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Je voulais aussi remercier tous mes amis qui ne sont pas à Bordeaux mais qui ont suivi l'avancée de ma thèse de loin : le 100 et la meute, vous vous reconnaitrez. Merci aussi à Zellner, pour tous les coups de fil à discuter de tout et de rien, comme on sait le faire depuis nos 2 ans ! Un énorme merci aussi à tous ceux qui sont venus nous aider à rénover (ou construire ?) notre maison pendant cette dernière année de thèse, je pense particulièrement à Pino, Solène, Claire & Mathieu, Chachou et mon bibi, Mathieu. Les copolymères à blocs (BCPs) sont des polymères composés de deux blocs ou plus, ayant une composition chimique différente, et connectés ensemble par une ou plusieurs liaisons covalentes. La structure la plus simple est composée de deux blocs reliés par une liaison, appelée copolymères di-blocs. Ces macromolécules ont tendance à produire une séparation de phase due à l'incompatibilité chimique entre les deux blocs, représentée par le paramètre de Flory-Huggins noté χ. Aussi, la liaison covalente entre ces deux blocs force cette séparation de phase à se produire à une échelle nanométrique, dont la taille dépend de la longueur de la chaine de BCPs. Ce phénomène thermodynamique est appelé auto-assemblage, et permet de générer des structures périodiques complexes avec une périodicité de quelques nanomètres à des centaines de nanomètres. En particulier, les copolymères di-blocs peuvent s'auto-assembler dans des réseaux de sphères, cylindres, gyroïdes ou encore lamelles en fonction de la fraction volumique d'un bloc par rapport à l'autre. Habituellement, pour obtenir ces morphologies en film mince ou en volume, les chaînes polymères ont besoin d'un apport de mobilité permettant de l'auto-organisation, obtenue par recuit thermique ou par vapeurs de solvant.

Au vu de la taille et périodicité de ces nanostructures, les BCPs sont souvent utilisés pour les nanosciences et les nanotechnologies, sous forme de couches minces de l'ordre de quelques dizaines de nanomètres. Dans cette géométrie de film mince, il est important de contrôler l'orientation des structures par rapport au plan du substrat. Actuellement, les films nanostructurés obtenus par auto-assemblage de BCPs sont principalement utilisés pour la formation de masques lithographiques permettant de produire des formes géométriques bien définies, telles que des lignes avec des lamelles perpendiculaires au plan ou bien des motifs hexagonaux avec des sphères ou des cylindres perpendiculaires au plan. En effet, après autoassemblage, un des deux blocs peut être sélectivement retiré avec un traitement plasma par exemple, permettant d'obtenir un masque ayant un motif nanométrique qui peut être utilisé pour graver le substrat. Cette technique possède un grand intérêt afin de complémenter d'autres techniques permettant d'obtenir ces résolutions nanométriques, telle que la nanolithographie extrême UV, ou la nanolithographie par faisceau d'électron. Par contre, un désavantage inhérent au phénomène d'auto-assemblage limite la production de motifs parfaitement définis sur de larges domaines : l'auto-assemblage de BCPs conduit à des structures polycristallines dont les grains possèdent une orientation aléatoire les uns par rapport aux autres. Ce type de structures polycristallines limite l'emploi des BCPs pour des applications en nano-électronique par exemple, qui requiert un ordonnancement parfait. Une solution a été développée pour résoudre ce problème, utilisant des méthodes dites d'auto-assemblage dirigé (DSA), consistant à former un motif géométrique sur le substrat avec des méthodes lithographiques classiques qui va permettre de contraindre l'auto-assemblage de BCPs pour former un unique grain. Ces motifs peuvent être topographiques ou chimiques, et doivent tenir compte de règles de commensurabilité avec la structure de BCPs.

L'application des BCPs en nanolithographie ne tire parti que de l'aspect géométrique de l'auto-assemblage, alors qu'il existe un autre avantage à cette technique : chaque bloc peut présenter des caractéristiques intéressantes directement liées à leur composition chimique. En effet, il est possible de choisir un bloc possédant des propriétés recherchées (thermiques, optiques, électriques, magnétiques, etc…) ou bien de le modifier sélectivement après autoassemblage pour le transformer en métal, en oxyde métallique, ou en composite. Ainsi, des structures nanométriques fonctionnalisées peuvent être générées et tirent profit des corrélations entre la composition du BCP et la morphologie auto-assemblée. De plus, ces couches minces fonctionnalisées avec un contrôle à la fois de leur structure mais aussi de leur composition, peuvent être empilées pour produire des structures tridimensionnelles à la demande. Cela pourrait permettre de cibler des architectures complexes inhérentes aux applications visées et de produire des dispositifs fonctionnels à moindre coût.

Ce travail de doctorat a ainsi été consacré à la compréhension et au contrôle des configurations d'auto-assemblage relatives aux empilements de couches de BCPs.

Dans un premier chapitre expérimental, nous nous sommes concentrés sur des (co)polymères contenant des fonctions azobenzènes. Cette fonction peut subir une commutation réversible de sa conformation (cis/trans) par absorption de photons produisant un déplacement de matière à large échelle. Ainsi, un film mince composé d'un (co)polymère contenant ces fonctions peut voir sa topographie modifiée par stimulation lumineuse. L'utilisation de motifs interférentiels produit ainsi des motifs topographiques sinusoïdaux, appelés SRG pour « Surface Relief Grating ». Une première étude s'est intéressée à un système de BCPs dont un des blocs est porteur de telles fonctions azobenzènes. Nous avons démontré qu'une combinaison d'inscription de motifs SRG dans la couche de BCPs et d'auto-assemblage par vapeurs de solvant peut générer des structures parfaitement orientées par rapport aux motifs SRG (Figures 1.a-c). Cette approche v permet d'enrichir les méthodologies en ayant recours à un design macromoléculaire précis combinant séparation de phase et photo-stimulation. Nous avons également tiré profit de la création de motifs SRG afin de développer plus en avant l'utilisation de ces motifs topographiques pour l'auto-assemblage dirigé (Figure 2). Ainsi ce procédé permet de réaliser des motifs topographiques dont les dimensions (hauteur, période dans chaque direction) peuvent être finement réglées afin de diriger l'autoassemblage de BCPs en film mince. De plus, cette méthode est peu couteuse en comparaison aux techniques plus conventionnelles, et peut facilement être adaptée et optimisée en fonction du BCP, notamment de sa période et de sa morphologie.

Dans le deuxième chapitre expérimental, nous avons exploré le diagramme de phase du polystyrène-bloc-poly(méthyl méthacrylate), noté PS-b-PMMA (Figure 5), en faisant varier sa RESUME EN FRANÇAIS vii composition, 𝑓 𝑃𝑆 et sa masse molaire en nombre, 𝑀 𝑛 , afin de modifier la structure auto-assemblée et sa période. Ce BCP est particulièrement intéressant pour la suite de l'étude car son auto-assemblage se réalise simplement et son comportement est très proche des prédictions théoriques. Le procédé d'auto-assemblage est réalisé en deux étapes (Figure 6), avec en premier la modification de l'énergie de surface du substrat, en greffant un copolymère statistique (RCP) de PS et PMMA, dont la composition permet de contrôler l'orientation de la morphologie. Ensuite un film mince de PS-b-PMMA est déposé sur le substrat modifié, et est auto-assemblé par recuit thermique, c'està-dire en le chauffant à une température donnée (de 200 °C à 280 °C) pendant un temps donné (de 5 min à 15 min). 3) Chauffage du film pour promouvoir l'auto-assemblage par déplacement des chaines polymères.

Ce chapitre a donc consisté en l'optimisation des protocoles expérimentaux permettant l'obtention pour chacune des structures de BCPs un ordre à longue distance important. Plus précisément, cinq structures différentes ont été obtenues, qui sont dans l'ordre croissant de 𝑓 𝑃𝑆 , des sphères de PS, des cylindres de PS, des lamelles, des cylindres de PMMA et des sphères de PMMA. Trois de ces structures ont été retenues pour l'étude sur les empilements du fait du contrôle poussé de leur auto-assemblage : des cylindres de PS (Figure 7.a), des lamelles (Figure Ces structures ont été modifiées par infiltration sélective du bloc de PMMA en alumine par SIS, suivi d'une gravure plasma pour enlever partiellement le bloc PS, permettant d'obtenir les répliques inorganiques des structures auto-assemblées (Figure 8) dont les topographies effectives sont contrôlées par la gravure du bloc PS. Il est ainsi possible de former un réseau de lignes parallèles par des lamelles, noté L pour « line & space », un réseau hexagonal de piliers par des cylindres de PMMA, noté D pour « dot », et un réseau hexagonal de trous par des cylindres de PS, aussi appelé nid d'abeille, noté H pour « hole ». De plus, en utilisant des BCPs ayant la même 𝑓 𝑃𝑆 mais des 𝑀 𝑛 différentes, ces structures ont pu être déclinées en plusieurs périodes de 24 nm à 64 nm selon les morphologies. La Figure 9 présente les images de microscopie électronique à balayage de toutes les structures 2D obtenues, montrant clairement une diminution de la qualité de l'auto-assemblage pour les plus grandes périodicités (due notamment à la diminution de la mobilité des chaines polymères). Le troisième chapitre expérimental se concentre sur l'étude de structures composées de deux couches auto-assemblées. Trois objectifs sont visés : premièrement réussir à obtenir des structures empilées bien définies pour pouvoir être observées et étudiées, ensuite comprendre l'organisation et l'orientation relatives entre les couches, et finalement contrôler ces dernières.

Ainsi, un procédé d'empilement a été développé, comptant trois étapes distinctes (Figure 10) : la préparation de la surface de la première couche, ensuite l'ajout de la seconde couche et finalement la modification de la seconde couche soit pour observer la structure, soit pour préparer la seconde couche pour un nouveau cycle d'empilement.

La première étape est similaire au greffage d'un RCP sur le substrat comme décrit précédemment, à la différence que la surface de la première couche doit être précédemment passivée par un dépôt d'une couche très fine d'alumine (environ 1 nm). Afin de mieux comprendre les mécanismes d'empilement, le RCP utilisé peut être choisi parfaitement neutre, mais aussi légèrement sélectif envers le PS ou le PMMA. La seconde étape est parfaitement similaire au procédé décrit dans le chapitre précédent. Ces deux étapes peuvent être répétées autant de fois que nécessaire. La dernière étape consiste soit à graver entièrement le PS, pour pouvoir observer la structure résultante par microscope électronique à balayage, soit à enlever partiellement le PS pour pouvoir recommencer le cycle. L'étape de gravure est cruciale car elle permet l'étude systématique de l'orientation relative obtenue par l'empilement de deux couches. En outre, le modèle développé dans ce chapitre permet de prédire toutes les orientations obtenues selon deux règles simples : l'orientation relative entre les couches tend à former la structure finale la plus symétrique possible, c'est-à-dire ayant la maille primitive la plus petite, et dans le cas d'interfaces non neutres, le bloc affine aura tendance à se placer majoritairement audessus des structures en alumine, c'est-à-dire au-dessus du bloc de PMMA de la couche précédente. Le quatrième et dernier chapitre de ce manuscrit est une ouverture aux applications possibles de ce procédé d'empilement pour former des structures 3D fonctionnalisées. Ainsi, deux dispositifs ont été imaginés :

RESUME EN FRANÇAIS

 Une nano-grille 3D formée par un empilement répétitif de lignes orthogonales fonctionnalisées en matériel conducteur le tout dans une matrice isolante. Ce type de structure conducteur/isolant pourrait conduire à l'obtention de propriétés plasmoniques intéressantes du fait de sa périodicité plus faible que les longueurs d'onde de la lumière visible ;

 Un réseau hexagonal de colonnes formées de 8 couches de matériau multiferroïque séparés par des électrodes. Cette structure permettrait de stocker 8 informations binaires dans chacune des colonnes, ce qui permettrait de multiplier la capacité de stockage par 8 comparé à un simple réseau hexagonal de piliers obtenue par l'auto-assemblage d'un BCP.

Bien entendu, de nombreux challenges restent à relever pour réussir à produire ces structures, le procédé d'empilement couche par couche du PS-b-PMMA n'est que la première brique pour pouvoir imaginer la formation de ces dernières.

GENERAL INTRODUCTION

Invisible to the eyes and yet surrounding us, nanoscience has become a major research field in the past decades and has driven many potent technological advances. By definition, an object is considered as a nanomaterial if at least one of its dimensions is lower than 100 nm. Such structural characteristic leads to unique physical and chemical properties due to quantum and/or surface effects, which are used in diverse scientific fields such as catalyst, optics, magnetic, electric or biology.

Nanomaterials require very precise manufacturing processes, and Nature excels at the generation of exquisite nanostructures such as the ones found in butterfly wings or lotus leaves.

Nanomaterials are also produced artificially by using for instance nanolithography or nanoparticle synthesis. Another concept of interest for the formation of nanostructured materials is related to the thermodynamical processes found in Soft Matter which can yield to the formation of a panoply of morphologies. Among the Soft Matter processes, block copolymers (BCPs) selfassembly enables nanostructuration while taking profit on the physical-chemical properties of polymers. Indeed, these materials hold the property to self-assemble into different periodic structures (in one, two or three dimensions), with a periodicity that can vary from few nanometers to hundreds of nanometers. This self-assembly process is related to microphase separation due to chemical incompatibility which arises from the block copolymer structure: two or more different polymeric chains linked together by a covalent bond. Thus, BCPs based nanomaterials are artificial materials taking advantage of a thermodynamic process to generate nanomaterials, i.e. a statistical process that naturally occurs in order to reduce the overall energy of the system.

Over the past decades, innovative polymerization methods have been developed to generate on-demand BCPs with the adequate architecture in order to produce a targeted nanostructure. This was also consolidated with the development of the self-consistent field theory (SCFT), which permitted to understand and predict the BCP behavior for simple architectures.

With such foundation spanning from macromolecular engineering to thermodynamics, it is not surprising that many researches focused on methods to transpose these periodical nanostructures in nanotechnologies.

As today, one of the main applications of this technology is the nano-manufacturing of masks for lithography, as BCP self-assembly produces very small features at a low budget.

However, this application restricts the BCP self-assembly to the formation of patterns in thin film, subsequently used to transfer the features in a substrate of interest. A more ambitious paradigm would be to functionalize these nanostructures into practical devices. Unfortunately, only a scarce number of devices based on BCP manufacturing is yet described in literature, due to the difficulty to produce complex and precise technological architectures that are required for cutting-edge nanotechnologies.

This Ph.D. is dedicated to the understanding and the control of the formation of complex functional nanostructures using an iterative layering approach of self-assembled BCP thin films.

Such an exploration was performed using the polystyrene-block-polymethyl methacrylate (PS-b-PMMA) system, for which an in-depth understanding of the self-assembly behavior in thin films has been reported over the past ten years. The manuscript is organized as follow:

The first chapter is a description of the general context of the study. A first part is dedicated to the BCP self-assembly theory and experimental processes, with a strong focus on PS-b-PMMA.

Then a second part referenced most of the methods to functionalize BCP nanostructures, and is followed by a literature survey on the different stacking methods in order to produce layered structures. Finally, a last part is related to azobenzene-containing (co)polymers and the opportunities inherent to their use in nano-manufacturing.

The second chapter is a two-fold study on the use of azobenzene-containing (co)polymers to direct BCP self-assembly. In a first study, the interplay between the azobenzene photostimulation and BCP self-assembly is reported for a BCP engineered with a block containing azobenzene moieties. The second part dealt with the development of a reliable method to perform substrate texturing of an azobenzene-containing polymer thin film with interferential light patterns.

The third chapter presents a large study of PS-b-PMMA self-assembly with the description of the nanostructures achievable in thin film geometry, i.e. for a film thickness around few tens of nanometers. The experimental phase diagram was explored, leading to a panoply of high-quality nanostructured patterns obtained from BCP self-assembly with periodicities varying from around 20 nm to 60 nm. Also, a hybridization process, immobilizing the BCP pattern, was developed to allow the subsequent thin film layering.

The fourth chapter is the systematic study of the layering of two BCP thin films in order to understand the registration mechanisms of the two layers. Interestingly, a methodology to control the registration behavior is proposed and rationalized by energetical considerations as well as by simulations. Several configurations obtained through this stacking method are novel structures and thus widen the versatility of BCP self-assembly for nano-manufacturing. Furthermore, the developed stacking process is shown to be compatible for the stacking of more than two layers, which further opens avenues for the production of complex 3D layered nanostructures.

The last chapter of the Ph.D., which can be also considered as a "conclusion and perspectives" part, is devoted to the application of the iterative process for the generation of functional devices. In particular, the design of two prospective device architectures is proposed, and the methodologies and challenges related to the fabrication of such structures are discussed.

Finally, an annex with the description of the techniques used in this study, the Matlab programs and functions developed during the Ph.D., and several large SEM images of the nanostructures is provided at the end of the manuscript. In this first chapter, the general context of this Ph.D. thesis is described by highlighting the recent advances in nano-manufacturing using polymer materials. After a theoretical background on block copolymer (BCP) self-assembly and directed self-assembly (DSA) methods, an exhaustive survey of the studies on the polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) BCP system is conducted. Indeed, this particular BCP system is the workhorse for the formation of nanostructures via BCP self-assembly due to the fine control of the associated synthetic and selfassembly procedures. Besides, PS-b-PMMA nanostructures can further yield to functional arrangements of features as it is possible to selectively hybridize one of the BCP domains by various techniques. This is of particular interest for applications, as functional properties can arise from both the spatial arrangement and the constitutive material composition. Thus, the functionalization processes to selectively hybridize self-assembled BCP thin films is reviewed with a highlight on processes compatible with PS-b-PMMA. Then, the four different approaches referenced in literature to achieve iterative stacking will be described with an emphasis on the advantages and bottlenecks of each methodology. Finally, a quick review on azobenzenecontaining polymers is presented as they allow combining stimuli-responsive materials to BCP self-assembly.

I.1/ Block copolymer self-assembly

Block copolymers (BCPs) are macromolecules formed from two or more chemically different polymer chains linked by covalent bonds. Figure 13 shows different macromolecular architectures that can be synthetically obtained by varying the number of blocks -diblock, triblock or more -and their connectivity -linear, star-shaped, branched among others. The chemical difference between each block can induce a phase separation process leading to the formation of segregated domains. Nonetheless, the covalent bond between the chemically distinct chains prevents a macroscopic phase separation. Accordingly, the phase separation is limited to a length scale comparable to the radius of gyration of the polymer chain and leads to geometrically remarkable periodic structures with features on the nanometer length scale [1], [2]. One specific use of such microphase separation process is linked to the formation of nanostructured thin films which can be further used for nanofabrication purposes, such as lithographic masks, photonic crystals, surface coatings, membranes, etc. [3], [4]. To obtain these nanostructured thin films, multiple processing steps are required and a panoply of parameters needs to be controlled in order to promote the formation of well-defined BCP structures as shown in Figure 14. 

I.1.A/ Phase separation I.1.A.i/ Driving force for microphase separation

In 1942, a lattice model was developed separately by Flory [5] and Huggins [6], [7] to describe a simple binary mixture of two different polymers, here labelled A and B. In this model, segregation occurs when the mixing free energy (𝛥𝐺 𝑚 ) becomes unfavorable, which can be rewritten using thermodynamic principles and Stirling's approximation as Equation (1) where 𝑓 𝐴 

The Flory-Huggins parameter quantifies the degree of incompatibility between the A and B segments, and is expressed as Equation ( 2) where 𝑍 is the number of nearest neighbor monomers for a lattice site, and 𝜀 𝑖𝑗 are the interaction energies between 𝑖 and 𝑗 monomers.

𝜒 𝐴𝐵 = 𝑍 𝑘 𝐵 𝑇 × (𝜀 𝐴𝐵 - 𝜀 𝐴𝐴 + 𝜀 𝐵𝐵 2 ) (2) 
Experimentally, it has been noticed that the variation of 𝜒 𝐴𝐵 with respect to the temperature is more complex that Equation (2) [8], and the parameter is usually modeled as Equation (3) where 𝛼 and 𝛽 are empiric parameters for entropy and enthalpy contributions, respectively.

𝜒 𝐴𝐵 = 𝜒 𝐻 + 𝜒 𝑆 = 𝛼 + 𝛽 𝑇 (3) 

I.1.A.ii/ Phase diagram: experiments versus theory

The Flory-Huggins model, developed for homopolymer mixture, is not suitable to predict BCP microphase separation because of the covalent bond between each block. In 1980, Leibler [9] investigated the order-disorder transition (ODT) of AB diblock copolymers containing N repeating units in the weak segregation limit using a Landau expansion of the free energy to the fourth order, giving microscopic expressions for the coefficients as functions of two key parameters: an incompatibility parameter expressed as the product 𝜒𝑁, and the BCP volume fraction 𝑓. With this model, for a symmetric di-BCP architecture, i.e. perfectly symmetrical and monodisperse distribution of chain lengths, the ODT is predicted for 𝜒𝑁 ≅ 10.5, with ordered phases above this value and disordered phases below. A decade later, using self-consistent field theory (SCFT), Matsen [10], [11] predicted a more consistent phase diagram, also valid for higher 𝜒𝑁 values (Figure 15.b). It enlightens a stable gyroid phase (Figure 15.e) between cylinders and lamellae, that have been experimentally observed [12]- [15] and proven to be stable [16]. Later, they generalized their approach for asymmetric copolymers (i.e. with blocks composed of repeating units having different statistical segment lengths, 𝑎) leading to a distortion of the phase diagram [17], [18] (Figure 15.c). Indeed, by increasing 𝑎 𝐴 /𝑎 𝐵 ratio, it is easier to stretch the A block than the B block, resulting in an extended curvature of the domain interface towards the A domains.

Figure 15. Theoretical phase diagrams for (a) diblock copolymers obtained from a Landau expansion of the free energy [19], (b) diblock copolymers obtained from SCFT [11] and (c) diblock copolymers with conformational asymmetry obtained from SCFT [18]. (d) Experimental phase diagram obtained for the PS-b-PI system [20]. (e) Diblock copolymer stable morphologies according to the composition.

Further theoretical developments were proposed in 1987 by Fredrickson and Helfand with the investigation of the effect of composition fluctuations close to the ODT. These effects are not taken into account by the SCFT theory even if they greatly impact self-assembly for BCPs of low degree of polymerization. Indeed, they predicted, and experimentally observed an ODT for symmetrical BCPs at 𝜒𝑁 ≅ 10.5 + 41𝑁 -1/3 [19], [21]. Very recently, the Morse group revisited the effect of composition fluctuations and found out that a third term appears, leading to an even higher ODT for short BCPs: 𝜒𝑁 ≅ 10.5 + 41𝑁 -1/3 + 123𝑁 -0,56 [22].

Experimental phase diagrams have been reported for some BCP systems [20], [23], [24]. by changing the temperature. They showed that predictions from simulations are in agreement with their experimental results with two notable differences: a higher experimental ODT and a perforated lamellae structure which have been proven to be a long-lived metastable precursor to the gyroid structure [25]. It highlights that theoretical phase diagrams are often derived from ideal cases (mean-field approximation of interactions, symmetric conformational characteristics of both blocks), which do not take in account every parameter, such as dispersity, sample thermal history, end-chains, among others.

Obviously, with the increase of the BCP structure complexity (such as triblock or nonlinear copolymers), a panoply of morphologies are accessible, with for instance "three-color" lamellae, core-shell cylinders or spheres in lamellae [26].

I.1.A.iii/ Domain spacing of BCP structures

In a given nanostructured phase, one key value is the domain spacing, named here 𝐿 0 , which quantifies the typical periodicity of the segregated structure. In the strong segregation limit, i.e. for high 𝜒 𝐴𝐵 𝑁, the periodicity of the lamellar, cylindrical and spherical phases can be predicted from the characteristics of the BCP system, i.e. 𝑓, χ, 𝑁 and 𝑎 the averaged statistical segment length of each blocks [18]. These general equations are not presented here, but for perfectly symmetric block copolymer, i.e. 𝑓 𝐴 = 𝑓 𝐵 = 0.5 and 𝑎 𝐴 = 𝑎 𝐵 = 𝑎, the results of this treatment can be simplified, and the domain spacing of a lamellar phase can be written as Equation (4).

𝐿 0 ≈ 1.1𝑎𝑁 2 3 𝜒 1 6 (4)
Experimentally, one of the main interests of BCP self-assembly in nanofabrication is the definition of extremely small objects formed from one of the BCP domains. The related dimension, which is called the pitch, is 𝐿 0 /2 for a lamellar phase. Thus, an important part of recent studies on BCPs focused on the generation of these small features. Using Equation ( 4) and respecting 𝜒𝑁 ≥ 10.5 in order to drive phase separation, smaller domain spacing can be obtained for a high value of 𝜒 and a small value of 𝑁, as recently demonstrated by several groups with the formation of sub-10 nm features using BCP self-assembly [27].

In the bulk regime, Small Angle X-ray Scattering (SAXS) enables the structural characterization of self-assembled BCP morphologies. With the small X-ray wavelengths, from 0.1 to 10 nm, it is possible to monitor interactions of atomic electron clouds, by looking at the X-ray beam scattering due to electron density fluctuations (as light would scatter with refractive index fluctuations). For this purpose, let's consider an incident wave vector 𝑘 𝑖 ⃗⃗⃗ with a 2𝜋/𝜆 magnitude, and a 𝜆 wavelength. This incident wave vector will be scattered by electron density gap, which occurs at BCP interfaces, into a scattered wave vector, denoted 𝑘 𝑠 ⃗⃗⃗⃗ , at a 𝜃 angle, as depicted in In the case of an elastic scattering event, 𝑘 𝑖 ⃗⃗⃗ and 𝑘 𝑠 ⃗⃗⃗⃗ are of equal magnitudes, and the scattering vector, defined as 𝑞 = 𝑘 𝑖 ⃗⃗⃗ -𝑘 𝑠 ⃗⃗⃗⃗ , which represents the amount of momentum that have to be transferred into the medium along the direction of 𝑞 . By trigonometry, it is possible to calculate the magnitude of 𝑞 , given by Equation (5).

|𝑞 | = 𝑞 = 4𝜋 𝜆 𝑠𝑖𝑛 ( 𝜃 2 ) (5) 
In the case of BCPs in bulk, the scattering objects are the domain interfaces linked to the overall self-assembled structure. This periodically ordered structure possesses scattering plans yielding to the superimposition of scattering waves. Then, a unique diffraction pattern is created, which is directly linked to the arrangement of the domain interfaces. Geometrically, this constructive superposition occurs when the Bragg's law (Equation ( 6)) is respected, with 𝑛 an integer and 𝑑 the interplanar spacing between parallel plans.

𝑛𝜆 = 2𝑑𝑠𝑖𝑛 ( 𝜃 2 ) (6) 
Thus, by combining Equations ( 5) and (6) and rewriting 𝑑 using Miller indices ℎ, 𝑘 and 𝑙 (defined according to the periodic rules of the unit cell), it is possible to relate the scattered peak positions to the structural periodicity of the studied object by Equation (7).

𝑞 ℎ𝑘𝑙 = 2𝜋 𝑑 ℎ𝑘𝑙 (7) Consequently, it is possible to analyze the SAXS spectra of BCP self-assembled structures to precisely determine the morphology: the four standard morphologies of di-BCPs -lamellae, cylinders, gyroids and spheres -have precise peak position sequences. It is also possible to evaluate the domains spacing, 𝐿 0 , from the first scattered peak which represents the smallest periodicity of the structure. All these information are summarized in Table 1 [25]. It is also possible to determine the domain spacing by direct measurement from any imaging technique that has a suitable resolution, such as Atomic Force Microscope (AFM), Scanning Electron Microscope (SEM) or Transmission Electron Microscope (TEM). With AFM and SEM, only the surface of the sample is probed, while TEM requires to cut the sample in thin slices in order to visualize by transmission the morphological features. In any case, the sample processing and history have an impact of each type of measurements and slightly different results can be obtained depending of the type of characterization.

Morphology Space group

𝒒 𝒉𝒌𝒍 𝑳 𝟎 𝒒/𝒒 * Lamellae 1 ̅ 2𝜋 𝑑 ℎ 2𝜋 1 𝑞 * 1, 2, 3, 4, 5, 6 … Cylinders 𝑃6𝑚𝑚 (2𝐷) 2𝜋 𝑑 √ℎ 2 + 𝑘 2 + ℎ𝑘 4𝜋 √3 1 𝑞 * 1, √3, √4, √7, √9, √12 … Gyroid 𝐼𝑎3 ̅ 𝑑 2𝜋 𝑑 √ℎ 2 + 𝑘 2 + 𝑙 2 2𝜋√6 1 𝑞 * √6, √8, √14, √16, √20 … Spheres 𝐼𝑚3 ̅ 𝑚 2𝜋 𝑑 √ℎ 2 + 𝑘 2 + 𝑙 2 𝜋√6 1 𝑞 * 1, √2, √3, √4, √5, √6…

I.1.A.iv/ Determination of the Flory-Huggins parameter

Ultimately, to understand and predict BCP phase behavior in term of self-assembly, it is crucial to estimate the 𝜒 𝐴𝐵 value, and several methods have been developed to estimate the enthalpic and entropic parameters from Equation (3). It is noteworthy that the values reported in the literature for a particular system are highly dependent from the methodology used to estimate the 𝜒 𝐴𝐵 value, inherently to uncertainties from experimental data [28].

A first technique consists in measuring the complex viscosity or dynamic moduli in function of the temperature for BCPs with different 𝑁 (keeping the composition constant) to determine the order-disorder transition temperature (TODT) between the ordered and disordered phases [29], [30], and then estimate 𝜒 using the mean-field theory (i.e. at the TODT 𝜒𝑁 ≅ 10.5 for a symmetric di-BCP). A second method consists to estimate 𝜒 from Equation ( 4) by measuring domain spacing for BCPs of different degree of polymerization (keeping the composition constant) with direct imaging or scattering techniques [31].

Another method is the SAXS analysis of BCP melt in the disordered state at different temperatures while still presenting some fluctuations of density. Leibler [9] and Sakurai [32] demonstrated that the scattering peak intensity of such state is linked to 𝜒, and can be precisely fitted from the macromolecular parameters of the studied BCP [33]. This method leads to a more accurate estimation of 𝜒 since it takes in account the macromolecular properties of the BCP, such as molecular weight, density and dispersity of each block. This method is the most commonly used for di-BCP.

A last method, called the critical molecular weight method, consists in finding the threshold of miscibility of a blend of two homopolymers, and then using the Flory Huggins theory and the binary interaction model, to estimate 𝜒 [34]. This method is not widely used because of its imprecision.

I.1.B/ Thin film self-assembly of BCPs

In the thin film regime -for thicknesses below ≈ 100 nm -BCP chains exhibit different behaviors than in the bulk regime due to the importance of interfacial fields. The resulting morphologies can thus be tuned by the processing parameters, such as film thickness, substrate energy, atmosphere composition, or film annealing.

I.1.B.i/ Thickness of the BCP layer

In contrast to bulk, a thin film configuration creates a chain confinement for which thickness is a crucial parameter leading to several morphologies and/or orientations for the same BCP system [35]- [38]. To understand the impact of thickness on self-assembly, the key parameter is the ratio between thickness, denoted 𝑡 here, and domain spacing, denoted 𝐿 0 here, called the commensurability ratio. [35]. Using simulations, they further demonstrated that the commensurability ratio dictates the resulting self-assembled structure. For instance, it requires 𝑡 = 0.75𝐿 0 to place one layer of unconstrained laying cylinders, and 𝑡 = 1.5𝐿 0 for two layers (here 𝐿 0 represents the cylinder-to-cylinder distance).

For lamellae, the behavior is slightly different because the structure adapts differently to the modification of film thickness through the formation of terraces, often called "islands and holes", in order to overcome chain stretching. [35]. (c) Rules for the formation of terraces according to the wetting behavior and thickness of lamellar BCP films [38]. (d) AFM phase images of PS-b-PMMA lamellae with a 29 nm domain spacing for different thicknesses after thermal annealing [39].

The most common method to deposit a BCP thin film is by spin coating, which consists of spinning a droplet of a BCP solution at a certain concentration 𝐶 into a solvent with a rotation speed 𝜔 until complete evaporation of the solvent. Several models have been developed to predict the thickness of the deposited film [41], [42], which vary with 𝐶, 𝜔, but also temperature, solvent viscosity, density, evaporation rate, etc. Nonetheless, for a given solvent at a given temperature, the thickness 𝑡 can be approached by Equation (8) where 𝛼 is a constant depending on the solvent and atmospheric parameters.

𝑡 = 𝛼 𝐶 √𝜔 ( 8 
)
In a controlled environment, it is thus simple to control the film thickness by changing the concentration of the BCP solution or the rotation speed. This aspect leads to a fine control of the commensurability ratio between the film thickness and the domain spacing of the BCP structure.

I.1.B.ii/ Surface energy

In the thin film regime, the two boundary interfaces, i.e. substrate-film and film-air, are creating constraints that cannot be neglected with respect to bulk self-assembly. Accordingly, in order to control the thin film BCP self-assembly, these interfaces have to be modulated, as observed in the previous paragraph for lamellae.

For the substrate-film interface, the main approach is to tune the substrate energy by grafting random copolymers brushes (RCP) with different compositions [43]- [48]. Figure 18.a shows the typical grafting process which is induced by heating up a RCP thin film long enough to provide covalent bonding between the RCP chains and SiO2 substrate. The use of an adequate RCP composition enables the control of the wetting of the BCP domains by balancing (or not) the surface energies between the BCP domains and the substrate. Accordingly, such methodology affords an exquisite control of the morphology orientation. [47] (Figure 18.b). Indeed, a neutral surface can induce a perpendicular orientation while a non-neutral surface favors a parallel orientation of the BCP structure [39], [47]- [49].

A second method similar to the grafting of RCPs is based on the use of self-assembled monolayers (SAM) which constituent molecules are grafted through their chlorosilane function on the SiO2 substrate [50]. Such treatment yields as well to a modification of the surface energy.

It is noteworthy that blending RCPs or SAMs with different (macro)molecular characteristics [51] can enable a modification of the grafting density and the surface properties [52], [53].

The "free surface" behavior, i.e. the film-air interfacial properties, is inherent to the surface energy of BCP domains. For thermodynamical reasons, this free interface will be preferentially wet by the block with the lower surface energy. To overcome this phenomenon (particularly pronounced for the so-called high-χ BCPs), the most common method consists in adding a sacrificial top coat [54]- [56] that will transform the "free surface" into a film-film interface for which the interactions can be controlled by the top coat composition (Figure 18.c). A recent study showed a slightly different method, consisting in the amorphization of the top surface of an ascasted BCP thin film by a gentle plasma. This process is conceptually similar to a grafted brush layer of statistical copolymers and could be used as an universal neutral top coating since the topcoat composition necessarily balances the interfacial energy of the segregated BCP domains [57] (Figure 18.d).

Figure 18. (a) Schematics of the substrate coating process by a RCP grafted layer [58] and (b) SEM images of PS-b-PMMA lamellar (top) and cylinders (bottom) self-assembled on substrate coated with different PS-r-PMMA RCPs (FSt is the volume fraction of styrene in the RCP) [47]. Schematics of (c) standard top coat process enabling the control of the orientation of BCP structure having components of drastically different interfacial energies [54] and (d) universal top coat process by the top-surface amorphization of BCP layer in its disordered state [57].

The top coat approach has two major drawbacks, which are the increased process complexity, and the constraint that the topcoat deposition should not dissolved or deteriorate the BCP thin film underneath.

Without resorting to a top coat approach, two other methods can have an impact on the "free surface" energy and yields to a controlled orientation of BCP structures:

 Heating BCP thin films which will modify the surface tensions of each block in a different way.

This method is used for PS-b-PMMA, for which both blocks will have the same interfacial energies for a temperature around 225°C under vacuum [START_REF] Mansky | Interfacial segregation in disordered block copolymers: Effect of tunable surface potentials[END_REF];

 Modifying the atmosphere by adding solvent vapors [START_REF] Yu | Morphology development of ultrathin symmetric diblock copolymer film via solvent vapor treatment[END_REF], [START_REF] Cavicchi | Solvent annealing thin films of poly(isoprene-b-lactide)[END_REF].

These methods are called thermal and solvent annealing, respectively. They will have other uses and impacts on BCP thin film, which will be the subject of the following part.

I.1.B.iii/ Annealing of BCP layer

The spin-coating process usually traps the BCP chains in an unstable state because of the fast solvent evaporation leading to a drastic decrease of the BCP chain mobility. In order to promote the self-assembly of BCPs, two main processes are described in literature: thermal annealing in which the BCP thin film is heated above the glass transition temperature of the blocks, and solvent vapor annealing in which solvent vapors swell the BCP thin film and screen unfavorable contacts.

Thermal annealing is industrially interesting because it does not require the use of hazardous solvents and it can be easily tuned and optimized with duration and temperature (Figure 19.a). During thermal annealing, the mobility of BCP chains is increased to promote selfassembly. Ultimately, the film is quenched at room temperature to freeze the ordered structure (i.e. below the glass transition temperature of one of the blocks) [START_REF] Guarini | Optimization of diblock copolymer thin film self assembly[END_REF]. This technique is often used for PS-b-PMMA to organize thin films into lamellae, cylinders or spheres using RCP or SAM with an adequate composition [START_REF] Segal-Peretz | Characterizing the three-dimensional structure of block copolymers via sequential infiltration synthesis and scanning transmission electron tomography[END_REF]. Unfortunately, for some BCP systems, this annealing technique has a limitation since it requires a thermal budget inducing chemical modifications or decomposition of the BCPs [START_REF] Kelly | Investigation of thermally responsive block copolymer thin film morphologies using gradients[END_REF].

Alternatively, solvent vapor annealing (SVA) is a more versatile technique that have been developed to overcome the thermal annealing limitations. Plenty of parameters can be modified during the promotion of self-assembly by SVA, such as solvent nature (tuning solvent quality by the use of mixture), annealing chamber volume and shape, temperature, duration, etc. As compared to thermal annealing, the mobility of the BCP chains are induced by a (selective or not) swelling of the BCP domains, thus promoting self-assembly [START_REF] Sinturel | Solvent vapor annealing of block polymer thin films[END_REF]. Interestingly, this type of annealing has also an impact on the effective composition of the BCP since each block can have a different swelling ratio over the solvent, leading to a possible tuning of the phase behavior. For Other annealing methods have been developed to improve the quality of the selforganization of BCPs, such as rapid thermal annealing (RTA) also called rapid thermal processing (RTP) which might prevent polymers from degrading during thermal annealing at higher temperature than classical thermal annealing [START_REF] Lupi | Rapid thermal processing of self-assembling block copolymer thin films[END_REF]- [START_REF] Ceresoli | Evolution of lateral ordering in symmetric block copolymer thin films upon rapid thermal processing[END_REF], or solvothermal annealing that combines both thermal and solvent annealing [START_REF] Gotrik | Solvothermal annealing of block copolymer thin films[END_REF].

There is no unified theory establishing rules for enabling self-assembly by annealing, but some guidelines can be erected from the overall literature about BCP self-assembly:

 Thermal annealing is efficient to drive out-of-plane orientation of BCP structures if the two blocks have similar surface energy. Otherwise, wetting layers will form at the interfaces which will promote an in-plane orientation. To overcome this, the use of both surface energy modifiers (grafted RCPs or top coats) and annealing under nitrogen or vacuum has been proposed.

 The quality of the solvents used for SVA with respect to the blocks is highly important. Usually, the solvents should have a good affinity with both blocks (theta or good solvents) in order to provide sufficient swelling to the BCP chains. Additionally, one should choose solvents with balanced affinity for both blocks if order-order transitions due to selective swelling are not sought. Besides, thin films are prone to dewetting phenomena which can be accelerated if the solvent quality is too high.

 Volatile solvents are preferred because a high vapor pressure can be reached leading to enhanced chain mobility.

I.1.C/ Directed self-assembly

For many applications, such as nanolithography applied for microelectronics, the BCP patterns resulting from self-assembly should exhibit a perfect long-range order, i.e. extremely low defect density. Unfortunately, the self-assembly is a thermodynamical process involving driving forces of weak intensity, that creates ordered structures with their inherent low energy defects.

For instance, common defects observed in thin films are dislocations and disclinations for line & space pattern, e.g. out-of-plane lamellar structure or in-plane cylinders, and dislocations located at grain boundaries for hexagonal pattern, e.g. out-of-plane cylinders or spheres [START_REF] Li | Defects in the Self-Assembly of Block Copolymers and Their Relevance for Directed Self-Assembly[END_REF].

Thus, several methods have been developed to achieve long-range order, called directed self-assembly (DSA) [START_REF] Darling | Directing the self-assembly of block copolymers[END_REF]- [START_REF] Jeong | Directed self-assembly of block copolymers for next generation nanolithography[END_REF], that can be sorted in three categories: graphoepitaxy, chemical epitaxy and annealing under external stimuli.

I.1.C.i/ Graphoepitaxy

Graphoepitaxy consists in combining the bottom-up BCP self-assembly technique with a top-down method used to engrave a substrate with a guiding pattern (Figure 20.a) [START_REF] Jeong | Directed self-assembly of block copolymers for next generation nanolithography[END_REF]- [START_REF] Park | Enabling nanotechnology with self assembled block copolymer patterns[END_REF]. The patterning methods used to generate the directing pattern should have high enough resolution (≈ 10𝐿 0 ) to define topographical fields which constrain the BCP self-assembly. Additionally, commensurability rules depending of the surface energy of the patterns have to be ensured to obtain long-range ordering. Plenty of nanoscale top-down patterning methods can be used, such as interference lithography, UV photolithography, ion beam lithography or nano-imprint. Then, the patterned substrate will create uneven boundary constraints, that can induce a preferential alignment of BCP structures called translational or lateral ordering [START_REF] Zhu | Effect of Sinusoidal Surface Roughness and Energy on the Orientation of Cylinder-Forming Block Copolymer Thin Films[END_REF], [START_REF] Nicaise | Self-assembly of block copolymers by graphoepitaxy[END_REF].

As introduced above, one key parameter for DSA by graphoepitaxy is the ratio between the substrate pattern size and the BCP domain spacing in order to avoid chain distortion (stretching or compression). Thus, this ratio should be carefully chosen according to the wetting configuration [START_REF] Nicaise | Self-assembly of block copolymers by graphoepitaxy[END_REF], [START_REF] Maher | Directed self-assembly of silicon-containing block copolymer thin films[END_REF], for instance an integer for a symmetric wetting configuration at the walls (pink affinity toward both walls) as highlighted in Figure 20.b, and its magnitude is a compromise: it should be small enough for creating a topographic field strong enough to induce ordering, but high enough to be in the resolution range of substrate patterning method.

In addition, the pattern height is also an important parameter since it can influence the final BCP configuration in the topographical pattern. There are two possibilities:

 the substrate pattern is high enough and the BCP film is confined inside the trenches, creating disjointed areas that self-assemble independently (Figure 20.c) [START_REF] Cheng | Fabrication of nanostructures with long-range order using block copolymer lithography[END_REF],

 the BCP film is thick enough as compared to the pattern height. Consequently, the BCP thin film overlays it, creating thus two distinct zones with different thickness. Such configuration can induce either two different orientations of the BCP structures (Figure 20.d) [START_REF] Park | Double textured cylindrical block copolymer domains via directional solidification on a topographically patterned substrate solidification on a topographically patterned substrate[END_REF], or a single BCP grain due to the propagation of the topographical fields (Figure 20.e) [START_REF] Tiron | Optimization of block copolymer self-assembly through graphoepitaxy: A defectivity study[END_REF]. (20 nm) [START_REF] Park | Double textured cylindrical block copolymer domains via directional solidification on a topographically patterned substrate solidification on a topographically patterned substrate[END_REF]. (e) SEM image of highly-ordered PS-b-PMMA cylinders deposited on grooved substrate [START_REF] Tiron | Optimization of block copolymer self-assembly through graphoepitaxy: A defectivity study[END_REF]. (f) SEM images of PS-b-PDMS spheres assembled on (left) a flat substrate or a hexagonally patterned substrate functionalized with (middle) PDMS brushes or (right) PS brushes [START_REF] Bita | Graphoepitaxy of Self-Assembled Block Copolymers on Two-Dimensional Periodic Patterned Templates[END_REF] and (g) PS-b-PMMA cylinders confined in nanoholes creating nanorings and spirals due to confinement [36].

Figure 20. Schematics of (a) typical graphoepitaxy process and (b) an example of respected commensurability conditions for out-of-plane lamellae with an affinity of the red domains with the pattern walls (side-view at the top, top-view at the bottom) [83]. (c) SEM images of PS-bpolyferrocenyldimethylsilane (PS-b-PFDMS) spheres into 320 nm (top) and 240 nm (bottom) wide trenches [85]. (d) AFM image of PS-b-PI cylinders on a pre-patterned substrate showing in-plane orientation in thick regions (50 nm) and out-of-plane orientation in thin regions

This method unlocks the long-range ordering of BCP nanostructures by confinement and enables density multiplication [START_REF] Maher | Directed self-assembly of silicon-containing block copolymer thin films[END_REF], [START_REF] Cheng | Fabrication of nanostructures with long-range order using block copolymer lithography[END_REF], [START_REF] Tiron | Optimization of block copolymer self-assembly through graphoepitaxy: A defectivity study[END_REF]- [START_REF] Cummins | Parallel Arrays of Sub-10 nm Aligned Germanium Nanofins from an in Situ Metal Oxide Hardmask using Directed Self-Assembly of Block Copolymers[END_REF] (Figures 20.e-f), which are two of the main limitations for application of BCPs in microelectronics. Graphoepitaxy also unlocks novel nonnative morphologies such as spirals [36] (Figure 20.g) or ladders [START_REF] Do | Directed self-assembly of a two-state block copolymer system[END_REF] due to confinement effects.

I.1.C.ii/ Chemical epitaxy

Chemical epitaxy consists in modifying the surface energy of the substrate with a spatially defined pattern to guide the self-assembly process (Figure 21.a). The most common technique to create this chemical pattern is coating either an RCP or a SAM layer on the substrate, followed by the deposition of a chemical resist that is used to pattern the aforementioned layer. After development of the resist pattern, a second grafting procedure with a chemically distinct RCP or SAM layer is applied in the exposed regions [START_REF] Gunkel | Directing Block Copolymer Self-Assembly on Patterned Substrates[END_REF], [START_REF] Kim | Epitaxial selfassembly of block copolymers on lithographically define d nanopatterned substrates[END_REF]. This methodology leads to the generation of a chemical pattern having selective affinities with the BCP domains, and thus enables the longrange ordering of BCP structures.

As graphoepitaxy, chemical epitaxy is enabled by top-down techniques in order to create a well-defined chemical pattern on the substrate, which further leads to a lower defect density of BCP structure and/or a directed alignment. Experimentally, two parameters are important to implement DSA of BCPs with this technique:

 The chemical modification pattern shape and size, requiring a commensurable ratio with the BCP domain spacing.

 The surface energies of modified and unmodified areas, requiring an adequate contrast to provide different affinity with respect to the BCP domains. (c) SEM images of a hexagonal pattern (right) of PS-b-PMMA cylinders self-assembled on top of a surface modified substrate (left) with a pattern having twice the BCP period [START_REF] Ruiz | Density Multiplication and Improved Lithography by Directed Block Copolymer Assembly[END_REF]. (d) Schematics and SEM image of PS-b-PMMA assembled on a chemical pattern fabricated using a two-step exposure process [START_REF] Stoykovich | Directed Self-Assembly of Block Copolymers for Nanolithography: Fabrication of Isolated Features and Essential Integrated Circuit Geometries[END_REF]. (e) Directed self-assembly of a lamellar PS-b-PMMA in trenches with different substrate coating composition [START_REF] Han | Graphoepitaxial assembly of symmetric block copolymers on weakly preferential substrates[END_REF].

This method unlocks long-range ordering and/or density multiplication [START_REF] Maher | Directed self-assembly of silicon-containing block copolymer thin films[END_REF], [START_REF] Kim | Epitaxial selfassembly of block copolymers on lithographically define d nanopatterned substrates[END_REF]- [START_REF] Ruiz | Density Multiplication and Improved Lithography by Directed Block Copolymer Assembly[END_REF],

[97], [START_REF] Liu | Chemical patterns for directed self-assembly of lamellae-forming block copolymers with density multiplication of features[END_REF] [95], [START_REF] Stoykovich | Directed Assembly of Block Copolymer Blends into Nonregular Device-Oriented Structures[END_REF]. Other groups have also developed processes that use both graphoepitaxy and chemical tuning of interfaces to induce long-range order with a precise orientation of the BCP structure (Figure 21.e) [START_REF] Han | Graphoepitaxial assembly of symmetric block copolymers on weakly preferential substrates[END_REF], [START_REF] Park | Directed Assembly of Lamellae-Forming Block Copolymers by Using Chemically and Topographically Patterned Substrates[END_REF].

I.1.C.iii/ External Stimuli for DSA

Different external stimuli can be used for promoting the BCP self-assembly process or for guiding the self-assembled BCP structure in a specific direction [START_REF] Hu | Directed self-Assembly of block copolymers: A tutorial review of strategies for enabling nanotechnology with soft matter[END_REF].

A first type of stimuli is based on shear alignment through the application of a mechanical stress in a particular direction during annealing. Several shear geometries are presented in Figure [START_REF] Crossland | Freestanding nanowire arrays from soft-etch block copolymer templates[END_REF] and (e) PS-b-PMMA cylinders in a side-by-side electrode configuration [START_REF] Olszowka | Electric field alignment of a block copolymer nanopattern: direct observation of the microscopic mechanism[END_REF]. Zone annealing of PS-b-PMMA cylinders by (f) CZA-SS [START_REF] Singh | Dynamic thermal field-induced gradient soft-shear for highly oriented block copolymer thin films[END_REF] and (g) SS-LZA [START_REF] Majewski | Millisecond Ordering of Block Copolymer Films via Photothermal Gradients[END_REF].

Self-assembly can also be directed using electrical or magnetic fields during an annealing process above the 𝑇 𝑔 of both blocks. The driving force is the minimization of electrostatic or magnetostatic energy by orientating the chains along the applied field [START_REF] Hu | Directed self-Assembly of block copolymers: A tutorial review of strategies for enabling nanotechnology with soft matter[END_REF]. Obviously, this method requires a high enough dielectric permittivity or magnetic susceptibility contrast between the BCP domains to be efficient. For an electrical field alignment, two set-ups have been reported

in the literature: either by sandwiching the BCP thin film between two electrodes (Figure 22.d) [START_REF] Crossland | Freestanding nanowire arrays from soft-etch block copolymer templates[END_REF], or by depositing a BCP thin film between two electrodes previously deposited on a substrate with a thin gap (Figure 22.e) [START_REF] Olszowka | Electric field alignment of a block copolymer nanopattern: direct observation of the microscopic mechanism[END_REF]. Then a voltage is applied between both electrodes during solvent or thermal annealing to promote self-assembly along the electrical field direction.

Magnetic field alignment shares the same procedure, with magnetic field instead of electrical field [START_REF] Gopinadhan | Thermally switchable aligned nanopores by magnetic-field directed self-assembly of block copolymers[END_REF].

A last type of directing stimuli is called zone annealing and consists in applying a thermal gradient field to a BCP thin film that is confined between a solid substrate interface and a soft pad, usually in PDMS. This process creates a gradient soft-shear field, which will further direct the selfassembly along this thermal gradient direction. In order to be efficient, thermal gradient has to be sharp enough, to induce sharp fields at the nanometric scale. A first method, named Cold Zone Annealing Soft Shear (CZA-SS), consists in moving the sample by pushing the PDMS pad through a hot and a cold zone (Figure 22.f) [START_REF] Singh | Dynamic thermal field-induced gradient soft-shear for highly oriented block copolymer thin films[END_REF]. A second one relies on a "sweeping" thermal annealing using a focused laser, named Soft Shear Laser Zone Annealing (SS-LZA) (Figure 22.g) [START_REF] Majewski | Millisecond Ordering of Block Copolymer Films via Photothermal Gradients[END_REF]. An interesting feature of this technique is the possibility to use a patterned PDMS pad, which can spatially define zones with long-range ordering on the BCP thin film.

I.1.D/ PS-b-PMMA phase diagram

PS-b-PMMA is one of the most studied diblock copolymers in literature. Indeed, the sequential anionic polymerization of PS-b-PMMA offers a fine control of the macromolecular architecture, while the conditions of self-assembly via thermal annealing are well-mastered.

Besides, the molar weight of the repeating units, the surface energies 𝛾, the glass transition temperatures 𝑇 𝑔 , the statistical segment lengths 𝑎 as well as the densities 𝜌 of each block are very similar (Table 2), which is an asset to predict accurately the phase separation behavior.

Furthermore, most of the DSA processes, discussed in the I. 105 [START_REF] Gaur | Heat Capacity and Other Thermodynamic Properties of Linear Macromolecules VI. Acrylic Polymers[END_REF] 0.74 [START_REF] Ferry | Viscoelastic Properties of Polymers[END_REF] 1.19 at 25°C [START_REF] Hartmann | Immersion apparatus for ultrasonic measurements in polymers[END_REF] Table 2. PS and PMMA physical and chemical characteristics. For 𝛾, the temperature is in Celsius degree

Usually, PS-b-PMMA BCPs are synthesized by a living anionic polymerization [START_REF] Jagur-Grodzinski | Functional polymers by living anionic polymerization[END_REF] in tetrahydrofuran (THF) at -78 °C under vacuum in dry conditions, using a strong base such as sec-Butyllithium (sec-BuLi) as initiator. Firstly, a PS block is polymerized, then it is end-capped by 1,1diphenylethylene (DPE) or a derivative of DPE, followed by the polymerization of the PMMA block.

This system exhibits a low 𝜒 value, between 0.03 and 0.04 at 100 °C according to the literature, and the temperature dependences are listed in Table 3. For a symmetrical composition, using 𝜒 = 0.038 at 100 °C as the median value from literature, the 𝜒𝑁 > 10.5 condition is obtained for 𝑁 = 276. Using Equation ( 4), a theoretical minimum domain spacing at 19 nm is found, which is experimentally observed in literature [START_REF] Chevalier | Scaling-down lithographic dimensions with block-copolymer materials: 10-nm-sized features with poly(styrene)-block -poly(methylmethacrylate)[END_REF], [START_REF] Sivaniah | Symmetric diblock copolymer thin films on rough substrates: Microdomain periodicity in pure and blended films[END_REF]. Table 4 references a summary of self-assembled thin film studies using PS-b-PMMA from the literature. Using 𝜒 = 0.038, it is also possible to calculate the theoretical domain spacing [18] which is referenced in Table 4. Macromolecular characteristics of different PS-b-PMMA from literature with the corresponding phase and domain spacing (measured by AFM a , SEM b , SAXS c ), and the calculated theoretical domain spacing [18].

Method

The experimental data extracted from this survey can be compared with the theoretical phase diagram (Figure 23.a), as well as with the expected dependency of domain spacing with the degree of polymerization (Figure 23.b). As shown below, a very good agreement was obtained between the experimental and theoretical data, clearly demonstrating the robustness of the BCP phase behavior theory when applied to this particular system. [11]. (b) observed domain spacing compared to the calculated one using the theory developed by Matsen et al. [18]. Circles, squares, lozenges, triangles, stars and crosses are PS cylinders, lamellae, gyroid or perforated lamellae, PMMA cylinders, PMMA spheres and disordered phase, respectively.

Finally, self-assembled thin films made from PS-b-PMMA are also interesting because of the possibility to subsequently hybridize the nanostructures. Indeed, the PMMA domains can be selectively removed using the appropriate wet or dry etch treatments or swelled (the so-called surface reconstruction) for further chemical loadings. Recently, the sequential infiltration synthesis (SIS) method has also been demonstrated for PS-b-PMMA BCPs. These various hybridization processes are discussed in the next part.

I.2/ Functionalization and hybridization of BCP thin films

Polymers intrinsically display interesting properties due to their chemical composition, such as optical, electrical, or mechanical properties [128]. Nevertheless, a path forward to enhance functionality in (nanostructured) polymers is related to the hybridization of the segregated domains [START_REF] Lazzari | Block Copolymers as a Tool for Nanomaterial Fabrication[END_REF]. Consequently, various chemical or physical-chemical processes have been developed in order to enhance the breath of functionalities of BCP thin films (Figure 24). 

I.2.A/ Chemical modification

Depending on the chemical moieties of each block, it is possible to modify the chemical nature of a specific block to afford specific physical-chemical responses.

An interesting chemical modification with applications to the control of the self-assembly behavior of BCPs is cross-linking (i.e. the formation of covalent or physical bonds between individual chains), which leads to a drastic change in the polymer physical properties (e.g. toughening, solvent insolubility, etc.). Several processes can initiate cross-linking in polymers, such as radical formation via thermal annealing or irradiations, or the incorporation of crosslinking agents. For BCP systems, the privileged process is exposure to UV radiations, since thermal annealing or the addition of crosslinking agents can strongly impact the self-assembly behavior. Crosslinking can be used to "lock" a metastable morphology [START_REF] Tietz | Stabilizing the microphase separation of block copolymers by controlled photo-crosslinking[END_REF], to modify the domain spacing of a BCP structure [START_REF] Kim | Size control and registration of nano-structured thin films by cross-linkable units[END_REF] (Figure 25.a), to render insoluble a BCP thin film for further layering [START_REF] Kim | Size control and registration of nano-structured thin films by cross-linkable units[END_REF]- [START_REF] Jung | Three-dimensional multilayered nanostructures with controlled orientation of microdomains from cross-linkable block copolymers[END_REF] (Figure 25.a), to selectively crosslink one BCP domain for improved contrast etching [START_REF] Rose | Three-dimensional mesoporous structures fabricated by independent stacking of self-assembled films on suspended membranes[END_REF], [START_REF] Li | Fabrication of robust honeycomb polymer films: A facile photochemical crosslinking process[END_REF] (Figure 25.b). In most of the cases, the crosslinking process involves a PS block as it can be cross-linked via UV exposure [START_REF] Li | Fabrication of robust honeycomb polymer films: A facile photochemical crosslinking process[END_REF], or through post-modification [START_REF] Jung | Three-dimensional multilayered nanostructures with controlled orientation of microdomains from cross-linkable block copolymers[END_REF]. It is noteworthy that a particular block can be also copolymerized with a reactive co-monomer in order to improve the crosslinking efficiency [START_REF] Kim | Size control and registration of nano-structured thin films by cross-linkable units[END_REF].

Heteroatom-containing BCPs can also undergo an interesting chemical modification by an oxidation process. The most popular are silicon containing BCPs, such as PS-b-PDMS, that can be oxidized in SiO2 by an oxygen plasma treatment [START_REF] Chen | The stability of radio-frequency plasma-treated polydimethylsiloxane surfaces[END_REF]- [START_REF] Hirai | One-step direct-patterning template utilizing self-assembly of POSScontaining block copolymers[END_REF]. This treatment usually removes as well the other block(s) (Figure 25.c) leading to a "hard mask" for further transfer in a substrate of interest [START_REF] Lo | Silicon-containing block copolymers for lithographic applications[END_REF]. It is also possible to selectively ceramize a BCP domain by adding a sol-gel precursor during the formation of the BCP thin film [START_REF] Wan | Nanostructured non-oxide ceramics templated via block copolymer self-assembly[END_REF]. 

I.2.B/ Selective swelling of BCP domains

The selective swelling of a particular BCP domain in a nanostructured thin film can also be used to obtain morphologies or patterns that are not achievable otherwise. For instance, surface reconstruction has been first employed by Mori et al. in 1994 [141] and popularized by the Matsen group in 2003 [START_REF] Xu | Block copolymer surface reconstruction: A reversible route to nanoporous films[END_REF]. This term indicates a selective swelling of one particular BCP domain until it expands out of its registered position. The mechanism is often reversible by heating above 𝑇 𝑔 (Figure 26.a). This reversibility demonstrates that the BCP chains are not damaged during the process, especially the covalent bond between the two blocks. Typically, surface reconstruction is used to create protuberances from cylindrical morphology by plunging a BCP film into a solvent bath.

This process has been widely used to create nanopores [START_REF] Xu | Block copolymer surface reconstruction: A reversible route to nanoporous films[END_REF], [START_REF] Wang | An emerging pore-making strategy: Confined swelling-induced pore generation in block copolymer materials[END_REF] 

I.2.C/ Etching processes for the selective removal of a BCP domain

The two major types of etching processes used in BCP nanofabrication are wet etching, using liquid chemicals or liquid etchants to dissolve material, and dry etching, using plasma or etchant gases to remove the material. For both processes, the selectivity and etching rate are related to the BCP chemical composition [START_REF] Muramatsu | Nanopatterning of diblock copolymer directed self-assembly lithography with wet development[END_REF]. This etching step is crucial for lithographic applications in order to transform a nanostructured BCP thin film into a mask [START_REF] Rathsack | Pattern scaling with directed self assembly through lithography and etch process integration[END_REF]. For wet etching processes, a solvent that solubilizes one specific block is obviously a good candidate for selective etching. However, the covalent bond between the blocks will prevent the solubilized block to be completely removed from the BCP layer, and a surface reconstruction will commonly occur instead of etching (Figure 27.c). Thus, a pretreatment (e.g. a short UV exposure [START_REF] Muramatsu | Nanopatterning of diblock copolymer directed self-assembly lithography with wet development[END_REF], [START_REF] Gharbi | PMMA removal options by wet development in PS-b -PMMA block copolymer for nanolithographic mask fabrication[END_REF]- [START_REF] Lee | Hierarchically organized carbon nanotube arrays from self-assembled block copolymer nanotemplates[END_REF], a short e-beam exposure [START_REF] Muramatsu | Nanopatterning of diblock copolymer directed self-assembly lithography with wet development[END_REF], [START_REF] Gharbi | PMMA removal options by wet development in PS-b -PMMA block copolymer for nanolithographic mask fabrication[END_REF], a ion implantation [START_REF] Gharbi | PMMA removal options by wet development in PS-b -PMMA block copolymer for nanolithographic mask fabrication[END_REF]) is needed to partially degrade one block or at least "break" some covalent bonds of the BCP chains. Then, a rinsing step by dipping the BCP film into a well-chosen solvent bath is enough to perform the wet development (Figure 27.d). One of the main solvents used for PS-b-PMMA surface reconstruction is acetic acid, which solubilizes PMMA but not PS. It is noteworthy that a too long UV pretreatment can be counterproductive as it promotes polymer crosslinking and degradation [START_REF] Freychet | Removal of poly(methyl methacrylate) in diblock copolymers films studied by grazing incidence small-angle X-ray scattering[END_REF].

For dry etching processes, the etching rates are highly dependent on the material chemistry but also on the plasma composition. Many studies have focused on this topic with the aim to find the most selective plasma toward a chosen BCP system. Indeed, this selectivity enables a proper development of a BCP mask, i.e. keeping the highest thickness of the resulting pattern. 

I.2.D/ Infiltration of a selective BCP domain

In thin film configuration, polymers have the ability to be infiltrated by diffusion of species.

Such behavior is a strong asset to functionalize BCP thin films with various oxide or metallic precursors. Furthermore, the chemical differences between the blocks can lead to a selective incorporation of the infiltrated materials in a particular BCP domain [START_REF] Cummins | Strategies for Inorganic Incorporation using Neat Block Copolymer Thin Films for Etch Mask Function and Nanotechnological Application[END_REF]. These chemicals can be loaded in thin films from gaseous or liquid phases, resulting to the formation of metals or oxides after specific post-treatments.

I.2.D.i/ Vapor phase infiltration

Among the different chemical vapor deposition (CVD) processes, atomic layer deposition (ALD) shows very interesting performance due to a high control of the chemical reactions based on self-limiting mechanisms. Briefly, ALD consists in repetitive cycles, which deposit each time a monolayer of the two precursors needed to form the chemical of interest on top of a substrate placed in a vacuum chamber [START_REF] Johnson | A brief review of atomic layer deposition: From fundamentals to applications[END_REF]. Each cycle is composed of several steps, which are summed up in Figure 28.a:

 The vapor phase precursor A is pulsed in excess in the chamber;

 The precursor A is adsorbed / reacting at the substrate surface creating a homogeneous layer;

 The excess of precursor A (and potential by-products) are removed by an inert gas carrier, usually N2;

 The vapor phase precursor B is pulsed in excess in the chamber;

 The precursors A and B react together, usually by an oxidation reaction;

 The excess of precursor B and the reaction by-products are removed by the same carrier gas.

This process was transposed to BCP infiltration by increasing the duration of precursor pulses, allowing the absorption and diffusion of chemical species into a selective block. According to the sequence of pulses, three different processes have been developed, sequential infiltration synthesis (SIS), multiple pulsed infiltration (MPI) and sequential vapor infiltration (SVI) (Figure However, two limiting parameters of this method remain: i) the reaction temperature to perform the diffusion and the reaction between the precursors has to be low enough in order to not modify the self-assembly or degrade the BCP layer; ii) and the precursors molecules should be small enough to diffuse into the polymer matrix. Knowing these constraints, the process have PS-b-PMMA is a good candidate for SIS because of the carbonyl function of PMMA, which was demonstrated to trap ALD precursors, even if the mechanism is not fully understood yet [START_REF] Leng | Vapor phase infiltration (VPI) for transforming polymers into organic-inorganic hybrid materials: A critical review of current progress and future challenges[END_REF], [START_REF] Dandley | Temperature-dependent reaction between trimethylaluminum and poly(methyl methacrylate) during sequential vapor infiltration: experimental and ab initio analysis[END_REF]. For a given couple of precursors and a BCP system, many operating parameters can be optimized to modify the infiltration process, such as the type of SIS, the number and duration of each cycle (precursor A, B and purge), the chamber temperature, etc. [START_REF] Kim | Mechanistic understanding of tungsten oxide in-plane nanostructure growth: Via sequential infiltration synthesis[END_REF], [START_REF] Zhou | Fabrication of Nanoporous Alumina Ultrafiltration Membrane with Tunable Pore Size Using Block Copolymer Templates[END_REF], [START_REF] Yin | Highly ordered TiO 2 nanostructures by sequential vapour infiltration of block copolymer micellar films in an atomic layer deposition reactor[END_REF]. This This infiltration process can also be used to toughen a BCP mask for further pattern transfer [START_REF] Tseng | Enhanced block copolymer lithography using sequential infiltration synthesis[END_REF], or to generate well-defined metal oxide nanostructures [START_REF] Azoulay | Metal Oxide Heterostructure Array via Spatially Controlled-Growth within Block Copolymer Templates[END_REF]. Interestingly, Otherwise, the most common physical vapor deposition (PVD) processes are sputtering and evaporation, which does not usually show chemical selectivity to a particular BCP domain since they are based on physical processes. However, Lopes and Jeager [START_REF] Lopes | Hierarchical self-assembly of metal nanostructures on diblock copolymer scaffolds[END_REF] showed that thermal evaporation of metals can be used to selectively decorate PS-b-PMMA thin films. Indeed, for low metal thickness -less than 0.6 nm -the thermal evaporation process on top of a BCP layer is not homogeneous, and a "selective" deposition occurs on top of a specific domain. For Au and Ag, the PS domains are preferred, while for In, Pb, Sn and Bi, the PMMA domains are selectively covered by the metals. Thus, metal nanowires, nanochains or nanoparticles can be selectively grown onto PS or PMMA domains.

I.2.D.ii/ Liquid phase infiltration

Another route to modify a specific domain of a BCP nanostructure with metallic precursors is called metal impregnation. It consists in dipping a BCP thin film in a solution containing metallic ions in order to initiate the diffusion of the species into a specific BCP domain. Indeed, the ions can be selectively complexed through macromolecular engineering of the BCP architecture, i.e. using the appropriate functional groups. The most common BCPs for metal impregnation is PS-b-PxVP (x=2 or 4) in association to [MCl4] n-metal ions from salts such as HAuCl4, Na2PdCl4 or Na2PtCl4

[173]- [START_REF] Mun | Nanodomain swelling block copolymer lithography for morphology tunable metal nanopatterning[END_REF]. Different loadings can be obtained by tuning the bath duration and the precursor concentration (Figure 30.a). Typically, metal ions are first dissolved in a diluted HCl aqueous solution leading to the protonation of the nitrogen atoms of PxVP. This yields to the complexation of the anionic metal precursor. Interestingly, this impregnation also induces swelling of the PxVP domains, and it unlocks novel nanostructures through surface reconstruction, such as a nanoring array or a double nanowire array [START_REF] Mun | Nanodomain swelling block copolymer lithography for morphology tunable metal nanopatterning[END_REF] (Figure 30.b).

Unfortunately, metal impregnation for PS-b-PMMA has not been reported since this system does not provide the required functionality to strongly interact with metallic salts.

However, several demonstrations of the formation of gold nanoparticles in a PMMA matrix have been referenced in the literature [START_REF] Abyaneh | Formation of gold nanoparticles in polymethylmethacrylate by UV irradiation[END_REF], [START_REF] Alexandrov | UV-initiated growth of gold nanoparticles in PMMA matrix[END_REF]. Besides, PS-b-PEO has been successfully impregnated with metal salts, such as Fe(NO3)3, Ce(NO3)3 or Cu(NO3)2 by "activating" the PEO domains with ethanol through a surface reconstruction process (i.e. generation of a porous structure), which allows a subsequent salt impregnation by capillary forces and coordination [START_REF] Ghoshal | A general method for controlled nanopatterning of oxide dots: A microphase separated block copolymer platform[END_REF]. It is noteworthy that a final treatment, usually an oxygen plasma or an UV/ozone exposure, is performed to oxidize or reduce the metallic salts into its most stable form and conjointly remove surrounding polymer matrix. Noble metals resist oxidation and are conversely reduced into Au(0), Pt(0) and Pd(0) by oxygen plasma [START_REF] Chai | Assembly of aligned linear metallic patterns on silicon[END_REF], while other metals are oxidized into CuO, CeO2 and Fe3O4 by UV/O3 treatment [START_REF] Ghoshal | A general method for controlled nanopatterning of oxide dots: A microphase separated block copolymer platform[END_REF].

I.2.E/ BCP pattern as template for further oxide or metal addition

It is also possible to "add" metals or oxides in a specific domain using the BCP pattern as a template. The first step of such process consists in a selective etching or in a surface reconstruction of a BCP nanostructure. The resulting pattern is further used as a scaffold for electrodeposition, gaseous deposition or nanoparticle grafting.

In 2000, the Russell group [START_REF] Thurn-Albrecht | Ultrahigh-density nanowire arrays grown in self-assembled diblock copolymer templates[END_REF] transposed the electrodeposition process from inorganic porous to organic porous templates (Figure 31.a). They used an out-of-plane PMMA cylindrical structure deposited on a gold-coated silicon substrate as a template for the growth of metal nanowires by electrodeposition. The PMMA domains were removed by an UV treatment followed by rinsing with acetic acid, leading to a cylindrical nanoporous PS template. Using this process, they were able to form Co and Cu nanowire arrays through electrodeposition from the gold bottom electrode. Another interesting use of electrodeposition in combination to BCP templating was demonstrated for the gyroid morphology. Indeed, such co-continuous structure can be fully impregnated by electrodeposition after removal of one of the domains. This allows the generation of metallic 3D nanostructures with interesting optical properties [START_REF] Vignolini | A 3D optical metamaterial made by self-assembly[END_REF], [START_REF] Salvatore | A high transmission wave-guide wire network made by self-assembly[END_REF].

A different process allowing the formation of oxide or metallic structures from a BCP template is based on the deposition of materials by thermal evaporation, sputtering or ALD [START_REF] Cummins | Strategies for Inorganic Incorporation using Neat Block Copolymer Thin Films for Etch Mask Function and Nanotechnological Application[END_REF].

Then a subsequent stripping of the BCP template leads to the removal of the coated materials in no direct contact with the substrate. This method have been widely used to create metallic lines or arrays of dots and anti-dots, using lamellar [START_REF] Jung | Fabrication of diverse metallic nanowire arrays based on block copolymer self-assembly[END_REF], cylindrical [START_REF] Shin | A Simple Route to Metal Nanodots and Nanoporous Metal Films[END_REF], [START_REF] Hong | Metal nanodot memory by self-assembled block copolymer lift-off[END_REF], [START_REF] Park | From nanorings to nanodots by patterning with block copolymers[END_REF] or spherical [START_REF] Jung | Well-ordered thin-film nanopore arrays formed using a blockcopolymer template[END_REF] scaffolds, respectively. Figures 31.b-c show a typical process flow for the generation of chromium dots by thermal evaporation using a PS-b-PMMA nanostructured layer [START_REF] Hong | Metal nanodot memory by self-assembled block copolymer lift-off[END_REF]. A constraint arises from the inherent anisotropy of this process, that limits its use to 2D BCP scaffolds. However, it has been used by Park et al. [START_REF] Park | From nanorings to nanodots by patterning with block copolymers[END_REF] to create nano-rings thanks to a 5° glancing angle evaporation on top of cylindrical hole pattern preventing a coating inside the pores.

In addition, ALD is also a suitable method to create a coating on a BCP template, allowing the deposition of metal oxides, but also the formation of more complex structures such as nanotubes [START_REF] Ku | Highly ordered freestanding titanium oxide nanotube arrays using Sicontaining block copolymer lithography and atomic layer deposition[END_REF]. 

I.3/ Iterative stacking of BCP layers

The stacking of BCP layers has the potential to add further complexity and functionality to nanostructured BCP thin films. The individual layers can also be hybridized with the various processes described in the previous section, thus expanding the scope of designs for targeted applications in optics, biology or microelectronics. Such methodology, called iterative (directed) self-assembly, affords the generation of 3D nanostructures beyond native BCP morphologies.

I.3.A/ Literature review

The state-of-the-art concerning iterative self-assembly of BCPs is presented via a progress report published in Advanced Materials Interfaces describing the "ins and outs" of the various iterative self-assembly processes referenced in literature [START_REF] Demazy | Non-Native Block Copolymer Thin Film Nanostructures Derived from Iterative Self-Assembly Processes[END_REF]. Four categories of iterative selfassembly processes were identified and the "table-of-content" (see Figure 32) schematically highlights the details of each process:

 A protective layer is inserted between the individual BCP layers to ensure the integrity of the first layer at the time of the deposition of the second BCP layer;

 A direct stacking method in which each individual layer is "immobilized" by a hybridization process (by SIS for instance);

 A method taking advantage of the first layer crosslinking before the second layer spin-coating;

 A process using a transfer mold technique to deposit the second layer on top of the first one. 

I.3.B/ Discussion

This article details four stacking methods that have their pros and cons with respect to the final applications. One of the main objectives of this Ph.D. is to generate 3D nanostructures which are controlled through epitaxial relationships, meaning that the orientation and translational order of each layer is dependent of the previous one. This correlation between layers is called registration, and is required for creating complex nanostructures with enhanced functionality.

Within the four techniques, two of them allow a "native" registration, meaning that the stacked layer ordering is dictated by the underneath layer: the direct stacking method with a topographic registration, and the crosslinking method with a chemical registration. The transfer mold method shows a potential for ex-situ registration through the chosen orientation of the mold with respect to the underneath layer. The last method does not lead to a registration since a protective layer decorrelates the epitaxial ordering between layers. However, in-situ registration shows a major drawback which is the defect propagation between layers. Nevertheless, this limitation can be overcome by using directed self-assembly methods. Nevertheless, the long-range ordering and the registration rules enabling the control of such complex self-assembly process were not deeply tackled in this report and will consequently be the outline of this Ph.D. study. Besides, further tuning of the direct stacking method is envisioned by the control of the interfacial energy between the BCP layers, providing thus a dual registration field (i.e. topographical and chemical).

I.4/ Azobenzene-containing polymers

Polymers bearing azobenzene moieties in their structure have been synthetized over the past few decades for their interesting photochemical properties [START_REF] Yu | Photoresponsive block copolymers containing azobenzenes and other chromophores[END_REF]- [START_REF] Sudesh | Photochemistry of azobenzene-containing polymers[END_REF]. In the field of BCP self-assembly, such materials can be used to generate topographical fields for the long-range ordering of BCP thin films.

I.4.A/ Cis-Trans photoisomerization

The azobenzene molecule and its derivatives have a chemical structure including a N=N double bond sandwiched between two benzene π-systems that can undergo an isomerization from the stable trans configuration to a less stable cis configuration under photo-irradiation (around 400nm depending on the side groups) (Figure 34). This unstable conformation quickly relaxes -within a few seconds -to the stable trans configuration at room temperature since the energy gap is a few kcal [START_REF] Sudesh | Photochemistry of azobenzene-containing polymers[END_REF]- [START_REF] Fischer | Temperature Dependence of Photoisomerization Equilibria. Part I. Azobenzene and the Azonaphthalenes[END_REF]. These molecules have demonstrated a strong potential for applications as dye in optoelectronics [START_REF] Ikeda | Optical switching and image storage by means of azobenzene liquid-crystal films[END_REF], [START_REF] Tamai | Ultrafast Dynamics of Photochromic Systems[END_REF] or as photo-regulators for biology purposes [START_REF] Asanuma | Enantioselective incorporation of azobenzenes into oligodeoxyribonucleotide for effective photoregulation of duplex formation[END_REF], [START_REF] Asanuma | Photoregulation of the formation and dissociation of a DNA duplex by using the cis-trans isomerization of azobenzene[END_REF]. It can also be associated to polymers to form photo-responsive polymers for which stimuli-responsiveness is triggered by irradiation [START_REF] Sudesh | Photochemistry of azobenzene-containing polymers[END_REF].

I.4.B/ Surface Relief Gratings

In 1995, Kim et al. performed the first photo-isomerization on an azobenzene-containing polymer thin film in order to induce a surface corrugation called surface relief gratings (SRG) [START_REF] Kim | Polarized Laser Induced Holographic Surface Relief Gratings on Polymer Films[END_REF]. Experimentally, the generation of SRG into an azobenzene-containing polymer layer requires to apply illumination with a controlled pattern. Since it is possible to use visible light, the most simple and common setup is a Lloyd's mirror interferometer with a laser to form perfectly defined parallel interference fringes, leading to the formation of a wavy pattern (Figures 35.a-c). [START_REF] De Boor | Three-beam interference lithography: upgrading a Lloyd's interferometer for single-exposure hexagonal patterning[END_REF]. (f) AFM image of the SRG pattern formed after two orthogonal exposures on an azobenzene-containing thin film [START_REF] Sabat | Dependence of surface plasmon polarization conversion on the grating pitch[END_REF]. (g) SEM image of a quasicrystal made by the SRG patterning of a photoresist through a process composed of six exposures with different angles (0°, 30°, 60°, 90°, 120°and 150°) [START_REF] Yeo | Fabrication of Si-based two-dimensional photonic quasicrystals by using multiple-exposure holographic lithography[END_REF]. (h) Schematics of the formation of gold pattern using a SRG mask and SEM images of (i) strips made with one exposure and (j) squared dots made with two orthogonal exposures [START_REF] Kravchenko | Photolithographic periodic patterning of gold using azobenzene-functionalized polymers[END_REF].

Figure 35. Schematics of (a) Lloyd's mirror interferometer applied to the formation of a SRG pattern into an azobenzene thin film and (b) light intensity profile and SRG induced to the film. (c) AFM three dimensional view of SRG on an azobenzene-containing polymer [201] (d) Experimental two mirror Lloyd's interferometer and (e) hexagonal pattern created with it on a photoresist thin film

This technique is very convenient because it is possible to tune the periodicity of the pattern 𝑑 by changing the incident angle 𝜃 or the light source wavelength 𝜆 (Equation ( 9)). Also, the grating amplitude can be easily tuned by controlling the exposure time, the film thickness, the light source power and its polarization [START_REF] Sakhno | Deep surface relief grating in azobenzene-containing materials using a low-intensity 532 nm laser[END_REF] 

𝑑 = 𝜆 2𝑠𝑖𝑛(𝜃) (9) 
It is also possible to create hexagonal interference pattern using a two mirrors Lloyd's interferometer (Figures 35.d-e), or by doing two standard SRG inscription with an angle of 60°

between them [START_REF] De Boor | Three-beam interference lithography: upgrading a Lloyd's interferometer for single-exposure hexagonal patterning[END_REF]. Such type of procedures has been used for the formation of a squared matrix of dots into azobenzene-containing thin film via two orthogonal exposures, called crossed surface relief gratings (CSRG) [START_REF] Sabat | Dependence of surface plasmon polarization conversion on the grating pitch[END_REF], [START_REF] Sakhno | Deep surface relief grating in azobenzene-containing materials using a low-intensity 532 nm laser[END_REF], [START_REF] Nair | Crossed Surface Relief Gratings as Nanoplasmonic Biosensors[END_REF] (Figure 35.f). Interestingly, such kind of multiple exposures by rotating the sample have also been theoretically and experimentally studied to form quasicrystals [START_REF] Yeo | Fabrication of Si-based two-dimensional photonic quasicrystals by using multiple-exposure holographic lithography[END_REF], [START_REF] Hassanzadeh | Multiexposure laser interference lithography[END_REF], [START_REF] Jia | Level set photonic quasicrystals with phase parameters[END_REF] (Figure 35.g). These SRG patterns can be further exposed to a controlled plasma etching in order to create a mask for the patterning of a metallic layer [START_REF] Kravchenko | Photolithographic periodic patterning of gold using azobenzene-functionalized polymers[END_REF],

[210] (Figures 35.h-j). Another route for creating metallic features from SRG patterns have been developed by Moerland et al. [START_REF] Moerland | Large-area arrays of three-dimensional plasmonic subwavelengthsized structures from azopolymer surface-relief gratings[END_REF], and it consists in sputtering a gold layer above a SRG pattern followed by an ion milling step to etch the thinnest areas.

Several theories on the formation of SRG patterns have been developed to explain this nontrivial phenomenon. Indeed, the generation of the patterns occurs at room temperature which is often below the 𝑇 𝑔 of the polymer layer [START_REF] Fukuda | Photofabrication of surface relief grating on films of azobenzene polymer with different dye functionalization[END_REF].

A first theory, proposed by Rochon et al. in 1995, is based on a thermo-physical process that induces mass diffusion by a local photo-thermal heating above 𝑇 𝑔 [START_REF] Rochon | Optically induced surface gratings on azoaromatic polymer films[END_REF]. A second theory have been proposed by [START_REF] Barrett | Mechanism of optically inscribed highefficiency diffraction gratings in azo polymer films[END_REF], suggesting that an internal pressure arises from the regions where the cyclic isomerization occurs, leading to a gradient pressure that displaces the matter [START_REF] Barrett | Mechanism of optically inscribed highefficiency diffraction gratings in azo polymer films[END_REF]. Both of these theories are not enough to fully apprehend SRG as completely different behaviors between s-polarization and p-polarization (not taken into account in both theoretical frameworks) have been experimentally observed. In fact, SRG is only possible with a p-polarized light [START_REF] Jiang | Unusual polarization dependent optical erasure of surface relief gratings on azobenzene polymer films[END_REF]. A third theory developed by Lefin et al. in 1998 explains that SRG is driven by the chromophore displacement along the excitation direction which generates a flow of matter in the volume of the SRG layer [START_REF] Lefin | Anisotropy of the photoinduced translation diffusion of azo-dyes[END_REF]. Nonetheless, the SRG mechanism has been demonstrated to be initiated on the layer surface [START_REF] Viswanathan | Surface-initiated mechanism for the formation of relief gratings on azo-polymer films[END_REF], disproving this particular theory. Then, Kumar et al. proposed in 1998 a theory based on a matter displacement induced by interactions between the dipoles of the azobenzene moieties and light. These interactions would generate an electrical field leading to a gradient force [START_REF] Kumar | Gradient force: The mechanism for surface relief grating formation in azobenzene functionalized polymers[END_REF]. More recently, in 2014, Hurduc et al. proposed an athermal photofluidization mechanism to explain SRG [START_REF] Hurduc | Direct observation of athermal photofluidisation in azo-polymer films[END_REF].

Obviously, a consolidated theory on the formation of SRG has not been reached yet, but the two mechanisms that seem to be the most probable are the mechanical stress and the photofluidization [START_REF] Yadavalli | A comparative study of photoinduced deformation in azobenzene containing polymer films[END_REF], [START_REF] Weis | Photoinduced Liquefaction of Azobenzene-Containing Polymers[END_REF].

I.4.C/ BCP self-assembly induced by SRG

Since the emergence of azobenzene-containing polymers, synergies with BCPs have been studied to improve the control of the self-assembly behavior. There are mostly two routes: using the SRG property to generate guiding patterns for BCP directed self-assembly, or using the response of azobenzene moieties (usually grafted on the backbone of a BCP chain) to a polarized illumination to trigger directional ordering of BCP structure during the self-assembly process.

I.4.C.i/ SRG patterns for directed self-assembly

As explained before, azobenzene-containing layers can produce perfectly defined patterns through SRG with a periodicity of several hundreds of nanometers (Equation ( 9)). These patterns can be further used to generate topographical fields (as in graphoepitaxy) with tunable amplitude This method seems to be interesting since it requires a simple setup compared to conventional lithography and the pattern periodicity and amplitude can be easily tuned with respect to the BCP system. The main drawbacks are that only few pattern symmetries are achievable, with a minimal size of 𝜆/2 that physically cannot be overcome.

I.4.C.ii/ Azobenzene-containing block copolymers

Another route to take advantage of the peculiar property of azobenzene moieties in BCP self-assembly is to incorporate them in a BCP architecture. The azobenzene moiety is often located on a poly(methacrylate) block, unlocking a light trigger during self-assembly process. These azobenzene moieties are attached to a long alkyl chain, which can further produce a liquid-crystal behavior that can be orientated according to the light polarization direction [START_REF] Zhao | Azobenzene-containing block copolymers: The interplay of light and morphology enables new functions[END_REF], [START_REF] Yu | Photoinduced alignment of nanocylinders in an amphiphilic diblock liquid-crystalline copolymer by supramolecular cooperative motions[END_REF].

For instance, Morikawa et al. used this effect to induce the orientation of PS cylinders into a matrix of a polymethacrylate containing azobenzene moieties (azoPMA) with polarized light followed by an annealing step at 130°C (Figure 37.a) [START_REF] Morikawa | Photoinduced 3D ordering and patterning of microphase-separated nanostructure in polystyrene-based block copolymer[END_REF]. Interestingly, it is possible to successively order the cylindrical structure following different directions by repeating this process. Furthermore, by adding a mask during irradiation, it is possible to control the cylinder orientation over selected areas. More recently, the same group improved the method with a Lloyd's mirror interference setup able to directly control the orientation of PEO-b-azoPMA cylinders within the SRG pattern.

They obtained the same type of result as before with a mask, i.e. two different side-by-side orientations within the same thin film, but without using a mask. In this case, they achieved inplane cylinders in the thin regions and out-of-plane cylinders in the thick regions (Figures 37.b-c) [START_REF] Morikawa | Optical alignment and patterning of nanoscale microdomains in a block copolymer thin film[END_REF].

This route to control the orientation of BCP structure has a great advantage since it uses polarized light which is easy to produce and manipulate. However, the incorporation of an azobenzene moiety in a polymer backbone is highly challenging from a synthetic point-of-view.

This could explain why the use of azobenzene-containing BCPs is not a common method for DSA in the literature.

I.5/ Conclusions and Ph.D. objectives

In this chapter, BCP self-assembly have been introduced with an emphasis on this use to spontaneously generate various structures at a nanometric length scale. We also highlighted the versatility offered by the panoply of block chemistries in order to add functional properties to a BCP structure. Furthermore, it was demonstrated that BCP thin films are also compatible with layer stacking processes for the production of novel non-native nanostructures, which expand the interest of BCP self-assembly for nano-manufacturing. In particular, further opportunities could be envisioned for specific applications in many technological fields; e.g. for electronics (lithographic mask, storage media, microelectronics), optics (photonic, absorption, photovoltaic), biology (membrane, sensor) and chemistry (catalyst, nanoparticle synthesis) [START_REF] Cummins | Enabling future nanomanufacturing through block copolymer self-assembly: A review[END_REF]- [START_REF] Kim | Block Copolymer Based Nanostructures: Materials, Processes, and Applications to Electronics[END_REF].

Accordingly, the core objectives of this work range from the implementation of robust selfassembly processes for BCP iterative self-assembly to an in-depth understanding of the registration mechanisms between the different layers. To achieve these ambitious objectives, we chose the PS-b-PMMA system as it allows leveraging the well-mastered microphase separation behavior of this system to a more complex iterative layering method.

In the first experimental chapter of this Ph.D., a complementary study on the use of azobenzene-containing (co)polymers in the field of DSA is proposed as it is expected to enrich the methodologies to obtain long-range ordering of BCP structures. Such methods could be further used for iterative layering for the production of BCP structures of low defectivity and would allow an easier deciphering of the complex registration processes between BCP layers.

The second experimental chapter is devoted to the production of the various building bricks with a focus on the optimization of the self-assembly processes. The three structural "patterns" targeted during this work are a line & space pattern, a hexagonal dot pattern and a honeycomb pattern, each produced from a different self-assembled monolayer. The study presented in this chapter was performed in order to provide a solid foundation for the following study on iterative layering.

Then, we tackled in the third experimental chapter the core objective of this Ph.D. by implementing the staking of the different patterns previously studied. An important aspect of this chapter is the attention devoted to the understanding of the stacking rules determining the final assembly. This was done by quantifying the importance of topographical and chemical fields as well as commensurability between the building bricks on the registration (alignment and orientation) between the different PS-b-PMMA self-assembled layers. A mapping of the non-native structures obtained by the direct stacking methodology is thus presented as a function of the initial building bricks.

Finally, the last chapter of this thesis is a prospective description of the use of iterative self-assembly for targeted applications with some preliminary experimental results. In particular, applications of iterative self-assembly for data storage and advanced optics are the focus of the study. It is noteworthy that this study was done by "imagining" an ideal nanostructure for a given application, and then demonstrating the ability of iterative self-assembly and hybridization methods to generate it. In this second chapter, two functional uses of azobenzene-containing (co)polymers will be discussed. Firstly, several azobenzene-containing BCPs were studied to observe the potential interplay between BCP phase separation and the photoisomerization from azobenzene moieties.

Another use of azobenzene-containing (co)polymers is related to the formation of topographical patterns from such photoisomerization. Accordingly, a process using azobenzene-containing polymer have been developed to generate fully inorganic periodical patterns with a wide variety of shapes and sizes, that can be further used for directed self-assembly based on topographical fields (i.e. graphoepitaxy).

II.1/ Introduction

Azobenzene-containing (co)polymers present interesting functional properties that can be harnessed for the control of BCP self-assembly among other applications. Indeed, azobenzene moieties undergo a cis-trans isomerization under light stimulus, which produces a mass displacement. By coupling such property with interferential patterning, it is possible to produce a topographical pattern, called surface relief gratings (SRG). Even if a consolidated theory about the formation of SRG patterns has not been yet established (see Chapter I.4.B/), many research groups have been interested by this peculiar property, with about 2000 publications on Google Scholar with "surface relief grating" and "azobenzene" keywords.

In a first part of this chapter, a series of BCPs with azobenzene moieties grafted on one block have been studied to decipher the interplay between self-assembly and SRG. Indeed, literature reports have shown that photo-stimulation coupled with liquid-crystalline phase behavior could trigger the controlled self-assembly of BCPs in thin film configuration. We were interested to transpose this methodology to fully amorphous azobenzene-containing BCPs in order to generate DSA fields by coupling SRG and BCP self-assembly.

In a second part, another strategy taking advantage of the azobenzene photoisomerization for DSA has been developed with the manufacturing of processes able to generate periodical inorganic patterns from SRG. Interestingly, this process does not require advanced lithographic tools, and can be performed in a laboratory environment, producing on-demand patterns with a wide variety of achievable structures and periodicities. Also, some of these patterns were integrated in a DSA flow for the formation of highly ordered PS-b-PMMA patterns in thin films.

II.2/ Directed Self-Assembly enabled by Surface Relief

Gratings

As described in Chapter I.1/, several research groups have demonstrated that azobenzene moieties grafted onto a BCP backbone can enable DSA via a polarized light stimulus. In this case, the azobenzene groups are used to trigger the BCP organization according to the light polarization axis taking advantage of the liquid-crystal behavior. This behavior has been shown to provide long-range ordering for nanostructured liquid-crystalline BCP films [1], [2].

However, (co)polymers bearing azobenzene moieties have also the ability to produce SRG through the exposure of a thin layer to light interferences generated by an interferometer setup.

The resulting topographical structure is a sinusoidal pattern with a wavelength of several hundreds of nanometers. Our group have previously shown that a SRG layer enables the DSA of BCP thin films due to confinement effects [3], [4]. Nevertheless, this approach requires the design and processing of two different polymeric layers (the SRG and BCP layers). Alternatively, both functionalities could be gathered into a single BCP architecture in which one of the block also comprises azobenzene moieties. Such methodology was explored in the following article.

II.2.A/ Optical alignment of azobenzene containing BCP thin films induced by SRG

A novel approach has been presented in Macromolecules [5], describing first the synthesis of a fully amorphous BCP containing azobenzene moieties, and then the optimization of the selfassembly process leading to DSA promoted by SRG as schematically described in 

II.2.B/ Discussion

As demonstrated in this manuscript, the DSA of BCPs containing azobenzene moieties was only observed when SRG was firstly inscribed into the BCP layer. A subsequent solvent vapor annealing provides enough mobility to the BCP chains to gain long range translational order due to the previous alignment of the azobenzene dyes. It is noteworthy that the SVA treatment also flattens the BCP layer (i.e. disappearance of the inscribed SRG pattern) which concurrently induces a matter flow, potential helping the long-range ordering (local shearing). Conversely, no long-range translational order was observed with the inverted process (self-assembly followed by SRG). Indeed, the SRG inscription induces an in-plane directional macroscopic flow of the azobenzene containing chains, leading to an erasure of the self-assembled structure.

Even if this method is an "exotic" way to perform DSA as compared to a standard graphoepitaxy method, it does not require expensive lithographic tools. Besides, it could be coupled to "classic" DSA methodologies, i.e. graphoepitaxy and chemical epitaxy, to enhance the breath of DSA methods. However, a drawback of this approach is the chemical modification requirement of one block to add the azobenzene moieties. Indeed, the design of this type of BCPs represents a synthetic challenge, and also prevents the use of the well-studied BCP systems for which the physico-chemical parameters and annealing protocols are reported. Accordingly, the methods to promote the self-assembly have to be developed for these particular systems taking into account the drastic modifications of the physical-chemical properties induced by the insertion of the azobenzene moieties in the BCP architecture.

II.3/ Substrate nanotexturing with SRG

As observed in the previous section, SRG triggered by the incorporation of azobenzene moieties in a BCP architecture can be integrated in a DSA process. In the following part, we decided to take advantage of polymeric layers containing azobenzene to create complex patterns further used to promote DSA of BCPs.

Indeed, the photoisomerization of azobenzene functional groups allows the formation of perfectly defined patterns by the use of light interferometry, the so-called SRG. These patterns, usually lines with a sinusoidal profile, have a width of a few hundred nanometers (depending of the incident angle and wavelength of the incoming laser), which is one order of magnitude higher than the usual periodicity of self-assembled BCP structures. As described before, these patterns can act as topographical templates in order to guide BCP self-assembly in thin film. In the following part, we aimed at the further improvement of this method. Firstly, the profile of the guides is sinusoidal when solely using SRG of a layer containing azobenzene moieties, which drastically modify the confinement constraints of BCP thin films with respect to the typical trenches with sharp edges usually employed in graphoepitaxy [6]- [8]. Secondly, the current process based on a single exposure of the polymeric layer limits the range of pattern geometries to parallel lines.

Accordingly, we devised novel strategies to expand the breath of applicability of SRG guiding patterns.

II.3.A/ Pattern formation via SRG II.3.A.i/ Line & space topographical patterns made by a "unique SRG" process

The first process consists in creating a sinusoidal wave pattern which is then modified into inorganic lines strongly anchored on the silicon substrate to form a robust textured substrate (Figure 39.a). The wave pattern is inscribed onto an azobenzene thin film using light interference fringes created with a Lloyd interferometer (see Chapter I/Figures 35 andChapter I.4.B/). Then, the thin film is etched by a controlled plasma treatment until only thin small lines obtained from the thicker regions (top of the waves) remain on the substrate. Finally, those lines are transformed into alumina using a SIS process to form a line & space pattern onto a silicon substrate.

The poly(disperse red 1 acrylate) (PDR1A) of 20 kg/mol used for this study was synthesized in our laboratory following a previously reported procedure [3]. A 3 wt.% solution of this polymer was dissolved in tetrahydrofuran (THF) and spin-coated onto a silicon wafer carefully washed in THF. The spin-coating was done at room temperature with a speed of 2000 rpm, leading to a 130 nm thick film. A thermal annealing above 𝑇 𝑔 at 110 °C for 3 hours was performed to flatten the surface, thus reducing the roughness linked to the fast THF evaporation rate.

Figure 39. "Unique SRG" process. (a) Schematics of the patterning process. First a thin PDR1A film is deposited by spin-coating, then a wave pattern is created by Lloyd's mirror interferences (SRG), followed by a plasma etching, producing narrow lines, and finally the pattern is hybridized into alumina by a SIS process. AFM height images and height profiles of the produced wave pattern (b) after SRG (130 nm film -10 min SRG -45° incident angle) and (c) after RIE plasma (50 sec 20 sccm Ar 200 W). Insets are the corresponding FFTs.

Scale bars: 1 µm.

Then, a SRG pattern is created using a Lloyd's mirror interferometer (Figure 39.b). The overall pattern can be defined by the wave size and inter-distance, which are controlled by the SRG inscription duration, the incident angle and the laser power [9].

The wave size is evaluated from the peak-to-valley height, also called amplitude, and increases with the duration and the laser power. Here, the laser power is constant (ca.

50 mW. cm -2 ), thus only the duration of the SRG inscription dictates the wave amplitude. It is noteworthy that the amplitude reaches a plateau after a prolonged exposure depending on exposure conditions [10], [11]. In our case, the maximal amplitude was obtained for an irradiation of 600 s and is around 100 nm.

The inter-distance between the waves was evaluated as the peak-to-peak distance (PPD), and is related to the incident angle 𝜃 by the Equation ( 1). The green laser used in this study has a wavelength of 532 nm, thus it is theoretically possible to reach pattern wavelength from 266 nm to infinite. However, a sufficient light power is needed to induce SRG over a large area, which is geometrically maximized for 𝜃 = 45°, and reduces to 0 for angles at 0° and 90°.

𝑃𝑃𝐷 𝜃 = 𝜆 𝑙𝑎𝑠𝑒𝑟 2𝑠𝑖𝑛(𝜃) (10) 
Here, we choose to work with 𝜃 = 45° in order to produce the largest patterned areas.

This theoretically leads to a PPD 45°= 376 nm. Experimentally, it has been observed PPD 45°= 384 nm on a patterned area about 1 cm². We also choose to work with 𝜃 = 21° to reach PPD 21°= 742 nm which is twice the PPD 45 . Experimentally, such conditions produced a PPD 21°= 780 nm on an area around half the 45° one.

After the formation of the sinusoidal pattern, a plasma step was used to etch the pattern until a complete removal of the polymer film in the valleys. By assuming that the plasma etching is isotropic, it is possible to simulate the pattern profile evolution over time (Figure 40.a, see Annex 3.A/ for the Matlab code). Interestingly, this simulation underlines the presence of a "working window", i.e. between a film breakthrough (no polymer in the valley) and a full polymer removal (layer organic cleaning). Within this working window, it is possible to calculate an aspect ratio of the pattern, defined as the height divided by the full width at half maximum, which is an important for graphoepitaxy purpose. The simulation predicts an increase of the aspect ratio with the etching time. Accordingly, a compromise between the height of the pattern and its aspect ratio has to be targeted for specific commensurability conditions. After the formation of such pattern, a SIS step was used to stiffen the PDR1A into alumina.

Such transformation will preserve the integrity of the topographical pattern at the time of a subsequent BCP layer spin-coating while providing a higher thermal stability during the various annealing steps. Experimentally, the SIS was made following the standard recipe with a sequence of four infiltration cycles (see Annex 1.B.i/). This so-called "unique SRG" process allows the creation of perfectly aligned and spaced lines, which can have a controlled spacing by changing the incident angle during the SRG photo-inscription. Besides, it is rather simple to predict thus control the height and aspect ratio of the pattern.

II.3.A.ii/ Grid patterns made by the repetition of "unique SRG" process ("repeated SRG" process)

It is also possible to slightly modify this process to create more complex patterns. Indeed, the grooves obtained from the "unique SRG" process are especially interesting for the DSA of lamellar BCPs, but other optimized pattern configurations should be more adequate for hexagonal structures obtained from out-of-plane cylinders or hexagonally packed spheres. Additionally, nano-manufacturing often requires the design of complex shapes for targeted applications (e.g. circular bit patterned media for information storage).

A first alternative consists in repeating twice the previous process. Thus, a line & space pattern is firstly created, and then this patterned substrate is used as a standard substrate to perform again the same process. Interestingly, the second SRG photo-inscription is not disturbed by the first one which is in accordance with the large film thickness of 130 nm resulting from the deposition process with respect to the 50 nm pattern height. Then, by rotating the sample within the Lloyd's mirror setup with a controlled angle between the first and second SRG photoinscription, it is possible to create two line & space arrays with a desired angle between them.

Geometrically, hexagonal structures have a 6-fold symmetry. Thus, by rotating the substrate of 60° between each SRG, it is possible to create two arrays which generate lozenges.

Besides, a 90° rotation angle will form squares which could have interesting applications for graphoepitaxy purposes (Figure 41). Moreover, it is possible to use different incident angles for each "unique SRG" process, i.e. changing the PPD of each pattern, which would transform squares into rectangles and lozenges into parallelograms. 

II.3.A.iii/ Pillar patterns made by a "consecutive SRG" process

A third process called "consecutive SRG" process consists in performing a second SRG step directly on top of the first one before the RIE treatment. The sample is also rotated between the SRG photo-inscriptions for instance by 90° and 60° to create an orthogonal and hexagonal structures, respectively (Figure 42.a).

For this process, the most important parameter to control is the effective amplitude of the second SRG photo-inscription with respect to the first one. In this particular configuration, the SRG pattern created by the first photo-inscription has an impact on the second SRG photoinscription. This means that different exposure times are required in order to obtain identical amplitude, thus symmetric geometrical features. Experimentally, it has been showed that isotropic features are formed when the duration of the first SRG is twice the duration of the second. Also, the cumulative duration of first and second SRGs should be equal to the optimal duration of the "unique SRG" process, i.e. 600 s. Otherwise, the saturation of the SRG effect is reached during the second SRG. Thus, the duration of the first and second SRG were chosen to 400 s and 200 s, respectively. Then, the following steps (RIE treatment and SIS) were identical to the "unique SRG" process. Interestingly, this process leads to higher amplitude (around 60 nm). As a note, the pattern height and aspect ratio can be modified by modifying the film thickness, the duration of the SRG photo-inscription and the plasma duration, even if not deeply investigated during this work. Finally, by modifying the order of the SRG and plasma/infiltration steps compared to the "repeated SRG" process, this so-called "consecutive SRG" process allow the production of pillars with controlled disposition, diameter and height. Figures 42.b-c show AFM images of this process before and after plasma/infiltration, with a 90° rotation angle between each SRG performed with a 45° incident angle. The resulting pattern is a perfect square packed pillar pattern with a 384 nm spacing. Performing this process by rotating the sample with a 60° angle instead of 90° leads to the formation of a hexagonally packed pillar pattern (Figures 42.d-e). Also, by changing the rotation angle and/or PPD between the two SRGs, it is possible to produce a plethora of different 2D textured surfaces.

This last process permits to create patterned substrates with the same hexagonal symmetry as out-of-plane cylinders or hexagonally packed spheres and could thus be used to promote long-range ordering and density multiplication by graphoepitaxy [12], [13].

II.3.B/ A large diversity of tunable nanostructures

Table 7 sums up some of the patterns achievable with the aforementioned processes, referencing the pattern name, the used process and the associated parameters. Here, the azobenzene film thickness, the total SRG duration and the plasma conditions are constant (i.e., 130 It is noteworthy that some of these images show dark structures instead of light ones (Figures i,k). These artifacts are certainly due to surface electron charging, and AFM measurements demonstrated that the structures are not engraved into the silicon substrate.

Besides, defect free and perfectly ordered patterns were observed over several mm 2 areas which is enough to perform DSA by graphoepitaxy. Obviously, this area can be easily enlarged by increasing the laser power and expanding the beam size in order to keep the same surface energy, i.e. 50 mW. cm -2 .

II.3.C/ "Low cost" graphoepitaxy

These SRG enabled topographical patterns can be used as a nanotextured substrate to direct a subsequent BCP self-assembly by graphoepitaxy [13], [14]. Indeed, these nanostructures have typical periodicities about few hundreds of nanometers with around 50 nm height, and are transformed into alumina, that cannot be damaged during BCP self-assembly process. Combining every nanopatterns achievable (14 from Table 7), BCP structures (lamellae, cylinders and spheres), orientations (in-plane or out-of-plane), and periodicity ratio between the nanopattern and the BCP domain spacing, leads to almost infinite cases to study. This part will present preliminary results of some of these combinations.

II.3.C.i/ Self-assembled lamellae on a line & space pattern

The simplest combination is to self-assemble out-of-plane lamellae into trenches produced by the "unique SRG" process. The objective is to increase the long-range ordering of the lamellar structure, from fingerprints to a unique grain of parallel lamellae orientated along or perpendicularly to the substrate pattern. This kind of graphoepitaxy has been already widely used using nanopatterned Si or SiO2 substrate, and the orientation of lamellae with respect to the trenches is dictated by the commensurability ratio and the interfacial energy between the substrate/trenches and the BCP domains [15], [16].

A substrate was patterned with a line & space pattern using the "unique SRG" process, and a lamellar BCP was subsequently self-assembled on top of it (detailed process in Annex 1.A/). Prior FFT insets. This difference on DSA quality is due to the formation of a weaker topographic field when the pattern is wider [6]. For the "narrow line & space" pattern, a subsequent infiltration of the PMMA domains has been performed followed by a plasma etching using the typical process (see Annex 1.B.ii/), leading to a well ordered and fully inorganic rectangle grid over a large area (Figure 44.c). It is noteworthy that such line & space pattern should also be able to orientate cylindrical or spherical morphologies for appropriate commensurability and thickness [17]- [19].

II.3.C.ii/ Self-assembled cylinders on a hexagonal packed pillar pattern

A second combination is the self-assembly of out-of-plane cylinders on top of a hexagonally packed pillar patterned substrate made with the "consecutive SRG" process. Indeed, the two structures have the same hexagonal symmetry, with a larger size for the pattern and a smaller for the BCP structure. With the appropriate commensurability, the ordering of the cylinders should be dictated by the position of pillars, leading to the so-called density multiplication, as it has been observed for patterned substrates with nanolithography [12], [20].

In this case, a hexagonally packed pillar pattern was formed on a substrate, using the "consecutive SRG" process, and out-of-plane cylinders were self-assembled on top of it (detailed process in Annex 1.A/). First, the surface energy of the pattern was modified by grafting a neutral PS-r-PMMA toward the hexagonally packed PMMA cylindrical phase, i.e. with 𝑓 𝑃𝑆 = 0.78. Then, a thin film was deposited by spin-coating a 1.5 wt.% PS33-b-PMMA15 solution in PGMEA at 2000 rpm, followed by an annealing at 200 °C for 15 min, leading to a 30 nm thick film with 35 nm center-tocenter out-of-plane cylindrical structure. These various grain orientations and boundaries (i.e. defects) are explained by the incommensurability between the BCP intrinsic period and the pattern. Indeed, the substrate pattern exhibits an experimental center-to-center distance of 443 nm (i.e. 384 × 2/√3, exactly the value expected for a 60° angle geometry between two SRG forming 384 nm periodic lines), while the BCP has a 35 nm center-to-center distance, leading to a non-integer 12.6 ratio. Obviously, the process can be improved by aiming at an integer ratio between the periodicities of the BCP and the pattern, and by lowering its value in order to strengthen the topographic field.

Accordingly, a ratio of 12 could be obtained by using a PS-b-PMMA with a center-to-center distance of 37 nm instead of 35 nm. However, this 2 nm center-to-center modification appears to be small enough for being spontaneously overpass by chain stretching if the energy benefit was high enough [7], [8]. This means that the topographic field induced by the "narrow hexagonally packed pillar" pattern is not strong enough to induce perfect DSA of 35 nm or 37 nm cylinders. In order to strengthen the topographical field, it is possible to lower the density multiplication ratio by reducing the periodicity of the pillar pattern or by increasing the BCP center-to-center distance.

This type of topographical pattern has also been used to direct the self-assembly of spherical BCPs which can produce hexagonal pattern in thin film [12], [21]. Interestingly, in this case, it has been observed that the directed the self-assembly was still efficient for large density multiplication ratio, up to 16 due to the particular wetting configuration of the BCP spherical domains (only one block is in contact with the topographical pattern) [20].

II.3.C.iii/ Self-assembled cylinders in a square pattern

A third combination studied during this Ph.D. is the confinement of cylinder forming PS-b-PMMA inside a square structure. In this case, the difference between the pattern orthogonal symmetry and the BCP hexagonal symmetry would inexorably lead to incommensurate conditions. However, the constrained cylinders could rearrange to generate interesting nonnative structures.

Experimentally, a square pattern was deposited on a silicon substrate using the "repeated SRG" process, forming 384 nm wide squares. Then, the same process as reported in the previous part was performed, leading to PMMA cylinders self-assembled on top of these squares. The resulting self-assembly (Figure 46.a) presents cylinders that are oriented in an in-plane configuration within the squares, and an out-of-plane orientation above the edge of the squares. This is explained by the film thickness difference within and above the square edges, which have a great impact on the orientation of cylinder-forming BCPs [22], [23], giving in-plane and out-ofplane cylinders in thicker and thinner regions, respectively. To counterbalance this thickness effect, the BCP concentration solution was lowered from As a side note, an interesting combination using a similar process would be to selfassemble cylinder-forming PS-b-PMMA on a 60° lozenge structure. Indeed, a commensurability could be obtained with the appropriate ratio between the lozenge size and the BCP domain spacing as schematized in Figure 46.c.

II.4/ Conclusions

In the first part of this chapter, a "exotic" DSA route has been developed with the possibility to orientate cylinders perpendicularly to a SRG pattern. This process is effectively more complex than standard DSA methods, e.g. graphoepitaxy or chemical epitaxy, because it requires a synthetic effort with the grafting of azobenzene moieties as well as the modification of wellmastered self-assembly processes. However, it might be interesting when it is not possible to perform surface modifications (topographical or chemical) before thin film self-assembly, for instance during a stacking process. Indeed, the standard lithography-based DSA processes are incompatible when the surface to modify is already a self-assembled BCP layer as the BCP layer would get damaged during the process.

The second part described the development of three different methods to perform substrate texturing by the generation of a nanostructured Al2O3 pattern, resulting in a plethora of different geometries with high order over several mm 2 . These patterns are around 50 nm thick with a periodicity of several hundred nanometers, which is the appropriate size for DSA by graphoepitaxy. Also, the fully inorganic composition of the pattern is perfectly adapted for BCP self-assembly processes based on thermal or solvent annealing as it allows both surface modification and improved stability of the topographical pattern.

Some preliminary experiments to direct the self-assembly of PS-b-PMMA thin films were performed to observe the compatibility of this method with the standard methodologies. This study clearly emphasized the important parameters to control for proper BCP self-assembly.

Among others, the parameters of importance are:

 The film thickness with respect to pattern height, which can have a role on the orientation of the BCP structure (in-plane or out-of-plane);

 The commensurability ratio between the BCP domain spacing and the pattern periodicity, which should be appropriately defined in order to limit the defectivity of the BCP selfassembly;

 The combination between the BCP structure symmetry and the pattern geometry should be compatible.

CHAPTER The BCP system chosen for this Ph.D. being PS-b-PMMA, a thorough study was performed to setup a sturdy basis about its phase behavior in thin film. The first part of this study deals with the development of robust processes to perform the BCP self-assembly in thin film, with several key parameters to control, such as the substrate surface energy, the film thickness and the annealing conditions. Also, the hybridization step was optimized to enable subsequent layering.

The second part of the study focuses of the different morphologies and periodicities that can be obtained using various PS-b-PMMA BCPs taking into account the variation of degree of polymerization and composition. Finally, using geometrical considerations, several specific structures chosen for the layering were precisely characterized.

III.1/ Introduction

BCP self-assembly have been widely used to form well-ordered structures with a nanometric period. The simplest BCP architecture is the di-block, which can theoretically produce 4 different stables structures in bulk: lamellar, gyroidal, cylindrical and spherical. Interestingly, in the thin film regime, i.e. confined between two "fixed" boundaries (the substrate and the free interface), the phase behavior can differ and an additional parameter related to the orientation of the structure with respect to the "fixed" boundaries has to be taken into account. Accordingly, BCP self-assembly in thin film can produce line & space structures for out-of-plane lamellae or an inplane monolayer of cylinders, and a hexagonal structure for out-of-plane cylinders or a monolayer of spheres.

The BCP chosen for this thesis is the PS-b-PMMA system due to the following reasons:

 The modulation of the substrate surface energy is usually done with PS-r-PMMA, which allows spanning surface energies from pure PS to pure PMMA;

 The well-documented self-assembly process by thermal annealing, due to the close surface energy of both blocks at the free surface;

 The high etching contrast between the PS and PMMA domains, allowing an efficient selective etching of PMMA;

 The compatibility of the PMMA block toward the SIS infiltration method;

 The controlled synthesis of PS-b-PMMA via a sequential living polymerization (i.e. anionic polymerization) which allows a fine tuning of the BCP chain length and composition combined with an overall low dispersity.

It is not surprisingly that this BCP is the most referenced in literature using "self-assembly"

and "thin film" as keywords (Figure 47). The aim of this chapter was thus to retrieve each interesting structure reachable with PSb-PMMA for subsequent layering. A strong emphasis was placed on the process optimization to obtain the well-ordered structures combined to a high process robustness for the further scaleup using the stacking methods. Thus, the chapter is divided in three parts, the first one being the process development, the second being related to the screening of the reachable structures, and the last one being the selection and preparation of the different optimized layers that will be used for stacking in the next chapter.

III.2/ Formation of 2D nanostructures from PS-b-PMMA III.2.A/ PS-b-PMMA self-assembly

The standard process to obtain self-assembled PS-b-PMMA thin films is composed of three different steps: the modification of the substrate surface energy, the deposition of a BCP film and the thermal annealing step (Figure 48). 

III.2.A.i/ Surface modification

The first step consists in tuning the substrate surface energy by modifying its chemistry, in order to either reach interfacial energy neutrality with respect to the two BCP domains, or to promote an affinity toward one specific domain. This modification is achieved by chemically grafting random copolymer (RCP) chains obtained from a (controlled) radical polymerization on the surface [1], [2]. The grafting is made by spin coating a thin film of the RCP, then annealing it at elevated temperature (promoting covalent grafting of the RCP chains at the surface), and rinsing away the non-grafted chains (the experimental process is detailed in Annex 1.A/). The most common RCP to control the domain orientation of PS-b-PMMA systems is PS-r-PMMA.

The parameters which influence the surface modification are the annealing conditions (time and temperature) and the RCP chemical characteristics (composition and molar mass). The objective is to reach a good grafting quality to perfectly screen the SiO2 substrate surface while providing an appropriate surface energy for subsequent self-assembly. The first parameter is inherent to the grafting density and it has been observed that it is highly dependent on the film thickness and RCP molar mass. Experimental studies have demonstrated that the best subsequent BCP self-assemblies are obtained when the grafted film thickness is greater than twice the RCP radius of gyration 𝑅 𝑔 [3]. The usual RCP molar mass is between 2 and 10 kg/mol, thus the thickness required for the screening of the SiO2 substrate should be higher than ≈ 3-5 nm. Then, the second parameter depends on the BCP morphology and the targeted orientation. It is controlled by the RCP composition, i.e. the PS volume fraction [2], [4], but also the polymer end chain chemistry [5].

In order to cover a wide range of surface energies, different RCPs with 𝑀 𝑛 around 10 kg/mol were obtained from Arkema. These RCPs were synthesized with a "BlocBuilder MA" initiator, which decomposes into an initiator to trigger the polymerization, and a controller that is used to control the kinetics, lowering the overall dispersity of the polymer (Figure 49). These two radical species lead to polymers with two different functionalized end chains. Usually, the PS-r-PMMA used for substrate grafting are synthesized using TEMPO as initiator, leading to a hydroxyl end-functionalized chain [2], [5]. This terminal hydroxyl group is used to graft the chain onto the native silicon oxide layer by a dehydration mechanism initiated by heat. This reaction is slow, and thus requires a long thermal annealing treatment at a rather low temperature in order to avoid the RCP degradation (usually 140-160 °C for several days).

However, on our case, with the BlocBuilder MA, the RCP chain is functionalized with a PO3 group, allowing a fast-grafting reaction with SiO2 (230 °C for 5 min).

Table 8 shows the characteristics of every RCP used in this study. It is noteworthy that a pure PS was synthesized using this particular initiator, but the synthesis of a pure PMMA was not attempted due to the poor control of this particular controlled radical polymerization with respect to methacrylate monomers. However, a "pure" PMMA behavior was obtained by combining styrene, MMA and trifluoroethyl methacrylate (TFEMA) monomers to the feed to produce PS-r-PMMA-r-poly(trifluoroethyl methacrylate) (PS-r-PMMA-r-PTFEMA). The addition of TFEMA repeating units in the RCP structure compensates in term of surface energy the low amount of styrene units [6], [7]. For PS-b-PMMA, only the control of the bottom interfacial energy is mandatory as the difference of surface energy with air is minimum at high temperature [8]. In addition, at elevate d temperatures, the surface tension of both PS and PMMA are almost equivalent, providing therefore a natural "neutral" interaction between ambient air and the BCP domains. Then, the orientation of the structure is driven by the substrate surface energy: out-of-plane structures are obtained if the surface energy is neutral toward the self-assembled structure, while in-plane structures are obtained otherwise. Thus, a precise RCP composition is required for each structure in order to obtain out-of-plane structures (i.e. out-of-plane PS or PMMA cylinders and lamellae), even if a small composition drift is tolerated [4], [5]. Theoretically, it would have been expected a required RCP composition equal to the block ratio facing the substrate for out-of-plane structures (i.e. 𝑓 𝑃𝑆 𝑅𝐶𝑃 = 0.30, 0.50 and 0.70 for PS cylinders, lamellae and PMMA cylinders, respectively).

Name

However, the RCP composition is not directly linked to the effective surface energy, leading to non-linear relation between them. This can be explained by different reasons:

 Methyl methacrylate has a lower reactivity than styrene [9], [10], thus the RCP has a slightly gradient composition, leading to different effective RCP surface composition;

 The functionalized end chain which is not grafted to the surface can induce polar effects that affect surface interactions with BCPs [5];

 During annealing, PS and PMMA penetrates slightly the RCP thin film, modifying its effective composition [2];

In our case, the surface modification was experimentally optimized by observing the structure orientation with different RCP composition, until finding the desired one, without measuring the real surface energy. For this purpose, RCPs were mixed together to precisely tune the effective composition, thus the surface energy [4]. Blends were prepared in the liquid phase by mixing a 𝑣𝑜𝑙 1 of 𝑅𝐶𝑃 1 solution to a 𝑣𝑜𝑙 2 of 𝑅𝐶𝑃 2 solution (both solutions with the same 2 wt.% concentration). These mixtures were done only for RCP from two adjacent rows in Table 8, and a linear blend relation by volume was assumed since their composition were rather close:

𝑓 𝑃𝑆 𝑅𝐶𝑃 𝑏𝑙𝑒𝑛𝑑 = 𝑣𝑜𝑙 1 𝑓 𝑃𝑆 𝑅𝐶𝑃 1 + 𝑣𝑜𝑙 2 𝑓 𝑃𝑆 𝑅𝐶𝑃 2 𝑣𝑜𝑙 1 + 𝑣𝑜𝑙 2 (11) 
With this blending method, optimized RCP compositions used during this Ph.D. are:

 For in-plane structures with PS facing the substrate: 𝑓 𝑃𝑆 𝑅𝐶𝑃 = 1 (100r0);

 For in-plane structures with PMMA facing the substrate: 𝑓 𝑃𝑆 𝑅𝐶𝑃 = 0.11(11r56r33);

 For out-of-plane PS cylinders within a PMMA matrix: 𝑓 𝑃𝑆 𝑅𝐶𝑃 = 0.52 (49r51:63r37 blend with 3:1 ratio);

 For out-of-plane lamellae: 𝑓 𝑃𝑆 𝑅𝐶𝑃 = 0.70 (69r31:75r25 blend with 3:1 ratio);

 For out-of-plane PMMA cylinders within a PS matrix: 𝑓 𝑃𝑆 𝑅𝐶𝑃 = 0.78 (75r25:87r13 blend with 3:1 ratio).

As mentioned before, we can see that the effective surface energy is indeed not directly linked to the RCP composition, since neutrality is not reached when the substrate surface energy is equal to the BCP composition [11], i.e. 𝑓 𝑃𝑆 𝐵𝐶𝑃 around 0.30, 0.50 and 0.70 for PS cylinders, lamellae and PMMA cylinders, respectively.

III.2.A.ii/ Block copolymer thin film

Once the substrate is grafted with the appropriate RCP brush, the second step consists in the spin coating of a BCP thin film (the experimental process is detailed in Annex 1.A/). As for the RCP, the BCP is dissolved in propylene glycol methyl ether acetate (PGMEA), which appears to be commonly used in the semiconductor industry for its environmental safety [12].

One major parameter for thin film self-assembly is the BCP film thickness as compared to the structure periodicity. Indeed, for in-plane orientation, the substrate-and air-facing domains geometrically depend on this thickness. Also, the bulk energetical contribution (i.e. interaction between the block sequences) versus the surface contribution (i.e. surface energies) will be modified with the thickness. Thus, the modification of the film thickness can lead to possible changes of orientation and/or structures [13], [14].

To target a specified BCP thickness by spin-coating, several parameters can be modified:

the rotation speed 𝜔, the concentration 𝐶 and the solvent (as its viscosity and evaporation rate modify the resulting film thickness). In our case, it is possible to estimate that the thickness is linearly linked to 𝐶/√𝜔 (see Chapter I.1.B.i/). However, this estimation does not take in account the modification of viscosity related to the change of the polymer concentration during spin coating. The periodicity, denoted 𝐿 0 , was evaluated by FFT analysis of the fingerprint structure from out-of-plane lamellae and from island height or hole depth for in-plane lamellae, giving for each method the same value 𝐿 0 = 28 𝑛𝑚.

Interestingly, the in-plane structures (Figures 51.a-b,d) present an irregular dot pattern, which is not observed in similar studies [4], [5]. The majority bright color proves that the surface is composed of PMMA with small dots of PS, which is certainly poorly ordered perforations at the free surface. The presence of this structure is not fully understood yet, and the only difference with respect to the literature is the thermal annealing process (RTA 250 °C for 10 min under N2 atmosphere versus "standard" thermal annealing 170-190 °C for 24-72 h under vacuum). The results from this study can be sorted into an experimental phase diagram (Figure 52.a), showing the out-of-plane window for lamellae depending on the thickness, which was already observed [4], [5], but the RCP composition for the window is not exactly the same, as explained before. It is important to note that the out-of-plane lamellar window possesses a range where the orientation is not dependent of the BCP thickness, around 𝑓 𝑃𝑆 𝑅𝐶𝑃 between 0.63 and 0.77 (for the probed thickness range). Also, for out-of-plane structures, the lower surface energy at high temperature of PMMA leads to PMMA domains facing the air, as observed by AFM. For the substrate, PS domains wet it when 𝑓 𝑃𝑆 𝑅𝐶𝑃 is higher than neutrality, and PMMA when lower. These two different cases can happen for specific commensurate thicknesses, i.e. 𝑡/𝐿 0 = 𝑛 when 𝑓 𝑃𝑆 𝑅𝐶𝑃 is lower than neutrality, and 𝑡/𝐿 0 = 𝑛 + 0.5 when it is higher (Figures 52.b-c). The experimental results corroborate this theory since the out-of-plane window is reduced when these specific inplane structures are possible, e.g. for low 𝑓 𝑃𝑆 𝑅𝐶𝑃 when 𝑡 ≈ 𝐿 0 . Finally, it is possible to observe that in-plane structures with a flat surface are quite rare outside the out-of-plane window, with instead mostly island/holes structures. This is explained by the perfect commensurate thickness required to provide unconstrained thus stable in-plane lamellae [16].

For a better understanding, a theoretical model has been developed to confirm the observed behavior. The model is based on the calculations of the energy of each structure configuration followed by a minimization process as regards to the RCP composition, 𝑓 𝑃𝑆 𝑅𝐶𝑃 , and film thickness 𝑡 (taking into account the intrinsic structure periodicity 𝐿 0 ). The different effects taken into account for this model are:

 The substrate interfacial energy, corresponding to the interaction between the BCP and the substrate surface;

 The free surface interfacial energy, which is the interaction between the BCP and the atmosphere (air, inert gas or vacuum);

 The localization of the BCP chains in the volume, implying a stretching energy due to the chain distortion away from its equilibrium length, and repulsive interactions between chains from chemical difference between each block.

Each term was converted into energy costs per volume unit. The first term, denoted 𝐸 𝑠-𝑓 𝑣𝑜𝑙 , is related to the difference between the bottom surface film composition 𝑓 𝑃𝑆 𝑏𝑜𝑡𝑡𝑜𝑚 and the RCP composition 𝑓 𝑃𝑆 𝑅𝐶𝑃 , multiplied by the interfacial tension between PS and PMMA, 𝛾 𝑃𝑆/𝑃𝑀𝑀𝐴 , and divided by the film thickness (Equation ( 12)).

𝐸 𝑠-𝑓 𝑣𝑜𝑙 = 𝛾 𝑃𝑆/𝑃𝑀𝑀𝐴 |𝑓 𝑃𝑆 𝑏𝑜𝑡𝑡𝑜𝑚 (1 -𝑓 𝑃𝑆 𝑅𝐶𝑃 ) -(1 -𝑓 𝑃𝑆 𝑏𝑜𝑡𝑡𝑜𝑚 )𝑓 𝑃𝑆 𝑅𝐶𝑃 | 𝑡 ( 12 
)
Three cases are possible for a lamellar structure: either PS (PMMA, respectively) is at the bottom surface for in-plane lamellae (𝑓 𝑃𝑆 𝑏𝑜𝑡𝑡𝑜𝑚 = 0 (𝑓 𝑃𝑆 𝑏𝑜𝑡𝑡𝑜𝑚 = 1, respectively)), or the PS and PMMA domains are equally facing the substrate for out-of-plane lamellae (𝑓 𝑃𝑆 𝑏𝑜𝑡𝑡𝑜𝑚 = 0.5).

The second term, denoted 𝐸 𝑓-𝑎 𝑣𝑜𝑙 , is only dictated by the surface energy of the top film layer, depending on its composition 𝑓 𝑃𝑆 𝑡𝑜𝑝 and the PS and PMMA surface energies (𝛾 𝑃𝑆 and 𝛾 𝑃𝑀𝑀𝐴 respectively) (Equation ( 13)).

𝐸 𝑓-𝑎 𝑣𝑜𝑙 = 𝛾 𝑃𝑆 𝑓 𝑃𝑆 𝑡𝑜𝑝 + 𝛾 𝑃𝑀𝑀𝐴 (1 -𝑓 𝑃𝑆 𝑡𝑜𝑝 ) 𝑡 ( 13 
)
As for the substrate-film interface, three cases are possible (𝑓 𝑃𝑆 𝑡𝑜𝑝 = 0, 0.5 or 1).

For the island/hole structure, an additional film-air interface is created, leading to a new energy cost, denoted 𝐸 𝑖/ℎ 𝑓-𝑎

𝑣𝑜𝑙

. Since this structure appears for in-plane lamellae, the interface is composed at 50% PS and 50% PMMA. Also, the extra surface created over the total surface, 𝛼 = 𝑆 𝑛𝑒𝑤 𝑆 𝑡𝑜𝑡 ⁄ , is necessary to calculate the extra volume energy cost (Equation ( 14)).

𝐸 𝑛𝑒𝑤 𝑓-𝑎 𝑣𝑜𝑙 = 𝛼(𝛾 𝑃𝑆 + 𝛾 𝑃𝑀𝑀𝐴 ) 2𝑡 (14) 
In this model, islands or holes are supposed to be perfect cylinders with a radius, 𝑟, and a height, 𝐿 0 , leading to an area of the newly created surface, 𝑆 𝑛𝑒𝑤 = 2𝜋𝑟𝐿 0 , and an island/hole surface, 𝑆 𝑖/ℎ = 𝜋𝑟 2 . This creation of islands or holes is a phenomenon that happens at higher length scale than self-assembly, and we supposed that 𝑟 = 100𝐿 0 , which it is the typical observed value from AFM images. Finally, it is assumed that the fraction of island/hole surface 𝑓 𝑖/ℎ = 𝑆 𝑖/ℎ 𝑆 𝑡𝑜𝑡 ⁄ represents 0% of the total surface for commensurate thickness, e.g. 𝑡 = 𝑛𝐿 0 when PMMA is facing the substrate, and 50% for perfectly incommensurate, e.g. 𝑡 = (𝑛 + 0.5)𝐿 0 when PMMA is facing the substrate. Between these two regimes, 𝑓 𝑖/ℎ has been assumed to follow a linear evolution. Accordingly, 𝐸 𝑛𝑒𝑤 𝑓-𝑎 𝑣𝑜𝑙 can be rewritten as Equation (15).

𝐸 𝑛𝑒𝑤 𝑓-𝑎 𝑣𝑜𝑙 = 𝐿 0 𝑓 𝑖/ℎ (𝛾 𝑃𝑆 + 𝛾 𝑃𝑀𝑀𝐴 ) 𝑡 × 𝑟 (15) 
The third term is composed of two parts. 

Interestingly, this equation shows a minimum reached for 𝑅 = 𝑅 𝑒𝑞 , which is the spontaneous chain distortion in a bulk system (Equation ( 18)). For instance, the lamellae periodicity can be estimated with this value, as 𝐿 0 = 2𝑅 𝑒𝑞 [17].

𝑅 𝑒𝑞 = 𝑙 𝑘 ( 1 
2𝜋 2 √6 ) 1/3 𝜒 1/6 𝑁 2/3 = 𝑅 𝑔 ( 3 𝜋 2 ) 1/3 (𝜒𝑁) 1/6 ( 18 
)
Finally, this chain contribution can be written for the out-of-plane or island/hole case, i.e. All these results highlight the importance of the substrate surface energy modification step and the BCP film thickness. Obviously, the second parameter that affects the self-assembly structure is the BCP composition and molecular weight. The same study might be performed for PS and PMMA cylindrical structures, leading to different out-of-plane 𝑓 𝑃𝑆 𝑅𝐶𝑃 window.

chains
Thus, to target a specific structure and orientation, the substrate surface energy, the BCP composition and the film thickness should be chosen appropriately, with a tolerance window since self-assembly is driven by weak thermodynamic effects (i.e. soft matter). However, before observing these structures, a thermal annealing has to be performed, which is detailed in the next paragraph.

III.2.A.iii/ Thermal annealing

Due to the fast evaporation of PGMEA during spin-coating (taking place in ≈ 15 sec for 2000 rpm at room temperature) and the low segregation strength of PS-b-PMMA (𝜒 = 0.038 at 100 °C), the BCP film is trapped in a disordered state after solvent evaporation. For PS-b-PMMA, the usual method to provide chain mobility and promote self-assembly is a thermal annealing step (see Chapter I.1.B.iii/). Two routes are commonly used for thermal annealing [18]:

 A conventional thermal annealing: a long annealing at low temperature to prevent the BCP deterioration (around 180 °C for several hours or days);

 A rapid thermal annealing (RTA): a short annealing at high temperature (around 250 °C for several minutes) with a fast heating and cooling rate using an RTA oven.

During this Ph.D., the annealing steps were performed with a RTA oven (see Annex 1.A/) [18]. The temperature and duration were optimized according to the BCP structure, the periodicity and the desired orientation to provide the best self-assembly without polymer deterioration. Indeed, with a RTA process, the self-assembled structure quality increases due to the high chain mobility at elevated temperature, taking into account the limitations inherent to polymer degradation [19].

Interestingly, an effect of the annealing temperature on structure periodicity has been observed for the PS cylindrical structure. A PS-b-PMMA giving PS cylinders in a PMMA matrix was self-assembled on neutralized substrate in order to obtain an out-of-plane orientation after annealing. By increasing the annealing temperature and keeping the same duration (5 min), a slight increase of the structure periodicity was observed (Figures 54.a-e). The FFTs of the AFM images show that the periodicity increases from 29.4 nm to 32.2 nm (Figure 54.f), which correspond to a non-negligible 10% growth. This can be explained by the chain dilatation during annealing, which are frozen in this state during the quenching. Also, the overall structure quality (grain size and defect number) does not seem to be modified with the annealing temperature.

However, this effect on the periodicity was not observed for other morphologies, certainly due to lower annealing temperatures (see Table 10 in the next section). Indeed, the honeycomb periodicity starts to increase for temperatures above 270 °C, which are only necessary for this specific structure. 

III.2.B.i/ PMMA infiltration by SIS

The first step of hybridization consists in infiltrating the PMMA domains with Al2O3 using a SIS process (see Annex 1.B.i/). In our case, the metallic gaseous precursor for the formation of Al2O3 is the trimethyl aluminum (TMA), which is strongly selective to PMMA, leading to the formation of Al2O3 in PMMA, while the PS domains remain unchanged [20].

However, even if TMA is selective to PMMA, the number of infiltration cycles has an influence on the overall structure, hence it requires an optimization. Indeed, a too low number of infiltration steps leads to a fragile structure, while a too large number increases the Al2O3 domain size until they coalesce. Figure 56.a shows SEM images of an out-of-plane PMMA cylindrical structure infiltrated by 1 to 10 SIS cycles, followed by a plasma etching (40 sccm O2, 40 W, 40 sec).

The PMMA domain growth is clear, with an onset of the coalescence for 5 cycles. A particle analysis was performed with ImageJ, giving the cylinder radius distributions (Figure 56.b), which were fitted with a logistic distribution to determine the mean radius. Then, Figure 56.c shows the occupied surface ratio of the cylinders within the unit cell, which is here a hexagonally packed cylindrical structure with a 36.2 nm center-to-center distance. The PMMA volume fraction for the formation of a PMMA cylindrical morphology is between 27% and 31% (see Table 9) which are the surface ratios achieved with 2 and 3 cycles (27.7% and 31.1%). Taking into account these results, a standard recipe has been devised based on 2 SIS cycles. Such recipe leads to well separated cylinders while providing sufficient mechanical integrity for the following steps, which can be easily enhanced by increasing the SIS cycle number to 3. 

III.2.B.ii/ PS etching for the formation of a topographical field

After infiltration of the PMMA domains with Al2O3, the PS domains can be partially removed to create a surface topography. Indeed, the PMMA domains swell during the SIS process leading to the generation of a 1 to 4 nm topography [21]. Further treatment of the infiltrated BCP layer by RIE plasma leads to a partial removal of the PS domains, thus enhancing the topographical 123 field. Such method allows a fine control of the depth of the topographical pattern which can be subsequently optimized with respect to the iterative self-assembly of a subsequent BCP layer.

In As we can see on the Figure 57.b, it is difficult to characterize the depth of the Al2O3 pattern with tapping AFM, as artefacts occur after a few AFM scans. This is supposedly due to Al2O3 "dusts" sticking to the edges of tip, which happens even for a very slow scan speed (0.1 Hz). This is why the depth measurement was made at the top of the image, i.e. for the first scans. Also, the tip geometry has been controlled to verify that it is possible to reach the bottom of the trenches. In our case, the trenches are around 14.5 nm wide, and the tip has an angle of 40°, giving a maximum probe distance of 20 nm, which is higher than the 10 nm observed.

III.3/ Phase diagram exploration

In order to create a rich variety of 2D nanostructures, the PS-b-PMMA phase diagram was explored using polymers synthesized in our laboratory, or provided by Arkema and Polymer

Source. The overall characteristics of the BCPs used for this study are summarized in Table 9, with the theoretical corresponding phase and periodicity estimated from the unified strong and weak segregation theory [17], [22] for which the treatment was automatized within a Matlab software 

(

III.3.A/ Different morphologies by changing the BCP composition

In this part, BCPs with the same periodicity (≈ 30 nm), but with different compositions are examined in order to control both the self-assembled structures and its orientation. Table 10 summarized the various protocols leading to optimized self-assembly for these particular BCPs. 

Aimed

III.3.A.i/ Lamellar PS-b-PMMA for the formation of line & space patterns

As previously stated (see Chapter III.2.A.ii/), the substrate surface energy and the BCP film thickness greatly influence the orientation of lamellar structures in a thin film configuration. For iterative self-assembly, the out-of-plane structure is the most interesting as it will generate a topographical field after the SIS step that can be used to guide the self-assembly of a subsequent BCP layer. Using the optimized parameters summarized in Table 3, the The FFT of the AFM and SEM images were used to extract the periodicity of the structure at 29 nm and 31 nm, respectively. This small difference might be due to the apparatus calibration or linked to the SIS process which can induced a swelling of the BCP domains. It is noteworthy that the extracted periodicity is in agreement with the theoretical treatment (i.e. 30 nm). Using the FFT of the AFM images, a 32 nm and 31 nm periodicities were determined for PMMA and PS cylinders respectively, in agreement with theoretical calculations (31 nm and 33 nm respectively). Accordingly, a cylinder-to-cylinder distances of 37 nm and 36 nm were retrieved obtained by multiplying the periodicity by 2/√3. Interestingly, we observed that the stability of the out-of-plane cylindrical morphology for both structures is conserved over a large range of thicknesses with respect to the results obtained on the lamellar structure. However, for PS cylinder structure, some holes are merging together along the grain boundaries because the PMMA walls between them are too small. These defects are visible on both AFM and SEM images, meaning that it is not a defect resulting from the infiltration step.

III.3.A.ii/ Cylindrical

For in-plane orientation, the structures produced after infiltration and plasma are highly The overall pattern is similar to out-of-plane lamellae, but showing higher line roughness and more defects. The FFT of the AFM images of PMMA and PS cylinders give a 33 nm and 31 nm periodicities, respectively, which theoretically should be equal to the cylinder-to-cylinder distances measured from the out-of-plane structures. However, these values are significantly lower (33 nm vs 37 nm and 31 nm vs 36 nm), which can be explained by chain compressing due to the formation of half cylinders. As predicted theoretically, the topographic pattern is indeed different after hybridization than the 1/2 layer, but due to cylinder collapsing during etching, the pattern is messy, and this structure is not suitable for further stacking because of the poor overall lateral order. However, the periodicity measured from the FFT did increase to 37 nm, which is now equal to the out-ofplane cylinder-to-cylinder distance as expected theoretically.

As schematized in

Even if these different in-plane structures are interesting for stacking methods; the requirement of a precise thickness of the BCP layer is too complex with respect to the production of fingerprint pattern from out-of-plane lamellae. Furthermore, the thermal annealing process had to be adapted for each situation in order to obtain well-defined self-assembled structures.

Thus, these in-plane structures were not studied further.

III.3.A.iii/ Spherical PS-b-PMMA for the formation of dot or hole patterns

The last simple periodic structure obtained from PS-b-PMMA self-assembly is a spherical structure, which can be either PS spheres in a PMMA matrix or the opposite. In this case, there is no possible in-plane/out-of-plane classification since it is a 3D structure. However, it is possible to control the sphere packing as body-centered cubic (BCC) or hexagonally close packing (HCP), and the orientation of the plane at the free surface (BCC (100) or HCP (0002)) by controlling the thickness or by using directed self-assembly [23], [24]. We only studied the self-assembly of sphere-forming PS-b-PMMA for the 1/2 layer and 3/2 layer cases.

The 1/2 layer case can be obtained by reducing the thickness to half the periodicity, i.e. around 15 nm, and modify the substrate interface to be PS or PMMA affine for PMMA or PS spheres, respectively. Using the optimized parameters summarized in Table 3, the Two kind of HCP spheres were obtained with this process, giving hexagonally packed dot and hole patterns, but with a lower order than the ones obtained from out-of-plane cylinders. The measured periodicity from the FFT analyses gives 32 nm and 31 nm for PMMA and PS spheres, respectively, giving a center-to-center distance of 37 nm and 36 nm respectively. These values are in good agreement with the theoretical 34 nm and 33 nm calculated periodicities. Contrarily to the in-plane 1/2 layer of cylinders which showed a smaller periodicity than expected, the spherical structures seem here unconstrained. Also, the poor order with no grains showing a single orientation might be explained by a shorter process optimization during this study.

As for in-plane cylinders, an interesting topographic pattern can be formed with two layers of HCP spheres, which should be obtained for 3/2 layer thickness, i.e. 46 nm [23]. Using the optimized parameters summarized in Table 3, the 

III.3.B/ Tuning the structure periodicities

This part will focus on the tuning of the periodicity of the self-assembled structure by modifying the 𝜒𝑁 value to explore the phase diagram along vertical paths. This study is mandatory for further stacking, since precise size ratios will be required for commensurate stacking (see

Chapter III.4.A/).

In order to increase or lower the periodicity of a BCP structure, a possible route is to synthesize or buy plenty of different BCPs with the adequate composition and degree of polymerization. However, even if the anionic polymerization of PS-b-PMMA is well-mastered, it can be tedious and time-consuming. Besides, it is difficult to precisely target a periodicity despite the living-controlled character of the anionic polymerization. Nevertheless, this approach was successfully used to study the relationships between the degree of polymerization and the selfassembly properties (variation of domain spacing) [26], [27].

A second approach to modify the periodicity, which is the one used in this Ph.D., can overcome these difficulties by blending high and low molar mass BCPs with a similar 𝑓 𝑃𝑆 𝐵𝐶𝑃 . Indeed, a blend behaves as an intermediate BCP according to the mixing ratio, which can be predicted theoretically [28].

As explained before, only out-of-plane structures will be studied for the stacking study, thus three different vertical paths were investigated:

 PS-b-PMMA BCPs with 𝑓 𝑃𝑆 𝐵𝐶𝑃 ≈ 0.50, giving lamellar structure and a linear & space pattern after hybridization. This pattern will be named L for line & space;

 PS-b-PMMA BCPs with 𝑓 𝑃𝑆 𝐵𝐶𝑃 ≈ 0.70, giving PMMA cylindrical structure and a hexagonally packed dot pattern after hybridization. This pattern will be named D for dot pattern;

 PS-b-PMMA BCPs with 𝑓 𝑃𝑆 𝐵𝐶𝑃 ≈ 0.30, giving PS cylindrical structure and a hexagonally packed hole pattern after hybridization, also called honeycomb. This pattern will be named H for hole pattern.

For the sake of simplicity, until the end of this chapter and for the rest of the study, the patterns will be named with a letter describing the structure (L, D or H), followed by a number accounting for its the size (periodicity for line & space pattern and center-to-center distance for dot and hole patterns), e.g. H40 for a hole pattern with a 40 nm center-to-center distance. Also, we opted to start from the well-mastered patterns presented in the previous part, i.e. L29, D37 and H36.

First, the smallest self-assembling BCPs, i.e. close to the order-disorder transition, were targeted for the three different structures:

 For lamellae, the theoretical order-disorder transition is around 𝜒𝑁 = 10.5 for a symmetrical BCP, giving 𝑁 = 276 in the PS-b-PMMA case, i.e. 𝑀 𝑛 = 28 kg/mol. This BCP has a theoretical periodicity of 20 nm. This specific BCP was not available, however, by using a smaller "lamellar" BCP which does not segregate, 13b12, and mixing it with the 27b22 BCP, smaller lamellae were obtained. The minimum periodicity obtained following this method was 22 nm lamellae (L22) when 13b12 is mixed to 27b22 in a 4:1 volume ratio (Figure 65 Surprisingly, these very small BCP structures leads to poorly resolved patterns, i.e. the boundaries between the PS and PMMA domains are not sharp, even if a good long-range ordering (as proven with FFT insets) is obtained due to smaller BCP chains leading to a higher chain mobility. It is important to notice that the thermal annealing temperature had to be lowered by 30 °C for each case as compared to the standard processes in Table 10. This was required to prevent polymer degradation, which occurs at a lower temperature for low molecular weight BCPs [29].

Secondly, to reach bigger sizes, high molar mass polymers giving lamellae, PMMA cylinders and PS cylinders were used, leading to 3 larger patterns:

 For lamellae, 85b78 was self-assembled with the exact same process than 27b22 (see process in Table 10), leading to a poorer ordering than the standard line & space pattern presented in  For PMMA cylinders, 101b37 was self-assembled with the exact same process than 33b15 (see process in Table 10), showing a mixed in-plane/out-of-plane orientation (Figure 66.b), certainly due to the low thickness as compared to its periodicity (35 nm film thickness as compared to a 66 nm periodicity measured from the FFT). This value is higher than to the 59 nm predicted, but the mixed organization distorts the periodicity measured by FFT.

 For PS cylinders, 44b109 was self-assembled with the exact same process than 15b41 (see process in Table 10). As for PMMA cylinders, the structure is a mix between in-plane and outof-plane cylinders (Figure 66.c). The FFT gives a 71 nm periodicity, again higher than the 64 nm expected.

The three structures present a poor ordering because the low 𝜒 value of PS-b-PMMA does not provide a strong enough segregation force to self-assemble long chains [30]. To increase the quality of the self-assembly and to obtain useful layers for further stacking, two different strategies were investigated: blending with a small amount of a low molecular weight BCP to increase the overall chain mobility [31], and increasing the thickness to modify the ratio between interfacial and bulk energies. For cylindrical structures, blending with a smaller BCP drastically removed the mixed orientation and increased the long-range order. For lamellae, the thickness increase has a strong impact on the self-assembly quality. However, in this case, thicker film with a much better lateral order can only be used for the first layer during stacking, but not for the subsequent layers (see Chapter IV/).

The thermal annealing step did not require any modification and the optimized experimental processes for larger structures are:

 For lamellae, the solution concentration was increase to 4 wt.%, forming 163 nm thick films, leading to a well-ordered pattern (Figure 66.d) with a 60 nm periodicity (L60-t, -t for thick), which is 2 nm lower than the "thin" one, certainly due to the reduction of defects;

 For PMMA cylinders, the 101b37 BCP was mixed with 33b15 in a 4:1 volume ratio (Figure 66.e), forming a well-ordered hexagonally packed cylinder array with a 55 nm periodicity, i.e.

 For PS cylinders, the 44b109 BCP was mixed with 15b41 in a 3:1 volume ratio (Figure 66.f), leading to a 55 nm periodicity, i.e. 64 nm center-to-center distance (H64).

Then, blends between the three "standard" BCP patterns (L29, D37 and H36) and smaller (L22, D26 and H32) or bigger (L62, D64 and H64) ones were performed to apprehend the dependency between the blend ratio and the final structure size. The results for line & space, dot and hole patterns (Figures 67.a-c) show a power law dependency between the number average molecular weight of the blend and the structure periodicity. A 2/3 power exponent is theoretically expected [32], which is almost the value observed here. A noteworthy periodicity gap is observed for PS cylinders for low molecular weight (Figure 67.c) due to the thermal annealing temperature modification, which is not observable for other morphologies. Also, for large lamellae, this study was performed with standard thickness, i.e. 35 nm, since the thickness had no significant impact on the periodicity.

III.4/ Preparation for iterative stacking

Taking into account the results obtained in the previous parts, we can now precisely choose a BCP blend composition and the associated process to target a specific structure and periodicity, from L22 to L60, from D26 to D64, and from H32 to H64. Such versatility will be further used to produce interesting stacking behavior by playing on the commensurability between the self-assembled layers.

III.4.A/ Geometrical considerations

A quick reasoning about geometry is necessary because of the hexagonal symmetry of D and H structures, and the linear symmetry of L structure. Figure 68.a shows the 5 different noticeable ratios which can be reached within our periodicity range: 1, 2/√3, 3/2, √3 and 2.

Obviously, the inverse values of these ratio will give the same interesting results.

Figure 68. Schematics of (a) noticeable distances in a hexagonally packed structure and (b) resulting structure by adding a (top) red hexagonal or (bottom) linear array on top of the initial blue hexagonal array,

with a size scaled with a given ratio.

The possible organizations with the 5 different periodicity ratios are described in Figure 68.b, showing the stacking of two hexagonal arrays, and the same for a hexagonal array and a linear one. Thus, the targeted sizes are obtained by multiplying or dividing the three standard sizes (28, 32 and 37 nm) by these 5 ratios (Table 11). This table summarizes the large variety of noticeable sizes for stacking, even if some of them are not reachable due to the limited periodicity range obtained for PS-b-PMMA. Also, the sizes with less than 1 nm difference were merged together since it is the experimental precision of the size measure. Thus, the targeted periodicities for each BCP structure are the following:

Ratio 1/√3 2/3 √3/2 1 2/√3 3 
 For lamellae: L24, L28, L32, L37, L42, L48, L56 and the thick ones, L32-t, L37-t, L42-t, L48-t, L56-t;

 For PMMA cylinders: D28, D32, D37, D42, D48, D56, D64;

 For PS cylinders: H32, H37, H42, H48, H56 and H64.

III.4.B/ Resulting 2D-structures

All the experiments for the target structures were carried out and analyzed by SEM and The overall structure quality was estimated by calculating the correlation length from large-scale SEM images (Table 12) (see Annex 3.B/ for the computational details and Annex 4/ for the large-scale images). The correlation length is a measure of the grain size, and a high value means that the structure is well-ordered. As we can observe from the SEM images, the lamellar lateral ordering is effectively increased by increasing the thickness, with an increase of the average correlation length of 50% between L32 to L42, and more than 100% for higher periodicities. Also, these correlation lengths also prove that each morphology has better ordering and less defects for low Mn BCPs, as observed previously from AFM measurements.

These structures were also analyzed by GISAXS (Figure 69 The interpretation the GISAXS spectra is divided in two parts:

 The z dimension along the 𝑞 𝑧 scattering vector, giving information about periodical pattern perpendicular to the substrate;

 The lateral dimension along the 𝑞 𝑥𝑦 scattering vector, giving information about periodical pattern parallel to the substrate, which can be reduced to 𝑞 𝑦 due to the GISAXS geometry.

In our case, the GISAXS spectra do not show proper intensity signals, Bragg sheets or extinctions along the 𝑞 𝑧 scattering vector, which is in accordance with the out-of-plane orientation of the studied structures. However, some interesting information can be deduced from characteristic signals, thanks to the Ewald sphere representation (Figure 70.c). The specular peak is experimentally observed for 𝑞 𝑧 = 0.252 nm -1 which gives a scattered angle of 0.356°, which is very close to twice the theoretical incident angle used for the experiments, i.e. 2 × 0.18°. Also a horizontal band is visible slightly below the specular peak, called the Yoneda band [33], due to waveguide modes and the roughness of the sample. In our case, the substrate surface is effectively rough due to the process: some Al2O3 can grow inside the PS domains, leading to porous Al2O3 residues [34]. Thus, the position of this band depends of the sample size and composition, and for instance, for L28, this peak is centered for 𝑞 𝑧 = 0.242 nm -1 , which gives a scattered angle of 0.342°. This band should be obtained for a scattered angle equal to the sum of the incident angle and the critical angle of the sample. Knowing the experimental incident angle thanks to the specular peak, it is possible to conclude that for L28, the critical angle of this thin film is 0.164°, which is indeed lower than the Al2O3 critical angle value (0.289°) since the thin film is composed of not fully dense alumina due to SIS and voids.

Interestingly, for several GISAXS spectra, two Yoneda bands are observed, meaning that the vertical composition of the thin film is not constant. Another interesting effect is occurring for thick layers, with horizontal interferences around the Yoneda bands. This is due to remaining PS from the ashing process, which was optimized to remove the PS from the standard thickness, i.e.

35 nm, and not for the thicker ones (here 163 nm). This forms a rough interface parallel to the substrate surface, composed of PS and some Al2O3, which produces narrow horizontal scattering.

For the lateral dimension, it is clear that every structure spectrum shows vertical bands (called Bragg rods), proving that the structures are indeed out-of-plane, as observed with the simulation of lamellae. Thus, these spectra can be integrated along qy, which gives intensity plots over the scattering vector 𝑞 𝑦 (Figure 71). The scattering peak sequences and positions are then related to the structure morphology and periodicity (see Chapter I.1.A.iii/). Here, for each patterns the characteristic sequences are retrieved, with 𝑞 𝑦 /𝑞 * = 1,2,3,4,5

for lamellae (line & space pattern) and 𝑞 𝑦 /𝑞 * = 1, √3, √4, √7, √9 for hexagonally packed cylinders (dot and hole patterns). Then, by analyzing the position of the first peak, 𝑞 * , it is possible to retrieve the periodicity (2𝜋/𝑞 * ) and the domains spacing, which is equal to the periodicity for line & space pattern and 2/√3 times the periodicity for dot and hole patterns to obtain the cylinderto-cylinder distance (Table 12).

Also, the width of the Bragg rods and the number of observable peaks is representative of the overall quality of the self-assembled structures. It is clearly observable that structures with a small periodicity are better ordered than the ones with high periodicity, corroborating the SEM results. Also, a slight improvement of structure quality can be observed between standard line & space and thick line & space patterns.

Interestingly, for most of the spectra, the Bragg rods show some extinctions along 𝑞 𝑧 due to the form factor of the structure, i.e. in our case, the thickness and the structure shape. Indeed, the structures are not perfect trenches, pillars or holes due to the plasma etching step. This is why the generated spectrum for lamellae shows these extinctions, due to perfectly parallel interface between the top of the sharp lamellae and the substrate surface, while the experimental spectrum does not. However, we can see that the extinctions are not at the same position for every sample, which means that this complex phenomenon depending on the structure, size, hybridization process etc… could be deciphered by studying the variation of the Bragg rod intensity along 𝑞 𝑧 .

This was not pursued during this study due to the extensive time needed for these simulations (limited computing power).

Finally, the Table 12 sums up all the characterizations made for these different targeted 2D-structures. 

Name

III.5/ Conclusions

In this chapter, the experimental PS-b-PMMA phase diagram was explored in order to better apprehend the relationships between the BCP macromolecular characteristics and the selfassembled morphologies and periodicities. The self-assembly processes were also optimized in order to obtain self-assembled structures of good quality (low defectivity and high correlation length). Interestingly, the results were in good agreement with theoretical predictions, which will further help us to prepare the iterative layering of these BCP thin layers.

The self-assembly process was completed with an immobilization step consisting in transforming the PMMA domains into Al2O3 while partially removing the PS domains. Within all these structures, three particular structures were selected for subsequent layering because they produce 2D patterns which are invariant with the film thickness: the out-of-plane lamellae, the out-of-plane PMMA cylinders and the out-of-plane PS cylinders; forming after immobilization line & space, dot and hole patterns, respectively.

Then, by varying the BCP degree of polymerization, it was possible to screen the ranges of achievable periodicities, with a required process optimization due to the modification of BCP selfassembly with respect to the BCP chain length. Finally, a selection of characteristic dimensions according to geometrical considerations was done to prepare layers that would be stacked to form more complex 3D nanostructures. Also, this selection was characterized more thoroughly, with large SEM images and GISAXS analyses, in order to perform the stacking study on a sturdy basis. This fourth chapter presents the general process of iterative layering of self-assembled BCP thin films that were previously immobilized (as described in the previous chapter). This process was optimized for two layers while the resulting layer configurations were analyzed by SEM and GISAXS.

CHAPTER IV: 3D-STRUCTURES FORMED BY ITERATIVE SELF-ASSEMBLY OF PS-B-PMMA FILMS

An exhaustive study of every interesting stacking configuration was performed, by varying three different parameters between the two stacked layers: the morphologies (line & space, dot or hole patterns), the periodicity ratio (1:1, 2/√3:1, 3/2:1, √3:1 or 2:1), and the interfacial surface energy between the layers (neutral, PS-affine or PMMA-affine)

IV.1/ Introduction

The BCP self-assembly is an elegant method to form 2D or 3D patterns with a nanometric period at a very low cost (with only the polymeric material and a simple self-assembly process).

Furthermore, the main drawback of this method inherent to the structural defectivity can be solved using "smart" DSA techniques, the most common being graphoepitaxy and chemical epitaxy. Nevertheless, the achievable patterns are also limited to the most thermodynamically stable self-assembled structures, giving for instance lamellae, cylinders, spheres and gyroids for a di-block architecture. Thus, three routes can be imagined to increase the complexity of selfassembled patterns which could open new avenues for technological applications:

 Pre-patterning (topographically or chemically) the substrate to induce specific fields that would force non-native self-assembly [1]- [3];

 Using more complex BCP architectures, with more than 2 blocks and different block arrangements with respect to a linear architecture [4], [5];

 Stacking "simple" layers made from di-block copolymers to obtain 3D structures [6].

The two first routes have a significant issue: they require more complex tools to reach the desired structure (nanolithography for pre-patterning, and chemical synthesis of complex BCPs).

Interestingly, these three routes are not incompatible, and can be used together to produce even more complex structures [7], [8].

Accordingly, this chapter explores the "simple" stacking route, by performing iterative stacking of the 2D layers produced in Chapter III/. The first part will present the optimized processes to self-assemble a PS-b-PMMA thin film above a previously immobilized self-assembled layer. Importantly, it has been observed that the interfacial energy between the two layers can induce specific orientation and/or alignment of the second layer with respect to the first one.

Besides, theoretical considerations corroborated with simulations have been developed to explain this "responsive layering" process.

Then, a study of every interesting stacking configuration was performed, varying three 

IV.2/ General process for the formation of stacked nanostructures from BCP films

The formation of 3D structures by iterative self-assembly was performed in a three-step process: the formation of a first immobilized BCP layer as described in the previous chapter, its surface modification, and the formation of a second BCP layer on top of it. In this study, three building bricks have been used for the implementation of the stacking methodology: out-of-plane lamellae for the formation of line & space pattern (L), out-of-plane PMMA cylinders for the formation of hexagonally packed dot pattern (D) and out-of-plane PS cylinders for the formation of hexagonally packed hole pattern (H).

IV.2.A/ Formation of an immobilized BCP layer

After the formation of a nanostructured thin film of PS-b-PMMA on a modified Si substrate, it is mandatory to "quench" the self-assembled pattern for the deposition of a subsequent BCP layer. As described in the previous chapter, the immobilization was performed by SIS in order to transform the PMMA domains into Al2O3. The last step of the SIS process is a plasma etching step used to "densify" the Al2O3 domains through the PMMA removal. During this step, the plasma treatment also etches partially the PS domains. This is of particular interest since: i) it allows a fine control of the topography of the first layer which can be further used to direct the selfassembly of the top layer [6], [9]; ii) it leads to the "screening" of the chemical fields of any underneath layer by providing a complete coverage of the surface. In addition to the topographical etch of the PS domains, the plasma treatment slightly crosslinks the PS domains which further assures a mechanical integrity of the layer with respect to solvation [10].

IV.2.B/ Surface energy modification of the immobilized BCP layer via RCP grafting

The immobilization process of the first nanostructured BCP film also yields to the generation of a stable platform for the subsequent tuning of interfacial energy between the stacked layers. Indeed, a standard ALD process was conducted after the plasma etching step in order to deposit a thin Al2O3 layer on top of the first layer. It further allows the modification of the surface energy by grafting an RCP layer from this continuous oxide layer. Experimentally, we opted to perform 10 cycles of standard ALD using TMA and H2O at 85 °C. This process leads to the formation of an ≈ 1 nm thick Al2O3 layer covering the whole surface [11]. The surface modification via the grafting of RCP chains was subsequently performed on the passivated surface without damaging the underneath structure (Figure 72). As opposed to the study performed in the previous chapter using only "fully" neutral surface modification for the BCP domains (i.e. leading to an optimal out-of-plane orientation of the BCP domains), three different configurations within the "out-of-plane" window (neutral, "slightly" PMMA-affine, "slightly" PS-affine, denoted N, M and S respectively) were studied for the 

stacking

IV.2.C/ Deposition of the 2 nd BCP layer and immobilization of the stacked structure

After the passivation step, it is thus possible to perform the so-called iterative stacking.

This step follows exactly the same process as described before for a flat substrate. Nevertheless, the self-assembly of the 2 nd BCP layer takes place on a "patterned" substrate with both topographical and chemical fields. Experimentally, after the adequate surface energy modification of the first immobilized layer, a BCP thin film is spin-coated and thermally annealed to promote the self-assembly of the second layer. The PMMA domains are then infiltrated with Al2O3 by SIS (Figure 73) in order to stabilized the stacked structure. As observed on a flat substrate, an optimized composition of the RCP drives an out-ofplane orientation of the self-assembled BCP structure. It is noteworthy that the same RCP compositions in order to reach "full" neutrality for each structure was observed for the iterative stacking step. It means that the Al2O3 passivation layer behaves as the native silicon oxide layer in term of surface energy modification after RCP grafting.

Finally, the PS domains can be partially etched as done for the first layer to increase the topography and then the same iterative process can be performed again for the stacking of more than two BCP layers. The overall iterative structures formed following this process are labelled as the first layer name (structure and size), followed by the RCP name, and the second layer name, e.g. H32-ML-L32 for a hole pattern with a period of 32 nm modified by a "slightly" PMMA-affine RCP layer with a top line & space pattern with a period of 32 nm. This labelling can be extended as well for more than 2 layers.

IV.2.D/ Structural characterization of the stacked BCP layers

After the stacking process of 𝑛 (𝑛 ≥ 2) self-assembled and hybridized PS-b-PMMA layers, non-native 3D-nanostructure are produced. To understand the stacking rules as a function of the BCP macromolecular parameters and the different self-assembly processes, it is required to precisely characterize the resulting structures. This can be done via direct visualization of the nanostructure by AFM or SEM, or using highly sensitive scattering techniques such as grazing small-angle X-ray scattering (GISAXS).

The most convenient method is the direct observation by top view SEM after an ashing step, i.e. removing the whole PS domains from the nanostructure, as performed by Rahman et al. [6]. The objective of this ashing step is to fully remove the PS domains, without deteriorating the inorganic nanostructure. Indeed, the overall Al2O3 structure is composed of very thin features, with characteristic sizes from 10 to 50 nm, which can be easily damaged during the ashing step.

Thus, a low energy oxygen plasma treatment was performed (40 sccm at 20 W) for a duration optimized with respect to the stacked structure (Figure 74.a). Obviously, this duration is dependent on the number of layers to etch, but also on the kind of features (i.e. the Al2O3 content in the stacked structure). For instance, a hole structure which contains more Al2O3 than a dot structure for a constant thickness is more robust to the ashing step while the dot structure could collapse.

After ashing, it is possible to observe the top view projection of the 3D nanostructure with SEM. This was done routinely for bilayers to observe the produced structures, and to study the stacking orientation rules. However, this method shows some limitations. Indeed, a top layer with a high Al2O3 content can "hide" a nanostructure formed by a BCP underlayer with a lower Al2O3 content. 

IV.2.D/ The concept of responsive layering

The objective of this chapter is to decipher the stacking rules between two BCP layers for the nano-manufacturing of non-native structures from BCP self-assembly in thin films. This encompasses the understanding of the mechanisms driving the relative alignment and orientation of the top layer with respect to the bottom one -a concept so-called "responsive layering".

Considering two perfectly ordered BCP layers, the stacked nanostructures can be easily computed with the following parameters:

 The structure type of both layers (L, D or H);

 The ratio of the domain spacing of the BCP layers;

 The relative angle between both structures;

 The pattern translation along x and y axis between both structures.

The screening of all these parameters would lead to an "infinite" number of bilayered structures. However, it is possible to select specific bilayer configurations that would be thermodynamically more stable because of symmetry rules, as dictated by de Curie-Rosen principle [12]. To that extent, the stacked structure symmetry has been quantified with two parameters:

 The symmetry group of the produced pattern, also called the 2D wallpaper group, which can be one of the 17 possible groups [13];

 The size of the fundamental domain, i.e. the repetitive unit of the pattern, which should be the smallest possible.

Thus, it is possible to sort out the bilayered structures in two categories: i) the second layer is randomly configured (orientation and alignment) with respect to the first one (no registration mechanism); ii) a specific registration occurs which leads to a remarkable structure.

In this case, the underneath mechanism linked to the registration of the 2 nd layer with respect to the first one is called "responsive layering"; i.e. the first layer dictates the orientation and alignment of the 2 nd layer.

IV.3/ Stacking of two layers with lamellar symmetry (L-L)

This part focuses on the simplest stacking configuration: two layers of line & space patterns created from lamellae forming PS-b-PMMA BCPs, called L-L stack. In general, the BCP lamellar morphology produces fingerprint patterns in thin films which have only a local translational order. The translational order of the lamellar morphology can be improved using directed self-assembly techniques, e.g. with graphoepitaxy or chemo-epitaxy. Thus, stacking two layers of such unidirectional structure have two remarkable orientations: the two line & space arrays are either parallel or orthogonal. Any other orientation between the layers clearly hints an independent self-assembly behavior between the layers which is characteristic of a "nonresponsive layering".

Interestingly, in the case of parallel orientation, the produced stacking is different than the 2D wallpaper group, and is called a line group. Indeed, in this case the pattern is infinitely repeated along the line direction. Thus, the pattern description is only made by the symmetry along the axis perpendicular to the lines. There are two possibilities: either there is a mirror reflection along this axis and the symmetry group is p1m, or the symmetry group is p1. In the other hand, for the perpendicular orientation, the pattern produced is 2D, and can be described by one of the 17 possible 2D wallpaper groups. d-e.

IV.3.A/

The neutral case (Figure 78.a) shows a decent grid pattern as compared to the random generated one, with an angle close to 90° between both layers. However, due to the inherent defectivity of BCP self-assembly, the translational order of the underlying line & space pattern is poor, which results in multiple defects (edge dislocations and disclinations for lamellar structure in thin films) localized mainly at the grain boundaries [14], [15]. The poor translational order of the first BCP layer inhibits thus the generation of a perfect grid without further use of directed self-assembly methods. The corresponding GISAXS pattern (Figure 78.d) is in accordance with the SEM image. Intense Bragg rods along 𝑞 𝑦 positioned in the characteristic 𝑞 𝑦 /𝑞 * = 1,2,3 sequence confirmed the production of a line & space pattern with a common periodicity for the two superimposed layers with a measured 𝐿 0 = 28.7 nm which is identical to the L28 domain spacing.

Accordingly, the characteristic size of the top self-assembled structure does not appear to be disturbed by the chemical and topographical fields induced by the underlying Al2O3 pattern. Even if GISAXS is a powerful methodology for the characterization of complex nanostructured surfaces, the "polycrystalline" nature of the produced grid pattern (i.e. multiple angular orientations of the two grid arrays) does not permit to retrieve the angular configuration of the two superimposed line & space arrays. 

IV.3.A.iii/ Long-range ordering of stacked line & space arrays

Even if a good understanding of the role of the interfacial layer between the two arrays has been established from the previous study, it is more difficult to conclude on the orientation control through the "responsive layering" approach. Indeed, the defectivity inherent to BCP selfassembly on flat substrate (poor translational order) results in polycrystalline structures with a low correlation length. To overcome this effect, a grooved patterned substrate was used to direct the self-assembly of the first BCP layer by graphoepitaxy.

The patterned substrates used in this study were generated by a combination 193 nm lithography and plasma etching in the LTM / CEA-LETI facility. They are composed of 60 nm deep parallel trenches, with a 70 nm width and a 140 nm periodicity (Figure 79.a). The PS-b-PMMA with a periodicity of 28 nm was self-assembled on the patterned substrate using the process described in Chapter III/ resulting in the formation of out-of-plane lamellae confined inside the grooves and oriented perpendicularly with respect to the orientation of the trenches as observed on the AFM phase image in Figure 79.b. This perpendicular orientation is coherent with the surface modification by a neutral RCP of the grooved substrate as already reported in the literature for lamellar PS-b-PMMA [16], [17]. This particular arrangement of the lamellae with respect to the grooved substrate is indeed expected as it provides the configuration with minimal energy due to both PS and PMMA domains facing a maximal interfacial area with the neutral RCP coating. It is noteworthy that the AFM height profile demonstrates that using this standard process, a topographical wave pattern with an amplitude of 6 nm remains from the underneath trenches.

This topographical pattern would induce a strong topographic field orthogonal to the one formed at the time of the immobilization process. Even if the competition between the two topographical fields could be interesting to further tune the morphology of the stacked structures, it will be detrimental for a complete understanding on the "responsive layering" approach. In order to attenuate the topography induced by the grooved substrate, the BCP layer thickness was increased by modifying the concentration of the BCP solution from 1. In our case, the stacking process also leads to the generation of both topographical (PS/ Al2O3 pattern) and chemical fields (modification of the top interface of the 1 st immobilized BCP layer by different RCPs). Nevertheless, the 2 nd BCP layer is not strongly confined by the topographical pattern created by the 1 st layer as its thickness is important with respect to the 1 st layer topography. Besides, the commensurability between the characteristic lengths of the two patterns is always respected since the experimental results were obtained for two L28 BCP layers.

Accordingly, the rationalization of the various experimental behaviors should be based on additional considerations which are commented in the following paragraphs.

IV.3.B.i/ Asymmetric surface areas due to the topographical field

A first consideration is related to the increased surface area due to the topography produced by the immobilization by SIS of the 1 st BCP layer. Indeed, the line & space pattern is not sharp due to a gradient of block composition at the interface [18], related to the low segregation strength (i.e. 𝜒𝑁 product) of the PS-b-PMMA system under study [19] and the non-isotropic plasma etching process. It is rather composed of lines with curved walls, and the resulting bump profile has been modeled with a rectangle having perfectly rounded edges as shown in Figure 82.a.

Thus, it is possible to geometrically estimate the surface variation with respect to a flat surface, as function of the bump height ℎ and width 𝑤, i.e. the line thickness and its half periodicity, respectively: This can be understood as the energetical cost for chain compression above the bumps related to the in-plane configuration is lower than the affine interfacial energetical contribution for extreme values of 𝑓 𝑃𝑆 𝑅𝐶𝑃 .

𝑆 𝑏𝑢𝑚𝑝 𝑆 𝑓𝑙𝑎𝑡 = { 𝜋 2 + 2ℎ 𝑤 -1 𝑖𝑓 𝑤 ≤ 2ℎ 𝜋. ℎ 𝑤 + 1 - 2ℎ 𝑤 𝑖𝑓 𝑤 ≥ 2ℎ ( 20 
)
This model qualitatively explained the self-assembly behavior visualized for two stacked L28 layers, but its generalization to other stacked configurations is difficult. Indeed, it is based on the comparison of energetical costs for each possible configuration which accordingly have to be preliminary defined to be simulated. Thus, it requires to be able to identify all these configurations, which was rather simple for the L28-L28 case based on geometrical arguments.

Nevertheless, it would be rather tedious for more complex layering configurations such as the ones with a hexagonal symmetry. Besides, an orthogonal configuration window between two collinear ones is retrieved by simulation only if the bump height is lower than 5.5 nm, and for higher values, the whole out-of-plan window has an orthogonal configuration. The experimental bump height measured with AFM is ≈ 10 nm (see Chapter III/Figure 57), which means that this model might be too simplistic to be quantitatively used as it lays on a strong argument related to the chain compression / stretching.

IV.3.B.ii/ Pseudo-chemical epitaxy via the disordering of PS-b-PMMA chains induced by a strong spatial confinement

For affine interface, the parallel orientation can also be explained by supposing that some confined PS-b-PMMA chains of the 2 nd layer are trapped in a disordered state within the topographic space created by the line & space pattern from the 1 st layer (Figure 84). This mechanism leans on the close to neutrality surface energy of PS-and PMMA-affine interfacial layers, and the low segregation strength of PS-b-PMMA (small 𝜒), leading to possible disordered trapped chains. Indeed, both theoretical and experimental works have reported a drastic increase of 𝜒𝑁 value for the order-disorder transition upon confinement for a ratio between the spatial confinement size and the polymer gyration radius of around 1.4~1.5 [20], [21]. Thus, for a given 𝜒𝑁, reaching a ratio lower than this value means that the BCP is disordered within the confinement walls. In the L28-L28, the trench width is half the period, around 14 nm here, and the 𝑅 𝑔 of this BCP is approximately 10 nm, giving a ratio of ~1.4 which effectively corresponds to a disordered state. Thus, a pseudo perfectly neutral interface toward the PS and PMMA domains is generated between the Al2O3 lines, while a weakly preferential coating is still present above them due to the RCP grafting. Accordingly, a self-assembly mechanism driven by chemical epitaxy occurs, leading to an energetical gain for the collinear configuration between the two line & space patterns as shown in Figure 84, since a domain is facing an affine interface and the other a neutral one. For perfectly neutral interface, the collinear orientation does not generate an energetical gain since both domains wet neutral interfaces (either from the grafting of the RCP on the top of the Al2O3 lines or from the disordering of the PS-b-PMMA inside the topographic pattern). Thus, the most stable configuration is the orthogonal orientation of the two line & space patterns, as no chain stretching is involved in this configuration. As opposed, this pseudo-chemical epitaxy mechanism (based on the balance between the energy cost related to the confinement of disordered BCP chains and the energy gain linked to the registration of the affine domains above the Al2O3 lines) should lead to a collinear arrangement of the line & space patterns for slightly affine modification of the Al2O3 lines, as observed experimentally. Obviously, a switch to in-plane orientation of the 2 nd lamellar structure should occur for an interfacial modification with strongly affine materials (not experimentally studied here).

Interestingly, this mechanism is not dependent of the height of the topographic pattern created by the immobilization of the 1 st BCP layer, but only on the pattern shape. Indeed, the configuration of the top BCP layer is only dictated by the maximization of the relative surface areas between the affine block and the alumina pattern with respect to the neutral layer between the alumina pattern.

IV.3.B.iii/ Dissipative Particles Dynamics (DPD) simulations

In order to strengthen the results obtained from the rather simplistic description of the BCP behavior on top of a corrugated substrate, dissipative particles dynamics (DPD) modeling can be employed [9], [22]. In DPD simulations, dynamic and rheological properties of BCP chains can be simulated in which the chains are simplified into linear connected beads (every bead represents a group of repeating units). In our case, the physical reduced parameters of the beads (for instance the distance between them, modeled as a harmonic oscillator, called harmonic bond)

were chosen to mimic either PS or PMMA, and the BCP architecture was then generated by connecting the appropriate amount of each bead, e.g. 10 beads of PS with 10 beads of PMMA for a lamellar BCP. In DPD, in addition to the harmonic bond between the polymer beads, the interaction between every bead is described as a repulsive force. The repulsion between PS and PMMA beads is set as the maximum repulsion in the system while similar beads are characterized by a minimum one.

To perform the simulation and observe the self-assembly behavior, a periodic 3D box is generated with a high-density impenetrable substrate at the bottom and a "flexible" air layer at the top based of unconstrained single beads. Then, a determined number of bead-shaped BCP chains is randomly introduced between the substrate and the air taking into account the overall density of the system. The bead-shaped BCP chains are let to interact in presence of thermal fluctuations and drag forces with specified repulsion energies between them, the substrate and the air. After a sufficient reorganization time, the BCP chains self-organize to a final configuration.

By adding a topography to the substrate (gray beads in Figure 85.a) and by changing the repulsion energies between the PS and PMMA beads with respect to the substrate, it is possible to mimic the stacking process for different interfacial affinity. This was made for lamellae stacked on top of a line & space patterned substrate for 3 different substrate-polymer interactions (Figures

85.b-d):

 The same interaction parameter (i.e. no specific repulsive interaction, mimicking the neutral case), resulting in a orthogonal orientation between the layers (Figure 85.b);

 The same interaction parameter on the pattern depressions between the substrate and both PS and PMMA domains (i.e. neutral), and a higher repulsive value for PS beads on the pattern heights with respect to the PMMA beads (i.e. PMMA-affine), resulting in the registration of the PMMA domains on top of the pattern bumps (Figure 85.c);

 The same interaction parameter on the pattern depressions between the substrate and both This work was performed in collaboration with the Dr. Pablo Argudo, a post-doc in the group, and is still on-going for the other structures, with very promising results.

IV.3.C/ Stacking of two lamellar BCP layers with different periodicities

Until now, the study was limited to the stacking of two L28 layers with the same periodicity.

Nevertheless, it is possible to form lamellar structures with different periodicities by increasing the overall degree of polymerization of the BCP. However, the control of the self-assembly (correlation length of the structure, stability of the out-of-plane lamellar region) is more difficult for these high periodicities. As observed in Chapter III/, higher BCP film thickness (around 160 nm) seems to be mandatory in order to achieve a proper self-assembly for the higher probed periodicities. This restricts the use of the lamellar structures with high periodicity to the 1 st layer as the final ashing treatment leads to a collapse of the bilayer arrays when thick films are employed for the 2 nd layer. We decided thus to only generate bilayer structures with L24 or L28 as top layer.

IV.3.C.i/ Mesh formation with tunable sizes

For the general case, i.e. random ratio between the two layer periodicities, e.g. Ln and Lm, the only configuration that presents a remarkable symmetrical structure is the orthogonal one. Indeed, the parallel orientation will create a moiré pattern with a 𝑛 × 𝑚 periodicity, which cannot be energetically stable if 𝑛/𝑚 ratio (𝑛 > 𝑚) is not an integer. Indeed, in this case, the fundamental domain of the line pattern will be drastically higher than the two initial layer patterns. Also, within the moiré pattern, there are plenty of stacking configurations of the second layer that are not perfectly registered, i.e. leading to an energetical gain.

Consequently, a neutral interface was used for the stacking of L28 above each thick layers with higher periodicity, L32-t to L56-t to target the orthogonal orientation. The same standard process was performed, with a final ashing step of 4 min. The resulting SEM pictures (Figures 86.ae) showed well-ordered rectangle meshes, which is consistent with the expected configuration observed with L28 bilayer stacking. The structure symmetry analysis of these rectangular meshes gives a p2mm 2D wallpaper group [13].

As observed with the L28-NL-L28 case (Figure 78.a), each configuration leads to a grid pattern, with large areas presenting arrays with an angle close to 90° between both layers (see third row of Figure 86). Such stacking configuration allows the formation of a rectangle pattern with characteristic dimensions related to the two BCP periodicities. The GISAXS patterns are in perfect accordance with the SEM images, with intense Bragg rods along 𝑞 𝑦 positioned at two characteristic sequences 𝑞 𝑦 /𝑞 * = 1, 2, 3 for 𝑞 * that can be associated to the first layer and the second layer periodicities as detailed in Table 14. Interestingly, the characteristic size of both layers is not disturbed by the stacking process as it is possible to retrieve the ratios between the periodicities of both structures. Interestingly, we can notice on the GISAXS patterns a small shift of the position of the Yoneda band for the 1 st and the 2 nd layers. This shift is linked to the height difference (in the z direction) of the layers in the stacked structure. Nevertheless, the GISAXS pattern can be decomposed as the sum of the two individual GISAXS patterns obtained for a unique layer.

Configuration

Unfortunately, no specific signals related to a perfect orthogonal stacking was observed due to the "polycrystalline" nature of the grid pattern at larger scale.

Combining such strategy for the formation of nanomeshes with directed self-assembly methods could lead to the generation of perfectly ordered nanomeshes, with a very precise control over the feature size, i.e. from 24 nm to 56 nm by using the library of PS-b-PMMA used in this study. Such grid arrangement could have very interesting optical properties, which will be further discussed in the Chapter V/.

IV.3.C.ii/ Specific case of 2:1 periodicity ratio

Within the range of available periodicities for the stacking of line & space structures (L24 to L56), the 2:1 specific ratio is particularly interesting as it would not result in the formation of a random moiré-like structure for non-neutral interfacial layers. Indeed, two layers with this particular ratio can obviously produce a rectangular nanomesh array, as shown for the L56-t-NL- the ashing treatment that induces the narrow lines situated at the top to collapse during ashing (due to their small widths, here 12 nm). Importantly, the results are coherent with the asymmetric surface hypothesis as explained previously. For both structures, the GISAXS patterns present intense Bragg rods localized at the characteristic positions for line & space pattern, i.e. 𝑞 𝑦 /𝑞 * = 1,2,3,4,5, with higher intensity for first and fourth rods as compared to the others as they are associated with scattering events for both the large and small lamellar patterns (Figures 88.c-d). Indeed, for a particular 2:1 ratio between the periodicities of both layers, the 1 st (2 nd ) Bragg rod of the L24 layer is positioned at the same position that the 2 nd (4 th ) Bragg rod of the L56-t layer. The analysis of the peak positions of each pattern confirms the periodicities of the large and small line & space patterns (i.e. 𝐿 0 =49.7 nm for the large periodicity and 𝐿 0 =24.8 nm for the small periodicity). No difference between the two configurations were noticed, except for sharper Bragg rods in the PMMA-affine pattern case, certainly due to a lower extent of lamellae collapsing. Indeed, for this case, the small top lines are positioned on the edges of underneath Al2O3 lines, while for the other case, half of the small lines are positioned between them, i.e. on PS surface passivated with 1 nm alumina, which breaks during ashing. Thus, the small top lines are obviously more prone to collapse when the material bellow them is getting etched (i.e. above PS), compared to the opposite case (i.e. above alumina).

IV.4/ Hierarchical nanostructures by stacking two layers with a hexagonal symmetry

A second type of commensurate stacking between BCP layers can be obtained by using BCP structures with a hexagonal symmetry, i.e. hexagonal packed cylinders for a di-block architecture. As shown previously, such BCP structures in thin films can lead to either dots (PMMA cylindrical structure) or holes (PS cylindrical structure) through a subsequent immobilization of the nanostructured thin films by SIS. Contrarily to the limited number of stacked configurations for L-L stacking as explained from symmetry considerations (i.e. either 1D symmetry in the case of a collinear stacking or 2D grids in the case of orthogonal stacking), the stacking of two 2D

hexagonal structures can produce a plethora of 2D periodic structures, which in the case of responsive layering, will produce remarkable symmetrical structures with specific ratio between the stacked structure periodicities. Since BCP self-assembly can generate two different hexagonal structures, i.e. the dot and hole arrays, it is possible to perform four different stacking configurations, which are dot-dot (D-D), hole-hole (H-H), dot-hole (D-H) or hole-dot (H-D).

However, the analysis by top view SEM requires that the top layer has a lower alumina coverage with respect to the bottom layer in order to fully decipher the stacked configuration. Thus, the D-H case was not studied during this Ph.D., but the conclusions made for the three other cases could be easily transposed to this case. For the same reasons, the study was performed with the BCP layer of the highest periodicity as the 1 st layer.

IV.4.A/ Expected configurations between the two stacked hexagonal patterns

As explained in Chapter III/Figure 68.b, there are 5 different ratios experimentally achievable between the two BCP periodicities which could geometrically generate a commensurate stacking between the two hexagonal patterns, and thus would produce remarkable patterns with high symmetry unit cell. It is possible to inventory all the geometrically stable structures which might be experimentally reachable according to several parameters:

 The ratio between the structure periodicities: 1:1, 2/√3:1, 3/2:1, √3:1 and 2:1;

 The relative rotation angle between the two stacked layers: 0° or 30°;

 The type of building bricks used to generate the stacked structure: D-D, H-H or H-D;

 The registration of the second layer pattern with respect to the bottom layer pattern: PMMA (dots) or PS (holes) cylinders of the top layer can be either registered above the Al2O3 pattern (called in the following text "above" registration), or in the interstices of the Al2O3 pattern (called in the following text "between" registration) or at the edges of the Al2O3 pattern (called in the following text "edge" registration). It can also be a combination of these configurations depending of the periodicity ratio.

It is noteworthy that the ratio between the layer periodicities and the relative rotation angle between layers are related: for ratios equal to 1:1, 3/2:1 and 2:1, a remarkable 2D wallpaper (i.e. high symmetry group) with small fundamental domain is produced only if the angle between the structures is 0°, while for ratios equal to 2/√3:1 and √3:1, the angle should be 30°. Table 15 sums up the possible configurations for D-D stacking with the simulated sketches, the Edge & Between p3m1

Table 15. Schematics of 2D wallpapers obtained by stacking two layers of hexagonally packed dots with a given periodicity ratio and relative rotation angle between the two hexagonal patterns. Red lines specify the pattern fundamental domain, with rotation center and reflection axis from the wallpaper group.

With the asymmetric surface area model developed previously for the L-L stacking case, the most stable structures should be obtained if there is only one stacking type, i.e. "above", "between" or "edge ", to avoid competition between energetical gains and costs from affine surfaces. Also, the combination of "above" & "between" should be considered, as observed with the 2:1 ratio for collinear lamellar structures.

A systematic study for the three aforementioned cases, i.e. D-D, H-H and H-D, was performed to experimentally observe the stacking configuration for each ratio between the BCP layers and by varying the interfacial affinity between the two layers (i.e. neutral, PS-affine or PMMA-affine layers). In the following, we have restricted our analysis to the most remarkable cases, for which we have been able to obtain robust experimental results (i.e. low defectivity of the stacked structures).

IV.4.B/ Stacking of two dot patterns (D-D)

For this specific case, a particular attention should be paid to the ashing plasma step, as it can induce a collapse of the overall structure. Indeed, both the top and bottom layers are mechanically fragile since they are composed of disjointed dot arrays with no lateral cohesion. In order to reduce this phenomenon, different modifications of the common process were explored:

 The modification of the ashing process to reduce the plasma harshness (in particular the isotropic physical plasma);

 An increase of the dot mechanical stability by performing a larger number of SIS cycles (3 or

SIS cycles instead of 2);

 A reduction of the height of the dots (i.e. by a reduction of the BCP film thickness) which would require a shorter ashing duration in order to produce the final stacked structure.

The best results were obtained by reducing the thickness of the 2 nd BCP layer through the increase of the spin-coating speed from 1500 rpm to 2000 rpm. As a consequence, the ashing step duration could be reduced to 3 min which prevents the collapse of the structure.

The first experimental parameter which was explored is the effect of the interfacial energy between BCP layers with the same periodicity. For that extent, we have simulated the top-view SEM image of a stacking configuration without registration between the two layers. The result is presented in Figure 89, in which multiple grains with different patterns are visible. Indeed, according to the angle between the BCP grains of both layers, several symmetrical structures can emerge. However, the majority of these structures present a subsequent higher fundamental domain size compared to the ones from both layers, and have all three stacking types, i.e. "above", "between" & "edge". Thus, even if some of these structures might seems highly symmetrical and remarkable, it seems very unlikely to observe them all experimentally if a proper "responsive layering" process occurs, except for the two most symmetrical structures expected in the Table 15, which are also present in this random image. Experimentally, two layers of D37 were stacked using the process described above, using ND, MD or SD surface modification, and then gently ashed to prevent the collapse of the top dots. The differences between these three SEM images evidence a potential "responsive layering" process and the importance of the interfacial energy between the two stacked layers. In the case of a neutral interfacial layer, the simulated and experimental images (Figure 89 and Figure 90.a) are quite similar even if the experimental one presents many defects due to the collapse of the dot pattern during the ashing step. This behavior means that a random relative rotation angle between both layer grains is observed, without one unique structure that would be more stable.

Thus, for a fully neutral layer, the topographical constraints are not enough to induce a preferential layering , i.e. responsive layering, which was yet proposed as a mechanism to explain the results obtained by Rahman et al. [6]. For the PMMA-affine case, the structure is similar to a single dot pattern resulting for the self-assembly of a unique BCP layer. This means that "responsive layering" occurs in this case as a registration between the PMMA cylinders of the 2 nd layer and the Al2O3 dots of the 1 st layer is evident. This "above" stacking configuration is in perfect correlation with the pseudo-chemical epitaxy mechanism that would lead to an energetical gain for this particular type of stacking.

Indeed, in this case, the PMMA domains are registered on top of the Al2O3 topographical pattern which is coated with a PMMA-affine layer, while the PS domains registered on top of the hollows are in contact with disordered BCP chains that behave like a neutral layer.

Finally, the PS-affine case exhibits a "between" stacking type, slightly different from the one expected from a purely symmetrical point of view: the PMMA cylinders of the 2 nd layer are experimentally positioned in the vicinity of two underneath Al2O3 dots, while the arrangement leading to the highest symmetry would be in the vicinity of three Al2O3 dots. However, both stacking configurations are in accordance with the pseudo-chemical epitaxy mechanism. Indeed, the Al2O3 dots are in both cases fully covered with PS domains, for which an energetical gain is expected due to the PS-affine interfacial layer, while the Al2O3 pattern hollow part with the pseudo neutral energy due to disordered BCP chains will lead to the same interfacial energy cost whatever is the position of the PMMA cylinders.

The GISAXS patterns of the three stacking configurations (Figures 90.a-c) showed similar features with extended Bragg rods along the 𝑞 𝑦 direction. It is not possible to differentiate the stacking configurations from such patterns due the random orientation between grains of each layer leading to a "polycrystalline" overall structure. Nevertheless, we retrieved the same sequence 𝑞 𝑦 /𝑞 * = 1, √3, √4, √7, √9 characteristic of a hexagonal packing. The extracted periodicity of the structure is 𝐿 0 =31.6 nm, giving a 36.5 nm domain spacing, perfectly comparable to the D37 single layer.

A second interesting case based on the variation of the periodicities between the two layers for a neutral interfacial configuration was evaluated using the 2/√3: 1 and 3/2: 1 ratios (i.e.

D37-ND-D42 and D32-ND-D42). Here the dot pattern with the largest periodicity was used as a top layer as it reduced the collapse of the structure during the ashing step. For the 2/√3: 1 ratio, the observed structure shows some similarities with the expected one based on geometrical packing considerations; however, the overall translational order is very weak. Effectively, within the wallpaper fundamental domain, it is possible to see that 1/3 of underneath dots are capped with PMMA cylinders and 2/3 with the PS matrix, meaning that both affine interfacial energy types are in competition. This uneven balance between both domains should tend to have a stabilization of the structure for PS-affine coating. However, the same stacking structures were found experimentally between the affine and neutral cases, meaning that this competition is too weak to drive the "responsive layering" mechanism. Thus, the resulting structure is closer to a random stacking.

As for the 3/2:1 ratio, the same structures were also observed with the three interfacial configurations, but it is possible to clearly observe non negligible regions with remarkable orientation between two layers corresponding to the expected structure. Nevertheless, the translational order of the structures is still weak which might be due to a low energetical gain from such stacking configuration with respect to a "random" one. Indeed, responsive layering is not occurring due to interfacial interactions since the three cases (neutral, PS-affine and PMMAaffine) led to the same results.

As for the GISAXS pattern, only the D32-ND-D42 structure that present somehow a responsive layering was analyzed (Figure 91.c), exhibiting the characteristic Bragg rods of two cylinder forming structures with a different periodicity. Indeed, it is possible to sort these peaks in two sequences of values positioned at 𝑞 𝑦 /𝑞 * = 1, √3, √4, √7, with a first 𝑞 * 1 = 0.172 nm -1 giving a periodicity of 36.5 nm (i.e. a domain spacing of 42.2 nm associated to D42), and a second 𝑞 * 2 = 0.234 nm -1 associated to D32 with a 31 nm periodicity. This GISAXS pattern exhibits the characteristic signals of the two monolayers.

More robust experimental results were obtained for a √3: 1 ratio between the two layers (i.e. D56 on top of D32) with the three different surface modifications. Interestingly, both predicted structures were obtained with a good translational order using MD (Figure 92.a) and SD (Figure 92.b) interfacial layers. For the PMMA-affine interfacial layer, the obtained structure is clearly of "edge" type leading to raspberry-like or planet-satellite nanostructures [23], which could have interesting optoelectronic properties [24]. This result is in accordance with the pseudo-chemical epitaxy mechanism as the majority of small PMMA domains are positioned on top of the Al2O3 large dots coated with the PMMA-affine layer. Interestingly, for a PS-affine interfacial layer, the "above" & "between" expected structure is obtained, with unfortunately some defects due to the collapse of the "between" positioned dots. In this case, every underneath alumina dots are effectively capped with a PMMA cylinder which is not in accordance with the pseudo-chemical epitaxy mechanism. However, by using the relative cylinder size compared to the periodicity obtained in Chapter III.2.B.i/, it is possible to estimate that the D56 and D32 radii are 14.8 nm and 8.6 nm respectively, leading to a surface area of 688 nm 2 and 232 nm 2 . Thus, the percentage covered with PMMA is effectively 34% while 66% for PS, giving an interfacial energetical gain for the PS-affine coating, which make the result in accordance with the model. It is noteworthy to mention that the same 1/3:2/3 uneven balance between PS and PMMA interfaces was observed for the 2/√3: 1 ratio case, without any responsive layering. This difference cannot be explained with the pseudo-chemical epitaxy mechanism, and might be due to higher chain stretching and bending in the 2/√3: 1 ratio case inherent to a denser structure (closer periodicity between both layers).

The corresponding GISAXS patterns (Figures 92.c-d) showed Bragg rods characteristic of the hexagonal packing of the dots with a sequence 𝑞 𝑦 /𝑞 * 1 = 1, √3, √4, √7, √9, √12. The analysis of the peak positions leads to a cylindrical structure with a periodicity of 46.9 nm, i.e. a domain spacing of 54.1 nm associated to the D56 structure. Interestingly, the second peak of the sequence is way more intense than the one observed from the sole D56 structure. Effectively, this 𝑞 * 2 = √3 × 𝑞 * 1 peak corresponds also to the first peak from a 31.8 nm cylindrical domain spacing which can be associated to the stacked. It is also possible to retrieve the sequence associated to the D32 hexagonal structure (𝑞 𝑦 /𝑞 * 2 = 1, √3, √4, √7). Interestingly, the peak intensities linked to D32 are lower than the one observed from a D32 monolayer (see Chapter III/Figure 71). This is certainly due to the registration of D32 pattern above a D56 pattern leading to a transfer of its weak translational order. Finally, we were not able to obtain reliable results for the 2:1 ratio. This is due to poor selfassembly of the D64 layer as presented in the previous chapter. Our efforts to use a configuration based on D28 on top of D56 did not succeed due to the collapse of the small D28 during ashing.

Nevertheless, it is very likely that the "above" & "between" stacking configuration would be obtained for a SD interface modification taking in consideration the same argument than for D56-SD-D32 (i.e. a high dissymmetry of surface areas between PMMA and PS domains above the big dots, here 26% PMMA and 74% PS).

IV.4.C/ Stacking of two hole patterns (H-H)

For the stacking of two layers of holes, the ashing step is less problematic since the honeycomb Al2O3 matrix is more rigid. However, this configuration has an important drawback as the extended coverage of the honeycomb pattern can prevent the observation of the stacked configuration using top-view SEM. Experimentally, in this H-H case, the plasma time for the ashing step was increased to 5 min to "melt" both layers together, leading to a structure with the two patterns merged together which is easier for the top-view SEM image analysis.

As for L-L and D-D, the first study was performed by stacking two hole layers with the same domain spacing, here H37, with the three different interfacial configurations, i.e. NH, MH and SH. The produced structures were observed with SEM after ashing (Figures 93.a-c), and the GISAXS patterns are presented in Figures 93.d-f. Interestingly, the FFT of the SEM images showed welldefined discrete signals related to the high correlation length of the H37 grains as observed in Chapter III/.

The analysis of the SEM images leads to similar conclusions than for D37-D37 stacking: a random registration for NH, an "above" registration for MH, and a "between" registration for SH. It is noteworthy that these configurations are coherent with the pseudo-chemical epitaxy hypothesis: for instance, with a PMMA-affine layer, the matrix surrounding the holes is attractive to PMMA, while the holes are filled with disordered PS-b-PMMA chains resulting in a neutral interface. Thus, the PMMA domains "benefit" from a registration on top of the underneath honeycomb Al2O3 matrix, leading to PS cylinders registered on top of the holes of the 1 st layer.

Interestingly, for the PS-affine case, the predominance of triangular features proves that the holes of the 2 nd layer are positioned at the interstices between three holes of the 1 st layer. This behavior differs from the one previously observed for two layers of dots. Indeed, the structure registration in the case of hole-hole stacking is dictated by the position of PS cylinders, which have a maximized interface with the PS-affine coated Al2O3 honeycomb pattern if they are placed between three holes. Indeed, if they are placed between two holes, the edge of the cylinder will be slightly aligned with the edge of the underneath hole. However, the area difference between both case is low, which is why it is possible to observe this second configuration in some areas (see the bottom left part of the A particular interest was given to the neutral modification, since it is possible to precisely observe the stacking configuration without the collapsing issue encountered for dots. A large field top-view SEM image is presented in Figure 94, highlighting the presence of several sub-structures.

It is possible to colorize the SEM image into five different zones depending of the rotation angle between both layers. Accordingly, several stacking configurations appear to be more stable than others, even if the coexistence between these five structures underlines their close stability in term of energy. A complementary study was performed to try to enhance the stability of a specific substructure observed experimentally by modifying several parameters (i.e. RCP composition to reach a non-perfect neutrality, second layer film thickness to modify the balance between interfacial and volume effects or the annealing temperature to unlock metastable energy wells).

Unfortunately, we did not manage to fully stabilize a particular sub-structure by the tuning of these parameters.

A simulated image was generated by stacking two H37 SEM images with a random angle (Figure 95). Interestingly, it is possible to visualize the same interesting sub-structures. The similar overall shapes of both simulated and experimental images tends to prove that the orientation is effectively random. Effectively, the well-ordered sub-structures are produced by the stacking of two well-ordered grains from both layers, with a random angle, as observed with the grain boundaries from the simulated image. Indeed, these boundaries were created on both monolayers and were superposed, separating perfectly the new grains from the stacking. Finally, there is not any responsive layering in this case, which is consistent with previous stacking observed with neutral interfacial coating. Both results present similar 2D wallpaper patterns as depicted for D-D in the Table 15 transposed to the H-H case with the "above" & "between" and "above" & "edge" stacking types for 2/√3: 1 and 3/2:1 ratios, respectively, with a weak translational order is obtained due to the low pattern quality of the 1 st layer (H42 and H56 here). Unfortunately, the obtained configurations cannot be explained by the pseudo-chemical epitaxy model, and thus no difference were observed with PS-or PMMA-affine coatings. Interestingly, the SEM image obtained for H42-NH-H37 seems in better agreement with the expected ideal structure than the SEM image retrieved for a D-D configuration with the same 2/√3: 1 ratio. The GISAXS pattern of the H42-NH-H37 structure (Figure 96.c) exhibits intense Bragg rods that can be separated in two families, one for H42 and one for H37. Thus, it is possible to retrieve the intensity peak sequence for a particular hexagonal array such as 𝑞 𝑦 /𝑞 * 1 = 1, √3, √4, √7, corresponding to a domain spacing of 41.9 nm (i.e. the H42 structure), and 𝑞 𝑦 /𝑞 * 2 = 1, √3, √4, √7, √9, √12, √13, corresponding to a domain spacing of 35.4 nm (i.e. the H37 structure).

The GISAXS pattern obtained for the H56-NH-H37 structure (Figure 96 Unfortunately, the √3: 1 and 2:1 ratios did not produce stacking configurations that could be analyzed as a very poor ordering of BCP layers with large domain spacing had to be used as a first layer.

IV.4.D/ Stacking of a dot pattern on top of hole pattern (H-D)

A last stacking configuration using the hexagonal symmetry produced by BCP selfassembly is by mixing dot and hole features. The hole layer was positioned as the 1 st layer since it allows an easier visualization by SEM. As for the other cases, every combination of H-D stacking was tested, and below is only presented the most robust results. As observed for the other stacking configurations with a 1:1 ratio, it is possible to observe completely different configurations depending of the affinity of the interfacial layer. PMMA-affine and PS-affine layers lead to "between" and "above" stacking configurations, respectively (Figures 97.a-b). These results are in agreement with the pseudo-chemical epitaxy hypothesis: for instance, for the H37-MD-D37 case, the Al2O3 honeycomb matrix is coated by a PMMA-affine layer and the holes are filled with "neutral" disordered PS-b-PMMA chains. Accordingly, the PMMA cylinders from the dot layer are positioned at the interstices between three holes leading to a "between" stacking type.

The GISAXS patterns obtained for the 1:1 ratio (Figures 97.d-e) are coherent with the stacking configurations observed by SEM and the use of hexagonal patterns with a 37 nm domain spacing. Indeed, it is possible to retrieve a unique sequence of Bragg rods 𝑞 𝑦 /𝑞 * = 1, √3, √4, √7, √9 with a 35.7 nm periodicity.

Finally, the √3:1 ratio with a PS-affine interfacial layer yields to an "above" & "between" stacking type (Figure 97.c), which is coherent with the pseudo-chemical epitaxy model. With this configuration, the PMMA domain area registered above the Al2O3 pattern is smaller than for the "edge" configuration, as expected for a PS-affine interfacial layer. It is noteworthy that the MH interfacial layer case leads to the "edge" stacking type (not presented here) in accordance with the previous rationalization, even if the "above" & "between" configuration was retrieved in some region.

The associated GISAXS pattern (Figure 97 lamellar BCP structure, a fingerprint pattern with randomly positioned defects such as dislocations and disclinations is produced [25]. At the other hand, for dot or hole patterns, i.e.

cylindrical BCP structure, highly ordered grains of hexagonal packed features are produced and the defects are localized at the grain boundaries. Thus, the dot or hole patterns are strongly constrained when subject to registration fields over "wavy" lines.

IV.5.A/ Expected configurations between two stacked patterns of different symmetry

Firstly, it is interesting to predict the expected structures taking into account geometrical packing (i.e. leading to the smallest fundamental domain with the highest symmetry group), from the several ratios selected with geometrical considerations as explained in Chapter III/Figure 68.b.

The same parameters listed for stacking two layers with hexagonal symmetries can be taking into account here, leading to a list of potential bilayers structures. For the sake of simplicity, D-L stacking configurations was solely inventoried in the Table 16, referencing the simulated sketches, the fundamental domains and the wallpaper groups [13], leading to structures that could not be natively achieved from di-BCPs.

It is noteworthy that the ratio between the two structures is calculated from their periodicities and not from the domain spacing. For instance, a 1:1 ratio is obtained by stacking L28 with D32, since D32 means that the cylinder-to-cylinder distance is 32 nm, i.e. a periodicity of 32 × √3/2 = 28 nm. Also, for large dot pattern on top of small line & space pattern, the "above" & "between" stacking types enclose the "edge" type since the dots are larger than the width of the lines. This was highlighted in the table by an "(edge)" nomenclature. Table 16. Schematics of the nanostructures obtained by stacking a layer of hexagonally packed dots above parallel lines, with a given periodicity ratio and a relative rotation angle between them. Red lines specify the pattern fundamental domain, with rotation center and reflection axis from the wallpaper group.

Ratio Angle

Stacking type

As for the previous cases, a systematic study was performed to observe the stacking for each ratio and with neutral, PS-affine layer and PMMA-affine layers between the two BCP layers.

IV.5.B/ Stacking of a dot pattern on top of a line & space pattern (L-D)

Interesting stacking configurations were observed for the 1:1 ratio using PS-and PMMAaffine interfacial layers to modify the stacking type. For the PMMA-affine case, the obtained structure is clearly composed of dots perfectly registered on top of Al2O3 lines, which is consistent with pseudo-chemical epitaxy mechanism hypothesis. Indeed, the PMMA cylinders are positioned on top of the PMMA-coated Al2O3 lines, while the surrounding PS matrix is predominantly placed on the neutral spaces filled with disordered PS-b-PMMA chains. For the PS-affine case, the opposite structure is observed, i.e. dots perfectly registered between the Al2O3 line pattern, which is also expected from the pseudochemical epitaxy hypothesis. Indeed, in this case, the PS-affine coated Al2O3 pattern is fully covered with PS domains which lowers the interfacial energy of the system, while the neutral space between the lines is alternatively covered with PS and PMMA, which does not modify the overall energy cost.

Unfortunately, the inherent defectivity of BCP self-assembly limits the correlation length of the stacked structures, in particular due to the grain boundaries of the underneath lamellar structure. Nevertheless, this could be easily solved by using DSA methods for the first layer as demonstrated in the previous chapter.

The GISAXS pattern for the PMMA-affine case (Figure 98.c) presents intense Bragg rods with the characteristic hexagonal sequence i.e. 𝑞 𝑦 /𝑞 * = 1, √3, √4, √7, √9, which gives a structure periodicity of 32.4 nm, i.e. a cylinder-to-cylinder distance of 37.4 nm. As expected with the 1:1 ratio, the lamellar structure signals are "hidden" by the cylinder ones, corroborating the similar periodicity for the two structures. Similar features were observed for the PS-affine case as shown in Figure 98.c and a 29.5 nm periodicity was extracted from the position of the first Bragg rod corresponds to a cylinder-to-cylinder distance of 34.1 nm. Interestingly, for both the PMMA-and PS-affine cases, the cylinder-to-cylinder distance measured by GISAXS is higher than the one measured for a single layer on a flat substrate. It means that the layering induces some chain stretching to match the topographical field created by the immobilization of the 1 st layer.

The next series of results were sorted according to whether the stacking ratio was greater or less than 1, i.e. small dot pattern above large line & space pattern or large dot pattern above small line & space pattern. As presented in the Table 16, the √3: 1 ratio could lead to two different remarkable structures, one being composed of "above" & "edge" stacking types, and the other one composed of "between" & "edges" stacking types. Taking into account the pseudo-chemical epitaxy mechanism, the first stacking type should be obtained using a PMMA-affine coating, while the second one is expected for a PS-affine coating. However, no difference was experimentally observed depending of the interfacial layer used for the stacking. The best results were obtained for a neutral interfacial layer (Figure 99.a) with both "above" & "edge" stacking types. A tentative explanation for this behavior could be related to the small difference in energy between the two expected structures or additional parameters such as chain stretching that have not been taken into account for the determination of the predicated structures in Table 3. The GISAXS pattern b-c) and the SEM analysis concludes to a "above" & "between" stacking type for PS-affine interfacial layer and an "edge" stacking type for the PMMA-affine interfacial layer. For this specific 2:1 ratio, the pseudo-chemical epitaxy model is limited because both expected and observed stacking configurations are completely equivalent in term of interfaces. Indeed, for both configurations, exactly half of PMMA dots are above the line pattern: either one dot is registered above a line for one registered in between lines (PS-affine case), or each dot is positioned at the edge of the Al2O3 lines (PMMA-affine case). Nevertheless, the asymmetric surface area hypothesis allows rationalizing the observed stacking configurations.

Indeed, an excess surface area is created along the edges of the Al2O3 lines (at the bump curvature), leading to the specific registration of the affine block over these edges. For the PMMA-affine interfacial layer, the PMMA domains would then be registered on the edges of the lines, which gives the observed "between" stacking type. In the other hand, the "above" & "between" structure leads to the alumina line edges fully covered with the PS block, which would lower the configurational energy for the PS-affine case. Both GISAXS patterns from the 2:1 ratio cases

The structure obtained for the 1:3/2 ratio is not very well defined since it appears to be a mix of the three stacking types, i.e. "above", "between" & "edge". We rationalize this result taking into account the large size of the dots with respect to the line width which could favor the collapse of the dots at different positions during the ashing step. However, the structure obtained for the 1: √3 ratio is consistent with a "above" stacking type as predicted. For these two stacking configurations, no difference between PS-affine, PMMA-affine or neutral interfacial layers were observed even if the best self-assembly results were obtained for a neutral layer. This might be explained by the fact that the pseudo-chemical epitaxy mechanism is not valid for stacking configurations based on top features larger than the underneath Al2O3 lines. Indeed, there is no configuration which would preferentially stabilize the PS or PMMA domains on top of Al2O3 lines.

However, responsive layering is still observed due to the topographical field related to the immobilization of the 1 st BCP layer. The GISAXS pattern of the L28-ND-D48 stacking configuration (Figure 100.c) presents intense Bragg rods corresponding to the L28 line & space pattern (i.e.

𝑞 𝑦 /𝑞 * 1 = 1,2,3 with a periodicity of 29.1 nm). Also, Bragg rods of weaker intensity can be observed along the hexagonal structure sequence, i.e. 𝑞 𝑦 /𝑞 * 2 = 1, √3, √4, √7 with a periodicity of 41.9 nm, i.e. a cylinder-to-cylinder distance of 48.4 nm, associated to the D48 structure. For the L28-ND-D56 (Figure 100.d), similar conclusions can be drawn from the GISAXS pattern with a sequence of Bragg rods shifted to lower q values for the D56 structure (domain spacing of 54.1 nm).

IV.5.C/ Stacking of a line & space pattern on top of a hole pattern (H-L)

The last type of stacking studied during this Ph.D. is the hole and line & space stacking configuration, which would have similar expected 2D wallpaper symmetries as L-D stacking. However, in this case, the stacking would not present the grain shape issue encountered previously, i.e. the hexagonally packed cylinder within a sole grain bending along curvy lines from the underneath fingerprint pattern. Indeed, in this H-L case, it is the lamellae that would have to get aligned on a underneath hole pattern within a sole grain. In this case, some bilayer grains will have a perfect order if responsive layering occurs, which should be easier to analyze. As for the previous case, it is possible to split this study in three parts: the 1:1 ratio, and the ratios above and below 1. As expected, and observed for every 1:1 ratio configuration, the structures are exactly the ones predicted from packing considerations, i.e. the PMMA lamellae registered between or above the holes formed by the Al2O3 honeycomb pattern. Interestingly, both stacking configurations can be fully explained using the pseudo-chemical epitaxy mechanism, clearly underlining responsive layering. For the PMMA-affine case, i.e. lines registered between holes, the PMMA domains are fully facing the underneath Al2O3 pattern coated with the PMMA-affine layer. For the PS-affine case, the same process is occurring, with PS instead of PMMA. Interestingly, for both cases, the non-affine lamellar domains are registered on top of holes, i.e. sequentially facing neutral conditions from disordered BCP chains trapped in the hole and non-affine areas from the Al2O3 pattern. This induces an energetical cost, that is fortunately lower than the energetical gain of the responsive layering. It is important to note that for both structures, lines are effectively mostly directed collinearly within a hole grain, and bend along the grain boundaries.

As expected, the associated GISAXS spectra (Figures This analysis is in accordance with the two stacked structures, i.e. L32 and H37.

For stacking ratios above 1, i.e. small line & space pattern above large hole pattern, the study was performed using L28. Interestingly, similar results were obtained by stacking L28 on top of H42, H48 and H56, and that independently of the interfacial layers used. For all three experiments, the most stable configuration always involved the registration of the lines on top or between holes. It seems that in these cases, the topographic contribution is higher than the interfacial one, explaining why there is no impact of the interfacial layer affinity on the registration of the second layer.

The GISAXS pattern from the 2/√3: 1 ratio case (Figure 102.d) exhibits as usually the two characteristic sequences related to the stacked structures: 𝑞 𝑦 /𝑞 * 1 = 1,2,3 for L28 with a measured 28.3 nm periodicity, and 𝑞 𝑦 /𝑞 * 2 = 1, √3, √4, for H42 with a measured 41.2 nm domain spacing. Unfortunately, the GISAXS spectra of the two other cases, i.e. H48-SL-L28 and H56-SL-L28 were not recorded.

IV.6/ Conclusions

In this study, an efficient process to stack two layers of PS-b-PMMA thin films using an immobilization step have been developed. With geometrical and symmetrical considerations, it has been possible to list the potential bilayers patterns that were targeted. Then, an exhaustive study has permitted to reach a consequent number of these non-native patterns (some of them observed for the first time using BCP self-assembly). Amongst all those bilayer patterns, it has been possible to reference 7 of the 17 2Dwallpaper groups, and the 2 possible line groups, only by stacking layers that belong to the p1m line group (line & space pattern) and p6mm 2D-wallpaper group (dot and hole patterns). Besides, we have proposed a model that allows explaining the relative configurations between the layers as a function of interfacial energy considerations and a disordering of PS-b-PMMA chains under confinement.

To conclude, we have shown that it is possible to control and predict the orientation and alignment of a PS-b-PMMA thin film stacked above an immobilized pattern. This work permits to form a toolbox that could be used to produce complex 3D structures from BCP self-assembled thin film.

V.1/ Introduction

Currently, the major use of BCP thin films in the industry is related to the formation of masks for nano-manufacturing with applications in the fabrication of electronic devices. Indeed, the periodical nanostructures produced with this technique allow the generation of a large range of patterns with tunable feature sizes at a low process cost (with respect to common top-down photo-lithography) [1]- [3]. However, even if BCP self-assembly is a bottom-up technique (the pattern is made directly from the deposited BCP layer), the use of BCP thin film as a photolithography mask transforms this method into a top-down approach (Figure 103). Indeed, the final structure would be made by "carving" a substrate of interest for the desired application. Alternatively, BCP thin films can be hybridized to directly generate functionalized nanostructures (thus a fully bottom-up approach). Depending of the type of hybridized materials (metals / dielectrics / ceramics / oxides), applications in various technological fields, such as optics, catalysis, energy or filtration, have been reported in the literature [4], [5]. Unfortunately, even if clear methodologies are established in order to produce the hybridized structures, successful integrations into functional devices are scarce due to the inherent limitation of BCP self-assembly; i.e. the self-assembly phenomenon is driven by a thermodynamic process, which drastically limit the variety of achievable structures and patterns. Obviously, these two approaches are not incompatible, with DSA using graphoepitaxy to remove self-assembly defects as a prime example. DSA methods also allow the generation of tailored structures inaccessible natively by constraining the BCP self-assembly within adequate patterns [6], [7].

During this Ph.D., an efficient layer-by-layer process to form 3D nanostructures was developed, with a controlled registration between layers. Interestingly, this bottom-up approach can be used to produce specific multilayered structures following a rather simple process, which might unlock the possibility to produce complex functional devices. This last prospective chapter will focus on two possible applications in optics and nanoelectronics and will describe the envisioned hybridized structures and the processes associated to their fabrication.

V.2/ Beyond the stacking of two layers

Firstly, a preliminary study was performed to observe the effective possibility to transfer the conclusions made from the stacking of two BCP layers to more than two BCP layers. Indeed, the process was designed to be compatible for the stacking of any number of layers. Interestingly, only the previous layer should influence on the self-assembly of the next layer through responsive layering. To verify this hypothesis, the stacking of three BCP layers were performed on selected orthogonally arranged in a grid (due to the neutral interfacial layer) with the third dot pattern registered on top of the Al2O3 lines of the 2 nd layer. This is in full accordance with the expected structure and the results obtained for each individual bilayer stacking. Accordingly, the iterative self-assembly methods devised for the stacking of two layers seems to be fully transposable to more complex iterative layering. However, as experimentally observed for the H32-ML-L28-MD-D32 stacking configuration, a bottleneck linked to such process is the ashing step which can lead to a collapse of the top structures. An alternative would be to preserve the structural integrity of each layer by a dual hybridization of the two BCP domains.

It is also important to note that for both of these examples, the relative orientation angle between the first and third layers is correlated through the second layer. However, the positioning of the features of the third layer is decorrelated from the localization of the features of the first layer. In other words, the position of top dots along the lines from the second layer is not dictated by the first layer. Indeed, the 

V.3/ Optically active structures from BCP self-assembly

An interesting property of BCP self-assembly is that the resulting nanostructure shows feature size in the 10-100 nm range, which is slightly below the visible wavelength, and thus can promote optical properties by light-matter interactions [8]. This part will focus on the opportunities to use iterative stacking to obtain optically active nanostructures and devices.

V.3.A/ Bibliographical study V.3.A.i/ Photonic crystals

The term "photonic crystal" describes objects presenting a periodical nanostructure in which the refractive index is not constant, leading to a modification of the light propagation. The periodicity can be along one, two or three directions, leading to 1D, 2D or 3D photonic crystals.

Photonic crystals can have important applications for many optical purposes since it can manipulate light propagation, such as structural colored coatings [9], solar cells [10] or optical sensors [11].

BCPs have been used to produce 1D, 2D and 3D photonic crystals [12], [13]. For instance, 1D photonic crystal were generated using in-plane lamellae ( To increase the contrast of refractive indexes between the two BCP domains, and thus modify further the optical properties, an infiltration step using metal impregnation or SIS can be performed to incorporate inorganic material, as detailed in Table 17 for some examples. 

Material

V.3.A.ii/ Optical metamaterials

A second type of optically active nanostructures are called optical metamaterials. As defined by Zheludev, "Metamaterials are artificial media structured on a size scale smaller than the wavelength of external stimuli" [17], i.e. the visible wavelengths in our case. These objects show properties that are not observed in the nature. The main interest for optical metamaterials is reaching negative refractive indexes [18], which can be obtained by modulating the electronic and magnetic fields from the light wave. This "unnatural" behavior can be used in many applications for optics, in particular for imaging and nanolithography in order to reach resolutions higher than the diffraction limit [19].

Several methods have been developed to generate optical metamaterials, including the use of BCP self-assembly since they exhibit periodical features effectively smaller than the visible wavelengths [20]. For this specific application, the polymer dielectric properties are not compatible, thus a hybridization of at least one of the BCP phase is mandatory to reach the targeted electromagnetic properties, which is usually performed by metallic infiltration. 

V.3.A.iii/ Plasmonic nanostructures

Another functional property triggered by periodical nanostructures is the plasmonic effect. It is related to the interactions between electrons from metallic nanoparticles and the incident light. Indeed, a plasmonic oscillation can occur between nanoparticles and light, even if the wavelength is higher than the particle size. Such interaction is due to the metal-dielectric interface between the particles and surrounding matrix, e.g. air. Interestingly, in the case of monodisperse nanoparticle distribution, this plasmonic effect occurs for a very narrow wavelength band that will produce the electron oscillation. For nanoparticles built from periodical nanostructure, for instance BCP self-assembled thin film, a plasmonic nanosurface is produced, which can have a large range of optical applications such as in solar cells [24] or optical sensors [25].

In term of BCPs, plasmonic nanosurfaces can be obtained with gold impregnated out-ofplane cylinders leading to hexagonally packed gold nanoparticles (Figures 107.a,c) [26], but also with the inverse structure, i.e. gold honeycomb [27] (Figures 107.b,d), since the interface of both nanopatterns is similar, i.e. a nanometric periodic array between air and metallic gold. Within our laboratory, Dr. Cian Cummins et al. developed another route to form inorganic 2D plasmonic nanosurfaces using PS-b-PMMA. The method used was a gold evaporation on top of an porous PS-b-PMMA hole pattern followed by a lift off of the PS matrix. Interestingly, the hexagonally packed gold nanodot nanosurface presented near-perfect absorbance at 600 nm wavelength when produced above a gold coated substrate capped with an alumina spacer [28]. 

V.3.B/ Tailored 3D-nanogrid targeting optics

The possibility to iteratively stack 2D well-ordered layers with a defined configuration allows the creation of tailored 3D-nanostructures containing both dielectric and metallic materials through BCP hybridization done at each layering step. Here, a targeted nanostructure is a stack of several orthogonal arrays of out-of-plane lamellae, with each layer having one block hybridized into a conductive material and the other hybridized into a dielectric material (Figure 108). It was already observed that a perfectly aligned wire array presents interesting polarization properties due to the nanometric periodicity [29]. Also, the stacking will produce a more complex 3D-nanogrid, which might exhibit other interesting properties, as already observed with a ZnO nanomesh device that shows a different conductivity according to the ambient illumination [30].

The desired stacking configuration could be easily achieved by stacking line & space arrays with a neutral interfacial coating to promote the orthogonal orientation between the patterns. This structure can be tailored to target specific behaviors which could be optimized with simulations. The different parameters that can be tuned are:

 The device substrate which can be a silicon wafer for its reflective properties, or a smooth transparent glass wafer for transmission purpose;

 The composition of the conductive material, 𝑀 𝑐 , with for instance gold, silver or copper, and the composition of the insulator material, 𝑀 𝑖 , with for instance Al2O3 or TiO2;

 The lamellar domain spacing, 𝑑, to target a specific wavelength, or the combination of different domain spacing for each layer in order to be responsive to different wavelengths;

 The height, ℎ, of each layer to modify the periodicity along the height axis.

Finally, this on-demand 3D-structure would be formed of 𝑛 layers having 1D specific inplane plasmonic effects which are vertically and orthogonally stacked. This stacking would exhibit another periodicity in the height axis, and an orthogonal arrangement between each layer, which could both produce plasmonic effects.

V.3.C/ Experimental challenges

The main challenge for the formation of such device is the hybridization of PS or PMMA domains into a conductive material. As detailed in the Chapter I.2/, several routes have been developed to selectively transform a BCP domain into gold or other metals. Nevertheless, only two are fully compatible with iterative stacking (i.e. keeping the structural integrity of the BCP pattern during the hybridization), which are liquid phase metal salt impregnation and electrodeposition.

For the first route, PS-b-PMMA is unfortunately not a suitable candidate for impregnation due to low affinity between metallic salts and PMMA. A solution could be to use PS-b-P2VP or PSb-P4VP which can be easily impregnated with gold for instance [27], [31], [32]. However, the standard annealing process for these BCPs is based on an exposition to solvent vapors (solvent vapor annealing), which might have a strong impact on the stacking method developed during this work.

The second route seems more adapted to our process, since it only requires to add an electrode below the first BCP layer in order to perform electrodeposition. By selectively removing one of the domains of the PS-b-PMMA structure, it would be possible to growth metal in the created voids. For the electrode, it is possible to coat a wafer with a thin layer of gold using an evaporation method, which is compatible with subsequent self-assembly, as proven with Figures Two possible pathways can be devised to perform the electrodeposition (i.e. for the formation of voids into a BCP thin layer): either a selective plasma etching of the PMMA domains followed by a subsequent metal growth (metal / PS structure), or the SIS of alumina in the PMMA domains combined with the PS removal for a subsequent metal growth (metal / alumina structure). A particular attention had to be paid to the electrodeposition parameters (voltage and duration) to grow the metal at a lower height that the surrounding matrix in order to preserve a topographical pattern for the subsequent responsive layering process. Additionally, the metallic domains created during the electrodeposition process should not be covered to be able to pursue further metal growth at the second layer level. Thus, the second process seems more interesting because it produces a fully inorganic layer that does not require an alumina passivation layer to prevent PS removal during the RCP grafting process.

Some preliminary tests were performed with this second process; however, no conclusive results were obtained, certainly due to the very small pattern size (some tenth of nanometer width and height), which requires an optimization of the electrodeposition parameters.

V.4/ Electronic devices from BCP self-assembly

This part will focus on potential avenues of the developed stacking method for the design of electronic devices. The main constraint is to develop a device architecture, which is compatible with the layer-by-layer process that was developed along this Ph.D.

V.4.A/ Bibliographical study

Unfortunately, the transformation of BCP functionalized nanostructures into functional electronic devices are scarce due to the difficulty to produce perfectly ordered patterns which is usually required for this type of applications. Indeed, contrarily to optical applications, functional properties do not emerge from structure averaging. Yet, several potential applications have been developed, and this part will focus one two of them: transistors and data storage.

V.4.A.i/ Transistors

One very important electronic component for actual electronic devices are transistors.

These are usually made from doped silicon, and etched to the appropriate shape. This lithographic step might be improved using BCP masks in order to increase the final resolution. For instance, BCP masks were used to selectively etch a graphene layer, leading to the formation of graphene nanoribbon arrays (GNR), which can be used to produce field-effect transistors [33].

However, BCP nanostructures might be directly used to produce intricate structurefunction relationships. Chi et al. demonstrated the use of BCP self-assembly to produce field-effect transistors [34]. They used a PS-b-P4VP BCP to produce different nanostructures, such as spheres, in-plane and out-of-plane cylinders, containing small ferrocene molecules mainly dispersed in the P4VP domains. The produced composite sandwiched between appropriate electrodes exhibited interesting charge-storage properties which can be used for memory device for instance, known as non-volatile organic memories. A similar result was also observed with gold nanoparticles formed within P4VP domains [35].

Another use of BCPs for transistor applications has been demonstrated with the performance improvement of pentacene thin film transistors. Indeed, Jo et al. added an out-ofplane PS-b-PMMA self-assembled layer between a substrate (SiO2) and a pentacene thin film, which increased the electron mobility within the overall field effect transistor, due to low PS resistivity which matrix has a continuous pathway perpendicular to the film with this morphology [36], [37].

V.4.A.ii/ Data storage

One specific BCP arrangement can be very interesting for data storage application: the hexagonally packed dots array formed by out-of-plane cylinders or spheres. Indeed, they form laterally periodical spaced objects that can each store one binary information, e.g. with magnetic field orientation. Two distinct ways to form these 2D layers of nanodots are referenced:

 Using the BCP self-assembled layer as a mask to etch the underneath thin layer that already For the bottom-up approach, several materials can be used for their ferromagnetic, antiferromagnetic or ferroelectric properties such as cobalt, chromium or lead zirconate titanate, respectively. However, this approach produces 2D flat structure and does not take advantage of the possibility to stack BCP layers to form 3D structures.

More recently, another type of memory has been developed by Intel and Micron

Technology, called 3D cross-point memory, and requires the precise orientation of nanowires in 3D. Tavakkoli et al. showed that this more complex 3D nanostructure can be produced by ordering a bilayer of in-plane cylinders using nanoposts to control the self-assembly [45] (Figures 110.c,f).

Accordingly, the structure is composed of two rows of cylinders (obtained by selecting an appropriate BCP layer thickness), and it is not possible to further tune the pattern configuration.

Interestingly, the layer-by-layer approach developed in this Ph.D. should be able to generate more complex configurations and to reach tailored 3D-nanostructure which might be better adapted to the cross-point memory application.

V.4.B/ 3D-nanopillars memory device

An interesting use of the layer-by-layer approach can be imagined to improve the data storage capacity. Indeed, some groups used out-of-plane cylinders subsequently functionalized with a ferromagnetic material to form dots that can store data, known as metal nanodot memory.

However, this type of device produces a 2D memory array, which capacity is dictated by the dot density. For instance, if the distance between each dot is 30 nm, it gives around 1.3 × 10 11 dots/cm 2 density, which correspond to around 130 Gb/cm 2 by assuming that each dot can store 1 bit. In 2012 the areal density value of hard disk drives was around this value [46] and reached the value of 170 Gb/cm 2 in 2021 [47]. The theoretical value obtained with BCP is relatively high, but already obtained using other technologies. However, it could be drastically enhanced by stacking dot patterns on top of each other, to create pillars that could each store more than one bit. In the case of a stack of 8 layers separated with an intermediate conductive electrode, this would lead to the direct storage of an octet. Figure 111 proposes a potential process to fabricate this type of 3D device. The electrode deposition step could be performed with gold sputtering and the appropriate mask to form the desired layer shape. The BCP step can be performed as detailed in this manuscript, using the adequate RCP composition to obtain the correct responsive layering response. It is noteworthy that the infiltration step has to transform the cylindrical domains into a material with the appropriate electric and/or magnetic properties while the other domains should retain their isolator properties.

V.4.C/ Experimental challenges

With this approach using 3D-nanopillars, the main limitation inherent to BCP selfassembly, i.e. the formation of defects and grains, could be resolved by directed self-assembly methods. However, a strong experimental challenge remains: how can we hybridize the cylindrical domains with an adequate material? The candidate retained for this study was bismuth ferrite (BiFeO3) denoted BFO, which has a multiferroic behavior above room temperature, i.e. magnetic and ferroelectric properties, considered as a very promising material for memory devices [48].

V.4.C.i/ PMMA infiltration

Considering the works done during this Ph.D., PS-b-PMMA would be a candidate of interest as methods to stack such BCP layers have been shown to produce well-defined 3D structures.

However, PS-b-PMMA is not compatible with liquid phase infiltration, e.g. metallic salt infiltration, and one should focus on vapor phase infiltration methods, e.g. SIS. In this case, the metal oxide is produced within the PMMA phase, thus the requirements for this method are:

 The formation of a metal oxide that possesses electric or magnetic properties that can be compatible with data storage at room temperature;

 The precursor(s) used for the SIS are small and mobile enough to penetrate the PMMA domains. They also need to be able to form specific interactions with PMMA to ensure a selective localization;

 The SIS reaction should occur below PS-b-PMMA order-disorder temperature to preserve the self-assembled structure during the process.

Several research groups described the ALD growth of BFO thin films, exhibiting good electromagnetic properties [49]- [55]. These syntheses were performed using different precursors at different temperatures. For bismuth, the Bi(CH3)3 precursor seems a good candidate since it is very similar to TMA which is used for the formation of Al2O3 in the PMMA domains.

Unfortunately, the precursors for iron used in these syntheses are rather large and might not be selectively incorporate into the PMMA domains. Another precursor used to grow Fe2O3 is FeCl3 [56] which might be interesting for SIS. However, the presence of chlorine in the precursor is not very convenient as it produces HCl which is highly corrosive for the ALD tool.

For the reaction temperature, the reported ALD window is between 150°C and 250°C which might be too high for SIS of BCP patterns. However, the ALD and SIS processes are slightly different, and it might be possible to perform the reaction at lower temperature using long exposure times. Also, a second annealing at the end of the reaction at around 500 °C to 700 °C is mandatory to crystalize the BFO. This would in parallel remove the PS domains which could impart the mechanical integrity of the BCP pattern.

To conclude, this SIS route seems promising because it would create a fully inorganic memory storage device, and would be easy to perform from a self-assembly point-of-view.

However, strong challenges remain with in particular the SIS of BFO and the final annealing treatment.

V.4.C.ii/ BCP modification

A second possible route would be to employ a different BCP system than PS-b-PMMA. It should be compatible with metallic salt impregnation, such as PS-b-PxVP (x=2 or 4, see

Chapter.2.D.ii/)

. Interestingly, the formation of a BFO thin film by spin coating a solution containing Bi and Fe precursors followed by a baking step to crystalize the oxide have been reported in the literature [57]. The precursors used during this study were iron acetylacetonate (Fe(Acac)3) and bismuth nitrate (Bi(NO3)3,5H2O), and it would be interesting to see if these molecules selectively interact with the PxVP block.

A preliminary study was performed to observe the infiltration of these two precursors within an out-of-plane cylinder forming PS-b-P2VP thin film. For this experiment, a 0. Interestingly, performing the same process with a solution containing only one of the two precursor leads to similar results, meaning that both precursors are actually infiltrated in the P2VP domains. However, the kinetics might not be the same, and a specific ratio between precursors might be needed to obtain the appropriate BFO stoichiometry.

PS-b-P4VP thin films were also tested, leading to a significant lower oxide growth within the P4VP block, which might be due to weaker interactions between the precursors and the nitrogen lone pair in the para position. Finally, it was demonstrated that the acetic acid is required for a good infiltration, as expected from the solubility of both precursors [58].

This preliminary work was performed in collaboration by Estelle Pinto Dos Santos, an intern that spent two months in the group.

This could solve the difficulty to grow BFO into PMMA by SIS, however, the pyrolysis step is still required, thus PS should be transformed into an inorganic material. However, since the BCP is not PS-b-PMMA anymore, it could be intelligent to choose a BCP that could also solve this issue, with a second block that can be transformed into inorganic material, such as PDMS that can be ceramized, or any another block that could be selectively hybridized with a different process.

V.5/ Conclusions

In this chapter, we presented the proof-of-concept for the stacking of three layers, which successfully enable the deployment of this stacking process for 𝑛 layers, i.e. the iterative formation of 3D nanostructures. Then, to illustrate it, two potential devices were proposed: a 3D gold nanogrid for optical application, and a hexagonally packed pillar for stacked data storage.

For both proposals, a quick bibliographic survey was performed to define the state-of-theart on the BCP based devices in the same field. Then, an ideal structure made by iterative layering was proposed, with an imagined process to achieve it. Finally, the experimental challenges about the process were listed, because it requires more complex BCP structure modification than only Al2O3 infiltration and PS plasma removal. Interestingly, some preliminary studies were performed to propose solutions, such as gold electrodeposition growth and selective BiFeO3 infiltration within a P2VP block.

GENERAL CONCLUSIONS

BCP self-assembly in a thin film configuration has been the focus of intense research activity over the past decade since it can produce a variety of patterns at a nanometric scale through "low cost" processes. Indeed, this technology only requires the thoughtful design of BCP architectures associated with the optimization of self-assembly processes, while a thermodynamic driving force performs the remaining work. Nevertheless, this spontaneous ordering exhibits several issues that have been the focus of important research works: i) the limited number of achievable structures, and ii) the presence of defects within the self-assembled structure. Several solutions were proposed to overcome these challenges, such as the modification of the BCP architecture toward more complex BCP configurations (i.e. number of blocks, number of chemistries, arrangement of blocks (linear, star, graft, etc.)) and the establishment of directed self-assembly methodologies. Among all the methods expending the scope of BCP self-assembly, a layer-by-layer approach was the main focus of this Ph.D. as it allows the generation of non-native BCP morphologies, and the implementation of registration mechanisms between the layers that can be further used as a directed self-assembly method.

For this study, the PS-b-PMMA system was chosen as its self-assembly is well-described in the literature and shows a good correlation with theoretical predictions. Accordingly, it is a good candidate to study the layering mechanisms in order to produce complex nanostructures with defined arrangement in the 3D space. Using this system, we demonstrated that every simple di-BCP nanostructure is achievable in thin films, i.e. PS/PMMA lamellae, hexagonal packing of PS or PMMA cylinders and hexagonal close-packed PS or PMMA spheres. A focus was given on the lamellar and cylindrical structures in order to generate in a thin film configuration, leading to line & space, dot and hole patterns after hybridization. We further developed an adequate process to stack these various structures using a "responsive layering" mechanism in order to control the registration of the layers between them. In particular, different stacking configurations (above, between or edges) were obtained depending of the topographical and chemical fields between the layers. Thus, we demonstrated the controlled formation of a cornucopia of 3D nanostructures that are non-native to BCP self-assembly.

This opens avenues to perform reverse engineering with BCPs to produce complex devices as proposed in the last chapter. Indeed, with this approach, it is possible to design an ideal targeted 3D-nanostructure, and then optimize a layering process to manufacture it. In summary, we have developed a methodology which could, in the long term, produce tailored nanometric 3Dnanostructures (from 24 nm to 64 nm) with on-demand functionalities specific to each layer size.

It is noteworthy that the annihilation of defects was not thoroughly tackled during this Ph.D., but we have shown that the layering process performed in this study is compatible with directed self-assembly methods, e.g. graphoepitaxy and chemical epitaxy, which are the most powerful tools to form long range ordered BCP structures. An alternative directed self-assembly method was also proposed and is based on the formation of Al2O3 patterns obtained from the SRG of azobenzene-containing layers. These patterns were successfully used to direct PS-b-PMMA selfassembly using the topographical fields produced from the SRG mechanism.

By way of conclusion, we have proposed during this Ph.D. a novel layering approach based on BCP self-assembly and hybridization methods of the resulting nanostructured layers. Even if additional studies to fully decipher the registration mechanisms are still needed, solid foundations were laid in order to rationalize the intricate relationships between the self-assembly of the different layers. Besides, we have demonstrated that this method could be extended to more than two BCP layers which could further widen the scope of applications of the iterative layering approach to the manufacturing of practical technological devices. 

1/ Thin film process 1.A/ Self-assembly

The standard process to obtain self-assembly from PS-b-PMMA is composed on three different steps: modification of the substrate surface energy, deposition of a BCP film and thermal annealing (Figure 113). The overall process is performed in a cleanroom in order to prevent the formation of defects in the BCP layer induced by dust, and the detailed steps are the following:

 A silicon wafer is cut at the desired size and cleaned in a PGMEA bath three times separated by a drying step with a nitrogen flow;

 A 1.5 wt.% PS-r-PMMA in PGMEA is spin coated a 1500 rpm on the substrate;

 The PS-r-PMMA layer is heated at 230 °C for 5 min, to promote the grafting of polymer chains;

 The surface modified substrate is cleaned following the same process as previously in order to remove non-grafted PS-r-PMMA chains;

 A PS-b-PMMA in a PGMEA solution is spin coated on this surface modified substrate;

 The thin film is thermally annealed in an RTA oven, in order to promote BCP chain mobility (i.e. BCP self-assembly).

For the surface energy modification step, the concentration of the PS-r-PMMA solution is not critically important since non-grafted polymer chains are removed by a rinsing step after grafting. Nevertheless, the process should lead to a homogeneous coverage of the whole substrate and studies have showed that a minimum layer thickness (depending of the molecular weight of the PS-r-PMMA chains) is required to efficiently screen surface interactions with the substrate [1], [2]. Here, the PS-r-PMMA film thickness is around 40 nm before grafting, which covers perfectly the substrate. The temperature and duration of the annealing step (5 min at 230 °C) should be sufficient to promote grafting without degrading the polymer. Importantly, the PS-r-PMMA composition should be precisely chosen because it will dictate the subsequent substrate surface energy, and thus the ability to control the orientation of the BCP structure.

For the deposition of the BCP layer, a critical parameter is the BCP film thickness after annealing. It can be controlled through the concentration of the BCP solution, the viscosity of the solvent as well as by the spin-coating speed (see I. 1.B.i). The formation of a particular BCP structure is controlled by the PS-b-PMMA composition and molecular weight, which will determine the morphology and its periodicity (see I.1.D).

Finally, the thermal annealing is performed in a rapid thermal annealing (RTA) oven, under a N2 atmosphere with a controlled heating ramp, annealing temperature, annealing 

1.B.i/ Sequential Infiltration Synthesis (SIS)

The SIS is a technique that permits to transform an organic matrix into metal oxides, using an atomic layer deposition (ALD) tool in an "exposure" mode. The general process is based on the infiltration of metallic gaseous precursors into an organic matrix followed by their oxidation to form the oxide species. In the case of PS-b-PMMA, the metallic gaseous precursor for the formation of Al2O3 are trimethyl aluminum and water (trimethyl aluminum (TMA) is strongly selective to PMMA, leading to the formation of Al2O3 in PMMA, while the PS domains remain unchanged (see

Chapter I.2.D.i/).

Experimentally, the sample is placed into the ALD chamber heated at 85 °C within a glovebox, and the standard SIS procedure is the following (Figure 116.a):

 The sample is cleaned with a 20 sccm N2 flow during 2 min.

 A sequence of two infiltration cycles, which are described in Figure 116, is carried out. A cycle is composed of two static TMA infiltration of 1 min separated by a 10 s N2 purge, followed by the same process but with water instead of TMA. Static infiltration means that the outer valve is closed while a precursor is pulsed into the chamber and the nitrogen flow is reduced to 5 sccm, leading to a slow increase of the pressure. A purge means that the outer valve is reopened, and the nitrogen flow is increased at 20 sccm for 5 s to remove the excess of Different pressure peak values are observed between the first and second static TMA infiltration, from 15 mTorr to 20 mTorr (identical behavior for the first and second cycles). This pressure difference means that a TMA consuming reaction happens during first infiltration, which can be related to the TMA absorption within the PMMA matrix, the TMA adsorption at the chamber surface or the TMA reaction with residual traces of water or oxygen. However, for recipes with more than two static TMA infiltrations, the same pressure peak value, around 20 mTorr, is observed for the second infiltration and all the subsequent infiltrations. Furthermore, no changes were observed regarding the final Al2O3 structure when applying more than two static infiltrations. Thus, a TMA excess in the chamber is reached after two infiltrations, and there is no interest to perform more than two infiltrations. Also, two static infiltrations were chosen for static water infiltrations for symmetry, even if no pressure peak decrease was observed.

During this Ph.D., SIS was performed using a Cambridge Nanotech Savannah S100 ALD machine within a glovebox (Figure 116.b).

1.B.ii/ Plasma etching

After infiltration, an etching treatment is necessary in order to remove the PS phase for further characterization or layer stacking. Dry etching with reactive ion etching (RIE) plasma is widely used in the BCP nanotechnology field since it can selectively etch one phase with respect to the other (see Chapter I.2.C/). A plasma is generated with a strong radio frequency electromagnetic field that will strip off electrons from the gas. Then, this ionized gas can etch a polymeric target sample by:  Chemical reactions with reactive species (i.e. radicals or ions), called chemical etching;

 Ion bombardment on the surface, called physical etching;

 UV radiation generated during the plasma formation, which can dissociate chemical bonds leading to polymer fragmentation.

With the RIE configuration, i.e. a sample deposited on top of the power electrode and below the shower head connected to the ground, the reactive ion bombardment is essentially vertical, leading to an anisotropic physical etching. However, for polymeric samples, isotropic chemical etching and UV fragmentation are not negligible. Thus, a competition between these three etching processes occurs and an optimization of the process is required to optimize the plasma anisotropy. Also, the process generates heat at the power electrode (which could be detrimental to the BCP thin film), which is regulated by a chiller. There is no universal plasma recipes, since RIE etching is highly dependent of the etching tool, the chamber geometry, the polymer composition and structure, the film thickness, etc.

However, the general procedure is the following: 

 A sample

2/ Thin film characterization

To characterize BCP thin films, two direct imaging techniques have been used during this Ph.D. to probe the surface topography and the domain spatial arrangement: AFM and SEM. These techniques were routinely used to observe the nanostructured BCP thin films as well as to estimate critical dimensions and the overall quality of the self-assembled structures.

2.A/ Atomic Force Microscopy (AFM)

The AFM is a high-resolution imaging technique which produces an image by probing a sample surface with a tip, mounted on an oscillating cantilever near its resonance frequency, which will be deflected by surface interaction when the tip is close enough to the surface (Figure 118.a). This information is amplified from a laser reflection onto the cantilever surface and is recorded by a highly sensitive photodiode. The cantilever deflection is related with the interactions between the tip and surface, and two information can be obtained simultaneously:

 The sample topography (height channel) measured by the cantilever flexion modification with surface height differences;

 The surface composition (phase channel), measured by the modification of the phase shift between the drive and the response, due to attractive or repulsive forces between the tip and the surface (adhesion, stiffness, dissipation and viscoelasticity).

It is also possible to use conductive, magnetic or electroactive tips to probe the electrical, magnetic or piezoelectric response of a surface. 

2.B/ Scanning Electron Microscopy (SEM)

The SEM is an ultrahigh resolution imaging technique which produces images by scanning a sample surface with an electron focused beam under vacuum (Figure 119.a). An image is produced by the signal detected along the scan position. For the most common SEM mode, the signal is produced by secondary electrons emitted by the sample surface (and slightly below) atoms which were excited by the electron beam. Thus, the resolution is determined by the number of secondary electrons emitted by the surface, which depends among other on the sample topography and conductivity. For non-conductive samples, the electron beam will charge the surface with electrons which could not be evacuated, leading to a drastic lowering of contrast and resolution. To overcome this problem, it is possible to lower the electron beam voltage, but this will also lower the resolution. To bypass this issue, an electron beam deceleration function called gentle beam super high resolution (GBSH) can be applied on the particular SEM used in this study.

This deceleration is made by applying a negative bias to the stage, thus lowering the effective electron beam voltage. This function decreases the charging effect while not (drastically) affecting the resolution. The typical resolution is below a nanometer, which is a very interesting for BCP analysis.

However, for "standard" self-assembled BCPs, e.g. PS-b-PMMA, the topography and conductivity contrast between each block are too small for being differentiated with SEM. Thus, a treatment is required to increase this contrast: by selective etching of one phase to increase topography, by selective infiltration of one phase to modify its composition and conductivity, or by combining these two treatments.

During this Ph.D., a 7800-E Prime SEM from Jeol has been used (Figure 119.b) with an acceleration voltage of 15 kV with GBSH mode. For PS-b-PMMA imaging, PMMA was infiltrated with alumina and the PS phase was removed, leading to a high topographic contrast with a strong conductivity ratio.

2.C/ Grazing Incidence Small Angle X-ray Scattering (GISAXS)

GISAXS is a characterization technique that uses X-ray scattering to observe the nanostructure of thin films in a reflection mode. Indeed, the grazing incidence induces a substrate total reflection, and scattering within the film over long lateral distances. Then, a detector placed far away from the sample records the scattering, giving signals at defined position according to the studied diffractive nanostructure. Considering the beamline parameters, i.e. the X-ray wavelength 𝜆, the incidence angle 𝛼 𝑖 , the distance between the sample and the detector 𝐿, and the detector pixel size 𝑢 𝑝𝑖𝑥 it is possible to convert the detector pixel grid 𝑢 𝑥𝑦 and 𝑢 𝑧 into scattered angles 𝜃 𝑠 and 𝛼 𝑠 and then into scattered vector 𝑞 𝑥𝑦 and 𝑞 𝑧 (Equations which are 0.224° and 0.239° respectively, meaning that X-rays will be fully reflected by the substrate, and then the measured spectra will depend only on the thin film surface, i.e. the nanostructure from BCP self-assembly. Also, the sample is placed in a chamber filled with helium to remove the air scattering background noise. The acquisition of GISAXS patterns were composed of 10 scans of 30 s each to improve signal-to-noise ratio.

3.B/ Hexagonally packed dots image analysis

One of the most common ways for the characterization of BCP self-assembly is direct imaging with AFM or SEM. It is noteworthy that a contrast between the BCP phases is required for successful visualization of the BCP structure. These images can be further analyzed to obtain quantitative information, including important parameters for BCP characterization, such as the orientational / translational quality of the structure, the type and position of defects, and the correlation length (grain size).  Press "Compute" button, and wait until the "Wait" bar is over, which can be long, according to the number of dots to analyze (and not the size of the image);

 Choose between all "Rendering" options to obtain the desired image which can be saved (Figures 122.c-h). Also, a button permits to switch from "Image" to "Correlation" (Figure 122.i). Beyond a visual analysis of the image to observe grain size and defect type, the correlation length provides a value for quantitative comparison of the quality of self-assembly. Furthermore, to produce results that can be compared with the results produced with the ImageJ software, the correlation length calculation should be identical: the blue line 𝐶(𝑟) is fitted with an exponential decay like 𝑒 -𝑟 𝐾 , giving a correlation length 𝐾 when the blue line crosses 𝑒 -1 = 0,368 (green line in (Figure 122.i).

3.C/ Di-block copolymers theoretical pitch and phase diagram position calculation

Within BCP self-assembly, the simplest and most studied architecture is the AB di-block architecture. A colossal theoretical work has been initiated since 1942 to understand and predict their behavior (see Chapter I.1.A/). For the conception and design of the experimental works done during this Ph.D., a software has been developed to position a particular BCP system into a theoretical phase diagram [4]. It allows the prediction of the self-assembled structure, and the estimation of its critical dimension [5]. The program needs some experimental values for each block to perform the various calculation, which should be filled in the "Parameters" panel (Figure 123). These parameters are the repeating unit molecular weight, the statistical segment length, the density and the number average molecular weight of each block, as well as the Flory-Huggins parameter of the corresponding BCP. When all fields are fulfilled, the "Process" button appears. Pressing this button will place a mark on the theoretical phase diagram plot: in green if the structure is ordered, in orange if near the order-disorder transition, and in red if disordered. Furthermore, a "Results" panel appears, showing the corresponding structure with the theoretical domain spacing, the volume fraction and the segregation strength 𝜒𝑁. Also, it is possible to force a BCP self-assembly into a particular structure to estimate the corresponding domain spacing.

3.D/ SAXS intensity plot fitting to determine 𝝌 parameter

One way to estimate the Flory Huggins parameter χ relies on using Small Angle X-ray Scattering of a BCP system in the disordered state (more precisely in the range of density fluctuations below the order-disorder transition). Indeed, the SAXS intensity profiles of such kind of spatial arrangements are theoretically described as a Gaussian, which shape depends on the macromolecular parameters of the studied BCP (in particular the χ value) (see Chapter I.1.A.iv/).

A fitting software has been developed to fit the intensity plots obtained for different temperatures as a function of the BCP physical-chemical parameters, which subsequently leads to an accurate determination of 𝜒(𝑇).

The software is presented as a unique window (Figure 124), and the procedure to use it is the following:

 First, load a SAXS data file. It should be a .txt file with two tabulation separated rows, one for the scattering vector 𝑞 and one for the intensity 𝑆. A "Raw SAXS Data" curve appears, showing 𝑆 = 𝑓(𝑞) with gray dots;

 Then the BCP properties should be filled: the number averaged block molecular weight, the block dispersities, the repeating unit molar mass, and the monomer density. A list of some prefilled parameters for usual polymers might help. When all parameters are fulfilled, a "SAXS Data without Background" (blue dots) and a "Fitting curve" (red line) curves appear;

 The "In-parameters" table should be optimized to have the red curve near the blue curve. X scale and Y scale might help to have more visibility. K is a proportionality constant which modulates the red curve amplitude. 𝑏𝐴 and 𝑏𝐵 are the statistical segment lengths of block A and B, respectively, and a switch can force to fix their value. It is important to note that these two parameters have a great impact on the fitting (even if the tabulated values in the literature are questionable). The best procedure is to fix the most well-known value (here the PS at 0.75 nm), and let the other one vary. If the fitting gives non-meaningful value (i.e. bellow 0.3 nm or above 1.5 nm), it means that the fit is not physically sound and the parameters should be modified. 𝑎 and 𝑏 are two parameters to remove the intensity decay background, transforming the gray dots in blue dots by subtracting 𝑏 × 𝑞 -𝑎 ;

3.E/ Triply-Periodic Minimal Surface 3D modelling and 2D-slicing

The gyroid morphology is a particular bi-continuous self-assembled di-BCP structure which was not studied in this Ph.D., because it is a 3D structure that requires thicker films for proper stabilization, e.g. 500 nm [8]. Conversely to classic structures, i.e. lamellae, cylinders and spheres, the gyroid phase and other multi-continuous BCP phases are more complex and can be described using triply-periodic minimal surfaces (TPMS) [9], [10]. A software was developed to better apprehend experimental microscopy results by modeling different TPMSs and slicing them in a chosen plan (Figure 125). This software permits to understand which structure is observed with the associated plan, or to predict the theoretical most stable plan that should be observed.

This software has many features which will not be presented here, but are explained in the software. 

3.G.ii/ Tab 2: "Filtering"

This tab is mandatory before performing any analysis of the image (Figure 127). It includes several filters to flatten the image, and remove noise:

 a X and Y direction flatten with offset, linear or quadratic functions. Two parameters ("High Aspect-Ratio and "Island/Hole Structure") have been implemented to modify flattening calculations for overcoming artifact creation;

 a smoothing which applies a blur filter to the image;

 a remove background which subtracts to the image the same image with a high blur filter. It allows to programmatically remove non-flat background for better self-assembly structure analysis.

Also, several observation tools are available to embellish the image before exportation. 

3.G.iii/ Tab 3: "Section"

This tab is made to measure a profile section within the image (Figure 128). It is possible to observe horizontal or vertical sections of the whole image, or a manual profile along a chosen path. It also presents a step measurement tool which allows a very precise thickness measurement on a scratched thin film. 

3.G.iv/ Tab 4: "FFT"

The last tab is dedicated to the Fast-Fourier Transform (FFT) (Figure 129). It gives two plots, the first one is the image FFT with the possibility to modify normalization and accentuate peak positions, and the second one is the Power Spectral Density (PSD), i.e. the radial average of the FFT with the possibility to measure the structure periodicity. 
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Figure 1 .

 1 Figure 1. Images obtenues par microscopie à force atomique (a) des vagues produites par SRG dans la couche de BCP (image de topographie), et (b-c) de la structure obtenue après auto-assemblage par recuit de vapeurs de solvant (image de phase) démontrant la formation de cylindres dans le plan orientés perpendiculairement aux motifs SRG. L'insert de la figure (b) est la transformée de Fourier de l'image AFM.

  En effet, ces motifs géométriques obtenus par interférence optique peuvent être modifiés plus en avant afin d'augmenter leur rapport d'aspect, pour ensuite être transformés en matériau inorganique par la technique de « sequential infiltration synthesis » (SIS). Cela permet la formation de motifs topographiques en Al2O3. Cette modification a pour objectif d'augmenter la résistance aux solvants et aux fortes températures afin de pourvoir les utiliser pour le guidage de l'auto-assemblage de BCPs.

Figure 2 .Figure 3 .

 23 Figure 2. Représentation schématique du protocole pour la formation de motifs inorganiques utilisant un polymère contenant des fonctions azobenzènes. 1) Déposition d'un film de PDR1A ; 2) Formation du motif par interférence optique (SRG) ; 3) Gravure plasma afin d'augmenter le rapport d'aspect ; 4) Transformation du motif en matériau inorganique par SIS. En modifiant les paramètres du procédé, de nombreuses structures géométriques ont été obtenues, avec entre autres des lignes parallèles (Figure 3.a), une grille carrée (Figure 3.b), une grille rectangulaire (Figure 3.c), un réseau carré de piliers (Figure 3.d), un réseau hexagonal de piliers (Figure 3.e) ou une grille formée de losanges (Figure 3.f)

Figure 4 .

 4 Figure 4. Images de phase obtenues par microscopie à force atomique (a) de lamelles perpendiculaires au substrat dirigées ortogonalement au motif linéaire obtenu par SRG, (b) de cylindres perpendiculaires au substrat formant des grains dépendant du réseau hexagonal de piliers obtenu par SRG, (c) de cylindres parallèles et perpendiculaires au plan en fonction de leurs positions respectives dans la grille carrée obtenue par SRG. Les inserts sont les transformées de Fourier des images. Les barres d'échelle représentent 400 nm.

Figure 5 .

 5 Figure 5. Structure chimique du PS-b-PMMA.

Figure 6 .

 6 Figure 6. Représentation schématique du protocole de formation d'une structure auto-assemblée de PS-b-PMMA. 1) Modification de la surface du substrat en greffant un RCP ; 2) Déposition d'un film mince de BCP ;3) Chauffage du film pour promouvoir l'auto-assemblage par déplacement des chaines polymères.
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  .b) et des cylindres de PMMA (Figure 7.c).

Figure 7 .

 7 Figure 7. Images de phase obtenues par microscopie à force atomique de PS-b-PMMA auto-assemblé perpendiculairement au substrat formant (a) des cylindres de PS, (b) des lamelles et (c) des cylindres de PMMA. Les inserts sont les transformées de Fourier des images. Les barres d'échelle représentent 400 nm.

Figure 8 .

 8 Figure 8. Représentation schématique du protocole de la modification d'une structure auto-assemblée pour l'empilement. 1) Infiltration du PMMA avec de l'alumine par SIS ; 2) Gravure du PS par plasma.

Figure 9 .

 9 Figure 9. Caractérisation par microscopie électronique à balayage des différentes structures 2D en alumine (L, D et H) dérivées de BCPs de PS-b-PMMA auto-assemblés en lamelles, cylindres de PMMA et cylindres de PS, orientés perpendiculairement au substrat. Différentes périodicités sont obtenues par mélange de BCPs de longueurs différentes mais de composition similaire. Les zones sans images représentent les structures non obtenues expérimentalement. La barre d'échelle représente 500 nm.

Figure 10 .

 10 Figure 10. Représentation schématique du protocole de l'empilement de couches 1) Passivation de la surface d'une première couche préparée pour l'empilement ; 2) Modification de la surface de la structure en greffant un RCP ; 3) Déposition d'un film mince de BCP ; 4) Chauffage du film pour promouvoir l'auto-assemblage ; 5) Infiltration du PMMA avec de l'alumine par SIS ; 6) Gravure du PS par plasma soit de façon totale pour obtenir une structure entièrement inorganique, soit partielle pour déposer une nouvelle couche. Ainsi, une observation systématique des structures bicouches a été réalisée en faisant varier 3 paramètres :  Le type de structure de chaque couche qui peut être L, D ou H ;  La période de chaque couche, comprise entre 24 nm et 64 nm ;  La modification énergétique réalisée entre les deux couches, qui peut être neutre, sélectif envers le PS ou sélectif envers le PMMA. Cette large étude a permis d'observer l'orientation relative des couches en fonction de ces trois paramètres, et de proposer un mécanisme expliquant les résultats, corroboré par des simulations. Ces résultats peuvent être classé par rapport au type de structure des deux couches empilées, résultant en 6 différentes catégories : D-D, L-L, H-H, L-D, H-D et H-L.

Figure 11 .

 11 Figure 11 . Caractérisation par microscopie électronique à balayage de la superposition de deux couches formant des lignes de même période avec une interface (a) neutre, (b) sélective au PMMA et (c) sélective au PS. L'insert montre la transformée de Fourier de l'image. Les barres d'échelle représentent 500 nm. En utilisant un modèle prenant en compte l'énergie de courbure des chaines polymères et les interactions interfaciales, il est possible de rationaliser ces trois orientations en fonction du RCP :  Si la surface est neutre, les chaines polymères seront peu courbées. Ainsi la structure la plus stable est celle ou les deux réseaux de lignes sont orthogonaux ;  Si la surface est sélective envers le PS (PMMA), le bloc préférentiellement placé au-dessus des lignes d'alumine sera le PS (PMMA), afin d'augmenter l'interface affine et donc de diminuer l'énergie totale du système.

Figure 12 .

 12 Figure 12. Caractérisation par microscopie électronique à balayage de la superposition de (a) L-L, (b) D-D (c) H-H, (d) H-D, (e) H-L et (f) L-D. Les inserts montrent la structure théorique prédite ainsi que la transformée de Fourier de l'image. Les barres d'échelle représentent 500 nm.
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Figure 13 .

 13 Figure 13. Schematic representations of different architectures of BCPs: (a) linear AB diblock, (b) linear ABA triblock, (c) linear ABC triblock, (d) star-shaped AB diblock (e) branched AB diblock and (f) star-shaped ABC triblock.

Figure 14 .

 14 Figure 14. Summary of parameters affecting the formation of a self-assembled BCP structure, from the substrate type and modification, BCP type and blending, thin film and self-assembly processing.

Figure 15 .

 15 a shows Leibler's theoretical phase diagram, which predicts three stable nanostructures according to the BCP composition: lamellae, hexagonally packed cylinders or body-centered cubic spheres, for which the respective unit cells are represented in Figure 15.e.

For instance,

  Khandpur et al. explored the polystyrene-b-polyisoprene (PS-b-PI) phase diagram (Figure 15.d) using ten different compositions near the phase separation threshold, modifying 𝜒 𝐴𝐵

Figure 16 .

 16 Figure 16. Schematic of an elastic scattering event. 𝑘 𝑖 ⃗⃗⃗ and 𝑘 𝑠 ⃗⃗⃗ represent incident and scattered wave vectors, 𝜃 the scattering angle and 𝑞 the scattering vector. Blue dots represent scattering objects (which are domain interfaces for BCPs). 𝑑 represent interplanar spacing distance between these objects.

For instance,

  Knoll et al. showed that out-of-plane cylinders, in-plane monolayer or bilayer of cylinders and perforated lamellae can be obtained using the same polystyrene-b-polybutadiene (PS-b-PB) sample for different film thicknesses 

Figure 17 .

 17 c shows several theoretical rules that have been erected to predict the formation of terraces in function of the thickness and the wetting behavior at interfaces (see I.1.B.ii/): For symmetrical wetting, i.e. the same block wets the substrate and the air, terraces are observed if 𝑡 ≠ 𝑛𝐿 0 .  For asymmetrical wetting, i.e. a block wets the substrate and the other the air, terraces are observed if 𝑡 ≠ (𝑛 + 0.5)𝐿 0 . For neutral wetting, i.e. both blocks wet the substrate, an out-of-plane orientation of the lamellae is the most energetically stable if both blocks are neutral toward air, and mixed structures are obtained if one block preferentially wets the air interface.Interestingly, Ham et al. showed for the neutral wetting case that the formation of terraces for PS-b-PMMA lamellae can be obtained for very low thickness, i.e. 𝑡 < 1.5𝐿 0 , or when the thickness is perfectly incommensurate, i.e. 𝑡 = (𝑛 + 0.5)𝐿 0 (Figure17.d)[39],[40]. More recently, Kim et al. also enlightened the formation of more exotic half terraces, when only one interface is neutral (as for the mixed structure case described before) with 𝑡 = (𝑛 ± 0.25)𝐿 0[37].

Figure 17 .

 17 Figure 17. (a) SEM pictures of a PS-b-PB self-assembly (cylindrical in bulk) with different morphologies and orientations depending on the film thickness as shown in (b) with the schematic height profile and 3D structures obtained by simulation showing a perfect correlation with the experiments [35]. (c) Rules for the formation of terraces according to the wetting behavior and thickness of lamellar BCP films[38]. (d) AFM phase images of PS-b-PMMA lamellae with a 29 nm domain spacing for different thicknesses after thermal annealing[39].

  instance, Bai et al. demonstrated that a bulk-gyroid polystyrene-b-polydimethylsiloxane (PS-b-PDMS) can self-assemble in spheres, cylinders or perforated lamellae in thin films by using different solvent mixtures for SVA [66] (Figure 19.b).Moreover, there is no experimental standard setup for SVA, and each research team has their own self-made setup. Nevertheless, the various set-ups reported in the literature can be separated in two distinct techniques (Figure19.c): Static SVA, where the sample is held in a closed jar with solvent vapors[START_REF] Sinturel | Solvent vapor annealing of block polymer thin films[END_REF],[START_REF] Bai | Thin film morphologies of bulk-gyroid polystyrene-blockpolydimethylsiloxane under solvent vapor annealing[END_REF];  Dynamic SVA, where the sample is exposed to a continuous gas flow containing solvent vapors[START_REF] Gotrik | Morphology control in block copolymer films using mixed solvent vapors[END_REF]-[START_REF] Lundy | Controlled solvent vapor annealing of a high: χ block copolymer thin film[END_REF].

Figure 19 .

 19 Figure 19. (a) SEM images of cylindrical PS-b-PMMA thin films thermally annealed at different temperatures and durations after the removal of PMMA domains [62]. (b) SEM images showing three different morphologies obtained by solvent vapor annealing of the same PS-b-PDMS using toluene/heptane mixtures with different ratios (left: 3:1, middle: 5:1 and right 10:1) [66]. (c) Solvent vapor annealing standard set-ups with (left) static and (right) dynamic solvent vapor flows [70].

Figure 21 .

 21 Figure 21. Schematics of (a) typical chemical epitaxy process. (b) SEM image and corresponding FFT of PS-b-PMMA cylinders assembled on a hexagonally grafted PS nanodot layer patterned by e-beam lithography [93].(c) SEM images of a hexagonal pattern (right) of PS-b-PMMA cylinders self-assembled on top of a surface modified substrate (left) with a pattern having twice the BCP period[START_REF] Ruiz | Density Multiplication and Improved Lithography by Directed Block Copolymer Assembly[END_REF]. (d) Schematics and SEM image of PS-b-PMMA assembled on a chemical pattern fabricated using a two-step exposure process[START_REF] Stoykovich | Directed Self-Assembly of Block Copolymers for Nanolithography: Fabrication of Isolated Features and Essential Integrated Circuit Geometries[END_REF]. (e) Directed self-assembly of a lamellar PS-b-PMMA in trenches with different substrate coating composition[START_REF] Han | Graphoepitaxial assembly of symmetric block copolymers on weakly preferential substrates[END_REF].

(

  Figures 21.b-c), but also the possibility to create non-classical patterns by spatially controlling the orientation of a BCP structure as demonstrated by Stoykovich et al. (Figure 21.d)

  22.a. This external shearing solicitation induces the long-range alignment of the BCP structure (either alongside, perpendicularly or transversally to the flow direction depending of the solicitation parameters) (Figure 22.b) [77]. In the specific case of thin films, a good adhesion between the moving part and the BCP film is required to efficiently transfer the mechanical stress. For instance, Angelescu et al. used a PDMS pad between a PS-b-poly(ethylene-alt-propylene) (PSb-PEP) thin film and a moving plate, leading to in-plane cylinders aligned along the shear direction (Figure 22.c) [101].

Figure 22 .

 22 Figure 22. Schematics of (a) three standard shear alignment geometries and (b) three possible alignments of lamellae under shear alignment [77].(c-g) Set-up schematics (top) and AFM or SEM images of directed selfassembled BCP thin films. (c) Shear alignment of PS-b-PEP cylinders [101]. Electric field alignment of (d) poly(4-fluorostyrene)-b-poly(D,L-lactide) (PFS-b-PDLLA) cylinders sandwiched between two electrodes[START_REF] Crossland | Freestanding nanowire arrays from soft-etch block copolymer templates[END_REF] and (e) PS-b-PMMA cylinders in a side-by-side electrode configuration[START_REF] Olszowka | Electric field alignment of a block copolymer nanopattern: direct observation of the microscopic mechanism[END_REF]. Zone annealing of PS-b-PMMA cylinders by (f) CZA-SS[START_REF] Singh | Dynamic thermal field-induced gradient soft-shear for highly oriented block copolymer thin films[END_REF] and (g) SS-LZA[START_REF] Majewski | Millisecond Ordering of Block Copolymer Films via Photothermal Gradients[END_REF].

Figure 23 .

 23 Figure 23. Survey of self-assembled PS-b-PMMA thin films from literature. (a) observed phase behavior as compared to the theoretical phase diagram (dashed lines)[11]. (b) observed domain spacing compared to the calculated one using the theory developed by Matsen et al.[18]. Circles, squares, lozenges, triangles, stars and crosses are PS cylinders, lamellae, gyroid or perforated lamellae, PMMA cylinders, PMMA spheres and disordered phase, respectively.

Figure 24 .

 24 Figure 24. Schematics of functionalization processes used for self-assembled BCP thin films.

Figure 25 .

 25 Figure 25. (a) Crosslinking of PS-b-PMMA thin films containing benzocyclobutene (BCB) units copolymerized in the PS block in order to tune the domain spacing or to render the film insoluble for further layering [131]. (b) Process flow and (c) SEM image of PS-b-PMMA lamellae treated by UV to crosslink the PS domains and remove the PMMA domains via a subsequent acetic acid bath [133]. (d) Schematics and (e) SEM image of PSb-PDMS cylinders treated by oxygen plasma to ceramize the PDMS domains in SiCxOy and remove the PS domains [137].

Figure 26 .

 26 Figure 26. (a) Surface reconstruction process leading to the formation of nanopores and (b) SEM picture of the pores obtained for a PS-b-PMMA system [142]. (c) Schematics of the mushroom-like morphology obtained from the selective swelling of PS-b-PAA thin films and (d) the corresponding AFM image [144]. (e) Schematics of the selective swelling process applied to a lamellar PS-b-PMMA thin film and the corresponding AFM images: (f) before swelling, (g) after acetic acid swelling (PMMA thickening), (h) after cyclohexane swelling (PS thickening) [145].

  Figures 27.ab show typical processes of wet and dry etching for PS-b-PMMA applied to pattern transfer.

Figure 27 .

 27 Figure 27. Typical PMMA removal step for a PS-b-PMMA BCP layer by (a) wet etching and (b) dry etching followed by a pattern transfer step [146]. SEM images of PS-b-PMMA cylinders (c) after an acetic acid rinse showing a surface reconstruction and (d) after UV exposure followed by an acetic acid rinse showing wet etching [148]. Dry etching of PMMA domains from PS-b-PMMA lamellae by (e) Ar plasma, (f) O2 plasma and (g) Ar:O2 10:1 plasma.

  28.b). In literature, these processes are usually not differentiated, and indifferently called SIS. The selectivity is enabled by a selective bonding between a precursor molecule and a reactive functional group of a specific block. It allows the trapping of the precursor molecules during the purge (Figure 28.c), while the excess of precursors is removed (Figure 28.d).

  been optimized for the selective growth of different metal oxides into four different BCPs: PS-b-PMMA, PS-b-polyepoxyisoprene (PS-b-PIO), PS-b-poly(2-vinylpyridine) (PS-b-P2VP) and PS-bpoly(4-vinylpyridine) (PS-b-P4VP) [156]. Other polymers have been successfully infiltrated by this method, such as polyethyl methacrylate (PEMA), polypropyl methacrylate (PPMA), polybutyl methacrylate (PBMA), polyvinyl alcohol (PVA), polyvinyl pyridine (PVP), polyacrylic acid (PAA), polyamide-6 (PA-6), polybutylene terephthalate (PBT), polylactic acid (PLA), polycarbonate (PC), polyethylene oxide (PEO) and polyethylene terephthalate (PET). These polymers could probably be used as a selective block of a BCP architecture, but no literature have been referenced on such developments.

Figure 28 .

 28 Figure 28. (a) Schematics of the ALD process [155], (b) Typical partial pressure profiles for ALD, SIS, MPI and SVI. (c) Precursor entrapment mechanism in a polymer with functional groups, and (d) complete removal after purge in a polymer without functional groups [157].

  variety of processing parameters leads to different resulting structures as shown in Figure 29.a for "structure consistency" or in Figure 29.b for pore size.

Figure 29 .

 29 Figure 29. SEM images of (a) a cylindrical PS-b-PMMA layer infiltrated by Al2O3 and W with different number of SIS cycles [163]. (b) PMMA honeycomb patterns formed from PS-b-PMMA transformed into Al2O3 by SIS which exhibit a reduction of the pore diameter with the number of SIS cycles [170]. (c) A cylindrical PS-b-PMMA layer infiltrated by Al2O3 (top) without any pretreatment and (bottom) with UV exposure treatment leading to a opposite block selectivity[START_REF] Kamcev | Chemically enhancing block copolymers for block-selective synthesis of self-assembled metal oxide nanostructures[END_REF]. Every SIS treatment has been followed by an O2 plasma step to remove organic remaining materials.

Figure 30 .

 30 Figure 30. (a) SEM pictures of gold, palladium and platinum lines formed from in-plane PS-b-P2VP cylinders impregnated with metallic salts with different concentration and duration, followed by a plasma treatment [173]. (b) Schematics of PS-b-P4VP cylinders infiltration process with HAuCl4 for different structure orientation and processing, and the corresponding SEM images of the gold nanostructures [175].

Figure 31 .

 31 Figure 31. (a) Schematics of electrodeposition growth in a PS scaffold made from a cylindrical PS-b-PMMA layer self-assembled under electrical field [179]. (b) Schematic process for the fabrication of chromium dots using a PS-b-PMMA layer and a lift-off process. (c) SEM images of the different steps: (left) the BCP template before evaporation and (middle and right) after lift-off [183]. (d) Schematics of Pd nanoparticle selective deposition in a PS-b-P4VP surface reconstructed template and (e) resulting SEM image after template removal [187].Finally, it is also possible to infiltrate nanoparticles (NPs) on a BCP template. Obviously, the size of the NPs should be smaller than the characteristic size of the BCP features. Additionally, preferential interactions between one of the BCP domains and the NPs are mandatory to promote the selective aggregation of NPs[START_REF] Chiu | Control of nanoparticle location in block copolymers[END_REF]. Figures 31.d-e show the typical process of NP inclusion in a PS-b-P4VP surface reconstructed cylindrical pattern [187]. To achieve this selectivity, Gowd et al. used Pd NPs stabilized by citrate molecules which strongly interact with P4VP. Accordingly, the

Figure 32 .

 32 Figure 32. Schematics of four different processes identified for iterative stacking of nanostructured BCP thin films [132].

Figure 33 .

 33 Figure 33. (a) Schematics of the stacking process and SEM images of (b) bi-layers and (c) tri-layers formed using a direct stacking method. (d) Schematics of the two possible stacking configurations with different energy costs depending of the BCP chain position with respect to the first BCP layer. [189] Our choice for this Ph.D. fell on the direct stacking method as a promising demonstration of registration between stacked BCP nanostructures was obtained in 2016 by Rahman et al. [189]. More precisely, they showed the formation of a panoply of non-native nanostructures made by stacking two layers of PS-b-PMMA with various morphology and domain spacing. The immobilization of the layers through the conversion in Al2O3 were performed using a SIS process. (Figures 33.a-b). They also showed that this process can be used for the tri-layers (Figure 33.c). In their study, it is the topographic field created by the underneath infiltrated layer that induces the registration of the top layer by minimizing the energy related to the stretching and compression

Figure 34 -

 34 Figure 34 -Cis-trans photo-isomerization of an azobenzene molecule, from trans to cis with a light stimulus, and back to trans with temperature.

  and width. Aissou et al. developed a process using SRG patterns as guiding pattern through a subsequent cross-linking step after the SRG inscription. The SRG pattern was employed for the directed self-assembly of cylindrical PS-b-PEO or PDMSB-b-PMMA. Long-range ordering is achieved thanks to the directional guidance stress induced by the pattern, which favors a lateral ordering of hexagonally packed cylinders, thus reducing isolated dislocations[START_REF] Aissou | Nanoscale block copolymer ordering induced by visible interferometric micropatterning: A route towards large scale block copolymer 2D crystals[END_REF],[START_REF] Rho | Laterally Ordered Sub-10 nm Features Obtained from Directed Self-Assembly of Si-Containing Block Copolymer Thin Films[END_REF] (Figures36.a-c).

Figure 36 .

 36 Figure 36. (a) Schematics of a PDMSB-b-PMMA cylindrical structure obtained by directed self-assembly on a sinusoidal pattern made by a crosslinked azobenzene SRG layer, and AFM images (scale bars: 200 nm) of these cylinders (b) without and (c) with the SRG pattern [222], [223].

Figure 37 .

 37 Figure 37. (a) Schematics of successive ordering direction of a PS-b-azoPMA cylindrical structure by using different polarization and direction of light followed by an annealing and the corresponding SEM images [225]. (b) Schematics of the orientation of PEO-azoPMA cylinders within a SRG pattern made with a ppolarized light source showing two orientation depending on the thickness and (c) AFM image at the interface between the two orientations [226].
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  Figure 37.a. In this work, the synthetic part was performed by M. Spiridon, while the study and the optimization of the self-assembly were done during this Ph.D.

Figure 38 .

 38 Figure 38. (a) Schematics of the formation of PDMS-b-azoPMA in-plane cylinders via (green arrow) a first step of SRG patterning followed by a solvent annealing leading to cylinders orthogonal to the SRG waves or via (red arrow) the inverse pathway leading to randomly orientated cylinders. (b) AFM height image of the SRG pattern. (c) AFM phase image of in-plane cylinders orientated orthogonally to the SRG pattern as attested by the FFT inset. (d) Zoom of (c) showing the translational ordering of the in-plane cylinders [5].

Figure 40 .

 40 Figure 40. (a) Simulated isotropic etching profiles of a 130 nm thick film with 100 nm peak-to-valley SRG pattern inscribed on it. (b) Evolution of the peak height and pattern aspect ratio with plasma etching time. The dots indicate the predicted values for a 50 nm high pattern.Experimentally, the best compromise was found for an argon reactive ion etching (RIE) plasma (20 sccm Ar, 200 W, 50 s) leading to a linear wave pattern with a height of around 50 nm and a width of 60 nm (Figure39.c) (aspect ratio = 0.83). This value is coherent when compared to

Figure 41 .

 41 Figure 41. "Repeated SRG" process. (a) Schematics of the second SRG process leading to the formation of grids. Starting from the line & space pattern (created with the first "unique SRG" process), followed for the left (right) route by a second SRG at 90° (60°) angle from the first one, squares (lozenges) or rectangles (parallelograms) are generated depending of the SRG incident angles at each step. AFM height images of the produced (b) square (c) lozenge and (d) rectangle grid patterns created with this process. Insets are the corresponding FFTs. Scale bars: 1 µm. Thus, the "Repeated SRG" process allows the formation of any 2D structures made with two arrays of line & space pattern for which the characteristic dimensions and shapes are dictated by the Equation (1) and the relative angle between them with for instance a perfectly squared grid matrix (Figure 41.b), 60° lozenge grid matrix (Figure 41.c) and a rectangle grid matrix (Figure 41.d). Interestingly, a 60° lozenge formation would match the 60° from the hexagonal symmetry of out-of-plane BCP cylinders.

Figure 42 .

 42 Figure 42. "Consecutive SRG" process. (a) In the middle is represented the wave pattern created by a first SRG.For the left route, a second SRG is made at 90° angle from the first, followed with plasma and infiltration, creating square or rectangle packed pillar depending of the SRG incident angle. For the right route, the same process is described with a 60° angle, creating perfect or distorted hexagonally packed pillars depending of the SRG incident angle. AFM height image of (b,c) tetragonal and (d,e) hexagonal pillar pattern created with this process. (b,d) before and (c,e) after plasma and infiltration. Insets are the corresponding FFTs. Scale bars: 1 µm.

  Almost every structures have been formed onto silicon substrate, and were observed by SEM after the final immobilization of the structure by SIS (Figures43.a-k).

Figure 43 .

 43 Figure 43. SEM pictures of (a) narrow line & space, (b) wide line & space, (c) narrow square, (d) wide square, (e) rectangle, (f) narrow lozenge, (g) narrow square packed pillar, (h) wide square packed pillar, (i) rectangle packed pillar, (j) narrow hexagonally packed pillar and (k) wide hexagonally packed pillar. Scale bars: 1 µm.

  to the BCP spin-coating, the patterned substrate surface was modified by grafting a PS-r-PMMA with a PS volume fraction 𝑓 𝑃𝑆 = 0.70. This composition leads to a perfectly neutral interface toward this particular lamellar PS-b-PMMA (see Chapter III.1/) for the whole surface, i.e. for the trench bottom and walls. Then, the BCP thin film was deposited by spin-coating a PS27-b-PMMA22 at 1,5 wt.% in Propylene Glycol Methyl Ether Acetate (PGMEA) at 2000 rpm. Finally, an annealing treatment at 260 °C for 10 min yields to a 30 nm thick out-of-plane lamellar structure with 30 nm domain spacing.

Figure 44 .

 44 Figure 44. AFM phase image of a lamellar PS-b-PMMA on top of (a) 384 nm periodic "narrow line & space" pattern and (b) 780 nm "wide line & space" pattern made with the "unique SRG" process. Top right insets are the corresponding FFTs. (c) SEM picture of the "narrow line & space" case after PMMA infiltration by Al2O3 and PS removal by plasma. Scale bars: 500 nm.

Figure 44 .

 44 Figure44.a shows the resulting out-of-plane lamellae perpendicularly oriented with respect to the topographical pattern, as expected with a neutral interface configuration at the walls[16]. Indeed, the PS and PMMA domains are equally facing the whole pattern substrate surface, leading to the lowest interfacial energy compared to other configurations which would not have balanced exposition. Figure44.b shows the same process on a wider pattern (780 nm versus 384 nm before) showing the same behavior, but with more defects as emphasized by the

Figure 45 .

 45 Figure 45.a shows that the PMMA cylinders are effectively positioned around the hexagonally packed pillars from the pattern. The FFT image (Figure 45.b) shows that a unique grain was not obtained, but preferential orientations of the BCP patterns were retrieved, leading to several well-defined grains. By processing the AFM image with a Matlab program (see Annex 3.B/), the image was colored with respect to the orientation of the hexagonal structure (Figure 45.c). This image shows that each triangle formed by three pillars (emphasized by the white lines) mostly possesses a unique color. Also, the color changes are mostly happening along the triangle edges. This means that these triangles are each composed of a "unique" grain orientated by the topographic field induced by their three vertex pillars, and the major part of grain boundaries are localized at the triangle sides.

Figure 45 .

 45 Figure 45. (a) AFM image, (b) FFT and (c) orientational mapping of a cylinder forming PS-b-PMMA on top of a hexagonally packed pillar pattern made by a "consecutive SRG" process. The orientational map have been computed with Matlab, white lines are guides for the eyes. Scale bars: 400 nm.

Figure 46 .

 46 Figure 46. AFM phase images of cylinder-forming PS-b-PMMA formed from (a) 1,5 wt.% and (b) 1 wt.% solutions, on top of a square pattern made by a "repeated SRG" process. Top right insets are the corresponding FFTs. (c) Schematics of theoretical configuration allowing a commensurate self-assembly of PMMA cylinders in a 60° lozenge pattern. Scale bars: 400 nm.

  1.5 wt.% to 1 wt.% (Figure46.b). As a result, out-of-plane cylinders are mostly observed inside the square pattern even if neither preferential orientation nor long-range ordering is obtained (due to the geometrical incommensurability between both structures). However, in-plane cylinders are still visible on the square edges despite the conditions of surface neutrality. This type of confined cylinders within geometrical patterns (including square) were studied by Do et al. for non-neutral interfacial energy in order to stabilize the in-plane cylinder orientation. The results demonstrated as well the formation of interesting non-native structures[24].
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Figure 47 .

 47 Figure 47. Number of published papers versus the year of publication for the 4 main BCPs found in literature. The counting was made using Google Scholar with 3 keywords being the name of the BCP (PS-b-PMMA, PS-b-P2VP, PS-b-P4VP and PS-b-PEO), "self-assembly" and "thin film".

Figure 48 .

 48 Figure 48. Schematics of the self-assembly process for the formation of nanostructured BCP films (here outof-plane lamellae).

Figure 49 .

 49 Figure 49. Chemical decomposition of Arkema "BlocBuilder MA" with heat, giving an initiator and a controller radical species.

Figure 50

 50 shows the evolution of the experimental thicknesses measured by AFM (see Annex 2.A/) for PS-b-PMMA films at different concentration in PGMEA for a 2000 rpm rotation speed. As expected, the relation is not linearly proportional with the simple estimation performed beforehand, but follow a relationship of 𝑡 ∝ 𝛼𝐶 2/3 + 𝛽𝐶 2 as predicted by the Meyerhofer model[15].

Figure 50 .

 50 Figure 50. Dependency of a spin-coated thin film thickness at 2000 rpm with the solution concentration for a lamellar PS-b-PMMA dissolved in PGMEA. A quantitative study for a lamellar PS-b-PMMA was done to emphasize the link between orientation, thickness and surface energy. A BCP forming lamellae was self-assembled (250 °C thermal annealing for 10 min) on substrates modified with various RCPs (𝑓 𝑃𝑆 𝑅𝐶𝑃 from 0.47 to 0.86), and thicknesses, 𝑡, from 15 nm to 82 nm. Each film was observed with AFM and sorted in 4 different categories: out-of-plane, in-plane with a flat surface, in-plane with islands and holes, and mixed in-plane/out-of-plane (Figures 51.a-d). It is important to note that for PS-b-PMMA, the AFM phase channel provides a strong contrast between the PS and PMMA phases, with bright and dark regions corresponding to PMMA and PS, respectively.

Figure 51 .

 51 Figure 51. AFM images of a lamellar PS-b-PMMA with a 28 nm periodicity on a substrate modified with a 𝑓 𝑃𝑆 𝑅𝐶𝑃 =0,80 at different thicknesses, giving (a) in-plane (36 nm), (b) mixed in-plane / out-of-plane (41 nm), (c) out-of-plane (47 nm) and (d) island/hole structure (57 nm). Top images are height channel with 5 μm scale bars, bottom images are phase channel with 500 nm scale bars.

Figure 52 .

 52 Figure 52. (a) Experimental lamellar PS-b-PMMA phase diagram in function of substrate coating composition and film thickness compared to BCP periodicity 𝐿 0 . Blue squares, red circles and green triangles correspond to out-of-plane, in-plane and island/hole orientations respectively. Dotted line delimits the "out-of-plane window". Schematics of theoretical in-plane lamellae with (b) PS and (c) PMMA facing the substrate, and (c) out-of-plane lamellae.

Figure 53 .

 53 Figure 53. Theoretical phase diagram of the lamellae orientation as a function of the RCP composition and film thickness. Blue, red and green areas are the out-of-plane, in-plane and island/hole structure, respectively. (PS is in blue, PMMA is in red) Interestingly, the theoretical phase diagram gives a 𝑓 𝑃𝑆 𝑅𝐶𝑃 window forming out-of-plane lamellae, as observed experimentally. This window range, around 𝑓 𝑃𝑆 𝑅𝐶𝑃 = 0.4 to 0.6, is perfectly centered to 𝑓 𝑃𝑆 𝑅𝐶𝑃 = 0.5 which is exactly the BCP composition. However, this is not experimentally observed, which is explained by the difference between the substrate energy and the RCP composition as explained in Chapter III.2.A.i/. Thus, it is possible to shift this phase diagram with the observed difference to match the experimental phase diagram.

Figure 54 .

 54 Figure 54. AFM phase images of the same out-of-plane PS cylinder forming PS-b-PMMA with different annealing temperature during 5 min: (a) 270 °C, (b) 290 °C and (c) 300 °C. Top right insets are the corresponding FFTs. Scale bars: 500 nm.III.2.B/ Structure hybridization

Figure 55 .

 55 Figure55. Schematics of the PMMA infiltration followed by a PS etching process for out-of-plane lamellae.

Figure 56 .

 56 Figure 56. (a) SEM images of PMMA cylinder forming PS-b-PMMA after SIS for different cycle number, followed by a plasma etching. (b) Corresponding cylinder radius distribution, fitted with a logistic distribution. (c) Cylinder to matrix surface ratio for different SIS cycle number. Scale bars: 100 nm During this Ph.D., TMA was chosen because it allows the infiltration of PMMA domains at low temperature, i.e. 85 °C, which is slightly lower than the glass transition, 𝑇 𝑔 , of PS and PMMA. Other precursors might be used by adapting the recipe to form different metal oxides within the PMMA matrix, as referenced in Chapter I.2.D.i/.

  this study we opted for an oxygen RIE plasma (see Annex 1.B.ii/) for the selective etch of PS domains. In particular a 40 W, 40 sccm O2, 40 s plasma was chosen as the standard etching recipe, increasing the topography from around 2 nm before plasma to around 10 nm after plasma in the case of a 29 nm periodic lamellar structure (Figures 57.a-b).

Figure 57 .

 57 Figure 57. (top) AFM height images and (bottom) height profiles of 29 nm lamellar PS-b-PMMA (a) after SIS and (b) after SIS and O2 plasma etching (40 sccm 40 W 40 sec). Scale bars: 100 nm.

  Figures 58.a-b show the resulting out-of-plane lamellae with a fingerprint-like pattern.

Figure 58 .

 58 Figure 58. Structural analysis of an out-of-plane lamellar PS-b-PMMA. (a) AFM phase image after thermal annealing, (b) SEM image after infiltration and plasma. Top right insets are the corresponding FFTs. Scale bars: 500 nm.

  PS-b-PMMA for the formation of dot, hole or line & space patternsTwo types of cylindrical structures are achievable using a PS-b-PMMA diblock architecture: either PS cylinders in a PMMA matrix, or the inverse. After hybridization, the PMMA domains are selectively infiltrated while the PS domains are etched. Accordingly, two different patterns are obtained for out-of-plane orientations: a dot pattern (PMMA cylindrical structure) and a honeycomb or hole pattern (PS cylindrical structure). For an in-plane orientation of the BCP structures, line & space patterns can be produced if carefully managing the BCP film thickness.The out-of-plane structures generate a specific topographical pattern after hybridization, i.e. dots for PMMA cylinders, and holes for PS cylinders. As for out-of-plane lamellae, this will produce a topographic field that can be used for guiding the subsequent BCP layer. Using the optimized parameters summarized in Table3, the Figures 59.a-b show the resulting out-of-plane PMMA cylinders with a hexagonally packed dot pattern, and the Figures 59.c-d show the resulting out-of-plane PS cylinders with a hexagonally packed hole pattern, often called honeycomb.

Figure 59 .

 59 Figure 59. Structural analysis of an out-of-plane (a-b) PMMA and (c-d) PS cylinder forming PS-b-PMMA. (a,c) AFM phase images after thermal annealing, (b,d) SEM images after infiltration and plasma. Top right insets are the corresponding FFTs. Scale bars: 500 nm.

  dependent of the BCP layer thickness. As shown in Figures 60.a-h, four configurations (1/2 or 3/2 layers) were envisaged in this work. However, the 3/2 PS cylinders case (Figure 60.d) produced a similar topographical pattern as the 1/2 layer after hybridization (see Figures 60.g-h).

Figure 60 .

 60 Figure 60. Schematics of in-plane (a) monolayer and (b) bilayer of PMMA and (c-d) PS cylinders before hybridization and (e-f) after PMMA infiltration and PS etching. (Red, blue and gray are PMMA, PS and Al2O3 respectively).The 1/2 layer case can be obtained by reducing the BCP thickness to half the periodicity, i.e. around 15 nm, and by modifying the substrate surface interface to be PS or PMMA affine for PMMA or PS cylinders, respectively. Using the optimized parameters summarized in Table3, the Figures 61.a-b and Figures 61.c-d show the resulting in-plane PMMA and PS cylinder 1/2 layers respectively, with a fingerprint-like pattern.

Figure 61 .

 61 Figure 61. Structural analysis of an in-plane (a-b) PMMA and (c-d) PS 1/2 layer of cylinder forming PS-b-PMMA. (a,c) AFM phase images after thermal annealing, (b,d) SEM images after infiltration and plasma. Top right insets are the corresponding FFTs. Scale bars: 500 nm.

Figure 60 .

 60 f, PMMA cylinders can provide an interesting topographic pattern after hybridization, when the thickness is increased to provide a 3/2 layer. In this case, the thickness should be around 1.5 time the periodicity, i.e. 46 nm. Using the optimized parameters summarized in Table3, the Figures62.a-bshow the resulting AFM image of in-plane 3/2 layer of PMMA cylinders with the same fingerprint pattern than the 1/2 layer.

Figure 62 .

 62 Figure 62. Structural analysis of an in-plane PMMA cylinder bilayer. (a) AFM phase image after thermal annealing, (b) SEM image after infiltration and plasma. Top right insets are the corresponding FFTs. Scale bars: 500 nm.

  Figures 63.a-b and Figures 63.c-d show the resulting 1/2 layer of PMMA and PS spheres respectively, showing the HCP expected structure [23].

Figure 63 .

 63 Figure 63. Structural analysis of a (a-b) PMMA and (c-d) PS 1/2 layer of spheres forming PS-b-PMMA. (a,c) Phase AFM image after thermal annealing, (b,d) SEM image after infiltration and plasma. Top right insets represent images FFT. Scale bars: 500 nm.

  Figures 64.a-b show the resulting 3/2 layers of PMMA spheres.

Figure 64 .

 64 Figure 64. Structural analysis of a PMMA sphere bilayer. (a) AFM phase image after thermal annealing, (b) SEM image after infiltration and plasma. Top right insets are the corresponding FFTs. Scale bars: 500 nm.The AFM phase image shows the same hexagonally packed structure and the same periodicity as in the monolayer case. Unfortunately, the collapse of the top layer of spheres during the plasma step was not vertical, leading to a poor overall self-assembled structure. This structure and etching step might be optimized to provide interesting well-ordered non-native patterns, which were obtained by a two-step process by Jin et al. for PS-b-PDMS[25].

  .a);  For PMMA cylinders, the theoretical minimal periodicity is 23 nm for a 25 kg/mol PS-b-PMMA (𝑓 𝑃𝑆 𝐵𝐶𝑃 = 0.7). Experimentally, this 23 nm periodicity has been reached with the 21b8 BCP (Figure 65.b), giving a 26 nm center-to-center distance (D26);  For PS cylinders, a 37 kg/mol PS-b-PMMA (𝑓 𝑃𝑆 𝐵𝐶𝑃 = 0.3) should theoretically give the minimal achievable periodicity, 25 nm. As for lamellae, this polymer was not available, but the 15b41 periodicity has been lowered from 32 nm to 28 nm by blending it with 8b10 at a 1:4 volume ratio (Figure 65.c), giving a 32 nm center-to-center distance holes (H32).

Figure 65 .

 65 Figure 65. AFM phase images of the smaller PS-b-PMMA patterns reached for out-of-plane (a) lamellae (22 nm periodicity), (b) PMMA cylinders (23 nm periodicity) and (c) PS cylinders (28 nm periodicity). Top right insets are the corresponding FFTs. Scale bars: 500 nm.

Figure 66 .

 66 Figure 66.a. The FFT gives a 62 nm periodicity, close to the 65 nm predicted theoretically.

Figure 66 .

 66 Figure 66. AFM phase images of the bigger PS-b-PMMA patterns reached for out-of-plane (a) lamellae (62 nm periodicity), (b) PMMA cylinders (66 nm periodicity) and (c) PS cylinders (71 nm periodicity). Optimized (d) lamellar pattern by increasing thickness from 35 nm to 163 nm (60 nm periodicity), (e) PMMA and (f) PS cylinders by blending it with smaller BCP (both 55 nm periodicity). Top right insets are the corresponding FFTs. Scale bars: 500 nm.

Figure 67 .

 67 Figure 67. Evolution of the periodicity with the number average molecular weight of binary blends between the "standard" PS-b-PMMA and a lower or higher molar mass BCP for (a) lamellae, (b) PMMA cylinders and (c) PS cylinders. Blue dots are experimental periodicity measured from the AFM FFTs, and red dotted lines are the power fits.

  GISAXS after hybridization and a long plasma (called ashing (40 sccm O2, 20 W, 3 min)) to remove all the PS, as presented in Figures 69.a-b.

Figure 69 .

 69 Figure 69. (a) SEM images and (b) GISAXS spectra of every targeted 2D-structures, rows with pattern type (L for line & space, L-t for thick line & space, D for dot and H for hole patterns) and column with pattern size (periodicity for line & space pattern, center-to-center distance for dot and hole patterns). Blank mean that the 2D-structure was inaccessible. Scale bar: 500 nm.

  .b), which allows the precise determination of the structure, its orientation, and the periodicity (see Annex 3.C/ for GISAXS details). The BornAgain software was used to simulate the GISAXS spectra. For instance, the L28 experimental spectrum (Figure 70.a) was simulated by creating a 19.2 nm high and 10.8 nm width perfectly sharp alumina lamellae with a 28.9 nm periodicity (Figure 70.b), giving a very similar spectrum.

Figure 70 .

 70 Figure 70. (a) Measured and (b) simulated GISAXS spectra of a L28 layer after hybridization and PS removal by 3 min plasma. (c) Schematics of the Ewald sphere representation for the GISAXS geometry, with the characteristic positions of the scattering signals along the qz axis.

Figure 71 .

 71 Figure 71. Integrated GISAXS spectra along qy giving an intensity vs scattering vector plot for line & space, thick line & space, dot and hole patterns (from left to right) with small to high periodicities (from bottom to top). Each peak position was enlightened.
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

  The layer patterns which can be line & space (L), dot (D) or hole (H) patterns, giving 6 potential bilayer stacking configurations (L-L, D-D, H-H, L-D, H-D and H-L); The ratio between the layer periodicities with five geometrically remarkable values (1:1, 2/√3:1, 3/2:1, √3:1 or 2:1);  The interfacial energy between the layers (neutral, PMMA-affine or PS-affine). The resulting structures have been sorted in three categories according to the geometry of stacked layers: both linear (L-L), both hexagonal (H-H, H-D and D-D), or mixed linear-hexagonal (L-D, H-L).

Figure 72 .

 72 Figure[START_REF] Perego | Ordering dynamics in symmetric PS-b-PMMA diblock copolymer thin films during rapid thermal processing[END_REF]. Schematics of the formation of an immobilized nanostructured layer from BCP self-assembly in thin film (here obtained from out-of-plane PS cylinders in a PMMA matrix infiltrated by Al2O3) followed by the deposition of a thin Al2O3 layer on top of the pattern in order to enable a further surface modification using RCP grafting.

Figure 73 .

 73 Figure 73. Schematics of the self-assembly process of the 2 nd BCP layer leading to the immobilization of the stacked structure by SIS (here depicted for out-of-plane lamellar pattern on top of a hole pattern).

Figure 74 .

 74 b presents the stacking of a L32 layer on top of a H37 layer with a PMMA-affine interfacial modification cropped to present a unique well-defined grain. Indeed, the FFT analysis of the SEM image (Figure74.c) presents characteristic peaks of a hexagonal symmetry (bright dots arranged in a hexagonal array) from the H37 pattern, with also the characteristic fringes of a linear symmetry (bright parallel fringes evenly separated) from the L32 pattern. Interestingly, the bright lines are crossing the bright dots, due to the same periodicity of both layers (37 nm of H37 is the domain spacing, leading to 32 nm periodicity).

Figure 74 .

 74 Figure 74. (a) Schematics of the PS complete removal step called ashing, leading to a fully inorganic 3D nanostructure (here depicted for a line & space pattern on top of a hole pattern). (b) SEM image of the ashed structure corresponding to the schematics (here formed with H37-ML-L32), and (c) FFT analysis of the SEM image. Scale bar: 100 nm.

  Experimentally, it was very difficult (even impossible in some cases) to observe dot patterns below line & space or hole pattern, and line & space pattern below hole pattern. This problematic is even more present during the characterization by top-view SEM of more than two stacked layers. Accordingly, the structural characterization of the stacked structures was also performed by "indirect" techniques such as GISAXS (see Annex 2.C/) to confirm the stacking rules and characteristic dimensions of the nanostructures. As a note, the 𝑞 𝑥𝑦 = 𝑞 𝑦 and 𝑞 𝑧 axes on the GISAXS images were not placed on the GISAXS images for the overall clarity of the assembled figures. Nevertheless, all GISAXS images presented in this chapter have the same size and the corresponding 𝑞 𝑦 and 𝑞 𝑧 axes are detailed on Chapter III/Figures 70.a-b.



  Stacked structures formed from lamellar PS-b-PMMA BCPs with the same periodicity IV.3.A.i/ Expected configurations between the two stacked line & space patterns In the case of stacking two line & space arrays with the same periodicity, responsive layering can lead to four particular bilayered structures: The top lamellar structure is parallel to the bottom line & space array, with either the PMMA or the PS domains being registered above the alumina lines, leading to a line pattern with the p1m symmetry (Figures 75.b-c); The top lamellar structure is parallel to the bottom line & space array, with half-PMMA/half-PS domains being registered above the alumina lines, leading a line pattern with the p1 symmetry (Figure 75.d);  The top lamellar structure is orthogonal to the bottom line & space array, leading to a 2D wallpaper grid pattern with a p4mm symmetry (Figure 75.e).

Figure 75 .

 75 Figure 75. 3D schematics of (a) the Al2O3 line & space pattern after immobilization stacked with (b) the PMMA domains registered on top of the alumina lines, (c) the PS domains registered on top of the alumina lines, (d) half of the PMMA and PS domains registered on top of the alumina lines, (e) the PS-b-PMMA lamellar structure perpendicularly oriented to the Al2O3 lines. Bottom schemes are the expected idealized top-view SEM images. Besides, a random orientation between both layers should be observed if no responsive layering occurs. It is possible to simulate the resulting top-view SEM image of a random orientation of the two patterns after ashing through the overlay of two SEM images with an arbitrary angle between them. For instance, Figure 76 shows the result of such treatment with a random stacking configuration obtained from a top view SEM image of two L28 layers (L28-L28).

Figure 76 .

 76 Figure 76. Simulated L28-L28 random stacking top view SEM image made by overlaying the same L28 SEM image with an arbitrary rotation angle between them. Scale bar: 500 nm.It is noteworthy that regions with parallel and perpendicular orientations are present in the simulated SEM image, but most of the regions are composed of crossing lines with a random angle, leading to a pattern composed of lozenges. Thus, responsive layering is only taking place if and only if a quantitative increase of one specific orientation can be observed with respect to the

Figure 77 .

 77 Figure 77. SEM image of two stacked layers of lamellar BCP with the associated 2D and 3D views of the idealized grid structure, and the FFT recalculated from the local configuration. Reprinted from Rahman et al. [6] IV.3.A.ii/ Experimental bilayered structures from lamellar PS-b-PMMA

Figure 78 .

 78 Figure 78. (top panel) SEM images and (bottom panel) corresponding GISAXS spectra of two stacked L28 layers with (a,d) NL neutral interfacial layer, (b,e) ML PMMA-affine interfacial layer and (c,f) SL PS-affine interfacial layer. The top right insets show the idealized structures and FFTs. Scale bars: 500 nm.

Figure 78 .

 78 Figure 78.b shows the structure obtained for two superimposed line & space patterns separated by a PMMA-affine interfacial layer. From such top-view image, a unique line & space pattern is observed. As the prolonged ashing by plasma treatment is expected to remove all organic materials (i.e. the non-hybridized PS domains), we conclude to a registration between the underlying Al2O3 lines and the PMMA domains of the top layer. Accordingly, a thicker Al2O3 line & space array is produced after the hybridization by SIS of the second BCP layer. The GISAXS data presented in Figure 78.e are in agreement with this assignation as a sequence of Bragg rods such as 𝑞 𝑦 /𝑞 * = 1,2,3 is also retrieved. The periodicity of the thick line & space array was evaluated at 𝐿 0 = 29.3 nm, which is not significantly different than the L28 domain spacing.

  5 wt.% to 4 wt.%. This leads to a thicker BCP film (around 160 nm) for which a good translational order of the PS-b-PMMA lamellae is retained while the remaining topographical pattern has only an amplitude of 1 nm (Figure 79.c). Such amplitude was considered as negligible with respect to the topographical pattern created at the time of the BCP immobilization by the combined SIS and plasma treatments.

Figure 79 .

 79 Figure 79. (a) AFM height image of the grooved substrate used for directed self-assembly. AFM phase images of (b) 35 nm and (c) 160 nm thick lamellae self-assembled on top of this pattern. Top right insets are the respective FFTs. The topographical profile is given for each image in the bottom panel. Scale bars: 100 nm. This 1 st layer being now a "unique" L28 grain with only a few dislocations, it is possible to perform the previously reported layering process using the standard thickness (35 nm) for the 2 nd layer. The structures obtained for the different interfacial layers (i.e. neutral, PMMA-affine and PS-affine) are shown in Figures 80.a-c and validate the conclusions made in the previous paragraph, i.e. an orthogonal orientation of the 2 nd layer is observed if the interfacial energy between the layers is perfectly neutral (L28-NL-L28), and a parallel one if this interfacial energy is slightly affine to one of the BCP domains.

Figure 80 .

 80 Figure 80. SEM images of (a) L28-NL-L28, (b) L28-ML-L28 and (c) L28-SL-L28 on top of a grooved substrate (the initial trenches are vertically oriented on the SEM images) after the 4 min ashing treatment. Top right insets are FFTs of the corresponding SEM images. Scale bars: 500 nm.

Figure 81 .

 81 Figure 81. Schematic of the directed assembly of lamellar PS-b-PMMA according to the styrene volume fraction (FSt) of the PS-r-PMMA brush layer coated on the topographical trench pattern, with the associated SEM images. Reprinted from Han et al. [16].

Figure 82 .

 82 Figure 82. (a) Geometrical models used for the line & space pattern obtained from the immobilization of the first BCP layer with the characteristic dimensions and (b) excess interfacial length associated to the topography as function of bump height and width (blue dot is the simulated case taken into account for our experiments). (c) Scheme illustrating the chain stretching effect due to the 1 st layer topography. This excess interface with respect to a flat surface was evaluated for each lamellar periodicity studied during this work (Figure 82.b), and increases with the bump height ℎ and decreases with the bump width 𝑤.

Figure 83 .

 83 Figure 83. Theoretical phase diagram of the orientation of lamellae as a function of the RCP composition and film thickness on a patterned substrate with lines having the same periodicity than the second lamellar layer, and 5 nm height. Blue, red and green areas are the out-of-plane, in-plane and island/hole structures, respectively. (PS is in blue, PMMA is in red)Interestingly, the overall structure of the phase diagram is not modified compared to the one obtained for a flat substrate (see Chapter III/Figure53), with the same localization of the transitions between the out-of-plane, in-plane and island/hole windows. This means that the substrate patterning has a strong impact only for out-of-plane structures by orientating them orthogonally or collinearly, and does not increase or decrease the out-of-plane stability region.

Figure 84 .

 84 Figure 84. Schematics of the responsive layering mechanism based on the disordering of PS-b-PMMA chains inside the topographic spaces created by the line & space pattern from the 1 st layer. Such mechanism leads to a collinear stacking of both line & space patterns for lamellar BCP with the same periodicity. The example shows the case where the interfacial layer is PS-affine, leading to the registration of PS lamellae on top of Al2O3 lines of the 1 st layer.

  PS and PMMA domains (i.e. neutral), and a higher repulsive value for PMMA beads on the pattern height with respect to the PS beads (i.e. PS-affine), resulting in the registration of the PS domains on top of the pattern bumps (Figure 85.d).

Figure 85 .

 85 Figure 85. Top (top panel) and side (bottom panel) views of (a) a simulated grooved substrate with the topographic line & space pattern created by the immobilization of the 1 st BCP layer (the lines are in gray), covered by commensurate PS-b-PMMA lamellae (PMMA domains in red, PS domains were removed for clarity) with (b) neutral interface, (c) PMMA-affine interface and (d) PS-affine interface. The images are the result of the concatenation of 4 times the same simulated box. These simulations are coherent with the experimental observations, which strengthen our understanding of the interplay between interfacial modulation and self-assembly by "responsive layering". Interestingly, this model is close to the pseudo-chemical epitaxy mechanism exposed in the previous paragraph, as the small affine bumps (grey beads) on top of a neutral substrate (dark beads) represent the Al2O3 lines & space pattern filled with confined disordered PS-b-PMMA chains.

Figure 86 .

 86 Figure 86. SEM images of nanomeshes formed by the stacking of L28 on top of (a) L32-t, (b) L37-t, (c) L42-t, (d) L48-t and (e) L56-t. First row: low magnification SEM images (scale bars:500 nm), second row: associated FFTs, third row: zoomed areas displaying a "perfect" orientation (scale bars: 100 nm), and fourth row: corresponding GISAXS patterns.

L28 in Figure 86

 86 .e, but could also lead to two different structures: the PMMA domains are registered either on each edge of the underlying Al2O3 lines (Figure 87.b) or on top and between the underlying Al2O3 lines (Figure 87.c). Interestingly those two structures belong to the p1m line group, with a fundamental domain that includes a mirror line.

Figure 87 .

 87 Figure 87. 3D schematics of (a) the line & space pattern produced after hybridization of a large lamellar PSb-PMMA, stacked with a collinear arrangement of a smaller lamellar PS-b-PMMA pattern (of half the periodicity) registered with PMMA domains (b) on top of the Al2O3 line edges and (c) on top and between the Al2O3 lines. The bottom schemes show the expected idealized top view SEM images. The difference between these two arrangements is clear: either the PMMA or the PS domains of the 2 nd layer are registered at the edges of the underneath Al2O3 line & space pattern. For this very specific 2:1 ratio, arguments based on the pseudo-chemical epitaxy mechanism cannot help us to predict the resulting layered structures as both the PS and PMMA domains of the 2 nd layer are in contact with the same surface area of the Al2O3 pattern. However, with the asymmetric surface hypothesis, the produced structure would depend on the surface area between the domains registered on top of the bumps and the domains registered on the edge of the bumps. Here, the line & space pattern is large leading to the 𝑤 ≥ 2ℎ case from Figure 82.a. With this topographic model in mind, additional surface area is created near the edges of the bumps. Thus, the configuration depicted in Figure 87.b is expected for a PMMA-affine layer, while the configuration of Figure 87.c is expected for a PS-affine layer.

Figure 88 .

 88 Figure 88. (top) SEM images and (bottom) corresponding GISAXS spectra of ashed L24 hybridized layer on top of a L48-t layer with (a,c) PMMA-affine surface modification, ML, and (b,d) PS-affine surface modification, SL, Top right insets are the idealized structures and FFTs. Scale bars: 500 nm.

  fundamental domains and the wallpaper groups. D-D stacking was chosen to display the resulting structures as they are the more self-explanatory with respect to the simulated sketches from H-H or H-D because of superposed patterns.

Figure 89 .

 89 Figure 89. Simulated D37-D37 random stacking configuration made by overlaying the same D37 SEM image with a random rotation angle between them. Scale bar: 500nm.

  The top-view SEM images resulting of the various stacking configurations are shown in Figures 90.a-c, with the associated GISAXS patterns in Figures 90.d-f.

Figure 90 .

 90 Figure 90. (top) SEM images and (bottom) corresponding GISAXS patterns of two stacked D37 layers with (a,d) ND neutral layer, (b,e) MD PMMA-affine layer and (c,f) SD PS-affine layer. Top right insets are the idealized structures and the FFTs of the SEM images. Scale bars: 250 nm.

  Figures 91.a-b show the resulting SEM images in good accordance with our predications based on symmetry considerations (see Table15, "above" & "between" type for D37-ND-D42 and "above" & "edge" type for D32-ND-D42).

Figure 91 .

 91 Figure 91. SEM images of (a) D37-ND-D42 and (b,c) D32-ND-D42, with (c) its GISAXS corresponding pattern. Top right insets are the idealized structures and the corresponding FFTs. Scale bars: 250 nm.

Figure 92 .

 92 Figure 92. (top) SEM images and (bottom) corresponding GISAXS patterns of two stacked D56-D32 layers with (a,c) MD PMMA-affine and (b,d) SD PS-affine layers. Top right insets are the idealized structures and FFTs. Scale bars: 250 nm.

  Figure 93. (top) SEM images and (bottom) corresponding GISAXS patterns of two stacked H37 layers with (a,d) NH neutral, (b,e) MH PMMA-affine and (c,f) SH PS-affine layers. Top right insets are the idealized structures and FFTs. Scale bars: 250 nm. Each structure was analyzed with GISAXS (Figures 93.d-f), leading to three very similar patterns. Indeed, intense Bragg rods can be observed at the 𝑞 𝑦 /𝑞 * = 1, √3, √4, √7, √9, √12 positions (i.e. characteristic of a hexagonal pattern), with the same 𝑞 * = 0.205 nm -1 corresponding to a 35.4 nm domain spacing. This value is exactly the same value measured for H37 structure in a monolayer configuration.

Figure 94 .

 94 Figure 94. Experimental large SEM image of H37-NH-H37, colorized according to the rotation angle between both layers sorted following 5 main angle. Scale bar: 1 µm.

Figure 95 .

 95 Figure 95. Simulated H37-H37 random stacking made by overlaying twice the same H37 SEM image with a random rotation angle between them. Dot lines are the superposed grain boundaries obtained from each SEM image. Scale bar: 500nm. Another interesting study of H-H stacking can be performed by varying the ratios between the layer periodicities. Figures 96.a-b show the SEM images for the 2/√3: 1 and 3/2: 1 ratios with a neutral interfacial layer (i.e. H42-NH-H37 and H56-NH-H37).

Figure 96 .

 96 Figure 96. (top) SEM images and (bottom) corresponding GISAXS patterns of (a,c) H42-NH-H37 and (b,d) H56-NH-H37. Top right insets represent idealized structures and image FFTs. Scale bars represent 250 nm.

  .d) shows the same characteristic features with two sequence of Bragg rods related to hexagonal patterns of 53 nm and 35.4 nm periodicities.

Figures 97 .

 97 Figures 97.a-c show the SEM images of the stacking configurations obtained for H37-MD-D37, H37-SD-D37 and H56-SD-D32 (standard process with an ashing step of 4 min). It is important to note that the interfacial layer composition is only affecting the top BCP layer. Thus, MD, ND and SD RCP materials were used for this study.

Figure 97 .

 97 Figure 97. (top) SEM images and (bottom) corresponding GISAXS spectra of (a,d) H37-MD-D37, (b,e) H37-SD-D37 and (c,f) H56-SD-D32. Top right insets are the idealized structures and FFTs. Scale bars: 250 nm.

IV. 5 /

 5 .f) exhibits the characteristic peaks of H56 and D32 with measured periodicities of 53.3 nm and 31.4 nm, very close to the 54.2 nm and 31.2 nm measured from individual layers. Also, it is very clear that the D32 signals are drastically weaker in the stacked configuration with respect to the ones observed for an individual layer. This is linked to the highly disrupted positioning of the dots on top of the H56 layer. Stacking of two layers with different symmetry It is possible to imagine four different stacking configurations of layers showing distinct symmetries, which are L-D, D-L, L-H and H-L. As previously mentioned, D-L and L-H stacking configurations were not thoroughly studied due to the difficulty to analyze the resulting top-view SEM images. Besides, an important challenge with mixed stacking is the strongly different grain shapes and defects obtained from the BCP self-assembly. At one hand, for line & space pattern, i.e.

  Figures 98.a-b show the typical SEM images obtained for both cases, using the L32-t-MD-D37 and L28-MD-D32 stacking configurations.

Figure 98 .

 98 Figure 98. (top) SEM images and (bottom) corresponding GISAXS patterns of (a,c) L32-t-MD-D37 and (b,d) L28-SD-D32. Top right insets are the idealized structures and FFTs. Scale bars: 250 nm.

Figures 99 .

 99 Figures 99.a-c show the SEM images observed for the first type of stacking ratio, i.e. small dot pattern on top of large line & space Al2O3 pattern, experimentally obtained with L56-t-ND-D37, L56-t-SD-D32 and L56-t-MD-D32 stacking configurations.

  associated to the √3: 1 ratio (Figure 99.d) exhibits intense Bragg rods that can be sorted into two different sequences, i.e. L56-t with 𝑞 𝑦 /𝑞 * 1 = 1,2,3 and 𝑞 * 1 = 0.114 nm -1 giving a periodicity of 55.1 nm, and D37 with 𝑞 𝑦 /𝑞 * 2 = 1, √3, √4, √7, √9 and 𝑞 * 2 = 0.198 nm -1 giving a periodicity of 31.7 nm.

Figure 99 .

 99 Figure 99. (top) SEM images and (bottom) corresponding GISAXS patterns of (a,d) L56-t-ND-D37, (b,e) L56-t-SD-D32 and (c,f) L56-t-MD-D32. Top right insets are the idealized structures and FFTs. Scale bars: 250 nm.For the 2:1 ratio, the two structures observed with PS-and PMMA-affine interfacial layers are strikingly different (Figures99.b-c) and the SEM analysis concludes to a "above" & "between"

Figures 101 .

 101 Figures 101.a-b present the first case, i.e. 1:1 ratio, with PMMA-or PS-affine interfacial layer, produced by stacking L32 on top of H37, i.e. H37-ML-L32 and H37-SL-L32.

Figure 101 .

 101 Figure 101. SEM images (top) and corresponding GISAXS patterns (bottom) of (a,c) H37-ML-L32 and (b,d) H37-SL-L32. Top right insets represent idealized structures and image FFTs. Scale bars: 250 nm.

  Figures 102.a-c present the SEM images of the 2/√3: 1, 3/2:1 and √3: 1 ratios, obtained from H42-ML-L28, H48-SL-L28 and H56-SL-L28 stacking configurations, respectively.

Figure 102 .

 102 Figure 102. (top) SEM images and (bottom) corresponding GISAXS patterns of L28 stacked on top of (a,d) H42 with PMMA-affine layer, (b) H48 with PS-affine layer and (c) H56 with PS-affine layer. Top right insets are the idealized structures and FFTs. Scale bars: 250 nm.

Figure 103 .

 103 Figure 103. Schematics of bottom-up versus top-down approaches for device nanofabrication. Bottom-up consists in adding material on a substrate, while top-down consists in removing material from a layer of interest for the applications.

  configurations allowing a facile characterization by top-view SEM. The two stacking configurations chosen were H-ML-L-MD-D and L-NL-L-MD-D with a ratio between the periodicities equal to 1. The expected structures for the two envisioned configurations are displayed in Figures 104.a-b.

Figure 104 .

 104 Figure 104. Idealized schematics of three-layer stacking of (a) H-ML-L-MD-D and (b) L-NL-L-MD-D with the same periodicity. SEM images of (c) H32-ML-L28-MD-D32 and (d) L28-NL-L28-MD-D32. Scale bars: 100 nm. The H32-ML-L28-MD-D32 (Figure 104.c) and L28-NL-L28-MD-D32 (Figure 104.d) stacking configurations were generated using the standard process. It is noteworthy that a longer ashing process was necessary to reveal the three-layered structures. Unfortunately, such long ashing step (20 min was required to visualize the hole pattern at the bottom) led to the collapse of the dot pattern (even some parts of the line & space pattern) for the H32-ML-L28-MD-D32 configuration. Only 6 min of ashing were required for the L28-NL-L28-MD-D32 configuration and a three-layered structure is clearly visible on the SEM image. It is composed of two line & space patterns

Figure 104 .

 104 d clearly shows that the dots are not registered along the first line & space pattern, with all three possible stacking configurations. It means that the topographical field generated by the second layer does not integrate the topographical field from the first one.

  Figures 105.a,d), 2D from out-ofplane cylinders (Figures 105.b,e) and 3D from gyroid (Figures 105.c,f), leading to high reflectivity at a specific wavelength linked to the nanostructure periodicity.

Figure 105 .

 105 Figure 105. (a) SEM image from an in-plane lamellar PS-b-PI (scale bar: 1 μm) and (d) the associated reflectance spectrum. (b) AFM phase image of an out-of-plane cylinder PS-b-PI (scale bar: 1 μm) and (e) the associated reflectance spectrum. (c) SEM image of a double gyroid PS-b-PI after PI etching by UV/O3 (scale bar: 250 nm) and (f) the associated reflectance spectrum [12].

Figure 106 .

 106 Figure 106. SEM image of a (a) gyroid forming PI-b-PS-b-PEO [22] and (b) cylinder forming PS-b-PMMA [23], with PI and PMMA blocks etched and filled with gold by electrodeposition before full polymer removal. (c) Difference between the transmission spectra in left and right light polarization channels as the sample (a) is rotated around the [110] axis. (d) Polarization-dependent reflectance spectra of the sear aligned cylindrical sample (b). Scale bars: 500 nm.

Figure 107 .

 107 Figure 107. (a) AFM image of out-of-plane PS-b-P4VP cylinders infiltrated with a gold salt solution and etched in order to produce an array of gold nanoparticles [26]. (b) SEM image of a metallic nanopattern produced from out-of-plane PS-b-P4VP cylinders infiltrated with a gold salt solution and etched in order to obtain a gold nanomesh [27]. (c) Extinction spectra of the sample (a) taken at (red) normal and (blue) 70° off-normal incidence with the simulated spectra in inset. (d) UV-Vis transmittance spectra of nanodots array, nanoring array, nanomesh and simulated spectra for the nanomesh depicted in the inset. Black circles indicate the plasmonic resonance wavelength. Scale bars: 500 nm.

Figure 108 .

 108 Figure 108. Schematics of the responsive layering process of orthogonal lamellar BCP layers hybridized into conductive/insulator lines for the formation of a tailored 3D-nanogrid. 𝑑 𝑗 , ℎ 𝑗 , 𝑀 𝑐,𝑗 , 𝑀 𝑖,𝑗 represent the lamellar domain spacing, layer height, conductive material and insulator material of the j-layer.

  109.a-b that show two self-assembled bilayers on top of a gold coated wafer, using the standard process described in the previous chapters. However, this electrode should be thick enough for electrodeposition, i.e. around 150 nm, leading to a reflective surface, preventing the transmission of light. An alternative would be to use ITO coated substrate even if the higher roughness on such kind of substrate could be detrimental to BCP self-assembly.

Figure 109 .

 109 Figure 109. SEM images of (a) L32-NL-L32 and (b) H37-MH-H37 stacking configurations on top a 150 nm gold coated silicon wafer. Top right insets are the FFTs. Scale bars: 250 nm.

  possesses the desired properties for data storage[38]-[40] (Figures110.a,d) which is similar to a top-down approach performed with a conventional lithographic mask; Using the BCP layer as a template to hybridize one of the BCP domain with a material having the desired properties for data storage, by electrodeposition, sputtering or infiltration[41]-[44] (Figures110.b,e) which is a bottom-up approach.

Figure 110 .

 110 Figure 110. Schematics of the formation of a cobalt dot array (a) using PS-b-PFS sphere mask above a cobalt layer and (b) using PS-b-PMMA out-of-plane cylinders to form a hexagonally packed hole template which is subsequently filled by cobalt. (c) Schematics of the fabrication of 3D PS-b-PDMS in-plane cylindrical structure above a nano-templated substrate. SEM image of (d) W-capped cobalt dot array produced with process (a), (e) magnetic cobalt dot arrays produced with process (b), and (f) 3D structure formed from two layers of ceramized PDMS cylinder arrays produced with process (c). Scale bars:200 nm.

Figure 111 .

 111 Figure 111. Schematics of the responsive layering process of registered out-of-plane cylinders hybridized intoan appropriate material and separated by a conductive electrode for the formation of a 3D-nanopillars memory device.

  5 wt.% solution of PS-b-P2VP (Mn(PS) = 135 kg/mol and Mn(P2VP) = 53 kg/mol) in PGMEA was spin coated at 2000 rpm on top of a silicon substrate grafted with the 75r25 RCP. Then the thin film was solvent annealed in a chamber containing THF vapors during 10 min to promote the selfassembly (Figure 112.a). This film was subsequently infiltrated with a 1 wt.% iron acetylacetonate (Fe(acac)3) and bismuth nitrate (Bi(NO3)3•5H2O) stoichiometric solution in a mixture of acetic acid and 1,3-propanediol (4:1 vol:vol), by immerging the sample in this solution during 5 min. The infiltrated structure was etched during 20 min using UV/O3 treatment leading to nanodots composed of Bi and/or Fe oxides (Figure 112.b).

Figure 112 .

 112 Figure 112. AFM height image of out-of-plane cylinder forming PS-b-P2VP (a) after self-assembly by THF solvent annealing and (b) after impregnation with a Bi and Fe solution followed by an UV/O3 etching. Scale bars: 500 nm.
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Figure 113 .

 113 Figure 113. Schematics of the self-assembly process for the formation of nanostructured BCP film (here outof-plane lamellae).

  duration and cooling ramp. The optimal temperature and duration are highly dependent of the BCP macromolecular characteristics. A standardized recipe for a PS-b-PMMA is the following (Figure 114.a):  Three cycles of vacuum / N2 purge of 10 s each at 50 °C;  A heating ramp from 50 °C to the desired temperature in 10 s;  The temperature of the chamber is maintained during a chosen duration;  A N2 flow is then applied to the chamber to cool it to room temperature, reducing the temperature below 100 °C in less than 40 s.

Figure 114 (

 114 Figure 114 (a) RTA standard recipe with the input temperature ramp (red) and actual temperature ramp (blue) in the top panel, and the chamber pressure in bottom panel. The gray, red and blue backgrounds represent the purging cycles at 50 °C, the thermal annealing step (here 260 °C for 5 min) and the cooling ramp, respectively. (b) The RTA apparatus used during this Ph.D. During this Ph.D., the rapid thermal annealing step was performed using a Jipelec JetLight RTA furnace (Figure 114.b)

Figure 115 .

 115 Figure 115. Schematics of the PMMA infiltration followed by PS etching process for out-of-plane lamellae.

  precursors and then reduced to 5 sccm for the remaining 5 s to stabilize the flow before the next infiltration.  The sample is finally cleaned with a step of a 20 sccm N2 flow during 2 min, to remove byproducts and unreacted precursors.

Figure 116 .

 116 Figure 116. (a) SIS infiltration cycle sequence over time with the N2 gas flow in the top panel, outer valve position in the middle panel (0=close, 1=open) and experimental chamber pressure in the bottom panel. The blue, red and gray backgrounds represent static TMA infiltration, static H2O infiltration and N2 purge respectively. (b) The ALD apparatus used during this Ph.D.

Figure 117 .

 117 Figure 117. (a) Plasma RIE operating schematics and (b) the plasma apparatus used during this Ph.D.



  is inserted in a plasma chamber chilled at 18 °C under dynamic vacuum (target: 80 mTorr);  A gas or a mixture of gases (Argon, Oxygen or CF4) is introduced with a certain gas flow (usual range is 20-40 sccm);  A 30 s pause is observed to stabilize the chamber pressure (usual range is 150-170 mTorr according to the gas flow); The plasma is produced at the desired power (usual range is 20-40 W) for a chosen duration according to the targeted etching thickness; The plasma is turned off and the gas valve is closed. After few seconds of dynamic vacuum to remove by-products from the chamber, the sample is taken out from the chamber. During this Ph.D., plasma etching was performed using a Plasmionique FLARION Series Plasma Etcher (Figure117.b).

Figure 118 .

 118 Figure 118. (a) AFM operating schematics and (b) the AFM apparatus used during this Ph.D.The typical resolution of the AFM technique is the nanometer scale; its compatibility with thin film, and the possibility to differentiate chemical contrast makes it one of the most used imaging tools for the characterization of BCP thin films. Indeed, for self-assembled structures, the phase channel will spatially differentiate the two (or more) BCP components on the surface, giving structural information. Indeed, each block has different physical-chemical properties (in particular viscoelastic properties) that will modify the interaction forces with the tip. Also, the height channel can corroborate this structural information when a slight bump over the low

Figure 119 .

 119 Figure 119. (a) SEM operating schematics and (b) the SEM apparatus used during this Ph.D.

( 21 )Figure 120 .

 21120 Figure 120. (a) GISAXS operating schematics and (b) the Sirius beamline from Soleil synchrotron used during this Ph.D. Experimentally, the GISAXS experiments were performed on the Sirius beamline at the Soleil synchrotron (Figure 120.b), with a wavelength 𝜆 = 0.155 nm, a detector distance 𝐿 = 4445 mm, a rectangular detector composed of 981 x 1043 pixels with a pixel size 𝑢 𝑝𝑖𝑥 = 0.172 cm, and an X-ray incident angle 𝛼 𝑖 = 0.18°. This incident angle is below the critical angle of Si and SiO2,

For

  line/space pattern (i.e. lamellae or in-plane cylinders), a software based on ImageJ has been developed by Murphy et al.[3] in 2015, providing all these parameters from a SEM image (or a contrasted enough AFM image converted in black and white). An equivalent software for dot structures (out-of-plane cylinders or spheres) is not currently available, which is the reason why a software was developed in this Ph.D. work.

Figure 121 .

 121 Figure 121. Hexagonal Array Image Analyzing window with processing and rendering parameters on the left, and resulting image on the right. The software is presented as a unique window (Figure 121), and designed to be straightforward, with the following steps:  First, load the image to analyze (Figure 122.a). Better results are obtained with black and white tiff image from SEM with flattened background and enhanced contrast;  Then, complete the "Processing" tab by giving length scale of the image, by cropping if necessary, by binarizing the image and by optimizing threshold and smooth (Figure 122.b). A switch button can invert the picture contrast to process honeycomb (dark holes) structures

Figure 122 .

 122 Figure 122. (a) Initial SEM image with out-of-plane cylinders made from PS33-b-PMMA16. (b) Binarized image, (c) SEM image and defects (4, 5, 7 end 8 neighbors gives red, blue, green and purple dots respectively), (d) orientation map and Delaunay mesh, (e) SEM image and orientation map, (f) binarized image and orientation map, (g) Voronoi mesh and defects, (h) Delaunay mesh and defects. (i) Correlation length with in red the raw data, in blue the smoothed data, and in green the correlation length, K.

Figure 123 .

 123 Figure 123. Block Copolymer Pitch Estimation window with the example of a PS-b-PMMA giving lamellar structure with a 30 nm estimated domain spacing.

Figure 125 .

 125 Figure 125. Triply-Periodic Minimal Surface 3D Objects & 2D-Slice Simulation window with the example of a gyroid sliced along the 100 plan. Within our laboratory, K. Aissou et al. studied triblock copolymers which self-assemble in a variety of multi-continuous structures. This aforementioned software was used to better understand the morphological features of a particular PDMSB-b-PS-b-PMMA sample. Indeed, the

Figure 126 .

 126 Figure 126. NanoScope AFM Images Processing and Analyzing Tools window showing the raw height AFM image of an PS-b-PMMA thin film forming out-of-plane cylinders.

Figure 127 .

 127 Figure 127. NanoScope AFM Images Processing and Analyzing Tools window showing the filtered height AFM image of the PS-b-PMMA cylinders.

Figure 128 .

 128 Figure 128. NanoScope AFM Images Processing and Analyzing Tools window showing the X-section of a scratched PS-b-PMMA thin film AFM image leading to a 37 nm step.

Figure 129 .

 129 Figure 129. NanoScope AFM Images Processing and Analyzing Tools window showing the FFT and PSD of the PS-b-PMMA cylinders phase AFM image.

Figure 132 .

 132 Figure 132. SEM image of L32 colorized with orientation. Top right inset is the FFT. Scale bar: 1 µm.

Figure 133 .

 133 Figure 133. SEM image of L32-t colorized with orientation. Top right inset is the FFT. Scale bar: 1 µm.

Figure 134 .

 134 Figure 134. SEM image of L37 colorized with orientation. Top right inset is the FFT. Scale bar: 1 µm.

Figure 135 .

 135 Figure 135. SEM image of L37-t colorized with orientation. Top right inset is the FFT. Scale bar: 1 µm.

Figure 136 .

 136 Figure 136. SEM image of L42 colorized with orientation. Top right inset is the FFT. Scale bar: 1 µm.

Figure 137 .

 137 Figure 137. SEM image of L42-t colorized with orientation. Top right inset is the FFT. Scale bar: 1 µm.

Figure 138 .

 138 Figure 138. SEM image of L48 colorized with orientation. Top right inset is the FFT. Scale bar: 1 µm.

Figure 139 .

 139 Figure 139. SEM image of L48-t colorized with orientation. Top right inset is the FFT. Scale bar: 1 µm.

Figure 140 .

 140 Figure 140. SEM image of L56 colorized with orientation. Top right inset is the FFT. Scale bar: 1 µm.

Figure 141 .

 141 Figure 141. SEM image of L56-t colorized with orientation. Top right inset is the FFT. Scale bar: 1 µm.

Figure 142 .

 142 Figure 142. SEM image of D28 colorized with orientation. Top right inset is the FFT. Scale bar: 1 µm.

Figure 143 .

 143 Figure 143. SEM image of D32 colorized with orientation. Top right inset is the FFT. Scale bar: 1 µm.

Figure 144 .

 144 Figure 144. SEM image of D37 colorized with orientation. Top right inset is the FFT. Scale bar: 1 µm.

Figure 145 .

 145 Figure 145. SEM image of D42 colorized with orientation. Top right inset is the FFT. Scale bar: 1 µm.

Figure 146 .

 146 Figure 146. SEM image of D48 colorized with orientation. Top right inset is the FFT. Scale bar: 1 µm.

Figure 147 .

 147 Figure 147. SEM image of D56 colorized with orientation. Top right inset is the FFT. Scale bar: 1 µm.

Figure 149 .

 149 Figure 149. SEM image of H32 colorized with orientation. Top right inset is the FFT. Scale bar: 1 µm.

Figure 150 .

 150 Figure 150. SEM image of H37 colorized with orientation. Top right inset is the FFT. Scale bar: 1 µm.

Figure 151 .

 151 Figure 151. SEM image of H42 colorized with orientation. Top right inset is the FFT. Scale bar: 1 µm.

Figure 152 .

 152 Figure 152. SEM image of H48 colorized with orientation. Top right inset is the FFT. Scale bar: 1 µm.

Figure 153 .

 153 Figure 153. SEM image of H56 colorized with orientation. Top right inset is the FFT. Scale bar: 1 µm.

Figure 154 .

 154 Figure 154. SEM image of H64 colorized with orientation. Top right inset is the FFT. Scale bar: 1 µm.
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  and 𝑓 𝐵 are the volume fractions of A and B, 𝑁 𝐴 and 𝑁 𝐵 the polymerization indexes of A and B, 𝑘 𝐵 the Boltzmann constant, 𝑇 the absolute temperature, and 𝜒 𝐴𝐵 the so-called Flory-Huggins parameter.

	𝛥𝐺 𝑚 𝑘 𝐵 𝑇	=	𝑓 𝐴 𝑁 𝐴	𝑙𝑛(𝑓 𝐴 ) +	𝑓 𝐵 𝑁 𝐵	𝑙𝑛(𝑓 𝐵 ) + 𝜒 𝐴𝐵 𝑓 𝐴 𝑓 𝐵

Table 1

 1 

. Domains spacing and sequence of peak positions for the different BCP morphologies.

Polymer Structure 𝑴 𝒏 (g/mol) 𝜸 (mN/m) 𝑻 𝒈 (°C) 𝒂 (nm) 𝝆 (g/cm 3 )

  

	PS	104	40.7 -0.072(𝑇 -20) [107]	100 [108]	0.68 [109]	1.05 at 25°C [110]
	PMMA	100	41.1 -0.076(𝑇 -20) [107]			
			1.C/ Directed self-assembly part, have
	been established using this particular system.			

Table 3

 3 

	. PS-b-PMMA Flory-Huggins parameters measured with different methods and the corresponding
	probed temperature ranges (dPS / dPMMA: deuterated PS / PMMA).

Table 4 .

 4 

	𝑴 𝒏 (kg/mol)	𝒇 𝑷𝑺	Morphology	Measured 𝑳 𝟎 (nm)	Calculated 𝑳 𝟎 (nm)	Comments	Ref.
	80	0.7	PMMA Cylinders	30 a	29.6		[119]
	65	0.3	PS Cylinders	35 a	34.8		[119]
	237	0.19	PS Cylinders	37.2 a	73.3		[120]
	89	0.51	Lamellae	38.1 a	41.2	Poor self-assembly	[120]
	55.5	0.81	PMMA Spheres	25.9 a	29.1		[120]
	67	0.69 PMMA Cylinders	38.7 b	36.1		[63]
	74	0.5	Lamellae	38.6 b	36.5		[63]
	84	0.86	PMMA Spheres	41.2 b	34.4		[63]
	88	0.72 PMMA Cylinders	40.9 c	41.8	Domain spacing rescaled	[121]
	86	0.76 PMMA Cylinders	40.3 c	39.3	Domain spacing rescaled	[121]
	87	0.8	PMMA Cylinders	39.3 c	37.6	Domain spacing rescaled	[121]
	39	0.69 PMMA Cylinders 24 b , 23.5 c	25.1		[122]
	53.8	0.69 PMMA Cylinders 28.8 b , 28.3 c	31.1		[122]
	67.1	0.69 PMMA Cylinders 35 b , 34.4 c	36.1		[122]
	82	0.7	PMMA Cylinders 42.9 b , 43.9 c	40.9		[122]
	101.5	0.67 PMMA Cylinders 47 b , 48.7 c	48.3		[122]
	132	0.73 PMMA Cylinders 59 b , 62.1 c	54.3		[122]
	205	0.68 PMMA Cylinders	73 b , 74 c	76.3		[122]
	29.4	0.73	Disordered	-	-		[122]
	278	0.66	Gyroid	-	-		[123]
	88	0.72 PMMA Cylinders	41 c	41.8	Domain spacing rescaled	[39]
	50	0.5	Lamellae	29.4 c	28.1		[39]
	28	0.56	Lamellae	20.6 c	19		[118]
	25.7	0.53	Disordered	-	-		[118]
	28	0.54	Lamellae	20 a , 21.2 c	19		[114]
	36	0.5	Lamellae	28.6 a , 30.3 c	22.54		[114]
	51	0.49	Lamellae	31.3 a , 33.8 c	28.5		[114]
	75	0.51	Lamellae	36.7 a	36.7		[114]
	83	0.45	Lamellae	40.2 a	39.5		[114]
	104	0.48	Lamellae	43.5 a	45.8		[114]
	141	0.5	Lamellae	63 a	56		[114]
	176	0.48	Lamellae	74.7 a , 75.6 c	65		[114]
	205	0.52	Lamellae	98.2 a	71.8		[114]
	338	0.5	Lamellae	137 a	100.3		[114]
	39	0.69 PMMA Cylinders 24 b , 23.5 c	25		[124]
	89	0.83	PMMA Spheres	42 b	38.1	Measured by SEM analysis	[125]
	66.5	0.66	Perf. Lamellae	-	-	28.7nm cylinders in bulk	[126]
	67	0.69 PMMA Cylinders	43 b	36	Infiltrated BCP structure	[127]
	70.7	0.29	PS Cylinders	39 b	36.4	Infiltrated BCP structure	[127]
	104	0.5	Lamellae	48 b	45.7	Infiltrated BCP structure	[127]
	51	0.49	Lamellae	35 b	28.5	Infiltrated BCP structure	[127]

Table 5

 5 

	references studies on plasma selectivity for PS-b-PMMA dry etching, enlightening the
	effect of gas composition and processing parameters on selectivity (defined as the ratio between
	PMMA and PS etching rates). It is also important to evaluate the impact of the plasma on the non-
	etched domains of the BCP structure. For instance, Ting et al. compared different plasma
	chemistries in order to etch PS-b-PMMA [151]. They showed that an Ar plasma chemistry has a
	very high selectivity toward PMMA, but the remaining PS domains are very rough and deformed
	(Figure 27.e). Such behavior is highly detrimental for the fidelity of the pattern transfer into a
	substrate of interest. As opposed, an O2 plasma chemistry preserved the PS domains at the cost of
	a reduced selectivity (Figure 27.f). The best compromise was found to be an Ar plasma with some
	O2 impurities giving a

good development as shown in Figure 27.g. Gas Flow (sccm) 𝑷 (mTorr) Power (W) Plasma type Selectivity Ref.

  

	Ar	50	-	700	helicon	3.63	[151]
	Ar	-	15	100	ICP	3.9	[152]
	Ar/O2	50/5	10	300	helicon	2.4	[151]
	CF4	30	-	500	helicon	1.85	[151]
	O2	50	-	700	helicon	1.5	[151]
	O2	-	15	100	ICP	1.7	[152]
	O2	50	10	50	RIE	2.1	[153]
	O2	50	10	60	RIE	1.4	[153]
	O2	70	10	70	RIE	1.3	[153]
	O2/CHF3	10/20	-	700	helicon	1.82	[151]
	O2/CHF3	5/40	10	150	RIE	2.4	[153]
	O2/CHF3	25/20	10	150	RIE	2.4	[153]
	O2/CHF3	10/40	10	100	RIE	2.1	[153]
	O2/CHF3	5/40	10	100	RIE	3.5	[153]

Table 5

 5 

	. Plasma etching chemistries used for PS-b-PMMA selective etch and selectivity toward PMMA for
	different plasma compositions, plasma machines and operating settings. (ICP for Inductively Coupled Plasma,
	and RIE for Reactive Ion Etching)

Table 6

 6 references metal oxides infiltrated into PS-b-PMMA with the associated

	couple of precursors and the processing temperature. Plenty of other precursors may be used for
	infiltration, with two major constraints: i) the precursor should be able to diffuse into the PMMA
	matrix and ii) the reaction between the two precursors should be efficient at a low temperature
	(with respect to polymer degradation or self-assembly capability).

Table 6 .

 6 Various metal oxides infiltrated in PS-b-PMMA by SIS, with the associated couple of precursors and the operating temperature range referenced.

Table 7 .

 7 

Patterns achievable by SRG nanotexturing processes developed during this Ph.D. with the corresponding experimental procedure. Narrow means 376 nm PPD and wide means 742 nm PPD.
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		fPS a	Mn b (kg/mol)	PDI b	Initiator
	11r56r33	0.11 c	7.5	1.76	BlocBuilder MA
	40r60	0.40	12.3	1.53	BlocBuilder MA
	49r51	0.49	13.4	1.38	BlocBuilder MA
	63r37	0.63	12.4	1.30	BlocBuilder MA
	69r31	0.69	11.2	1.32	BlocBuilder MA
	75r25	0.75	13.6	1.23	BlocBuilder MA
	87r13	0.87	12.3	1.30	BlocBuilder MA
	100r0	1.00	12.3	1.19	BlocBuilder MA

. PS-r-PMMA macromolecular characteristics. a fPS is the volume fraction of PS estimated by

1 

H NMR. b measured by SEC using PS standards for calibration. c This polymer is PS-r-PMMA-r-PTFEMA 11%-56%-33%.

  The first one is the stretching energy penalty per molecule, denoted 𝐸 𝑠𝑡𝑟𝑒𝑡𝑐ℎ 𝑚𝑜𝑙 , which occurs when the chains are stretched to a distance 𝑅 away from its radius of gyration, 𝑅 𝑔 = 𝑙 𝑘 √𝑁/6, with 𝑙 𝑘 the Kuhn length and 𝑁 the number of Kuhn units, 𝑘 𝑏 is the Boltzmann constant and 𝑇 the temperature (Equation (16.1)). The second part is the repulsive interaction between the two blocks, leading to an energy penalty per molecule, denoted 𝐸 𝜒 𝑚𝑜𝑙 , which depends on the Flory-Huggins parameter 𝜒 and the chain length (Equation (16.2))Combining these two equations and rescaling in volume energy with 𝑑 the BCP density, 𝑀 𝑛 the BCP number averaged molecular weight and 𝒩 𝑎 the Avogadro number, the total contribution related to the localization of the BCP chains can be rewritten as Equation(17).

		𝐸 𝜒 𝑚𝑜𝑙 = 𝑘 𝑏 𝑇	√𝜒𝑁 2	(	𝑅 𝑔 𝑅	)	(16.2)
	𝐸 𝑐ℎ𝑎𝑖𝑛𝑠 𝑣𝑜𝑙	= 𝑘 𝑏 𝑇 [ 𝜋 2 12	( 𝑅 𝑔 𝑅	) 2	+	√𝜒𝑁 2	(	𝑅 𝑔 𝑅	)]	𝒩 𝑎 𝑑 𝑀 𝑛
	[17].									
		𝐸 𝑠𝑡𝑟𝑒𝑡𝑐ℎ 𝑚𝑜𝑙	= 𝑘 𝑏 𝑇	𝜋 2 12	(	𝑅 𝑅 𝑔	2 )	(16.1)

Table 9 .

 9 see Annex 3.C/).

	Name 𝒇 𝑷𝑺 𝑩𝑪𝑷 (1)	Mn (2)	PDI (2)	Structure (3)	Periodicity (3)	Source
	11b50	0.18	61.5 kg/mol	1.09	PS spheres	33 nm	Polymer Source
	8b10	0.44	18.2 kg/mol	1.2	Disordered	/	LCPO
	15b41	0.27	56.1 kg/mol	1.18	PS cylinders	33 nm	Polymer Source
	44b109	0.29	153.2 kg/mol	1.46	PS cylinders	64 nm	Polymer Source
	13b12	0.51	25.2 kg/mol	1.16	Disordered	/	Arkema
	27b22	0.55	49.6 kg/mol	1.07	Lamellae	30 nm	Arkema
	85b78	0.52	162.9 kg/mol	1.04	Lamellae	65 nm	Polymer Source
	21b8	0.72	29.2 kg/mol	1.12	PMMA cylinders	23 nm	Arkema
	33b15	0.69	48.0 kg/mol	1.13	PMMA cylinders	31 nm	Arkema
	101b37	0.73	138.2 kg/mol	1.14	PMMA cylinders	59 nm	Polymer Source
	62b11	0.85	73.4 kg/mol	1.08	PMMA spheres	34 nm	Polymer Source

PS-b-PMMA macromolecular characteristics.

(1) 

fPS is the volume fraction of PS in the BCP estimated by

1 

H NMR.

(2) 

Measured by SEC using PS standards as calibration.

(3) 

Expected morphology and periodicity estimated from Matsen and Bates theoretical treatment.

Table 10 .

 10 Optimized process parameters for the 5 different PS-b-PMMA with a ≈ 30 nm periodicity.

	structure	Orientation	𝒇 𝑷𝑺 𝑹𝑪𝑷	BCP (1)	Spin-coating (2)	RTA annealing
	PS spheres	Monolayer	0.13	11b50 -0.75% 2000 rpm -14 nm	190 °C -5 min
	PS cylinders	In-plane 1/2 layer	0.13	15b41 -0.75% 2000 rpm -14 nm	260 °C -2 min
	PS cylinders	Out-of-plane	0.52	15b41 -1.5%	1500 rpm -35 nm	290 °C -5 min
	Lamellae	Out-of-plane	0.70	27b22 -1.5%	1500 rpm -35 nm	260 °C -10 min
	PMMA cylinders	In-plane 1/2 layer	1	33b15 -0.75% 2000 rpm -14 nm	200 °C -5 min
	PMMA cylinders	In-plane 3/2 layer	1	33b15 -1.9%	2000 rpm -40 nm	220 °C -10 min
	PMMA cylinders	Out-of-plane	0.78	33b15 -1.5%	1500 rpm -35 nm	230 °C -15 min
	PMMA spheres	Monolayer	1	62b11 -0.75% 2000 rpm -14 nm	170 °C -5 min
	PMMA spheres	Bilayer	1	62b11 -1.8%	2000 rpm -38 nm	170 °C -5 min

(1) 

BCP name and concentration in PGMEA.

(2) 

Rotation speed (at R.T.) and measured thickness using AFM.

Every structure was observed with AFM after self-assembly, and with SEM after hybridization (SIS standard recipe with 2 cycles, and plasma 40 sec, 40 W, 40 sccm O2). The resulting patterns are described in the following sections.

Table 11 .

 11 Size for 28 nm 16 nm 19 nm 24 nm 28 nm 32 nm 42 nm 48 nm 56 nm Size for 32 nm 18 nm 21 nm 28 nm 32 nm 37 nm 48 nm 56 nm 64 nm Size for 37 nm 21 nm 25 nm 32 nm 37 nm 43 nm 56 nm 64 nm 74 nm Listing of every size with noticeable ratio for a 28, 32 and 37 nm reference size. Shaded cells are the non-reachable size with the PS-b-PMMA used in this study.

	/2	√3	2

Table 12

 12 

		Blend composition	Annealing	Domains spacing Correlation length
	L24	27b22:13b12 1:1	230 °C -10 min	24.7 nm	nm
	L28	27b22	260 °C -10 min	28.9 nm	nm
	L32	27b22:85b78 4:1	260 °C -10 min	32.4 nm	nm
	L37	27b22:85b78 5:3	260 °C -10 min	36.6 nm	nm
	L42	27b22:85b78 1:1	260 °C -10 min	40.3 nm	nm
	L48	27b22:85b78 2:5	260 °C -10 min	48.0 nm	nm
	L56	27b22:85b78 1:7	260 °C -10 min	56.8 nm	nm
	L32-t	27b22:85b78 4:1	260 °C -10 min	32.4 nm	nm
	L37-t	27b22:85b78 5:3	260 °C -10 min	36.3 nm	nm
	L42-t	27b22:85b78 1:1	260 °C -10 min	39.9 nm	nm
	L48-t	27b22:85b78 2:5	260 °C -10 min	48.0 nm	nm
	L56-t	27b22:85b78 1:7	260 °C -10 min	54.5 nm	nm
	D28	33b15:21b8 1:7	200°C -15 min	27.5 nm	nm
	D32	33b15:21b8 1:1	200°C -15 min	31.2 nm	nm
	D37	33b15	230°C -15 min	36.3 nm	nm
	D42	33b15:101b37 3:1	230°C -15 min	41.5 nm	nm
	D48	33b15:101b37 5:4	230°C -15 min	47.9 nm	nm
	D56	33b15:101b37 2:3	230°C -15 min	53.5 nm	nm
	D64	33b15:101b37 1:4	230°C -15 min	66.5 nm	nm
	H32	15b41:8b10 4:1	260°C -5 min	32.2 nm	nm
	H37	15b41	290°C -5 min	35.4 nm	nm
	H42	15b41:44b109 3:1	290°C -5 min	41.5 nm	nm
	H48	15b41: 44b109 3:2	290°C -5 min	46.5 nm	nm
	H56	15b41: 44b109 3:4	290°C -5 min	54.2 nm	nm
	H64	15b41: 44b109 1:3	290°C -5 min	64.7 nm	nm

. Process parameters for all the targeted 2D-structures with the domain spacing measured by GISAXS and the correlation length by SEM image analysis (see Annex 3.B/).
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Table 13 .

 13 of two BCP layers. Accordingly, different compositions of the grafted layers, 𝑓 𝑃𝑆 𝑅𝐶𝑃 , were used and obtained through blending different PS-r-PMMA copolymers with different compositions (see IV.2.D/ Structural characterization for details). The "slightly" PMMA-affine and "slightly" PS-affine compositions were defined as the minimal and maximal 𝑓 𝑃𝑆 𝑅𝐶𝑃 compositions for which an out-of-plane orientation of the BCP structures were observed for a 35 nm film thickness on a flat substrate.

	Structure	PS cylinders (H)		Lamellae (L)		PMMA cylinders (D)
	Affinity	PMMA Neutral	PS	PMMA Neutral	PS	PMMA Neutral	PS
	𝒇 𝑷𝑺 𝑹𝑪𝑷	0.40	0.52	0.63	0.59	0.70	0.78	0.68	0.78	0.86
	Name	MH	NH	SH	ML	NL	SL	MD	ND	SD

PS-r-PMMA blend compositions for "slightly" PMMA-affine, neutral and "slightly" PS-affine surface modifications adapted for PS cylinders, lamellae and PMMA cylinders.

Table 14 .

 14 Bragg rod positions obtained from GISAXS patterns for different orthogonal meshes produced by

the stacking of two layers of lamellar PS-b-PMMA with different periodicity and a neutral interface between them. The ratios in bold are the ones that are shared between both lamellar structures.

  101.c-d) present similar features with intense Bragg rods positioned at a first characteristic sequence 𝑞 𝑦 /𝑞 * 1 = 1,2,3 of lamellar structure, with a measured periodicity of 31.4 nm, and a second characteristic sequence 𝑞 𝑦 /𝑞 * 2 = 1, √3, √4, √7, √9 of hexagonally packed cylinders, with a measured domain spacing of 36.3 nm.

Table 17 .

 17 Optical properties of several materials in the visible light range (380 nm -700 nm) with the refractive index n and the extinction coefficient k.
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Figure 148. SEM image of D64 colorized with orientation. Top right inset is the FFT. Scale bar: 1 µm.

(Figures 99.e-f) show the same overall characteristics. The analysis of the Bragg peak positions gives the characteristic sequences from lamellae and cylinders (with some superimposed Bragg rods due to the commensurate ratio), i.e. 𝑞 𝑦 /𝑞 * 1 = 1,2,3,4 and 𝑞 𝑦 /𝑞 * 2 = 1, √3, √4, √7, giving 55.1 nm and 27.2 nm periodicities, respectively (i.e. a 31.4 nm domain spacing for cylinders).

For the other ratios between the two structures, the experimental results were not conclusive, in part due to the ability of BCP structure to stretch in order to accommodate topographical and chemical fields. As an example, for the 2/√3: 1 ratio, the PMMA cylindrical structure slightly expanded to reach the 1:1 ratio, yielding thus to similar stacking configurations as observed before, with obviously more defects due to the stretching constraints. As for the 3/2:1 ratio, the predicted structures have a rather higher fundamental wallpaper domain sizes compared to the other ones, leading to a poorer overall symmetry which are thus less stable structures from a thermodynamical point of view.

For the stacking of large dot pattern over smaller line & space pattern, Figures 100.a-b show two remarkable structures which were obtained using L28-ND-D48 and L28-ND-D56 stacking configurations. All along this manuscript, a robust process was developed to stack BCP immobilized layers, in order to form on-demand complex 3D nanostructures. Interestingly, we demonstrated that this iterative process leads to a good control of the final structure, e.g. pattern morphology, periodicity or block functionality by hybridization.

In this last chapter, a preliminary study for stacking more than two layers was performed, which is mandatory to extrapolate the process to form more complex 3D nanostructures. This proof-of-concept study was performed by successfully stacking 3 layers.

Besides, we will present the structural design of two potential applications: a 3D gold nanogrid which might exhibit interesting optical properties, and a 3D-nanopillar array for data storage purpose. Nonetheless, these configurations are still highly conceptual, with several manufacturing challenges, which were not fully resolved during this study. Finally, a general conclusion and perspectives about this Ph.D. is presented.

3/ Matlab programs & simulations

This part describes the programs and simulations developed with Matlab 2021.a. The programs were developed with "App Designer" tool from Matlab, allowing the creation of standalone software, meaning that it can be used without Matlab software and Matlab license. No code will be presented, but only functionalities and usage. However, the programs can be shared on demand. For simulations, the complete code will be presented, which can be freely copied. %% CALCULATION %% for i = 1 : e/etchstep+1 for j = 1 : length(x) % calculating normal vector to the surface if j == 1 % extreme left of the film v = [x(j+1)-x(j) z(j)-z(j+1)]; elseif j == length(x) % extreme right of the film v = [x(j)-x(j-1) z(j-1)-z(j)]; else if z(j-1) == 0 % from cleaned surface to film specific case v = [x(j+1)-x(j) z(j)-z(j+1)]; elseif z(j+1)==0 % from film to cleaned surface specific case v = [x(j)-x(j-1) z(j-1)-z(j)]; else % normal case v = [x(j+1)-x(j-1) z(j-1)-z(j+1)]; end end % etching film X(j) = x(j)-etchstep*v(2)/norm(v); Z(j) = z(j)-etchstep*v(1)/norm(v); % if film is totally etched if Z(j) <= 0 Z(j) = 0; end end % removing artifacts X1 = X; Z1 = Z; for j = 1 : length(X)-1 if X(j+1) <= X(j) X1(j) = mean([X(j),X(j+1)]); Z1(j) = mean([Z(j),Z(j+1)]);  When the red curve is close to the experimental values, cursors (red triangles on the image) should be placed to remove data that are not required for the fitting process. They can be displaced with the "Remove low/high q data" sliders. Essentially, it permits to "focus" the algorithm on the fitting of the correlation hole scattering peak;

3.A/ Plasma etching waves simulation

 Press the "Fit data" button. If everything is ok, a green button appears, and the χ value is given at the bottom right of the window. The parameters for the fit are printed in the "Outparameters" table. It is also possible to export image and raw data. Hadziioannou, E. Cloutet, C. Brochon, "Design and morphological investigation of high-𝜒 catecholcontaining styrenic block copolymers" SEM images of the 3D structure showed several periodic patterns depending of the observed plans. A diamond-type structure was confirmed using the software simulation, which is different than the di-BCP gyroid structure as each structure node are connected to four other ones, against three for the gyroid [11].

The bibliographic details of the published manuscript are: if L(j)<=L0 % Dewetting structure => not simulated fhl(j) = (L0-L(j))/L0; n(j) = NaN; % should be = 0; nothing holes, ABA islands prop(j)=NaN; % should be 1-L(j)/L0 elseif L(j)<=1.5*L0 % ABA holes, ABABA islands, hole structure fhl(j) = (L(j)-L0)/L0; n(j) = 2; prop(j)=2-L(j)/L0; elseif L(j)<=2*L0 % ABA holes, ABABA islands, island structure fhl(j) = (2*L0-L(j))/L0; n(j) = 2; prop(j)=2-L(j)/L0; elseif L(j)<=2.5*L0 % ABABA holes, ABABABA islands, hole structure fhl(j) = (L(j)-2*L0)/L0; n(j) = 4; prop(j)=3-L(j)/L0; elseif L(j)<=3*L0 % ABABA holes, ABABABA islands, island structure fhl(j) = (3*L0-L(j))/L0; n(j) = 4; prop(j)=3-L(j)/L0; end end elseif strcmp(lab{k}(end-1),'B') && strcmp(lab{k}(end),'A') % B wetting the substrate & A on top fAbottom = 0; % Bottom composition fAtop = 1; % Top composition % fhl and prop calculation for j=1:length(L) if L(j)<=L0 %BA holes, BABA islands, hole structure fhl(j) = (L(j)-0.5*L0)/L0; n(j)=1; prop(j)=1.5-L(j)/L0; elseif L(j)<=1.5*L0 %BA holes, BABA islands, island structure fhl(j) = (1.5*L0-L(j))/L0; n(j)=1; prop(j)=1.5-L(j)/L0; elseif L(j)<=2*L0 %BABA holes, BABABA islands, hole structure fhl(j) = (L(j)-1.5*L0)/L0; n(j)=3; prop(j)=2.5-L(j)/L0; elseif L(j)<=2.5*L0 %BABA holes, BABABA islands, island structure fhl(j) = (2.5*L0-L(j))/L0; n(j)=3; prop(j)=2.5-L(j)/L0; elseif L(j)<=3*L0 %BABABA holes, BABABABA islands, hole structure fhl(j) = (L(j)-2.5*L0)/L0; n(j)=5; prop(j)=3.5-L(j)/L0; end end elseif strcmp(lab{k}(end-1),'A') && strcmp(lab{k}(end),'B') % A wetting the substrate & B on top fAbottom = 1; % Bottom composition fAtop = 0; % Top composition % fhl and prop calculation for j=1:length(L) if L(j)<=L0 %AB holes, ABAB islands, hole structure fhl(j) = (L(j)-0.5*L0)/L0; n(j)=1; prop(j)=1.5-L(j)/L0; elseif L(j)<=1.5*L0 %AB holes, ABAB islands, island structure fhl(j) = (1.5*L0-L(j))/L0; n(j)=1; prop(j)=1.5-L(j)/L0; elseif L(j)<=2*L0 %ABAB holes, ABABAB islands, hole structure fhl(j) = (L(j)-1.5*L0)/L0; n(j)=3; prop(j)=2.5-L(j)/L0; elseif L(j)<=2.5*L0 %ABAB holes, ABABAB islands, island structure fhl(j) = (2.5*L0-L(j))/L0; n(j)=3; prop(j)=2.5-L(j)/L0; elseif L(j)<=3*L0 %ABABAB holes, ABABABABA islands, hole structure fhl(j) = (L(j)-2.5*L0)/L0; n(j)=5; prop(j)=3.5-L(j)/L0; end end elseif strcmp(lab{k}(end-1),'B') && strcmp(lab{k}(end),'B') % B wetting the substrate & B on top fAbottom = 0; % Bottom composition fAtop = 0; % Top composition % fhl and prop calculation for j=1:length(L) if L(j)<=L0 % Dewetting structure => not simulated fhl(j) = (L0-L(j))/L0; n(j) = NaN; % should be = 0; nothing holes, BAB islands prop(j)=NaN; % should be 1-L(j)/L0 elseif L(j)<=1.5*L0 % BAB holes, BABAB islands, hole structure fhl(j) = (L(j)-L0)/L0; n(j) = 2; prop(j)=2-L(j)/L0; elseif L(j)<=2*L0 % BAB holes, BABAB islands, island structure fhl(j) = (2*L0-L(j))/L0; n(j) = 2; prop(j)=2-L(j)/L0; elseif L(j)<=2.5*L0 % BABAB holes, BABABAB islands, hole structure fhl(j) = (L(j)-2*L0)/L0; n(j) = 4; prop(j)=3-L(j)/L0; elseif L(j)<=3*L0 % BABAB holes, BABABAB islands, island structure fhl(j) = (3*L0-L(j))/L0; n(j) = 4; prop(j)=3-L(j)/L0; end end end alpha = 2*fhl*L0/radius; % alpha parameter for j=1:length (L) for l=1:length 

3.G/ NanoScope AFM image viewer and processing

AFM images captured with NanoScope 9.4 software from Bruker can be directly analyzed with the embedded NanoScope Analysis software. However, this software has only limited tools for BCP self-assembly image analysis. Thus, a widely used alternative is the free software WSXM which proposes more advanced tools [12]. Unfortunately, this software seemed too complex and slow for routine BCP image analysis.

Within this Ph.D., a Matlab program has been developed to open, process and analyze

NanoScope AFM image with tools specifically designed for BCP self-assembly. The software is divided in three parts (Figure 126). The top one has a loading button to import a NanoScope ".spm" image within the software and a list to choose an image channel (height, amplitude, phase, etc.).

The raw data reading has been possible thanks to the "Open Nanoscope 6 AFM images" code developed on Matlab by Jaco de Groot, which were adapted for Nanoscope 9.4. The middle part consists in four different tabs with analyzing tools in each of them, which will be detailed in the following section. The bottom part is the "Export" panel, including tools for exporting a treated image and raw data.

3.G.i/ Tab 1: "Raw Image"

The first tab, correspond to the raw data without any modification (Figure 126). It also gives the roughness, calculated after flattening the image for removing any artifact due to the scanner tip (i.e. the same image observed during capturing which natively include this flattening).

A "Restore Image" button allow to return to the initial state after having performed analysis with the other tabs. 

4/ 2D-structures large SEM images

Titre : Assemblage itératif de films nanostructurés de copolymères à blocs, vers le développement de structures tridimensionnelles fonctionnelles à périodicité nanométrique

Résumé : Les copolymère à blocs ont la capacité de s'auto-assembler en une panoplie de structures périodiques à l'échelle nanométrique. L'objectif de ce travail a été de mettre en place un procédé itératif permettant l'empilement de films nanostructurés de copolymères à blocs, et de comprendre et contrôler les mécanismes d'orientation relatifs entre les couches. Pour cela, le système PS-b-PMMA a été choisi puisqu'il permet, après hybridation sélective des domaines de PMMA en alumine, de générer des nanostructures inorganiques permettant le couchage ultérieur d'une nouvelle couche de copolymères à blocs. Trois types de nanostructures bidimensionnelles ont plus particulièrement été étudiées : des lignes obtenues à partir d'une structure lamellaire des domaines de PMMA et PS, un réseau hexagonal de plots obtenu à partir de cylindres de PMMA dans une matrice de PS, et un réseau hexagonal de trous obtenu à partir de cylindres de PS dans une matrice de PMMA. En contrôlant la géométrie de chaque couche et sa périodicité par la modification des caractéristiques macromoléculaires des PS-b-PMMA, nous avons mis en évidence la possibilité de contrôler l'orientation relative de l'empilement de deux couches en faisant varier l'énergie interfaciale entre celles-ci. Ainsi, un grand nombre de nouvelles structures complexes de type bicouches formées à partir d'auto-assemblage de copolymères à blocs ont pu être observées pour la première fois. De plus, les observations expérimentales ont été rationalisées par la mise en place d'un modèle énergétique corroboré par des simulations avancées utilisant la dynamique des particules dissipatives. Finalement, il a été démontré que ce procédé d'empilement peut être extrapoler de deux couches à n couches de copolymères à blocs, ce qui permet d'imaginer la formation de nanostructures 3D fonctionnelles par ingénierie additive.

Mots clés : copolymères à blocs, auto-assemblage, nanostructure 3D, PS-b-PMMA Title: Iterative self-assembly of nanostructured block copolymer thin films, toward the development of functional three-dimensional structures with nanometric periodicity Abstract: Block copolymers have the potential to self-assemble in a variety of periodic structures at nanometric scale. The objective of this work was to explore the opportunity of iterative selfassembly of block copolymer thin films for the formation of three-dimensional structures. Particularly, a strong attention was devoted to the understanding of the stacking rules (i.e. relative orientation and alignment) between the different block copolymer layers. For this purpose, the PSb-PMMA system was chosen as it allows the selective hybridization of the PMMA domains in alumina leading to the immobilization of the nanostructured layer for further stacking. Three types of bidimensional nanostructures obtained from block copolymer self-assembly were studied: lines obtained from PS-b-PMMA lamellae, a hexagonal array of dots from PMMA cylinders in a PS matrix, and a hexagonal array of holes from PS cylinders in a PMMA matrix. By controlling the geometry and periodicity of each layer through the PS-b-PMMA macromolecular characteristics, the possibility to control the relative orientation and alignment between the layers was demonstrated via the modification the interfacial energy between the two block copolymer layers. Accordingly, novel bilayer structures obtained from block copolymer self-assembly were experimentally observed for the first time. Furthermore, an energetical mechanism corroborated by dissipative particles dynamics simulation allows predicting the stacking behavior observed experimentally. Finally, this stacking process was designed to be extrapolated from the two layers to n layers, enabling the generation of complex 3D nanostructures by additive manufacturing.