W 2 W 2 -V 2 V 2     C + 2 C - 2   ⇒   C + i C - i   =   e λ i k 0 L i 0 0 e -λ i k 0 L i     W i W i -V i V i   -1   W 2 W 2 -V 2 V 2     C + 2 C - 2   ( 4 . 4 6 ) 
B yc om b i n i n gE q s . 4 . 4 5a n d4 . 4 6a n d r e a r r a n g i n g t h e t e rm s ,w eg e t t h ee x p r e s s i o n i n S -m a t r i x f o rm .

  C - 1 C + 2   =   S i 1 1 S i 1 2 S i 2 1 S i 2 2     C + 1 C - 2   ( 4 . 4 7 ) 
w h e r e

S i 1 1 = (A i 1 -X i B i 2 A -1 i 2 X i B i 1 ) -1 ( X i B i 2 A -1 i 2 X i A i 1 -B i 1 ) ( 4 . 4 8 ) S i 1 2 = (A i 1 -X i B i 2 A -1 i 2 X i B i 1 ) -1 X i ( A i 2 -B i 2 A -1 i 2 B i 2 ) ( 4 . 4 9 ) S i 2 1 = (A i 2 -X i B i 1 A -1 i 1 X i B i 2 ) -1 X i ( A i 1 -B i 1 A -1 i 1 B i 1 ) ( 4 . 5 0 ) S i 2 2 = (A i 2 -X i B i 1 A -1 i 1 X i B i 2 ) -1 ( X i B i 1 A -1 i 1 X i A i 2 -B i 2 ) ( 4 . 5 1 ) 
A Note that the scattering matrix is not only affected by the material inside itself but also by material outside itself. This fact prevents the S-matrix from having the ability to be interchangeable. In our method, to make each layer interchangeable without recalculating the same layer with different neighboring layers, each layer is separated by free space gap. The device is the stack of different layers with two free space gaps on both sides. As long as the gap has zero thickness, the numerical result will not be changed, and thus, our S-matrix will have interchangeability [START_REF] Rumpf | Improved formulation of scattering matrices for semi-analytical methods that is consistent with convention[END_REF]. For this reason, the S-matrix can be rewritten as:

i 1 =W -1 i W 1 +V -1 i V 1 B i 1 =W -1 i W 1 -V -1 i V 1 A i 2 =W -1 i W 2 +V -1 i V 2 B i 2 =W -1 i W 2 -V -1 i V 2 ( 4 . 5 2 ) X i =e -λ i k 0 L i C e t t e
S i 11 = S i 22 = (A i -X i B i A -1 i X i B i ) -1 (X i B i A -1 i X i A i -B i ) S i 12 = S i 21 = (A i -X i B i A -1 i X i B i ) -1 X i (A i -B i A -1 i B i ) (4.54) 
A i = W -1 i W 0 + V -1 i V 0 B i = W -1 i W 0 -V -1 i V 0 (4.55) 
where W 0 and V 0 are for free space. Another advantage of this arrangement is that the S-matrix becomes symmetric, and half of the scattering parameters do not need to be calculated.

Multilayer structure

For multilayer structures, S-matrices for different layers have to be combined to form a single S-matrix to represent the optical properties of the device. The combination of two S-matrices is realized using the Redheffer star product [START_REF] Tervo | Efficient Bragg waveguide-grating analysis by quasi-rigorous approach based on Redheffer's star product[END_REF]. It is derived by writing Eq. 4.47 for two-mode coefficients, and then rearranging terms to eliminate the common ports, as a schematic can be found in Fig. 4.3. Mathematically, it is written as: 

S i+j = S i ⊗ S j = ⎡ ⎣ S i 11 S i 12 S i 21 S i 22 ⎤ ⎦ ⊗ ⎡ ⎣ S j 11 S j

External regions

By using the procedures we described above, the entire device can be represented as a single S-matrix. By default, the device resides in free space. But it is not the case for real-world problems. To add more flexibility to our method, additional S-matrices 

Reflectance and Transmittance

The global S-matrix relates the input incident light with the reflected wave and transmitted wave. The mode coefficients of the reflected and transmitted regions are calculated with Eq. 4.59: The transverse components of the reflected and transmitted fields are derived from:

C ref = S
r T = ⎡ ⎣ r x r y ⎤ ⎦ = S ref T = W ref C ref = W ref S 11 C inc t T = ⎡ ⎣ t x t y ⎤ ⎦ = S trn T = W trn C trn = W trn S 21 C inc (4.60)
The longitudinal field components are calculated using the Maxwell's divergence equations. in the rectangular dark grey area under periodic boundary condition, a hexagonal pattern is calculated. The drawback is that the computed area with rectangular lattice approximation is larger than directly computing the hexagonal lattice, which leads to longer calculation time. Note that the side length of the approximated rectangular lattice is not equal, so different numbers of Fourier components have to be used in both directions.

r z = -K-1 z,ref ( Kx r x + Ky r y ) t z = -K-1 z,

Code Verification and Convergence Study

The accuracy of the Fourier method is directly related to the number of Fourier coefficients used in the simulation. As the number of Fourier components increases, the dielectric structure is represented with higher accuracy. But the scale of the matrices involved in the calculation increases. Since these are full matrices, the calculation time increases dramatically. For the sake of computational time, a small number of Fourier coefficients is always preferred as long as the result is accurate enough. We benchmark our code using a dielectric structure described in reference [START_REF] Fan | Analysis of guided resonances in photonic crystal slabs[END_REF] and shown in Fig. 4.5. The thickness of the slab is 0.5a, and the radius of the air holes is 0.2a, where a is the lattice constant. The dielectric constant of the slab is 12. Parts of 

Code Implementation Remarks

At last, we pay some attention to the software engineering principles that underlies the architecture of our numerical calculation method. As we stated before, the method that we implemented right now can only handle some simulation problems (moderate reflective contrast structure). And different new techniques have been continuously

developed to improve the performance and extend the functionality of this method. In addition, the code is designed to be directly used or integrated with other methods to simulate and optimize periodic structures. From these aspects, it is of importance to build a user-friendly and easy to maintain and extend modelling tool. To achieve such complex requirements, we chose an object-oriented programming (OOP) paradigm instead of a procedural programming paradigm to implement the code.

In OOP, data and methods of manipulating the data are kept as a single unit called an object. It can provide "services" to users, other objects or functions via the object's methods. In this way, the data and the corresponding functions that manipulate the 56 data are encapsulated in an entity. The change of the inner workings of an object is largely independent of other objects, which is called decoupling. By strategically following these principles, the code could be easily reused and extended. However, the software is constructed by a set of objects to realize the functionalities. The definition and separation of objects could be tricky as a poor separation of objects might lead to maintenance and debugging nightmare. The OOP approach might lead to slower execution because the abstraction mechanisms induce a certain amount of overhead. But the running time is not the only relevant figure of merit for software. Other features such as easy to debug, extend and maintain are also of importance. As such, we argue that OOP is preferable concerning these issues [START_REF] Oskooi | Meep: A flexible free-software package for electromagnetic simulations by the FDTD method[END_REF].

Conclusion

We have gone through the derivations of RCWA method in detail. An example has been included to validate the implemented code. Some final remarks were given about the code implementation. We regard the RCWA method as one of the best approaches to rigorously calculate the optical response of periodic patterns in spite of some imperfections. In the next chapter, we use this powerful tool to explore the optical performance of periodic structures.
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Chapter 5

Photon Control with Periodic Structures

There has been significant interest in expanding the concept of periodicity for photon manipulation. The birth of aperiodic or pseudo-disordered structures is the result of this movement. Compared with traditional periodic structures, pseudo-disordered structures have only long-range order. The pseudo-disordered structures seem to be chaos in short range, but they are periodic based on extending unit cell. As an extension of ordered structures, pseudo-disordered structures gain increasing attention for broad-band and broad-angle applications because of these unique advantages such as higher point group symmetry and richer Fourier spectra. Even though pseudo-disordered structures enable additional design freedom for photon management, the optimization and interpretation are challenging when a large number of degrees of freedom encounters computationally intensive electromagnetic simulation methods.

In this section, we propose to apply an advanced mathematical scheme to investigate photon control in pseudo-disordered structures, with the help of the electromagnetic calculation method that we developed in the previous chapter. The proposed onedimensional multi-periodic pattern generation method can help us squeeze the disorder design space before performing the rigorous calculations, by making use of the periodic attribute of the patterns. Consequently, thanks to the pre-filtered design space, it typically relieves us from the computational burden and enables us to 'globally' optimize and study pseudo-disordered patterns. As an example, we show how this approach can be used to comprehensively optimize and systematically analyze generated disorder for broadband light trapping in a thin film.

Motivation

Photonic Crystal (PC) structures are well known to be able to control light propagation and possibly light-matter interaction for applications such as guided optics [START_REF] Chutinan | Wider bandwidth with high transmission through waveguide bends in two-dimensional photonic crystal slabs[END_REF],

microcavities [START_REF] Yariv | Coupled-resonator optical waveguide: a proposal and analysis[END_REF], Light-Emitting Devices [START_REF] David | Photonic crystal light-emitting sources[END_REF], Surface-Enhanced Raman Scattering [START_REF] Yu | Inverted Size-Dependence of Surface-Enhanced Raman Scattering on Gold Nanohole and Nanodisk Arrays[END_REF]. As PC structures are highly efficient for selected wavelengths or angles, it has been proposed to resort to random [START_REF] Kowalczewski | Engineering Gaussian disorder at rough interfaces for light trapping in thin-film solar cells[END_REF][START_REF] Ganapati | Light trapping textures designed by electromagnetic optimization for subwavelength thick solar cells[END_REF][START_REF] Jäger | Designing optimized nano textures for thin-film silicon solar cells[END_REF], quasi-crystal [START_REF] Vardeny | Optics of photonic quasicrystals[END_REF][START_REF] Golmohammadi | Narrowband DWDM filters based on Fibonacci-class quasi-periodic structures[END_REF][START_REF] Xavier | Quasicrystalline-structured light harvesting nanophotonic silicon films on nanoimprinted glass for ultra-thin photovoltaics[END_REF][START_REF] Kasture | Plasmonic quasicrystals with broadband transmission enhancement[END_REF][START_REF] Boriskina | Quasicrystals: Making invisible materials[END_REF], or multi-periodic [START_REF] Vynck | Photon management in two-dimensional disordered media[END_REF][START_REF] Priolo | Silicon nanostructures for photonics and photovoltaics[END_REF][START_REF] Oskooi | Partially disordered photonic-crystal thin films for enhanced and robust photovoltaics[END_REF][START_REF] Peretti | Absorption control in pseudodisordered photonic-crystal thin films[END_REF][START_REF] Van Lare | Optimized Scattering Power Spectral Density of Photovoltaic Light-Trapping Patterns[END_REF][START_REF] Kluge | Multiperiodic nanostructures for photon control[END_REF][START_REF] Gopinath | Deterministic aperiodic arrays of metal nanoparticles for surface-enhanced Raman scattering (SERS)[END_REF][START_REF] Kocaman | Zero phase delay in negativerefractive-index photonic crystal superlattices[END_REF] structures to control light properties over a broadband spectrum or angle. Heuristic optimization methods, such as Genetic Algorithm (GA) [START_REF] Zhong | Experimentallyimplemented genetic algorithm (Exp-GA): toward fully optimal photovoltaics[END_REF][START_REF] Lin | Optimization of random diffraction gratings in thin-film solar cells using genetic algorithms[END_REF][START_REF] Shen | Design of two-dimensional photonic crystals with large absolute band gaps using a genetic algorithm[END_REF] and Particle Swarm Optimization (PSO) algorithm [START_REF] Forestiere | Particle-swarm optimization of broadband nanoplasmonic arrays[END_REF] that can be used to design and optimize periodic structure become of less interest for pseudo-disordered structures since the degree of freedom or number of parameters greatly increase. In order to analyze such structures one can resort to statistical study as it can be done on nanopatterned [START_REF] Bozzola | Broadband light trapping with disordered photonic structures in thin-film silicon solar cells[END_REF] or rough absorber [START_REF] Kowalczewski | Engineering Gaussian disorder at rough interfaces for light trapping in thin-film solar cells[END_REF].

In this section, we propose to apply to multi-periodic patterns a mathematical scheme based on a combinatorial problem named free necklace problem [START_REF] Sawada | A Fast Algorithm to Generate Necklaces With Fixed Content[END_REF] to partially conquer the conflict between the design freedom and vast search space. The basic idea is to eliminate patterns which seem to be unique in short range, yet they are replications of other patterns in long range with periodic boundary conditions. A schematic illustration of this concept is shown in Fig. 5.1. The detailed explanation is presented in section 5.2. Then these intentionally created unrepeated disordered patterns can be used to systematically and comprehensively study the effect of short range disorder for photon management. We illustrate its usefulness with broadband light trapping in crystalline Silicon (c-Si) substrate decorated with stripe arrays, which is shown in section 5.3. Through numerical simulation, we demonstrate in section 5.4 that, by adding 'appropriate' engineered fine stripes to each long period, these so-called 
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Free Necklace (or Bracelet) Problem

The pattern generation method is based on a combinatorial problem named necklace problem. It is a general method to construct unique patterns that are infinitely repeated. Specifically, we focus on the free necklace problem or bracelet problem, which means opposite orientations (mirror images) are regarded as equivalent.

Let us first consider a string of n characters where each character can take a value among k possibilities, the total number of all possible strings is:

S k (n) = n k (5.1)
From combinatorics, if we replace the string by a necklace, thanks to rotational symmetry, the number of possible necklaces reduces to:

N k (n) = 1 n v(n) i=1 ϕ(d i )k n/d i (5.2)
where d i are the divisors of n, v(n) is the number of divisors of n, and ϕ(d i ) is Euler's totient function. In the case of free necklace (or bracelet), the mirror symmetry decreases this value to:

B k (n) = ⎧ ⎨ ⎩ 1 2 N k (n) + 1 4 (k+1)k n/2 n even 1 2 N k (n) + 1 2 k (n+1)/2 n odd (5.3)
Let us focus on arrangements with a length of 4 digits that can take 2 different values ('0' and '1'). Table 5.1 shows all the possible strings as well as the possible bracelets.

For instance, the binary quadruple {1100} is the representative of set {1100, 0110, 0011, 1001} and {1010} is the representative of set {1010, 0101}. In this case it appears that only 6 bracelets are needed, instead of 16 strings, to represent all the possibilities so 2.7 times less.

Table 5.1: Construction of strings and bracelets for a binary quadruple.

Strings 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1

1 1 0 0 0 1 1 0 0 0 1 1 1 0 0 1 1 0 1 0 0 1 0 1 1 1 1 0 1 0 1 1 1 1 0 1 1 1 1 0 1 1 1 1
Bracelets 0 0 0 0 1 0 0 0 1 1 0 0 1 0 1 0 1 1 1 0 1 1 1 1

This method could be even powerful when it is applied to complex patterns. Table 5.2 shows arrangements with a length of 10 digits that can take different values from 2 to 5. As we can see that the reducing factor increases from 13 to around 20. It implies that at least 90% of all the strings are repetitions of the bracelets for these different cases.

The algorithm explained in reference [START_REF] Sawada | A Fast Algorithm to Generate Necklaces With Fixed Content[END_REF] was used to efficiently generate all the possible bracelets with different lengths of code sequences (up to 20). The detailed code implementation can be found in Appendix C. the number of strings and bracelets for different lengths of binary code sequences [START_REF] Oeis Foundation | The On-Line Encyclopedia of Integer Sequences[END_REF].

As we can see, the reduction factor drastically increases with the increase of the length of the binary code sequences (more than 30 for the length longer than 17 characters). In the following we will combine the bracelet generation algorithm with binary PC.

As we can simulate all the possible arrangements without losing any time due to 'multiple simulations', we argue that in contrast with heuristic algorithms (e.g. PSO and GA), our optimization process always leads to the overall optimum among all the PCs with a

given width for all the binary slices. Beyond that, our approach remains very flexible, as various unrepeated patterns can be easily constructed by using the general formation (Eq. 5.3). represents a ridge and '0' represents a groove). The etching depth was the same as the mono-periodic pattern and the length of ridges and grooves was set to be 150 nm. As the size of '1' and '0' was set, patterns represented by long code sequences ended up with long lattice length. 

. 3 M u l t i -p e r i o d i cS

Results and Discussion

In this section we study the PC obtained using the bracelet generation algorithm to optimize and analyze light trapping in the c-Si layer. All the multi-periodic patterns listed in Table 5.3 have been simulated. The code sequences of different lengths that maximize I abs are listed in Table 5.4. Large I abs (>40%) is achieved for patterns containing at least 12 characters. When the period of multi-periodic pattern equals 2550 nm (containing 17 characters), I abs is as large as 42.2% (Fig. 5.2b), which is 11.9% higher than that of the optimized mono-periodic pattern (Fig. 5.2a).

Analysis in real space

To simplify the analysis and discussion, we define the number of '1's in the code sequence as number of ridges, which is directly linked to filling fraction ff (ff = number of ridges/N ). It is noticeable that for all the optimal code sequences listed in Table 5. Firstly, TE and TM modes respond differently to patterns with the same BN. As w ec a ns e e i nF i g . 5 . l im i to f t h e s p a t i a l f r e q u e n c y i s s e t t ob e3 1 . 4 µ m -1 ,a s f o r l a r g e r f r e q u e n c i e s , t h eF o u r i e r c o effi c i e n t sb e c om en e g l i g i b l e i nt h e i n t e r e s t e dr e g i o n [ 1 0 3 ] .F i g u r e 5 . 5 ba n d5 . 5 ds h o w t h e i n t e g r a t e dF o u r i e rc om p o n e n t sb e l o w t h e l o w e rb o u n d a r y ( f r om0 t o1 0 . 5 µ m -1 )a n d i nt h e l i g h tt r a p p i n gr a n g e( f r om1 0 . 5t o3 1 . 4 µ m -1 ) f o ra l lt h eg e n e r a t e dp a t t e r n s . T h e o u t p e r f o rm e dp a t t e r n st e n dt os h i f tt h es p a t i a l f r e q u e n c i e s i n t ot h e l i g h tt r a p p i n gr a n g e f o rb o t h m o d e s . A st h e l o w e rs p a t i a l f r e q u e n c y l im i t i ss e tt ot h ec r i t i c a lw a v e l e n g t ho f 6 0 0nm ,t h ec o u p l i n g i n t ot h eq u a s i -g (c) the mono-periodic pattern with the same lattice length and ff as the best-performed multi-periodic pattern (code sequence: 11111111000000000). The Fourier transforms of the electromagnetic field is calculated by integrating the Fourier components of the electromagnetic field from 600 to 1100 nm. For easier comparison, the Fourier amplitudes of the PCs code sequences and the fields are normalized according to the strength of zeroth order. As such, the zeroth order is not taken into account. Decomposition of the electromagnetic fields in Fourier space associated to the three selected structures (d, e and f) from 600 to 1100 nm.

Angular analysis

In light trapping, the angular performance is also a crucial criterion. Multi-periodic PCs are tolerant to different input angles because of the multi-mode absorption mechanism [START_REF] Burresi | Two-dimensional disorder for broadband, omnidirectional and polarizationinsensitive absorption[END_REF]. At a given illumination angle, the incident light can be decomposed into different orders with different prorogation angles. For each order, the propagation in the silicon slab might be constructive or destructive depending on the diffraction angle because of the Fabry-Perot phenomenon. The light trapping performance of a pattern at a given incident angle is the overall effect of all the diffraction orders. As the absorption of the optimized multi-periodic pattern at this angle depends on many diffraction orders, for the same amount of incident angle variation. For the incident angles ranging from -75 • to 75 • , the average I abs for the optimized multi-periodic pattern is found to be 36.9%, whereas for the optimized mono-periodic pattern it is found to be only 35.0%, which quantitatively implies the benefit of the multi-periodic pattern.

From the above discussion, it is clear that patterns with rich Fourier spectra have more access to different modes and the distribution of energy to each mode is also of importance to enhance absorption. This phenomenon becomes even important for broadband spectrum at different illumination angles. Hence, the multi-periodic pattern benefiting from its flexible and rich Fourier spectra is desirable when broadband absorption for un-polarized incident light in different angles needs to be optimized. If this is the target, optimized multi-periodic patterns always outperform the periodic ones as they offer more flexibility to shift and balance spatial frequencies that facilitate efficient coupling for both TE and TM modes.

Conclusion

We have proposed to use free necklace or bracelet problem concept to squeeze the design space for one-dimensional multi-periodic patterns. This applicable approach partially relieved us from vast search space. As such, rigorous electromagnetic calculations can be used to comprehensive study the performance of multi-periodic structures. As an example, a thin film absorber was designed using this method to enhance the absorbance through a broadband spectrum (300 nm -1100 nm). The results have shown that the optimized multi-periodic pattern, benefitting from engineered rich Fourier spectra, yielded the highest integrated absorption of 42.2%, which is 11.9% higher than that of the optimized mono-periodic pattern. Further, such design concept could be even more efficient for more complex binary patterns. Beyond that, given the efficiency and simplicity of the 'unique' pattern design principle, this method inspires the design and optimization of periodic patterns in different disciplines [START_REF] Kluge | Multiperiodic nanostructures for photon control[END_REF][START_REF] Giovampaola | Digital metamaterials[END_REF].

Chapter 6

Conclusions and Perspectives

The periodic structures play a significant role in nanotechnology. By making use of the most important attribute of this kind of structures, namely periodicity, tailored fabrication and simulation methods were presented in this dissertation.

Conclusions

The first part of the thesis was focused on fabrication. A lab-scale and fast-prototyping experimental setup named Laser Interference Lithography (LIL) was introduced. Combining with other techniques such as dry etching, wet etching, and electrochemical etching, different kinds of periodic structures (cylindrical holes, inverted pyramids, porous silicon arrays, etc.) were realized. We highlighted that a highly homogeneous micrometer-deep porous silicon with periodicity as small as 300 nm was fabricated. It represented the state of the art of this kind of porous silicon arrays. Also, a low-cost preconcentration chip was also fabricated by combining LIL and xurography. Despite its limitation in resolution, our device could be attractive for building low-cost biomolecule preconcentration chip.

In the second part, we focused on the optical properties of periodic nanostructures.

An electromagnetic simulation method named Rigorous Coupled-Wave Analysis (RCWA) was developed. We have shown the accuracy and efficiency of this tailored method for calculating the optical response of periodic structures. Besides, a novel algorithm to comprehensively optimize and interpret multi-periodic structures for photon control was proposed. As an example, we combined this algorithm with RCWA method to investigate light trapping in low-absorbing material. It deepened our understanding of adding spatial arrangements of nanostripes in high-performance light trapping layers. Additionally, given the efficiency and simplicity of the 'unique' pattern design principle, this method inspires the design and optimization of periodic patterns in different disciplines.

Further Research

Several topics could be the subject of further work.

• We have illustrated that the porous silicon array with the period of 300 nm was not the actually limit of this technique. Further reduction of the period and pore diameter would be realized by intensive re-optimization of all process steps. As a starting point, we have shown the fabrication of inverted pyramids with the period of 200 nm in Fig. 2.13a. As such, there is no obstacle to fabricate small inverted pyramids with our current setup and process. The process optimization will be mainly focused on electrochemical etching.

• The RCWA method that we developed was not fully functional. Several improvements could be made to decrease the simulation time and, at the same time, increase the accuracy, such as fast Fourier factorization, sub-pixel averaging, etc.

Besides the improvement in the numerical algorithm, efforts could also be conducted to code implementation. By adopting parallel computing, it is envisaged that the calculation efficiency can be further improved [START_REF] Tong | Computation improvement for the rigorous coupled-wave analysis with GPU[END_REF].

• RCWA is considered intrinsically unsuitable to tackle structured layers with high reflective index (such as metal) or slow varied structure in the z-direction, as the calculation will become very intensive or even inaccurate. To make this method omni-functional, it would be interesting to couple different existing numerical simulation methods (Finite Element Method or Finite Difference Frequency Domain method) with RCWA to improve the functionalities. [START_REF] Kuloglu | A hybrid finite element/rigorous coupled wave analysis for electromagnetic scattering from periodic structures[END_REF][START_REF] Wang | Fast hybrid method for modeling scattering from doubly periodic dielectric structure in 3-d[END_REF]. A feasible option could be decomposing a complex structure to different layers and at the same time isolating the layers that can be hard to solve with RCWA. And then RCWA can be used to determine the "normal" layers, and other numerical methods (FEM or FDFD) can be used to solve the "abnormal" layers. Finally, S-matrix can be used to connect different layers to construct a global S-matrix for the whole structure.

• The one-dimensional pattern generation method that we stated in Chapter 5 could be combined with other optimization techniques such as Genetic Algorithm and Particle Swarm Optimization to pre-filter the search space. In a small size searching pool, these traditional optimization methods could be more efficient. In this way, computational intensive electromagnetic methods could be directly used to optimize rigorously the performance of structures without too much considering the calculation time.

• The one-dimensional pattern generation method could also be extended to twodimensional problems. However considering the complexity of the two-dimensional problems and computational burden, an identical approach is impractical. A realistic way would be extending the one-dimensional pattern to two-dimensional in reciprocal space and then transform it back into real space to form a real twodimensional lattice. Alternatively, heuristic optimization methods could be used to direction construct two-dimensional lattice in real space to match the desired Fourier coefficient distribution in Fourier space that is built directly according to the Fourier transform of the one-dimensional pattern.

t h eq u a l i t yo f t h e im a g ea n d t h ew a yw ed e t e rm i n e t h ec o n t o u r ,w ea p p r o x im a t e t h a t e v e r yh o l e i sp e r f e c t r o u n d . T h e n t h e r a d i u sc a nb ec a l c u l a t e db yr= S / π .F i g u r e

A . 1 d s h o w st h es t a t i s t i c a l l ya n a l y s i so ft h e im a g e i nF i g .A . 1 a. A sw ec a ns e e ,t h e s i z ed i s t r i b u t i o na p p r o x im a t e l ya g r e e sw i t ht h en o rm a ld i s t r i b u t i o n ,w h i c h im p l i e st h e r e l i a b i l i t yo fo u ra n a l y s i s . O t h e ra n a l y z e sa r et h e i t e r a t i o no ft h i st y p i c a lp r o c e s s . 

Convolution Matrix Operator

In this Appendix, we explain the construction of the convolution matrix operator. As in matrix algebra, it is more convenient to deal with matrix multiplication than with convolution. A convolution sum can be expressed as in Eq. B.1.

F (m, n) = ∞ p=-∞ ∞ q=-∞
a m-p,n-q S(p, q) (B.1)

In an actual calculation, we use truncated number (M and N) for p and q. For the sake of simplicity, we assume three harmonics p, q = -1,0,1 are used. The constructed two-dimensional matrix operator will be

⎛ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝
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⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ (B.2)
• p k i is the best solution observed by current particle (local best)

• p k g is the best solution observed by any particles (global best)

• w is the inertia coefficient

• c is the cognitive coefficient • s is the social coefficient
The first part is the inertia term that controls how quickly a particle will change its direction. The second part is the cognitive term that controls the tendency of a particle to move toward the best solution observed by that particle. The third term is the social term that controls the tendency of a particle to move toward the best solution observed by any of the particles. The three weight factors (w, c and s) define the characteristic of the particles, which affects the convergence of the method. In our case, we found that the setting of the cognitive coefficient (c) and social coefficient (s) at 2.05 and a random number for inertia coefficient at the range from 0.8 to 1.2 provided the fastest convergence.

The last step is position update. The position of each particle is updated using its velocity vector as shown in Eq. D.3.

x k+1 i = x k i + χV k+1 i (D.3)
• x k i is the position of i th particle at k th iteration

• χ is constriction factor

In our case, the constriction factor was set to be 1. These three steps are repeated for a certain generations or until the desired convergence criterion is met. The pseudo code of the procedure is as follows:

Initialization of particles for each particle do

Calculate fitness value

if The fitness value is better than the best fitness value in history then

• H. Ding, J. Liu, etc., "Light trapping in holes or pyramid patterns for thin film solar cells", Photovoltaic Technical Conference, Aix-en-Provence, France, 2014 (poster).

• V. Depauw, I. Abdo, R. Boukhicha, J. Liu, etc., "Nanophotonics for ultra-thin crystalline silicon photovoltaics: when photons (actually) meet electrons", EUPVSEC, 2014 (presentation). 100

1 .Figure 1 :

 11 Figure 1: Schéma du montage utilisé pour la lithographie interférométrique laser.
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 2 Figure 2: Images MEB d'échantillons fabriqués. (a) Exposition unique. (b) Double exposition avec la même période. (c) Double exposition avec une période et un facteur d'aspect différents.
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 3 Figure 3: Image MEB d'un réseau 2D de cylindres gravés dans un substrat de silicium en vue de dessus et de profil.
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 4 Figure 4: Image MEB des pyramides inversées gravées avec des périodes différentes. (a) 200 nm. (b) 300 nm. (c) 450 nm. (d) 600 nm.
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 56 Figure 5: Image schématique du procédé de fabrication de canaux cylindriques : (a) Enduction d'une couche de résine photosensible négative sur l'échantillon. (b) Double exposition LIL et développement. (c) Transfert des motifs dans le masque dur de SiO 2 par gravure sèche RIE avec un mélange gazeux de CHF 3 /Ar. (d) Formation des pyramides inversées par gravure humide KOH. (e) Formation du réseau de pores par gravure électrochimique HF du silicium de type n.
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 89104 Figure 8: Image MEB des nanocanaux fabriqués (a) sur le résine photosensible, (b) sur le substrat en verre.
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 11 Figure 11: Schéma d'un empilement d'une structure périodique bidimensionnelle simulé par RCWA.

  xxviii

Figure 12 :

 12 Figure 12: (a) Cristal photonique de silicium ( = 12) constitué d'un réseau carré de trou cylindrique d'air de période a, de rayon 0.2a et d'épaisseur 0.5a. (b)Spectre de transmission en fonction de la transmission.
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  a t i v eI n t e n s i t y( I r ) V i s i b i l i t y( V) CHA PT ER2 . NANO STRUCTUR EF A BR ICA T IONBYL I a t i v e I n t e n s i t y(I r ) I n t e r f e r e n c eA n g l e( • ) V i s i b i l i t y( V) ( a )T E m o d e ( b )TM m o d e F i g u r e2 . 2 :F r i n g ec o n t r a s ta sa f u n c t i o no ft h er e l a t i v e i n t e n s i t yo ft h et w o i n t e r f e r i n g b e am sa n dt h e i r i n t e r f e r e n c ea n g l e f o rb o t hT Ea n dTM m o d e s .( a )T E m o d e .( b )TM m o d e .
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Figure 2 . 3 :

 23 Figure 2.3: Schematic illustration of the formation of standing waves. (a) Two-beam interference pattern. (b) Standing waves created by surface reflection. (c) Combined standing waves.

Figure 2 . 4 :

 24 Figure 2.4: Schematic of the Lloyd's mirror interferometer. The beam from a semiconductor laser (λ = 266 nm) is spatially filtered and allowed to expand to 2 meters. The mirror and substrate are mounted on a rotation stage for easy adjustment of the fringe period.

Figure 2 . 5 :

 25 Figure 2.5: The production of image source by using Lloyd's Mirror.

Figure 2 . 6 :

 26 Figure 2.6: Maximum distance W from the wafer for which interference will occur is a function of the incident angle θ and the fringe period.

Figure 2 . 7 :

 27 Figure 2.7: (a)Fringe period is a function of the interference angle for our setup with a laser of wavelength of 266 nm. (b)Maximum distance W is a function the grating period for our setup with a fixed 10 cm side length mirror.

Figure 2 . 8 :

 28 Figure 2.8: Simulated exposure intensity distribution of three kinds of samples. (a) Single exposure. (b) Double exposure with the same period. (c) Double exposure with different periods.

Fig 2 . 9 Figure 2 . 9 :

 2929 Fig 2.9 shows the SEM images of three different kinds of samples corresponding to our simulation results in Fig. 2.8. As we can see, the fabricated samples have high

  the photoresist patterns to substrates. The first one is a dry etching process named Reactive Ion Etching (RIE). It is one of the most commonly used pattern transfer techniques in the semiconductor industry. By choosing different etching gases, RIE provides the conveniences of high resolution and anisotropy, which is independent of crystal orientation. The second technique is a wet etching method. Potassium hydroxide (KOH) or tetramethylammonium hydroxide (TMAH) as solutions are used here. In combination with LIL, large-scale inverted pyramids with different periods are fabricated.

  RIE uses chemically reactive plasma to remove material deposited on wafers. The plasma is generated under low pressure by an electromagnetic field. High-energy ions from the plasma attack the wafer surface and react with it. Fig.2.10 shows a diagram of a common RIE setup. An RIE machine consists of two electrodes that create an electric field meant to accelerate ions toward the surface of the sample. The plasma, generated from the gases, contains both positively and negatively charged ions in equal quantities. In Fig.2.10a CHF 3 has been pumped into the chamber, making plasma with many Fluorine ions (etching ions). The Fluorine ions are accelerated in the electric field, causing them to collide into the surface of the sample. Fig.2.10b shows a photoresist mask on silicon dioxide. The etching ions are accelerated into the etching region, where they combine with silicon dioxide and then are dispersed. A hard mask is used to protect certain areas from etching, exposing only the areas desired to be etched. Because the electric field accelerated ions toward the surface, the etching caused by these ions is much more dominant than the etching of radicals-ions traveling in varied directions, so the etching is anisotropic.

  (a) Generation of etching ions (b) Anisotropic etching process

Figure 2 . 10 :

 210 Figure 2.10: Schematic illustration of the working principle of RIE.

For

  this reason, wet etching can be used to form different shapes. The etching patterns are defined by masks on the wafer, crystal face and etchants. In our process, LIL is used to fabricate large-scale two-dimensional patterns that act as the mask. KOH or TMAH are used as etchants to form inverted pyramids on 100 oriented crystalline silicon substrates. As the etching rate of 100 plane is much faster than that of 111 plane. The etched wall is flat and angled. The angle to the surface of the wafer is 54.7 • (schematically illustrated in Fig.2.12). The etched side-wall is on atomic scale smoothness.

Figure 2 . 12 :

 212 Figure 2.12: Schematic of wet etched pyramid.

Figure 2 . 13 :

 213 Figure 2.13: SEM images of the etched inverted pyramids with different periods. (a) 200 nm. (b) 300 nm. (c) 450 nm. (d) 600 nm.

Figure 2 . 14 :

 214 Figure 2.14: SEM images of the etched inverted pyramids with different etching time. The period is 300 nm. (a) 6 min. (b) 8 min.
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 11 e r i o d i cp o r ea r r a y s T h ec o n t r o l l e df o rm a t i o no fs u b -m i c r om e t e rn a n o s t r u c t u r e sh a sb e e nt h ef o c u so f a t t e n t i o n f o rt h e l a s t f ewd e c a d e s ,n o to n l y i nt e rm so fu n d e r s t a n d i n gt h e f u n d am e n t a l e t c h i n go rg r o w t h m e c h a n i sm s[ 2 5 ]b u ta l s od u et ot h e i ra p p l i c a t i o n si nn a n o s c a l e e l e c t r o n i ca n db i o t e c h n o l o g i e s [ 2 6 ] .I np a r t i c u l a r ,s i l i c o np o r ea r r a y s ,a n im p o r t a n t f u n c t i o n a ls t r u c t u r e ,h a v eb e e nt h o r o u g h l y f a b r i c a t e da n ds t u d i e da tt h e m i c r om e t e r s c a l e , f o r i n s t a n c e i n t h efi e l do fp h o t o n i c s [ 2 7 ] , f u e lc e l l [ 2 8 ] , m i c r o fl u i d i c [ 2 9 ] , s e p a r a t i o n s c i e n c e[ 3 0 ] ,a n dt em p l a t e st of o rma r r a y so fn a n o w i r e s[ 3 1 ] . Am o n gt h em ,s om e a p p l i c a t i o n s m a yn e e dt o f u r t h e r i n c r e a s ed e n s i t yo fp o r ea r r a y ss u c ha s m i c r o fl u i d i c a n dt em p l a t e s ,t h u s i tb e c om e sn e c e s s a r yt os c a l ed o w np o r ea r r a y s .F u r t h e rm o r e ,n ew a p p l i c a t i o n s m i g h tem e r g e i nt h a ts c a l e [ 2 6 ] .

p i o n

  e e rw o r k so fL e hm a n n [ 2 5 , 3 2 ] ,d u et o i t s l o wc o s t , i t ss im p l i c i t yo f im p l em e n t a t i o n a n d i t sa b i l i t yt o f o rmh i g ha s p e c tr a t i os i l i c o n m i c r o s t r u c t u r e s . C o n t i n u o u se ff o r t s h a v eb e e n m a d e i nt h i sfi e l dt of a b r i c a t eh i g ha s p e c tr a t i o m i c r o s t r u c t u r e ss u c ha s p o r e s ,t r e n c h e s ,p i l l a r sa n dt u b e s [ 3 3 -3 8 ] .F o r m o r et h a nad e c a d e ,o r d e r e d m a c r o p o r e f o rm a t i o nh a sb e e n l im i t e dt o l a t t i c ep a r am e t e r sa b o v e5 0 0nm [ 3 9 ] . M o r er e c e n t l y ,w e h a v ea l s o f a b r i c a t e dp e r i o d i cp o r ea r r a y sw i t hap e r i o do f5 0 0nmu s i n gn a n o im p r i n t l i t h o g r a p h yt or e a l i z et h ee t c h i n g m a s k ; f u r t h e rm o r e ,w et h e o r e t i c a l l yd em o n s t r a t e dt h e p o s s i b i l i t yo f f o rm i n gp o r ea r r a y sw i t hap e r i o dd o w nt o3 0 0nm [ 4 0 ] .I nt h i ss e c t i o n ,w ed i s c u s st h es u c c e s s f u l f a b r i c a t i o no fo r d e r e dp o r ea r r a y s i ns i l i c o n w i t h l a t t i c ep e r i o da s sm a l la s3 0 0nma n dad e p t hu p t o5µ m,h e n c ed em o n s t r a t i n g t h a t t h e t e c h n o l o g i c a l l im i t a t i o n sc a nb eo v e r c om e f o r t h e r e a l i z a t i o no fs i l i c o n m a c r o p o r ea r r a y s w i t hv e r ysm a l ll a t t i c ep a r am e t e r su s i n g E E . T h i sr e s u l ta l s ov a l i d a t e st h e t h e o r e t i c a ld i s c u s s i o np r e s e n t e di no u rp r e v i o u sp u b l i c a t i o n[ 4 0 ] . C om p a r e d w i t h o u rp r e v i o u se x p e r im e n t a lr e s u l t s( p e r i o d :5 0 0nm ,p o r ed e n s i t y :4p o r e s / µ m 2 ) ,t h i s a c h i e v em e n te n a b l e st on e a r l yh a l f -r e d u c et h ep e r i o d ,w h i l et h ep o r ed e n s i t y i s m o r e t h a nd o u b l e d( p o r e sd e n s i t y : m o r et h a n1 0p o r e s / µ m 2 ) .

  (a) spin coating (b) exposure and development (c) SiO 2 reactive-ion etching (d) Si wet etching (e) Si electrochemical etching

Figure 3 . 1 :

 31 Figure 3.1: Schematic illustration of fabrication process of silicon pore arrays: (a) Spin coating of a negative-tone photoresist layer on the silicon dioxide side. (b) Double exposure using laser interference lithography, and development. (c) Dry etching by RIE with CHF 3 /Ar plasma. (d) KOH wet etching to fabricate inverted nanopyramid. (e) Electrochemical etching to form pore arrays on n-type silicon.

Figure 3 . 2 :

 32 Figure 3.2: (a) Low-magnification SEM image of developed negative photoresist with a period of 300 nm. (b) High-magnification SEM image of developed negative photoresist. (c) SEM image of SiO 2 hard mask. (d) Top view SEM image of inverted pyramids and cross-section SEM image of the pyramids (inset).

Figure 3 .

 3 Figure 3.2c shows SEM images of the patterns transferred into the SiO 2 mask. It can be observed that the pattern uniformity remains very high. A statistical[START_REF] Abràmoff | Image processing with ImageJ[END_REF] study of the hole patterns performed on the same samples before and after RIE etching highlights that the RIE etching process still induces a slight enlargement of the holes diameter while the uniformity is improved. As demonstrated in Fig.3.3, the mean diameter of the holes after the LIL and after the RIE etching steps are respectively about 89 ± 7 nm and 92 ± 5 nm. A detailed explanation of the statistical analysis is done in Appendix A.

Figure 3 . 3 :

 33 Figure 3.3: Size distributions histogram and corresponding average hole sizes for substrate before (green) after (red) RIE and after (purple) KOH etching. The size distribution functions from Gauss-fit are included for each sample.

Figure 3 . 4 :

 34 Figure 3.4: (a) High-magnification cross-sectional SEM image of silicon pore arrays. (b) Low-magnification cross-sectional SEM image of silicon pore arrays.
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 17 umm a r y I ns umm a r y ,w eh a v ep r e s e n t e da ne ff e c t i v ea n dr e l i a b l ea p p r o a c h f o rt h ep r e p a r a t i o no f l a r g e -s c a l ea n dp e r i o d i cn a n o p o r ea r r a y s . T h ec om b i n a t i o no fL I L ,R I E ,w e t -c h em i c a l e t c h i n g ,a n dE Ea l l o w s f o rt h eh i g h l y -h om o g e n e o u s f o rm a t i o no f m i c r om e t e r -d e e pp o r e s w i t hp e r i o d i c i t ya s l o wa s3 0 0nm .I t i s im p o r t a n tt op o i n to u tt h a tt h e3 0 0nmp e r i o d d em o n s t r a t e dh e r e i sp r o b a b l yn o ta na c t u a l l im i t .H o w e v e r ,a sh i g h l i g h t e d i nt h e m a n u s c r i p t , f u r t h e rr e d u c t i o no ft h ep e r i o da n dp o r ed i am e t e rw o u l dr e q u i r e i n t e n s i v e r e -o p t im i z a t i o no fa l lp r o c e s ss t e p s .I np a r t i c u l a r ,t h ee l e c t r o l y t ec om p o s i t i o n i sc r u c i a l t or e s t r i c tt h ee l e c t r o c h em i c a ld i s s o l u t i o na tt h ep o r et i p s i no r d e rt on a r r o wd o w nt h e p o r e s .F o r i n s t a n c e ,o u rp r e l im i n a r ys t u d i e s i n d i c a t et h a ta d d i n gac a t i o n i cs u r f a c t a n t s u c ha sc e t y l t r im e t h y l amm o n i umc h l o r i d eh e l p s f u r t h e rr e d u c i n gt h ep o r ed i am e t e r [ 4 8 ] .3 . 2 P r e c o n c e n t r a t i o n C h i pI nt h i ss e c t i o n ,w ee x p l o r et h eu s eo fo n e -d im e n s i o n a ls t r u c t u r e s i n m i c r o -a n dn a n ofl u i d i c s . H e r ew e i n t r o d u c eas im p l e , r a p i dp r o t o t y p i n ga n d l o w -c o s tp r e c o n c e n t r a t i o n c h i pb a s e do n I o nC o n c e n t r a t i o nP o l a r i z a t i o n( IC P )p h e n om e n o n . T h ep r e c o n c e n t r a t i o n chip consists of two microchannels bridged by some nanochannels acting as a robust nanofluidic filter. The nanochannels and microchannels are fabricated separately with LIL and xurography. By integrating these two economic and high-throughput techniques, the LIL based ICP preconcentrator realized a preconcentration factor of 1600 in 8 min.

Figure 3 . 5 :

 35 Figure 3.5: Schematic of the preconcentration chip. It is composed by three layers. From top to bottom, the second layer is fabricated by xurography and the third layer is patterned with nanochannels by LIL.

  Figure 3.5 schematically illustrates the sandwich-structured chip layout. The first and third layers are made of glass slides, and the middle layer is made of a patterned double face self-adhesive film.LIL was employed to etch nanochannels on one of the two glass slides. Xurography was used to cut the pre-designed pattern on the adhesive film. The combination of these two low-cost and high-throughput techniques helps reducing the device cost. Even though low-cost fabrication techniques were adopted, the fabricated prototype still realized a preconcentration factor as high as 1600 in 8 min.

Figure 3 . 6 :

 36 Figure 3.6: Schematic illustration of fabrication process of localized nanochannels: (a) Spin coating of a negative-tone photoresist layer on a glass substrate. (b) First exposure using laser interference lithography. (c) Plastic mask attaching. (d) Second exposure of the whole sample. (e) Formation of localized nanochannels on the photoresist.

  photoresist was used, the fabricated nanochannels were only shown in the middle square area. Figure3.7a shows the fabricated nanochannels on the photoresist. As we can see, we obtained homogeneous nanochannels on the glass substrate. Then, RIE was used to transfer the pattern into the glass substrate with a CHF 3 /Ar mixture, and the remaining resist was removed after pattern transfer process subsequently by O 2 plasma etching (Fig.3.7b). The prepared sample shows high homogeneity, which guarantees the success of preconcentration process. Note that different periods and etching depths can be realized thanks to the flexibility of LIL and etching technique, as stated in section 2.3.1.

Figure 3 . 7 :

 37 Figure 3.7: SEM images of the fabricated nanochannels (a) on the photoresist (b) on the glass substrate.

Figure 3 .

 3 Figure 3.9 shows a schematic diagram of the ICP-based preconcentrator. When an electric field is applied to the preconcentrator, more cations than anions will migrate across the nanochannels (Fig. 3.9a). It results in net transfer of charges from the highpotential side to the low-potential side, and the concentration near the high-potential

Figure 3 .Figure 3 . 9 :

 339 Figure 3.10 demonstrates the performance of the preconcentration device over 400 seconds. As we can see, the fluorescein concentrates on both sides of the high-potential

Figure 3 .

 3 Figure 3.10: (a) Image of the trapped fluorescein at 400 s. (b) Experimental result of the preconcentration device over 400 s.

  eigenvalue and eigenvector separately characterize the propagation and configuration of the spatial harmonics in each layer. The modal expansion coefficients are then related by matching tangential field at the interfaces. As such, structures that are periodic in two dimensions, and piecewise constant in the third, are best suited for analyzing.

Figure 4 .

 4 Figure 4.1 shows an example of such a geometrical construction.

Figure 4 . 1 :

 41 Figure 4.1: Schematic of an typical multilayer stack of two-dimensional periodic structure simulated in RCWA.
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 42 Figure 4.2: Mathematical framework for the scattering matrix of the i th layer. The tangential components of the field are continuous across the first and second interfaces.
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 51 Single layer

Figure 4 .

 4 Figure 4.2 illustrates the mathematical framework of the scattering matrix for the i th layer. Since the tangential components of the field are continuous across the interface, we enforce the boundary conditions at the first and second interfaces, respectively, as in Eqs. 4.45 and 4.46.
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 211245743 Figure 4.3: Concept of combining scattering matrices with the Redheffer star product.

  are incorporated to connect the device to other external regions. The reflection and transmission region matrices are calculated in the same way using Eqs. 4.48-4.53. The calculated S-matrices in the reflection region (S ref ) and transmission region (S trn ) are connected to the overall scattering matrix of the device (S device ) to get the global scattering matrix (S global ). S global = S ref ⊗ S device ⊗ S trn (4.58)
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 45 Figure 4.5: Simulated silicon photonic crystal ( = 12) slab consisting of a square lattice of air hole with lattice constant of a, hole radius of 0.2a, and thickness of 0.5a.

Figure 4 . 6 :

 46 Figure 4.6: Transmission spectrum of the simulated photonic crystal slab exhibiting two transmision peaks.

Figure 4 . 7 :

 47 Figure 4.7: Convergence of the two peaks in Fig. 4.6
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Figure 4 . 8 :

 48 Figure 4.8: Concept diagram for the implemented RCWA code. Considering the maintenance, debugging and calculation speed, we isolate the calculation kernel and construct three objects (Source, Material and Structure) to interact with the calculation kernel. These three objects are also used to enforce the encapsulation and the userfriendly interface.

Fig 4 . 8

 48 shows a general view of how the objects separated and connected in our implementation. In this way, the RCWA calculation part is isolated from other parts of the program for easier extension, debugging and interaction.
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 51 Figure 5.1: A schematic illustration of the equality of patterns with long range order and short range disorder. The unite cell that is composed of 'ABC' is equal to the unit cell 'CAB' on condition that each unit cell is infinitely repeated.
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  4, ff is close or equal to 50%. More precisely, ff = 50% for even values of N except for N =12 where ff = 5/12, and ff = 6/15 for N =15 and 8/17 for N =17.
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 53 Figure 5.3: Integrated absorption achieved for all the unrepeated representations of a multi-period pattern with lattice length of 2550 nm. Block numbers are represented by different colors. The horizontal dashed line shows the I abs of the optimized mono-periodic pattern under un-polarized illumination.
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 54 Figure 5.4: Integrated absorption for all different multi-periodic patterns with lattice length of 2550 nm and number of ridges of 8. The horizontal dashed line shows the I abs of the optimized mono-periodic pattern under un-polarized illumination.
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 5 F o u r i e ra n a l y s i so fa l lt h ep a t t e r n s w i t h l a t t i c e l e n g t ho f2[START_REF] Campbell | Fabrication of photonic crystals for the visible spectrum by holographic lithography[END_REF] 5 0nma n d n um b e ro fr i d g e so f8 .F o u r i e rt r a n s f o rmo ft h ePC sc o d es e q u e n c es o r t e db y i n c r e a s i n g a b s o r p t i o n f o r( a )T E m o d e ,a n d( c )TM m o d e .T h e m a g n i t u d eo fF o u r i e rc om p o n e n t s l y i n g i nt h e l e a k a g er a n g e( f r om0t o1 0 . 5 µ m -1 i nb l u e )a n d i nt h e l i g h tt r a p p i n g r a n g e( f r om1 0 . 5t o3 1 . 4µ m -1 i nr e d ) . T oc om p a r et h eF o u r i e rc o effi c i e n t so fd i ff e r e n t p a t t e r n s ,t h eF o u r i e ram p l i t u d e sa r en o rm a l i z e dw i t hr e s p e c tt ot h ec o n s t a n tz e r o t h o r d e rc o effi c i e n t . H i g ho r d e r sa r en o tt a k e n i n t oa c c o u n t .P r e v i o u so p t im i z a t i o ns t u d yr e v e a l sh o wt h e m u l t i -p e r i o d i cp a t t e r nc a nb e a to t h e r s . T h e nw e f o c u so nt h ea b s o r p t i o n m e c h a n i sm . C om p a r e dw i t h m o n o -p e r i o d i cPC , m u l t i -C e t t e t h è s e e s t a c c e s s i b l e à l ' a d r e s s e : h t t p : / / t h e s e s . i n s a -l y o n . f r / p u b l i c a t i o n / 2 0 1 6 L Y S E I 0 2 7 / t h e s e . p d f © [ J . L i u ] , [ 2 0 1 6 ] , IN S A L y o n , t o u s d r o i t s r é s e r v é speriodic PC excites a larger number of resonances, since more peaks appear in the absorption spectrum of the multi-periodic pattern (Fig.5.2), which is the reasoning behind multi-periodic design concept. Another point is that the optimum multi-periodic pattern is non-symmetric since the non-symmetric patterns exhibit two times more modes than the symmetric ones[START_REF] Peretti | Absorption control in pseudodisordered photonic-crystal thin films[END_REF]. Figure5.6a and 5.6b show the correlation between the Fourier components of the PC code sequences and their corresponding Fourier components of the fields from 600 to 1100 nm. The optimized mono-and multi-periodic patterns diffract incident light into different orders, and each order has its corresponding Fourier components of the code sequences. In addition, the amplitudes of the Fourier components of the fields (integrated from 600 to 1100 nm) are closely related to the amplitudes of the Fourier components of code sequences[START_REF] Bozzola | Broadband light trapping with disordered photonic structures in thin-film silicon solar cells[END_REF][START_REF] Martins | Deterministic quasi-random nanostructures for photon control[END_REF]. It becomes clear that the optimized multi-periodic pattern diffracts and couples broadband light incident into more supported modes of the beneath silicon slab.To gain insight into how the spatial arrangement affects absorption in further detail, it is instructive to observe how the electromagnetic field distributes in the patterns for different wavelengths. Figure5.6d and 5.6e show the field distribution in Fourier space. For the optimized mono-periodic pattern (Fig.5.6d) the energy mainly remains in low order modes (0 and ±1 orders) to enhance the absorption from 600 to 1100 nm. Compared with the optimized mono-periodic pattern, the optimized multi-periodic pattern (Fig.5.6e) can couple light incident into a large amount of modes. The benefit of distributing energy into high order modes becomes obvious especially at large wavelengths. Long lattice length provides multi-periodic patterns access to a large amount of orders in reciprocal space, the structure on the surface leads the distribution of energy into different orders. Patterns that can not only couple light incident into numerous modes but also distribute the energy into various high orders outperform others. In order to illustrate that, we calculated field distribution for a large monoperiodic pattern with the same lattice length and ff as the optimized multi-periodic pattern (code sequence: 11111111000000000), as shown in Fig.5.6c and 5.6f. Even though this pattern can couple incident into multiple orders, the energy is obviously mainly distributed in low orders. As such, the overall performance is not as good as the optimized multi-periodic pattern.
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 56 Figure 5.6: Analysis of the optical mode decomposition in Fourier space. Fourier transforms of the PC code sequences and electromagnetic fields (TE-TM averaged) for (a) the optimized mono-periodic pattern, (b) the optimized multi-periodic pattern, and(c) the mono-periodic pattern with the same lattice length and ff as the best-performed multi-periodic pattern (code sequence: 11111111000000000). The Fourier transforms of the electromagnetic field is calculated by integrating the Fourier components of the electromagnetic field from 600 to 1100 nm. For easier comparison, the Fourier amplitudes of the PCs code sequences and the fields are normalized according to the strength of zeroth order. As such, the zeroth order is not taken into account. Decomposition of the electromagnetic fields in Fourier space associated to the three selected structures (d, e and f) from 600 to 1100 nm.
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 57 Figure 5.7: TE-TM averaged angular absorption spectra for (a) the optimized monoperiodic pattern, and (b) the optimized multi-periodic pattern. (c) Comparison of integrated absorption between the optimized mono-periodic pattern (red line) and the optimized multi-periodic pattern (blue line) for different angles of un-polarized incident light.
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Table 1 :

 1 Séquences de codes optimisés avec différentes longueurs de codes binaires (N ). Les séquences de codes égalent à zéro ont été exclus. Les motifs avec une longueur de réseau de 2700 nm et 3000 nm ont été optimisés avec la contrainte à 50% de fraction de remplissage en raison de la lourde charge de calcul.

	N Longueur lattice	Séquence de code	I abs
	2	300 nm	10	37.7%
	4	600 nm	1010	37.7%
	6	900 nm	101100	38.8%
	8	1200 nm	10101100	39.2%
	10	1500 nm	1010101100	39.7%
	12	1800 nm	101001100100	40.7%
	14	2100 nm	10101101100100	41.1%
	15	2250 nm	110010010100100	41.7%
	16	2400 nm	1010110100110100	42.1%
	17	2550 nm	10101100101010100	42.2%
	18	2700 nm	101010101011001100 41.8%
	20	3000 nm	10101011010110010100 42.1%
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  in Fig 2.5. It should be obvious that a perfectly aligned image source is produced regardless of the real source position. Because of that, two incident lights are always aligned to interfere with each other. So different interference angles can be easily adjusted to realize patterns with different periods by simply rotating the station stage, on the condition that the location of the source is fixed in space.

	Image point source	Real point source
	Mirror	Substrate

By using the mirror, only one incident source is required, as the mirror provides the other virtual incident beam. Since the mirror is placed perpendicular to the substrate chuck as shown

  trn ( Kx t x + Ky t y )
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	w h e r e	| r | 2 =| r x | 2 +| r y | 2 +| r z | 2 t2 = t x 2 + t y 2 + t z 2	( 4 . 6 4 )
			√ 3 a
		a	a
	F i g u r e4 . 4 : T h ec o n c e p to fr e p r e s e n t i n gah e x a g o n a l l a t t i c ew i t har e c t a n g u l a r l a t t i c e i n R CW As im u l a t i o n . T h eh e x a g o n a l l a t t i c ec a nb er e c o n s t r u c t e db ya d d i n gt h e l a t t i c e s i n t h er e c t a n g u l a rg r e ya r e au n d e rp e r i o d i cb o u n d a r yc o n d i t i o n .
				(4.61)
	where		
	K-1		
				(4.62)

z,ref = -( μ r,ref ε r,ref I -K2 x -K2 y ) K-1 z,trn = -( μ r,trn ε r,trn I -K2 x -K2 y )

Table 5 .

 5 3 illustrates the comparison of Table 5.2: Comparison of the number of strings (S k (10)) and bracelets (B k (10)) for different number of possible values (k).

	k S k (10)=k 10 B k (10) S k (10)/B k (10)
	2	1024	78	13.1
	3	59049	3210	18.1
	4	1048576	53764	19.5
	5	9765625	493131	19.8

Table 5 .

 5 3: Comparison of the number of strings (S 2 (N )) and bracelets (B 2 (N )) for different lengths of binary code sequences (N ).

	N S 2 (N )=2 N B 2 (N ) S 2 (N )/B 2 (N )
	2	4	3	1.3
	4	16	6	2.7
	6	64	13	4.9
	8	256	30	8.5
	10	1024	78	13.1
	12	4096	224	18.3
	14	16384	687	23.8
	15	32768	1224	26.8
	16	65536	2250	29.1
	17	131072	4112	31.9
	18	262144	7685	34.1
	20	1048576	27012	38.8

Table 5 .

 5 4: The optimized code sequences with different lengths of binary code sequences (N ). The all-zero code sequences were excluded. Patterns with lattice length of 2700 nm and 3000 nm were optimized with constraint to 50% filling fraction because of the heavy computational burden.

	N Lattice length	Code sequence	I abs
	2	300 nm	10	37.7%
	4	600 nm	1010	37.7%
	6	900 nm	101100	38.8%
	8	1200 nm	10101100	39.2%
	10	1500 nm	1010101100	39.7%
	12	1800 nm	101001100100	40.7%
	14	2100 nm	10101101100100	41.1%
	15	2250 nm	110010010100100	41.7%
	16	2400 nm	1010110100110100	42.1%
	17	2550 nm	10101100101010100	42.2%
	18	2700 nm	101010101011001100 41.8%
	20	3000 nm	10101011010110010100 42.1%

  4 ,t h e s ep o i n t st h a tr e p r e s e n t I a b s f o rt h eTM m o d ew i t ht h es am e BNa r e m o r ec om p a c tt h a nt h o s e f o rt h eT E m o d e ,r e fl e c t i n gt h a tt h efi r s to n e i s l e s s

	s e n s i t i v e t op a t t e r n sw i t h t h es am eBN t h a n t h es e c o n do n e .I na d d i t i o n , t h eo p t i c a l
	p e r f o rm a n c e s f o rTMa n dT Ep o l a r i z a t i o n sa r en o t m a t c h e d f o rag i v e np a t t e r n . A s
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	g r o w sw i t h i n c r e a s i n gBNt h e ns l o w sd o w no rd r o p s f o r l a r g eBN .T h eb e s t -p e r f o rm e d
	m u l t i -p e r i o d i cp a t t e r na p p e a r s i np a t t e r n sw i t h r e l a t i v e l y l a r g eBN . W eb e l i e v e t h a t t h i s
	k i n do fs p a t i a la r r a n g em e n to fs t r i p e sc a neffi c i e n t l yc o u p l eb o t hT Ea n dTM m o d e s
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We notice that the filling fraction increases with the increase of etching time. Attention has to be paid for long time etching, as we might risk destroying the formed inverted pyramids. We can notice that the inverted pyramids have started to merge with each other for long etching time in Fig 2 .14b. The regulation of the filling fraction of inverted pyramids is of importance for the solar cell application as large filling fraction is preferred in this case.

Appendix A Uniformity Determination

In this Appendix, we show the method that we used to determine the uniformity of the fabricated patterns using SEM images. This approach is based on different functionalities of ImageJ software [START_REF] Abràmoff | Image processing with ImageJ[END_REF]. Mainly, we use ImageJ to determine the size of the patterns by brightness contrast. Then the sizes of all the patterns in the SEM images can be easily defined, which makes statistical analysis feasible.

During the experiments, we took SEM images throughout all the processes that were needed to be carefully controlled. In our case, they were the LIL, RIE, and KOH etching. As our sample was in centimeter scale, the effect of all the processes might be different in different places. To control the quality of the SEM images, we took pictures for the same sample in approximately the same location with the same resolution. In this way, the statistical analysis of different processes would be reliable.

As an example, we demonstrate the statistical distribution analysis of an image after the RIE process. The matrix does not have a Toeplitz symmetry; however, we can find 3 × 3 Toeplitz blocks in the matrix. Furthermore, if we treat the 3 × 3 matrix as a block, then we can argue that it is a block Toeplitz matrix.

Appendix C Necklace Problem

The Matlab script that we used to generate the 'necklaces' for the calculations. This Matlab code is capable of generating arbitrary length and beats of necklaces in an efficient way. The generated code sequences are then integrated with our RCWA code to comprehensively optimize the multi-periodic patterns. 

Particle Swarm Optimization

In a typical Particle Swarm Optimization (PSO) process, a set of randomly generated solutions (initial swarm) propagates in the design space and towards the optimal solution over a number of iterations based on a large amount of information about the design space that is assimilated and shared by all members of the swarm.

A basic PSO algorithm consists of three steps, namely, particle generation (positions and velocities), velocity update, and position update. Here, a particle refers to a point in the design space that changes its position from one move (iteration) to another based on velocity update. First, the positions, x k i , of the initial swarm of particles are randomly generated using upper and lower bounds on the design variables values, x min and x max , as expressed in Eq. D.1.

The second step is to update the velocities of all particles at time k + 1 using the fitness function values that are functions of the particles' current positions in the design space at time k (see Eq. D.2). In our case, the fitness function is the integrated absorption in the interested wavelength (from 300 to 1100 nm).

• V k i is the velocity of the i th particle at the k th iteration Set current value as the new local best end if

Choose the particle with the best fitness value of all the particles as the global best end for for each particle do Calculate particle velocity according to Eq. D.2

Update particle position according Eq. D.3

end for

After the whole optimization process, the best pattern with the etching depth of 106 nm, period of 311 nm, and the filling factor of 0.502 yielded an integrated absorption of 37.8%. For the sake of simplicity to next step optimization, we fixed the etching depth to 100 nm, period to 300 nm and filling factor to 0.5, which still gave us an integrated absorption of 37.7%. The next step optimization is based on this revised pattern.