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Titre et résumé en français :

Stratégies d'auto-assemblage dirigé pour le contrôle de l'orientation de domaines de copolymères à blocs en lithographie avancée.

L'auto-assemblage de copolymères à blocs (CPBs) permet de générer des structures complexes avec des périodicités allant de quelques nanomètres à des centaines de nanomètres.

Cet auto-assemblage est liée à l'incompatibilité thermodynamique entre les blocs de nature chimique différente ce qui est matérialisé par le paramètre d'interaction de Flory-Huggins, χ. Un fort degré d'incompatibilité entre les blocs va se traduire par une micro-séparation de phase des chaînes polymères en une panoplie de nanostructures. En particulier, les copolymères diblocs ont la capacité de s'auto-assembler en sphères, cylindres, gyroïdes ou encore lamelles. Grâce à cette habilité à former des réseaux denses et réguliers avec de petites dimensions, les CPBs peuvent être utilisés en tant que masques lithographiques pour l'industrie de la microélectronique.

Actuellement, des techniques de nano-fabrications permettent déjà de produire des objets à une si petite échelle. Les techniques de lithographies optiques conventionnelles ont été les premières technologies développées pour produire des objets à l'échelle nanométrique mais les dimensions accessibles restent limitées par la diffraction du faisceau. D'autres techniques, telles que la lithographie par immersion, la lithographie extrême ultra-violet, la lithographie par faisceau d'électrons ou encore la nanoimpression, ont ainsi été étudiées pour réduire ces dimensions. Cependant, leur coût et/ou leur défectivité limitent considérablement leur développement industriel à grande échelle. C'est pourquoi, l'industrie de la microélectronique envisage aujourd'hui de nouvelles façons de fabriquer des objets discrets, à l'échelle nanométrique, parfaitement organisés dans un réseau dense. L'utilisation de films CPBs autoassemblés comme masques permettrait d'accéder aux dimensions caractéristiques de l'ordre du nanomètres (c.-à-d. aux dimensions caractéristiques des chaînes polymères). Par exemple, il serait possible d'obtenir un réseau de lignes parallèles à partir de lamelles perpendiculaires ou encore, de cylindres parallèles ou un réseau de points hexagonal/carré à partir de cylindres perpendiculaires ou de sphères.

Le développement de cette approche requiert la formation de structures périodiques bien ordonnées en configuration de film mince. En effet, les dissimilarités chimiques entre les domaines permettent l'élimination sélective par plasma ou gravure humide de l'un des nanodomaines conduisant à un masque qui peut ensuite être utilisé pour définir les composants spécifiques à l'application microélectronique envisagée. Cependant, une structure polygrain avec un ordre à courte portée est généralement observée en film mince en raison de la cinétique lente de grossissement de grain. C'est pourquoi, les scientifiques ont développé des méthodes dites d'auto-assemblage dirigé (DSA) pour contrôler l'alignement et l'orientation des domaines par l'annihilation des défauts en limite de grains.

Dans ce contexte, un consortium français a été créé afin de fournir (i) des systèmes CPBs pour atteindre les nanostructures avec des périodicités en dessous de 20 nm, (ii) une Dans un premier chapitre expérimental, nous avons étudié l'auto-assemblage du PDMSBb-PS (voir Figure 1) en masse et en film mince pour démontrer la capacité de ce système à former des nanostructures bien définies avec des dimensions caractéristiques en dessous de 20 nm. Ce système a été développé car le bloc semi-cristallin contenant l'atome de silicium va permettre d'apporter un contraste chimique entre les deux blocs de façon à augmenter leur degré d'incompatibilité et ainsi obtenir un paramètre χ plus élevé que celui du système de référence, PSb-PMMA. De plus, ce bloc inorganique fournira un contraste de gravure entre les domaines pour le retrait sélectif du PS et ainsi obtenir un masque de PDMSB oxydé qui sera suffisamment robuste pour permettre le transfert du motif du masque dans le substrat sous-jacent.

Une série de PDMSB-b-PS a été synthétisée par polymérisation anionique séquentielle du 1,1diméthylsilacyclobutane et du styrène avec des masse moléculaire et fraction volumique variées de façon à obtenir une panoplie de structures comme le montre le tableau 1.

Dans un second temps, nous avons réalisé l'auto-assemblage du PDMSB-b-PS en film mince pour obtenir une nanostructuration du système en cylindre et gyroïde en utilisant un procédé compatible avec les prérequis industriels.

L'auto-assemblage des PDMSB-b-PS formant des cylindres a été réalisé en couches mince grâce à un recuit thermique. Nous avons étudié certains des paramètres qui ont été reportés dans la littérature pour la formation de nanostructures bien définies à savoir le temps du recuit thermique et la variation de l'épaisseur du film de CPB. Pour une épaisseur de film commensurable avec la période du CPB, il est possible d'obtenir un film plat de cylindres de PDMSB parallèles au substrat et avec une amélioration de l'organisation des domaines avec le temps de recuit (figure 2). Dans le cas de ce système semi-cristallin, nous avons également mis en évidence l'effet de la cristallinité sur l'orientation des cylindres dans le film. En effet, en jouant sur la température de fusion du bloc PDMSB au regard de la température ambiante, il est possible de compenser les effets interfaciaux (thermodynamique) avec une cristallisation rapide du PDMSB pour piéger cinétiquement l'orientation perpendiculaire des cylindres. Par conséquent, il a été possible d'obtenir des cylindres perpendiculaires bien définis quel que soit l'épaisseur de film sans utiliser de sous-couches neutres comme le montre la figure 3. Après avoir étudié l'auto-assemblage du PDMSB-b-PS en cylindres, nous nous sommes intéressés à la phase gyroïde. Cette phase est une structure tridimensionnelle qui se distingue des autres structures par sa bicontinuité. En effet, elle consiste en deux réseaux continus d'un bloc minoritaire dans une matrice du bloc majoritaire dit double gyroïde (DG). Bien que de nombreuses études aient été réalisées sur le comportement de cette phase en masse, il n'existe que très peu d'études sur la DG en film mince car (i) elle se situe dans une fenêtre étroite du diagramme de phase ce qui rend la synthèse d'un CPB avec les caractéristiques macromoléculaires requises fastidieuse (ii) cette structure 3D est très difficile à stabiliser en film mince. Dans un second chapitre expérimental, nous nous intéressés à l'obtention de lamelles perpendiculaires du PDMSB-b-PS en film mince. En effet, cette structure est la plus attrayante pour l'industrie des semi-conducteurs grâce à sa capacité à former des masques lithographiques de lignes parallèles. Cependant, une orientation parallèle des lamelles est généralement obtenue à cause de la différence d'énergie de surface importante entre les blocs PDMSB et PS (γPS = 43,5 mN.m -1 et γPDMSB= 27,3 mN.m -1 ). Pour surmonter cette problématique, nous avons donc développé un matériau réticulable qui, une fois déposé sur le film CPB, permettra un contrôle de l'énergie de surface à l'interface supérieure du film de façon à obtenir des lamelles de PDMSB-b-PS perpendiculaires. De plus, cette couche réticulée permet de maintenir mécaniquement le film CPB pendant l'étape de recuit ce qui évite les problèmes de démouillage qui nuisent à l'homogénéité du film.

Ce matériau est un terpolymère composé de (i) méthacrylate hydroxylé pour permettre la solubilité du polymère dans les solvants polaires ce qui permettra son dépôt sur le film CPB sans le détériorer, (ii) méthacrylate de 2,2,2-trifluoroéthyle de façon à contrôler l'énergie de surface du polymère pour neutraliser les interactions préférentielles des blocs PDMSB et PS pour l'interface supérieure et (iii) méthacrylate de 2,3-époxypropyle pour permettre la réticulation du polymère (structure du polymère figure 5). Nous avons démontré la réticulation du polymère à l'aide d'un agent de réticulation thermique qui permet une réticulation rapide du matériau en 3 min. Cette couche réticulée a également été utilisée pour effectuer l'auto-assemblage du PDMSB120-b-PS143 en film mince ce qui a conduit à l'obtention d'un film homogène non démouillé de lamelles perpendiculaires avec une périodicité de 17,2 nm comme le montre la figure 6. Ces résultats ont été étendus à deux autres systèmes PDMSB-b-PS ce qui a permis d'obtenir des films de lamelles perpendiculaires avec des périodicités de 14,6 nm et 22,7 nm comme le montre la figure 7. Finalement, dans un dernier chapitre expérimental, nous avons étendu le potentiel offert par ces sur-couches réticulables en obtenant un motif par photolithographie du matériau afin de guider l'auto-assemblage du CPB lamellaire à des zones spécifiques du film. Pour cela, nous avons Nous avons ensuite réalisé la lithographie de la sur-couche au-dessus du film de PDMSB120-b-PS143

ce qui a permis de contrôler l'orientation des lamelles dans des zones spécifiques du film avec une bonne résolution (figure 9). 
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General Introduction

Block copolymer (BCP) self-assembly is an elegant tool to generate complex periodic structures with exquisite symmetries. The driving force inherent to BCP phase behaviour is related to the thermodynamic incompatibility between the two or more chemically distinct building blocks allowing BCP chains to microphase-separate into a panoply of well-ordered nanostructures with periodicities ranging from a few nanometers to hundreds of nanometers.

Innovative polymerization methods capable of generating on-demand BCP architectures associated to the conceptual framework of self-consistent field theory (SCFT) enable the rationalization of the rich bulk phase behaviour of BCPs over the last decades, with, for the simplest di-BCP phase diagram, a progression of morphologies from spheres arranged into a body-centered cubic lattice, hexagonally-packed cylinders, double gyroid, and lamellae. As virtually any combination of chemistry and sequencing is attainable by macromolecular design, BCPs offer tremendous opportunities for the design of functional materials with applications in biology, separation process and nanolithography among others.

Lithography (from the Greek words "lithos" meaning stone and "graphein" meaning to write) primarily refers to a printing technique that allows the creation and production of multiple copies of a drawing executed on a stone. Nowadays, this concept of lithography -specifically, nanolithography -evolved to describe more generally the design of nanometric structures and has become a fundamental technological requirement for semiconductor device fabrication. Indeed, the constant demand for data storage and performance capacity of electronic devices requires the miniaturisation of the components in order to increase their density within the devices, increasing thus the performance of the integrated circuits while reducing their manufacturing costs. As lithography is the step allowing the definition of the patterns, it is through this stage that it is possible to reduce the dimensions and thus to increase the density of the components on a given chip. This miniaturisation of electronic components was predicted by Moore's law and is now one of the major challenges of the microelectronics industry. The development of lithography techniques thus follows a precise timetable governed by the International Technology Roadmap for Semiconductors (ITRS). It describes the expected progression of technological nodes over the years as well as the corresponding transistor 1 grids width (pattern width). In addition, a lithography technique envisaged for the production of integrated circuits is associated with each technological node.

Optical lithography techniques were the first technologies developed in order to answer the ITRS roadmap but the accessible dimensions remain limited due to diffraction issues. Other techniques, such as immersion lithography, extreme ultraviolet lithography, electron-beam lithography or nanoimprint have thus been investigated to reduce these dimensions. These, socalled, "top-down" approaches have allowed to reach feature size down to 22 nm, but their expensive costs and/or defectivity severely limit their potential for industrial development on a large scale. On the other hand, the use of self-assembled BCP films as masks ("bottom-up" approach) would allow to access characteristic dimensions in the order of tenth of nanometres (i.e. characteristic dimensions of polymer chains). In this case, the ordered self-assembled nanopatterns could be used as lithographic masks for parallel line arrays (from perpendicular lamellae or parallel cylindrical structures) or hexagonal/square dot arrays (from perpendicular cylindrical or spherical structures, respectively).

Further opportunities in the development of BCP nanotechnologies are thus linked to the formation of well-ordered periodic nanoscale patterns in thin film configuration. Indeed, the chemical dissimilarities between the domains allow selective removal by plasma or wet etching of one of the BCP domains leading to a mask that can be subsequently used to define features in microelectronic applications. The formation of self-assembled patterns in thin film can also be combined with hybridization methods (i.e. sequential infiltration synthesis, inclusion of nanoparticles, electro-deposition or replication, lift-off process, aqueous metal reduction, sol-gel chemistry, etc.), thus converting the BCP patterns into functional structured surfaces such as bit- 1 the transistor being the fundamental component of electronic devices and logical circuits.

patterned media, filed effect transistors, optical metamaterials or photonic structures. Most of these applications require the precise positioning or registration of the BCP nanostructure arranged within a highly-ordered nanoscale array. However, even if the equilibrium energy state of a BCP morphology would be reached for a uniform array of single-grain BCP features, a polygrain BCP structure is generally observed in thin film due to the prevalence of slow coarsening kinetics over the thermodynamic driving force. This weak thermodynamic driving force pushed scientists to develop directed self-assembly (DSA) methods providing means to control the domain alignment and orientation occurring through defect annihilation at grain boundaries. For instance, significant progresses were achieved in the DSA lithography by the synergistic combination of the "bottom-up" BCP self-assembly with the "top-down" fabrication of guiding patterned templates relying on chemoepitaxy and graphoepitaxy.

For these reasons, several DSA consortiums were organized worldwide including both industry and academia in order to provide (i) block copolymer systems to reach sub-20 nm structures, (ii)

an understanding of the block copolymer self-assembly and (iii) strategies for the integration of the block copolymers in the microelectronics industry. In 2010, a European consortium was created to propose an effective integration of the DSA into commercial semi-conductor processes.

This consortium involves the Laboratoire de Chimie des Polymères Organiques (LCPO) and Arkema for the synthesis of polymers at laboratory and pilot scales, as well as the Laboratoire des technologies de la Microélectronique (LTM) and the CEA-Leti for the definition of the process flows. In this context, the LCPO developed a polycarbosilane-based block copolymer system in order to fulfil the DSA requirements.

This PhD project was thus dedicated to the self-assembly of polycarbosilane-based block copolymers for nanolithography. The manuscript will be organized as follow:

Chapter 1 will describe the general context of the study. We will discuss the conventional lithography techniques and the limitations that led to the development of alternative methods.

We will then introduce the general concept of the self-assembly of block copolymers in bulk and in thin film as well as their interest for nanolithography. Finally, we will review the various block copolymers systems that were reported in the literature as well as the critical parameters for the integration of these systems in industry.

Chapter 2 will first provide an understanding of the self-assembly behaviour of the poly(1,1-dimethylsilacyclobutane)-b-poly(styrene) (PDMSB-b-PS) in bulk and in thin film. Using a series of PDMSB-b-PS BCPs with different compositions and molecular weights, we demonstrated the ability of the system to segregate into various nanostructures. Moreover, we highlighted the potential of PDMSB-b-PS for DSA applications by performing the self-assembly of the polymers in thin film using industrially-friendly processes. Additionally, we performed selfassembly studies on cylinder-forming and gyroid-forming PDMSB-b-PS BCPs in order to decipher the critical experimental parameters for the control of their phase separation behaviour in thin films.

Chapter 3 is devoted to the self-assembly of the PDMSB-b-PS BCPs into out-of-plane lamellae in thin film. Indeed, this structure is the most attractive for the semi-conductor industry thanks to its capability to form lithographic masks of parallel line arrays. However, the surface energy difference between the PDMSB and PS blocks being important, a parallel orientation of the lamellae is commonly obtained due to interfacial fields. To overcome this thermodynamic issue, we thus developed crosslinkable layers (top-coat) in order to control the surface energy at the top interface for the formation of out-of-plane PDMSB-b-PS lamellae. Moreover, this crosslinked layer allows to mechanically maintain the BCP film during the annealing step which avoid detrimental dewetting issues.

Finally, in the last chapter, we further extended the possibilities offered by this crosslinkable top-coat, notably by showing its potential in iterative BCP self-assembly. Using UVsensitive species, we showed that it is possible to photocrosslink this layer, allowing thus the use of conventional lithography techniques for its patterning. Therefore, this layer can act as a chemical guide to control the orientation of the lamellae-forming PDMSB-b-PS at specific locations of the film.

An Annex with the description of the techniques used in this study is provided at the end of the manuscript. 
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ΔGet

Free energy of electron transfer process (J)

ΔGm

Gibbs free energy of mixing (J)

ΔGm ex

Excess of free energy of mixing (J)

ΔHm

Enthalpy of mixing (J)

ΔSm,conf

Loss of configurational entropy (J.K -1 )

ΔSm,int

Loss of entropy due to the covalent bonding (J.K -1 )

δ Bond bending (m -1 )

E*

Excitation energy of the sensitizing molecule (J)

Eox 1/2
Oxidation half-wave potential (V)

Ered 1/2
Reduction half-wave potential (V) εXY Interaction energy between the X and Y repeating units (J)

F Faraday constant (C.mol -1 )

Fel

Entropy contribution per chain (J) In this chapter, we present the general concept of this Ph.D. thesis. Firstly, we examine the background of "top-down" approaches for nanolithography. Although "top-down" techniques e.g. e-beam lithography, EUV lithography, nanoimprint lithography, have shown promise at the early stage of nanolithography development, their inherent limitations and expensive costs have led scientists to develop a "bottom-up" approaches. One particular approach relies on the use of BCPs as masks for pattern transfer, which offers another way for the achievement of smaller features in a cheap manner. Also, we outline the physics of BCPs from bulk to thin films and highlight the key challenges for the integration of these systems in industry that are, among others; the control of (i) organisation and (ii) orientation at long-range. Methods to direct the self-assembly in this regard include thermal and solvent vapour annealing, the use of surface energy modifiers and guiding patterns.

Fint

I. Principle of lithography 1. Conventional lithography techniques a) Photolithography

As seen previously, the development of nanotechnology is based on the miniaturisation of electronic components. For this purpose, optical lithography (or photolithography) was the first technique developed for the semiconductor industry. Figure 1-1 depicts the general principle of the technique: (i) a photosensitive material, referred to a resin, is deposited on a substrate, (ii) the material is then exposed to a photon beam through a mask in order to crosslink or degrade the exposed parts depending on the type of resins (negative and positive resins, respectively) and finally (iii) the material is immersed into an appropriate solvent to reveal the pattern (development step). Indeed, the incident beam induces a change of the chemical properties (usually the solubility) into the exposed areas, which allow their further removal. These photosensitive resins can be positive or negative depending on their response to radiation. In the case of positive photosensitive resins, the exposed areas of the resin become soluble to solvents and can thus be selectively removed.

The resolution of the pattern is given by Rayleigh's law (equation 1-1):

(eq. 1-1) 𝑹 = 𝒌 𝟏 𝝀 𝟎 𝒏 𝐬𝐢𝐧 𝜭
where 𝑘 1 is a parameter that depends on the resin and the apparatus; 𝜆 0 is the wavelength of the light source in the vacuum; n, the refractive index of the incident media and θ is the angular aperture of the lens.

The three parameters allowing an improvement of the resolution (i.e. a decrease of R) are the parameter k1, λ0 and 𝑛 sin 𝛳 (product denoted as NA for "Numerical Aperture"). Decreasing the wavelength of the source has been the main driving force of the semiconductor industry, starting from 436 nm with a "g-line" source and followed by 365 nm with a "i-line" source, 248 nm with a krypton fluoride (KrF) source and finally 193 nm with an argon fluoride (ArF) source [1]. To keep decreasing the size of the pattern, researchers have focused on methods to decrease 𝑘 1 by manipulating the illumination conditions (using a polarized source or sending light at an oblique angle, i.e. off-axis illumination), by modifying the mask architecture (use of phase-shifting masks)

or by adding sub-resolution support functions (called sub-resolution assist features). More details on this non-exhaustive list of improvements are available in ref. [1], [2]. These technologies have greatly extended the life cycle of 248 nm and 193 nm lithography techniques. The lithography at 157 nm was then expected to succeed to the lithography at 193 nm but difficulties in its implementation (development of new resists sensitive at this particular wavelength, lenses, etc.) have slowed down its development. For this reason, a lithography derived from the 193 nmlithography was developed to achieve similar resolutions to the lithography at 157 nm [1].

b) Immersion lithography at 193 nm

The immersion lithography at 193 nm emerged in 2002. The principle is the same as the classical optical lithography except that the beam at the exit of the projection lens passes through a medium whose refractive index is greater than the one of the air (Figure 1-2). In fact, by considering Rayleigh's law, one can understand that an increase of the refractive index will allow a decrease of the resolution. The "high refractive index" media is usually water because it is abundant, it is not toxic and it can be purified to remove metallic compounds (as contamination could create short circuits during the use of the final device) [3]. This allows the modification of the effective wavelength (𝜆 𝑒𝑓𝑓 = 𝜆 0 /𝑛 𝑚𝑒𝑑𝑖𝑎 ) of the incident light without changing the wavelength of the source in vacuum [1]. thanks to the use of sophisticated masks and newly developed resins. In addition, the 193 nm immersion lithography technique is performed on the same apparatus as the lithography at 193 nm, which was a strong asset to its implementation (no costly investment). However, the technique is still limited by diffraction and it is thus not possible to reach the technological nodes below 22 nm described on the ITRS roadmap for the semiconductor industry [5].

c) Commonly used resins (1) Novalac/DNQ resins

The Novalac resin is the product of the acid-catalysed polycondensation of a formaldehyde and a mixture of meta-and para-cresol isomers (phenolic compounds can also be added) as

shown in Figure 1-3. The diazonaphthoquinone (DNQ) derivatives, used for the activation of the Novalac resins, exist in several forms depending on the position of the sulfonate groups, even if the form with the sulfonate group in the 5 th position (rated DNQ-5) is the most commonly used.

The formulation of DNQ and Novalac form a positive resin [1], [6]. Indeed, before the exposure, DNQ is hydrophobic and prevents the dissolution of Novalac by selective solvents. When exposed to UV radiation, the DNQ undergoes a chemical modification whose product is an indene carboxylic acid. This transformation into a hydrophilic acid leads to the dissolution of the resin during the development in a basic aqueous media. DNQ/Novalac resins have been the workhorse of the semiconductor industry for the lithography at 365 nm. However, the use of these resins is limited to sub-300 nm resolution patterns due to their low transparency at wavelengths below 300 nm [7]- [11]. (

2) Chemical amplification resin (CAR)

The use of smaller exposure wavelengths to improve the pattern resolution leads to a decrease of the sensitivity for Novalac/DNQ resins. Indeed, for a given dose, the number of available photons inducing the chemical modification decreases with the wavelength which renders the photosensitivity of the resins insufficient. For example, in the case of DNQ-based resins, several photons (three or four) are required to initiate the chemical transformation of a single molecule [12]. To overcome these issues, Ito, Willson and Fréchet proposed the concept of Chemical Amplified Resins (CARs) in 1982 [12]. These CARs are composed of a polymer matrix and a photoacid generator (PAG). The PAG is a specie that generates a strong acid (Lewis or Brønsted) upon irradiation that triggers a cascade of chemical reactions leading to the chemical modification of the polymer matrix. For example, such cascade reactions with the polymer can induce polymerization or depolymerization in the case of negative or positive resins, respectively.

The chemical amplification resides in the catalytic nature of the initiation step. Indeed, a single photo-event will produce an acid that is not consumed during the initiation step and that can initiate several events allowing the improvement of the resin sensitivity [12]. These reactions, usually thermally-activated, require a subsequent thermal annealing to promote the diffusion of the acid called post-exposure bake.

Novalac resin DNQ-derivatives

D = H or

Polymer matrix

The principle of a positive resist is based on a deprotection mechanism catalysed by a photo-generated acid leading to a modification of the polymer solubility. Owing to this deprotection process, the polymer becomes soluble in the developer solvent.

Poly(phthalaldehyde) and poly(p-hydroxy methylstyrene) based resins have been developed for the lithography at 248 nm due to their transparency in deep UV. For instance, poly(phthalaldehyde) can be used as a polymer matrix for positive CARs. Indeed, this polymer has a ceiling temperature of -40°C, which means that it can rapidly depolymerized at room temperature. However, by protecting the polymer with acyl or alkyl groups, it can be stable up to 250°C. Taking advantage of this stable "dormant" state, an UV exposure is used to cleave the terminal function leading to a spontaneous depolymerization of the polymer chain [13]- [15].

However, poly(phthalaldehyde) has a poor plasma etching resistance which is problematic for its further use as mask. Moreover, the production of aldehyde gas during the exposure is detrimental as it can contaminate the lithographic tools [6]. On the other hand, poly(p-hydroxy methylstyrene) is obtained by cationic polymerization. It is usually hydroxyl or methyl end-terminated due to the quenching of the polymerization by water or methanol. These terminal groups can triggered through an acidolysis induced by irradiation the formation of carbocations leading to the depolymerization of the polymer from the end of the chain [1], [16].

Finally, poly(methyl methacrylate) based terpolymer has been developed for 193 nm lithography.

Despite a good transparency, chemical modifications of poly(methyl methacrylate) resins were required for the improvement of its etching resistance and deprotection capability. As today, adamantyl methacrylate copolymer-based resists show the best sensitivity and resolution at 193 nm. It has also been reported that the incorporation of fluorine atoms in the polymer chain could provide a good transparency at 157 nm [17]- [20].

On the other hand, negative resins are based on the crosslinking reaction of the polymer chains under UV radiations. Initially, the design of the negative CARs focused on the ring-opening polymerization of epoxy resins. The SU-8 resin, developed by Shell, is the most widespread.

However, film swelling issues arose during the development in organic solvents which led to a decrease of the pattern resolution. To overcome these problems, phenolic resins were developed in basic aqueous solutions taking advantage of the intramolecular (aromatic) electrophilic substitution catalysed by the PAG. This substitution takes place within the polymer chain between a benzene that has been rendered electrophilic by the PAG and an electron-rich aromatic cycle. It is also possible to extend the system with multi-functional electrophiles with hydroxyl or acetoxy leaving groups [1], [21]- [25].

Another type of three-component system used as negative resin consists of a phenolic binder, a N-methoxymethylated melamine crosslinking agent and a PAG. Here, the photogenerated acid protonates the oxygen of the methoxy groups and then undergoes an electrophilic substitution in order to obtain a crosslinked network [25].

Photoacid generator (PAG)

The first CAR system was developed for the cationic polymerization of epoxy resins by acidinitiated ring opening mechanism. For this purpose, aryldiazonium salts can be used as PAG because they are able to produce Lewis acids under UV. Consequently, through their formulation with epoxy resins, it is possible to obtain a negative resin with a sensitivity that can range from deep UV to visible wavelengths depending on the incorporated aromatic groups. However, such salts are thermally unstable and produce nitrogen under irradiation which damages the film due to degassing. Therefore, other salts such as diaryliodonium and triarylsulfonium have been developed [6]. It is also possible to UV-generate acids from non-ionic compounds. Non-ionic PAGs have a much wider range of solubility in organic solvents and polymer films than their onium salt analogs.

Under UV illumination, these molecules can release an acid via the photolytic dissociation of their C-O, S-O and N-O bonds resulting in the formation of radicals extracting a hydrogen from the protic solvent. Among the non-ionic PAGs, o-nitrobenzyl esters are the most known. They undergo intramolecular rearrangement to generate a nitrosobenzaldehyde and a sulfonic acid. Houlihan and Reichmanis were the first to synthesize these derivatives targeting their use as PAG. Such esters have good absorption properties at 248 nm and show a thermal stability up to 255°C [26]- [32]. There are other types of PAG based on diazomethane chemistry. As example, sulfonyldiazomethane can undergo photolysis in the same way than DNQ sulfonates to produce sulfonic acid. This reaction is very effective at high temperature and requires thus an annealing step. This PAG is sensitive at 254 nm [6]. One can also cite the use of halogenated compounds to produce halogenated acids when irradiated between 335 nm and 495 nm [33], [34] and disulfones to produce sulfinic acids between 255 nm and 338 nm. Despite many studies on the development of the non-ionic PAGs [35], their use in CAR formulations remains limited as compared to the ionic PAGs because of their low sensitivity below 240 nm and their thermal stability issues.

Emerging lithography techniques a) Extreme ultraviolet lithography

Proposed in 1985, extreme ultraviolet (EUV) lithography is more complex than 193 nm immersion lithography as shown in the Figure 1-6 [36], [37]. The source used nowadays is a highpower laser striking a tin droplet to form a plasma emitting radiation at a wavelength of 13.5 nm.

However, these wavelengths are absorbed by air and glass so that the optical system cannot work in transmission mode. The lenses are thus replaced by reflective Bragg mirrors to work in reflection mode and the masks have to undergo a complex transformation in order to operate under vacuum. The main drawback of using such mirrors is their low NA meaning that several mirrors have to be used (between 6 and 14 depending on the desired NA) to reach an acceptable aperture. Moreover, the mirrors are never fully reflective leading to photon losses and the more mirrors are used, the more losses are amplified. These losses have to be compensated with the power of the source that is limited today at 250 W in large-scale production facilities.

Although this technology is used in production for Samsung's "7 nm" node and will be soon used by TSMC (Taiwan Semiconductor Manufacturing Company), it is still limited by the absence of material protecting the mirrors from degradation, which limits the lifetime of these very expensive machines (more than 250 million dollars per scanner). These issues will have consequently to be solved before moving to higher resolution EUV techniques [38], [39]. 

b) Electron-beam lithography

Electron-beam lithography consists of an electron gun (operating between 50 and 100 keV) that writes patterns in an electron-sensitive resin (Figure 1234567). Electrons impacting the resin generate secondary electrons of lower energy that form free radicals and cation radicals (in the case of CARs). These intermediate species are then deactivated by fragmentation and/or reaction with the resin leading to chemical modifications of the resin structure. A rinsing step similar to the development step in the photolithography technique allows the removal of the irradiated areas. It is thus possible to write patterns down to 10 nm, ideally with a resolution of 2 nm [40], [START_REF] Altissimo | E-beam lithography for micro-/nanofabrication[END_REF]. However, the diffusion and backscattering of the electrons impact the actual resolution.

Another issue is related to the serial character of the technique which hinders its transposition to an industrial level. Nevertheless, the technique is widely used to provide the masks for immersion lithography and nanoimprint [START_REF] Pimpin | Review on Micro-and Nanolithography Techniques and their Applications[END_REF]. 

c) Nanoimprint lithography

Nanoimprint lithography (NIL) arose in the late 1990s and consists of replicating a predefined model in a soft material, generally a polymer resin. Its low manufacturing cost shows a high production capability potential that drew a great deal of interest. Moreover, the resolution of the technique is not limited by the diffraction issues outlined earlier as there is no need of an incident beam. The resolution mainly depends on the manufacturing method of the mold and on the resin being used for the transfer step. The mold is often made by electron-beam lithography on silicon or alumina substrates and transferred into a silicone material to obtain a "working" mold. There are two types of NIL techniques: the thermally-assisted NIL and the UV-assisted NIL.

Thermally-assisted NIL was developed in 1995 and consists of heating the resin above its glass transition while embossing it with the mold. In this way, the polymer chains of the resin have sufficient mobility to follow the shape of the mold and its pattern. The mold is then cooled down below the glass transition of the resin before being removed so that its removal does not cause the resulting patterns to collapse [START_REF] Chou | Imprint of sub-25 nm vias and trenches in polymers[END_REF].

The UV-assisted NIL uses a transparent mold that is pressed onto a photosensitive resin. Once in contact, the resin is irradiated leading to its photo-polymerization. The mold is then removed leaving a pattern printed in the resin (Figure 12345678). The polymer residues can eventually be removed with a soft plasma treatment (last step in Figure 12345678) [START_REF] Voisin | Lithographie de nouvelle génération par nanoimpression assistée par UV: étude et développement de matériaux et procédés pour l'application microélectronique[END_REF]. This technique allows to work at room temperature and thus to avoid the degradation of the resin. However, the mold removal is critical as a strong adhesion with the crosslinked resin will result to an alteration of the pattern. II. Directed self-assembly of block copolymers 1. Self-assembly of block copolymers a) In bulk

(1) Theory of microphase separation

A system of two immiscible homopolymers tends to macroscopically phase separate to lower the repulsive interactions between the chemically distinct polymer chains. This process can be described with respect to the Gibbs free energy of mixing, ∆Gm, that has to be minimized to reach the equilibrium of the system. In the case of BCPs, the two incompatible chains are covalently bonded which prevent a macrophase separation. Nevertheless, the repulsive interactions between the two chemically distinct blocks (described by a mixing enthalpy, ∆Hm)

will still lead to a minimization of the unfavourable contacts through the formation of microphase separated structures. This minimization of contacts between the two incompatible blocks is responsible of a loss of entropy, ∆Sm,int, due to the confinement of the junction at the interface between the chemically distinct domains. This confinement is also responsible of a stretching of the chains that occurs in order to guaranty a constant chain density in the segregated domains.

This loss of configurational entropy, ∆Sm,conf, is the second entropic contribution acting against the microphase separation of the system.

As shown in equation 1-2 below, if the two entropic contributions, ∆Sm,int and ∆Sm,conf, are not high enough to balance the enthalpy term, the free energy of mixing is positive leading to microphase separation.

(eq. 1-2) ∆G 𝑚 = ∆H 𝑚 -T∆S 𝑚,𝑖𝑛𝑡 -T∆S 𝑚,𝑐𝑜𝑛𝑓

One can also consider the Gibbs free energy of mixing derived from the Flory-Huggins theory that drives the BCP microphase separation as shown in the equation 1-3:

(eq. 1-3) 

Enthalpic term Entropic term

where kB is the Boltzmann constant; T is the temperature; fA,B is the volume fraction of the blocks A and B, and NA,B is the degree of polymerization of the blocks A and B, respectively.

As shown the equation 1-3, the entropy of mixing is inversely proportional to the degree of polymerization of the blocks. It means that for a high degree of polymerization (i.e. copolymers of high molecular weight), the entropy term is low and the enthalpy term becomes predominant. This latter term will thus drive the thermodynamic behaviour of the BCP system and will be the source of the microphase separation. The mixing enthalpy, ∆Hm, is proportional to the Flory-Huggins parameter, χAB, and reflects the variation of the interaction energy when bringing two incompatible repeating units (A and B) into contact and is expressed as follows:

(eq. 1-4) χ 𝐴𝐵 = 𝑧 𝑘 𝐵 𝑇 (ε 𝐴𝐵 - 1 2 (ε 𝐴𝐴 + ε 𝐵𝐵 ))
where z is the coordination number and XY is the interaction energy between the X and Y repeating units.

However, it has been experimentally noticed that χ appears to be realistically represented by an excess of free energy of mixing ∆𝐺 𝑚 𝑒𝑥 . Thus χ exhibits not only an enthalpy contribution but also an entropic one [START_REF] Bates | Multiblock Polymers: Panacea or Pandora's Box?[END_REF]. For this reason, it is common to describe the Flory-Huggins parameter as a function of the temperature following the expression:

(eq. 1-5) χ 𝐴𝐵 = 𝐴 + 𝐵 𝑇
where A and B are the entropy and enthalpy contributions, respectively.

If there is a high degree of incompatibility between the blocks (or at low temperature), the value of χAB is high and will favour BCP microphase separation. Conversely, if χAB and N (N ~ NA + NB) are sufficiently low, the entropy term will be dominant and will lead to a disordered phase.

Consequently, the product χABN can be seen as the segregation strength of the system: the microphase separation will be more defined as the product χABN will be large as shown in Figure 123456789. When χABN << 10.5, a BCP system is in a disordered state and has a uniform composition. In this regime called "Weak Segregation Limit" (WSL), the repulsion between the blocks is low (i.e. high temperature) and the chains follow the random walk model (Gaussian coils):

(eq. 1-6) R g = 𝑎N 1 2 6
where Rg is the gyration radius and a is the length of the statistical segment [START_REF] Rosedale | Order and Disorder in Symmetric Diblock Copolymer Melts[END_REF].

With the increase of χABN, the chains start to stretch until undergoing microphase separation. This microphase separation transition (MST) occurs in order to minimize the contact between the blocks. Assuming that the copolymers are only weakly disrupted by the composition fluctuations at the interface between the blocks (WSL assumption), Leibler was able to locate the MST for χABN = 10.5 (for a volume fraction of 0.5), at which a homogeneous block copolymer melt first separates [START_REF] Leibler | Theory of Microphase Separation in Block Copolymers[END_REF]. The creation of organized domains is appearing at the order-disorder transition (ODT).

Several theories have been proposed in order to localized this transition [START_REF] Fredrickson | Fluctuation effects in the theory of microphase separation in block copolymers[END_REF], [START_REF] Gillard | Fluctuations, Phase Transitions, and Latent Heat in Short Diblock Copolymers: Comparison of Experiment, Simulation, and Theory[END_REF]. Taking into account the composition fluctuations at the interface between the blocks having a given molecular weight, Fredrickson and Helfand demonstrated that the ODT occurs at χABN = 10.5 + ∆(χ 𝐴𝐵 𝑁) (for a volume fraction of 0.5) with ∆(χ 𝐴𝐵 𝑁) = 41.0 N ̅ -1 3 and N ̅ , the finite molecular weight correction due to the fluctuations of composition [START_REF] Fredrickson | Fluctuation effects in the theory of microphase separation in block copolymers[END_REF]. When N ̅ tends to infinite, the Leibler's theory is retrieved (χABN = 10.5) as the effect of the composition fluctuation is lowered with the increase of the molecular weight.

Above the ODT, the system is in an ordered state. The interface between the blocks becomes more defined with the increase of χABN. At a certain point, the interface is so sharp that the local composition, Φ, follows a rectangular function whose average value is f for a symmetric system (Figure 1-10(a)): this is the strong segregation limit regime (SSL). Semenov used an analytical method to estimate the free energy of the system in the case of χABN tending to infinite; equation 1-7 and equation 1-8 are the resulting entropy and enthalpy contributions per chain, respectively [START_REF] Semenov | Contribution to the theory of microphase layering in block-copolymer melts[END_REF].

(eq. 1-7) is the area of a diblock chain.

At equilibrium, for which the free energy is zero, it is possible to extract the theoretical period R*:

(eq. 1-9) R * ~ 𝑎 𝑁 2 3 χ 𝐴𝐵 1 6
Due to their ability to segregate into nanometric domains, BCPs show thus a great potential for nanolithography. As described above, the self-assembly depends on the segregation strength of the BCP system. Indeed, microphase separation will occur for a χABN product greater than 10.5 (for a symmetrical system) and the resulting structures will be more defined as the χABN product increases. Three main regimes are used to define the segregation state of a BCP system according to the product of χABN: the WSL regime with χABN < 10.5, the intermediate segregation limit (ISL) regime with χABN ≈ 10.5-100 and the SSL regime with χABN ≥ 100. These regimes are crucial because they will determine the sharpness of the interface between the nanodomains.

Indeed, the highest the χABN product is, the highest the segregation strength of the BCP system is.

The chains will therefore be further stretched at the junction point between the blocks.

Consequently, there will be a clear and sharp interface between the domains (see Figure 1-10(a)).

As the use of the BCP for nanolithography requires the removal of one of the domains, it is necessary to have a well-defined interface to have the best removal and limit the roughness of the patterns.

(

3) Phase diagram

The microphase separation of a diblock copolymer is determined by three experimental factors (at a given temperature): the overall degree of polymerization N, the volume fraction f and the Flory-Huggins parameter χAB. By tuning the product χABN, it is possible to bring a BCP system towards the segregated regime enabling microphase separation with well-defined nanodomains.

The χAB parameter is determined by the choice of the starting material (i.e. the monomers) while N depends on the polymerization procedure. Once the segregation strength is high enough (i.e.

χABN >> 10.5), the resulting self-assembled structures are dictated by the minimization of the free energy which strongly depends on the volume fraction f. Figure 1-11 illustrates the different structures that can be obtained with a diblock copolymer architecture.

For f below 0.12, the system adopts a spherical structure with spheres of the minor phase forming a body-centered cubic lattice in the matrix of the major phase. From 0.12 to 0.33, the system selfassembles into a hexagonally packed structure of cylinders of the minor phase into the matrix of the major phase. Around f = 0.35, the system forms a 3D bicontinuous network called gyroid.

Finally, for f comprised between 0.38 and 0.5, the BCP exhibits a lamellar structure. Several groups have reported theoretical studies in order to establish the phase behaviour of BCPs. Such works have provided a guide to access unique BCP architectures (i.e. given χAB, N and f). In 1980, Leibler established the theoretical phase diagram of a diblock copolymer melt near the ODT (WSL) with the disordered, lamellar, cylindrical and spherical phases [START_REF] Leibler | Theory of Microphase Separation in Block Copolymers[END_REF]. The Leibler's theory predicts a critical point at χABN = 10.5 (localized at f = 0.5), where a symmetric diblock undergo a second-order phase transition from the disordered to the lamellar phase. A few years later, Matsen et al. used the Self-Consistent Field Theory (SCFT) to propose a more complex phase diagram [START_REF] Matsen | Stable and unstable phases of a diblock copolymer melt[END_REF], [START_REF] Matsen | Unifying Weak-and Strong-Segregation Block Copolymer Theories[END_REF](see in the Figure 1-12). The phase diagram includes a new phase called gyroid (𝑄 𝐼𝑎3 ̅ 𝑑 in the diagram) in addition to former theoretical phase diagrams [START_REF] Leibler | Theory of Microphase Separation in Block Copolymers[END_REF], [START_REF] Fredrickson | Fluctuation effects in the theory of microphase separation in block copolymers[END_REF]. This bicontinuous phase consists of two interwoven continuous networks of the minority phase embedded in a matrix phase of the majority block. In 1994, Hajduk and Schulz groups independently identified this gyroid phase in diblock copolymers [START_REF] Hajduk | The Gyroid: A New Equilibrium Morphology in Weakly Segregated Diblock Copolymers[END_REF], [START_REF] Schulz | Epitaxial Relationship for Hexagonal-to-Cubic Phase Transition in a Book Copolymer Mixture[END_REF]. Other complex structures in the di-BCP phase diagram were experimentally reported such as the double-diamond phase (OBDD) [START_REF] Alward | Effect of arm number and arm molecular weight on the solid-state morphology of poly(styrene-isoprene) star block copolymers[END_REF]- [START_REF] Meuler | Ordered Network Mesostructures in Block Polymer Materials[END_REF], the hexagonally perforated layers (HPL) [START_REF] Thomas | Periodic area-minimizing surfaces in block copolymers[END_REF] and the orthorhombic (O 70 ) structure [START_REF] Takenaka | Orthorhombic Fddd Network in Diblock Copolymer Melts[END_REF]. The HPL and OBDD phases are considered as metastable while the O 70 was recently established as a thermodynamically stable phase between the lamellar and gyroid structures [START_REF] Kim | Stability of the Fddd Phase in Diblock Copolymer Melts[END_REF].

Experimental BCP phase diagrams were also reported by a number of groups [START_REF] Khandpur | Polyisoprene-Polystyrene Diblock Copolymer Phase Diagram near the Order-Disorder Transition[END_REF]- [START_REF] Schulz | Phase Behavior of Polystyrene-Poly(2-vinylpyridine) Diblock Copolymers[END_REF].

As example, Khandpur et al. studied the poly(isoprene)-b-poly(styrene) (PS-b-PI) BCP system and managed to obtain a phase diagram using ten diblock copolymers with PI volume fractions ranging from 0.24 to 0.82 [START_REF] Khandpur | Polyisoprene-Polystyrene Diblock Copolymer Phase Diagram near the Order-Disorder Transition[END_REF]. As shown in Figure 1-13, they observed spheres, lamellae, hexagonally perforated lamellae, cylinders and gyroid structures. We can once again notice that the (χABN)ODT obtained values were found to be higher than the Leibler's prediction (dash-dot curve) suggesting that finite molecular weight effects influence the experimental phase behaviour. 

b) In thin film

When transitioning from bulk to thin film, the morphology of a BCP is influenced by additional factors such as the geometric confinement and the interactions between the BCP film and the interfaces (substrate and air). These interactions depend on the affinity of the blocks for either the substrate or the air interfaces and can lead to a preferential wetting of the BCP domains for one or both surfaces. In the case of structures for which the nanodomains are anisotropic, this preferential wetting results in an orientation of the BCP structure as regards to the interfaces.

These phenomena are briefly exposed below for the most common phases.

(

1) Lamellar phase

For lamellar-forming BCPs, the orientation of the domains strongly depends on the interactions of the blocks for either the substrate or the air interfaces as well as on the commensurability between the thickness of the film and the BCP periodicity, L0, as illustrated in the Figure 1-14.

Indeed, when there is a preferential interaction at an interface with one of the blocks, different scenarios are possible:

(i) When the initial thickness of the film is higher than the BCP periodicity, L0:

(a) if one of the blocks interacts with both surfaces (substrate and air), the thickness of the film will be an integer number of the equilibrium periodicity: nL0. Moreover, the thickness of the wetting lamellae will be thinner at the interfaces due to the surface tension between the block and the interface (Figure 1-14(a)) (b) if each interface has a specific interaction with one of the blocks, the film thickness will be (n+1/2)L0: this is the asymmetric wetting ( (c). Indeed, the energy expenditure to create a surface is lower than the penalty induced (i) by the alteration of the domain periodicity or (ii) by the contact between a BCP domain and an interface for which it has no affinity.

(iii) Finally, when the thickness of the film is lower than L0, obtaining parallel lamellae would lead to a compression of the polymer chains. In this configuration, it is thus possible to obtain perpendicular lamellae that are less energy consuming for the system.

In contrast, if no preferential interactions exist, it is possible to obtain out-of-plane lamellae whatever the film thickness is (Figure 1-14(e)). However, if the blocks have no affinity for the substrate but there is a preferential wetting of one of the blocks for the top interface, there will be a perpendicular orientation of the lamellae at the bottom of the film and in-plane lamellae at the top of the film as shown in Figure 1-14(f) [START_REF] Hu | Directed self-assembly of block copolymers: a tutorial review of strategies for enabling nanotechnology with soft matter[END_REF]. It is assumed that this unusual step height is due to a configuration where the PS block wets the substrate (due to the PS brush) and where both blocks are present at the top surface as shown the scheme in Figure 1-15(c). This work offers thus an additional methodology to determine the affinity of the blocks for an interface by measuring the step heights of the BCP thin film. (2)

Cylindrical phase

The behaviour of the cylindrical phase is similar to the one of the lamellar phase since the affinity of one block for the air and/or the substrate will lead to a parallel orientation of the cylinders. Moreover, if the minority block has an affinity for one of the interfaces, a brush-like wetting layer will form at the film/surface. However, as the structure is asymmetric, the preferential affinity of this block for one of the surfaces can lead to a modification of the morphology and even lead to the stabilization of a metastable structure via surface reconstruction. thin films [START_REF] Kim | Ordering in thin films of asymmetric diblock copolymers[END_REF]. For this purpose, they thermally-annealed ~1L0 thick PS-b-PMMA films for different times. Starting with a smooth film for low annealing time, they interestingly observed the appearance of 1L0 step height islands with a PS-wetting layer after 24h of annealing (as shown the Figure 12345678910111213141516). Indeed, the interaction of the PMMA (minor block) with the substrate leads to the formation of a L0/2 thick brush adsorbed to the substrate. There is consequently only a L0/2 thickness left on top the PMMA brush, which leads to the formation of a single layer of parallel inplane PMMA cylinders. On the other hand, the PS-wetting layer is explained by the surface energy of the PS that is slightly lower than the one of the PMMA. This work highlights the fact that the wetting behaviour of the blocks can have a significant impact on the thin film nanostructure even when commensurability conditions are achieved.

Moreover, for non-commensurate film thickness, the behaviour of the cylindrical phase is similar to the lamellar phase with a splitting of the film into terraces as discussed above. As example, Dijk et al. reported the formation of terraces in a poly(styrene)-b-poly(butadiene)-b-poly(styrene) copolymers films for a non-commensurate film thickness [START_REF] Van Dijk | Ordering Phenomena in Thin Block Copolymer Films Studied Using Atomic Force Microscopy[END_REF]. After a long annealing time, they observed a splitting of the film into terraces such that in the higher regions the thickness is equal to an integer number of L0 ( (

3) Spherical phase

For sphere-forming diblock copolymers, brush-like wetting layers can also form if the minority block wets the surface. Mansky et al. studied the effect of the preferential interaction of a polybutadiene (PB) block at the interfaces for a poly(styrene)-b-poly(butadiene) system (PS-b-PB) [START_REF] Mansky | Monolayer films of diblock copolymer microdomains for nanolithographic applications[END_REF]. They synthesized two BCPs; one with a majority PB block and one with a minority PB block to form spheres of PS in a matrix of PB and spheres of PB in a matrix of PS, respectively. A monolayer of PB spheres in a hexagonal lattice was obtained for the BCP with a majority of PS while an ill-defined segregated structure was obtained from the BCP with a majority of PB (Figure 1-18(a) and (b)). In the first case, the PB block wets both interfaces due to its preferential wetting with the interfaces and is thus forming a brush-like wetting layer as shown in the Figure 1-18(d).

The PB chains forming the spheres within the PS matrix are thus free to diffuse without interaction with the surface or the substrate during the annealing treatment, leading to a well-ordered selfassembled structure. In the second case, the PS spheres are surrounded by the PB block. In this configuration, some of the PB chains are highly constrained due to the preferential interactions at the interfaces and the overall degree of freedom of the BCP chains is limited during the annealing step leading to an ill-defined self-assembled structure ( The choice of the BCP system is of great importance for the targeted dimensions and applications. Indeed, the choice of the monomer will define the χ of the system and thus the accessible dimensions (step 2 of Figure 1 -19). Moreover, the nature of the blocks has to be compatible with the targeting application. For instance, in lithography applications, the blocks should have a good etching contrast in order to easily remove one of the domains by dry or wet etching (step 3 of Figure 12345678910111213141516171819). Afterward, the remaining mask should have enough mechanical and etching resistance to serve as a mask for the transfer of the pattern in the underlying substrate

(step 4 of Figure 1-19).
The following part is consequently devoted to a discussion on the different BCPs systems reported in the literature for nanolithography applications with an emphasis on sub-20 nm lamellar-and cylinder-forming BCPs.

After designing the BCP system, the control of the organisation and alignment is a key issue to make BCP lithography viable at industrial scale. We have already discussed the effect of thin film confinement on the BCP nanostructures. However, an enhancement of the BCP organisation and a control of the orientation at short and long range are possible using several strategies (implemented in the step 2 of Figure 1-19) that will be exposed in the following sections.

b) Choice of the materials

The most studied BCP for the fabrication of masks for nanolithography is the poly(styrene)-b-poly(methyl methacrylate) (PS-b-PMMA) system as its synthesis at large-scale is well-controlled [START_REF] Reboul | Auto-assemblage de copolymères à blocs à haute force de ségrégation dans une configuration de film mince[END_REF]. However, the achievable critical dimension for this particular system is higher than 22 nm because of a low Flory-Huggins parameter: χ = 0.03 at room temperature (RT) [START_REF] Jung | Orientation-Controlled Self-Assembled Nanolithography Using a Polystyrene-Polydimethylsiloxane Block Copolymer[END_REF]. Increasing χ would allow to observe a microphase separation for smaller degree of polymerization and therefore decrease the critical dimensions of the domains. That is why the self-assembly of high-χ BCP is a challenge to date in order to reduce the characteristic dimensions of structures below 20 nm or even 10 nm. For this purpose, it requires an increase of the incompatibility between the blocks by, for example, (i) incorporating inorganic atoms into one of the blocks, (ii) increasing the hydrophobicity/hydrophilicity balance of the blocks, or (iii)

inducing crystallinity [START_REF] Nunns | Inorganic block copolymer lithography[END_REF]- [START_REF] Fleury | Development and integration of systems with enhanced resolutions based on Si-containing block copolymers for line space applications[END_REF]. Table 1-1 lists some of the diblock copolymers systems that were studied in the literature, as well as their morphology, characteristic size and Flory-Huggins parameter.

It is possible to see the effect of the addition of an inorganic atom on the interaction parameter.

For example, by replacing the PMMA block with an inorganic block (such as poly(1,1dimethylsiloxane) (PDMS)), the Flory-Huggins parameter increases from 0.03 for PS-b-PMMA to 0.26 for PS-b-PDMS (at RT) (see Table 1-1). Moreover, the advantage of a Si-containing block is that it can form silicon oxides after an oxygen plasma treatment enhancing the etching contrast as regards to all-organic BCPs: one could therefore have a robust silicon oxide mask more suitable for further pattern transfer than a fragile organic mask. As example, one can cite the work of Lee Similarly, the use of an inorganic derivative of PS such as poly(trimethylsilylstyrene) (PTMSS), allows to increase threefold the poly(styrene)-b-poly(D,L-lactide) (PS-b-PLA) interaction parameter (see in Table 1-1). Figure 1-21 is an AFM image of PTMSS-b-PLA lamellae with a periodicity of 13 nm obtained by Cushen et al. [START_REF] Hirai | One-Step Direct-Patterning Template Utilizing Self-Assembly of POSS-Containing Block Copolymers[END_REF]. Thanks to the strong etching contrast between the two blocks, an oxygen plasma was able to remove the PLA domains (degradation rate of the PLA 12 times higher than that of the PTMSS) [START_REF] Cushen | Thin film self-assembly of poly(trimethylsilylstyreneb-d, l-lactide) with sub-10 nm domains[END_REF]. and proposed that the crystallinity of the PDMSB block acts as an additional driving force of the microphase separation [START_REF] Aissou | Sub-10 nm Features Obtained from Directed Self-Assembly of Semicrystalline Polycarbosilane-Based Block Copolymer Thin Films[END_REF], [START_REF] Fleury | Development and integration of systems with enhanced resolutions based on Si-containing block copolymers for line space applications[END_REF].

As said previously, it is also possible to modulate the χ parameter by increasing the hydrophobicity of one of the blocks. The use of a poly(4-tert-butylstyrene) (PtBS) block instead of a PS block has been shown to drastically increase the χ parameter of modified PS-b-P2VP and PSb-PMMA systems: the χ of the PS-b-P2VP was indeed multiplied by 1.5 (Table 1-1) [START_REF] Choi | Patterning at the 10 nanometer length scale using a strongly segregating block copolymer thin film and vapor phase infiltration of inorganic precursors[END_REF] while the χ of the PS-b-PMMA was multiplied by 3 with χPtBS-b-PMMA= 0.09 at RT [START_REF] Kennemur | Synthesis, Thermodynamics, and Dynamics of Poly(4-tert-butylstyrene-b-methyl methacrylate)[END_REF]. Similarly, by replacing the PS block in the archetypical PS-b-PMMA system with a more hydrophobic block, i.e.

poly(cyclohexylethylene) (PCHE), an increase of the Flory-Huggins parameter was observed as well (0.32 at RT [START_REF] Kennemur | Sub-5 nm Domains in Ordered Poly(cyclohexylethylene)-block-poly(methyl methacrylate) Block Polymers for Lithography[END_REF]). Kennemur et al. were thus able to produce out-of-plane lamellae with a periodicity of 15 nm as shown in the Figure 1-22 [START_REF] Kennemur | Sub-5 nm Domains in Ordered Poly(cyclohexylethylene)-block-poly(methyl methacrylate) Block Polymers for Lithography[END_REF]. Table 1-1: Non-exhaustive list of the high-χ BCPs studied in the literature. The two last columns refer to the methods used to control the self-assembly; these methods will be presented in the next sections. The abbreviations of the polymers can be found at the beginning of the manuscript (see section List of abbreviations). Lamellae [START_REF] Bates | Polarity-Switching Top Coats Enable Orientation of Sub-10-nm Block Copolymer Domains[END_REF] 19 Perpendicular X-linked 0.26 at RT [START_REF] Russell | Temperature dependence of the interaction parameter of polystyrene and poly (methyl methacrylate)[END_REF], [START_REF] Jung | Orientation-Controlled Self-Assembled Nanolithography Using a Polystyrene-Polydimethylsiloxane Block Copolymer[END_REF], [START_REF] Bates | Polarity-Switching Top Coats Enable Orientation of Sub-10-nm Block Copolymer Domains[END_REF] Cylinders [START_REF] Lee | In Situ Nanolithography with Sub-10 nm Resolution Realized by Thermally Assisted Spin-Casting of a Self-Assembling Polymer[END_REF] 17 
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1) Thermal annealing

Thermal annealing consists of heating the BCP chains above their glass transition in order to give mobility to the chains and promote the self-assembly. The film is then cooled down to quench the final ordered structure. The thermal annealing process remains the most widely used technique to date thanks to its simplicity and ease of application at industrial scale. Thermal annealing has been used by many research groups to organize in-plane [START_REF] Peng | Nanoscopic Patterned Materials with Tunable Dimensions via Atomic Layer Deposition on Block Copolymers[END_REF] and out-of-plane cylinders [START_REF] Han | Perpendicular orientation of domains in cylinder-forming block copolymer thick films by controlled interfacial interactions[END_REF] of PMMA in a PS matrix or to obtain out-of-plane PS and PMMA lamellar domains [START_REF] Ruiz | Image quality and pattern transfer in directed self assembly with block-selective atomic layer deposition[END_REF], [START_REF] Moon | Atomic Layer Deposition Assisted Pattern Multiplication of Block Copolymer Lithography for 5 nm Scale Nanopatterning[END_REF].

However, the thermal annealing process has some limitations since the thermal energy alone is not generally enough to give sufficient mobility to the chains or requires high temperatures and long annealing times that can lead to the dewetting of the BCP thin films [START_REF] Han | Perpendicular orientation of domains in cylinder-forming block copolymer thick films by controlled interfacial interactions[END_REF], [START_REF] Sinturel | Structural Transitions in Asymmetric Poly(styrene)-block-Poly(lactide) Thin Films Induced by Solvent Vapor Exposure[END_REF]. For instance, the PS-b-PMMA cylindrical or lamellar structures presented in Table 1-1 were annealed at approximately 250°C for two hours due to their high molar mass (higher than 40 kg.mol -1 ) [102]- [START_REF] Moon | Atomic Layer Deposition Assisted Pattern Multiplication of Block Copolymer Lithography for 5 nm Scale Nanopatterning[END_REF]. The increase in annealing temperature appears to be an interesting solution to selfassemble high molar mass (and low χ) BCPs and to overcome the activation barriers in order to reduce the number of defects [START_REF] Zhang | Directed Self-Assembly of High χ Poly(styreneb -(lactic acid-alt -glycolic acid)) Block Copolymers on Chemical Patterns via Thermal Annealing[END_REF]. However, in the case of high-χ BCPs, it is more complicated to use thermal annealing. Indeed, the chain diffusion is low for a high χ system (at given N) which generally hinders the thermal annealing efficiency [START_REF] Lee | In Situ Nanolithography with Sub-10 nm Resolution Realized by Thermally Assisted Spin-Casting of a Self-Assembling Polymer[END_REF], [START_REF] Lodge | Mechanisms of Chain Diffusion in Lamellar Block Copolymers[END_REF]. To overcome these limitations, solvent vapour annealing is increasingly used and will be the purpose of the following section.

(2) Solvent vapour annealing Solvent annealing involves putting the polymer film in contact with solvent vapours to promote mobility and induce the organization of the polymer chains [START_REF] Cushen | Ordering poly(trimethylsilyl styrene-block-D,L-lactide) block copolymers in thin films by solvent annealing using a mixture of domain-selective solvents[END_REF], [START_REF] Sinturel | Solvent Vapor Annealing of Block Polymer Thin Films[END_REF]. Several protocols have been reported to expose the film to a vapour of solvent, the most common being to (i) put the film in a desiccator containing a vial of the given solvent (static annealing), (ii) expose the film to a continuous flow of solvent vapours controlled with a carrier gas (dynamic annealing) [START_REF] Gotrik | Morphology control in block copolymer films using mixed solvent vapors[END_REF], [START_REF] Sinturel | Solvent Vapor Annealing of Block Polymer Thin Films[END_REF]. Solvent vapour annealing is generally carried out at RT allowing mild application conditions as opposed to thermal annealing which requires high temperatures [START_REF] Sinturel | Solvent Vapor Annealing of Block Polymer Thin Films[END_REF]. It is possible to distinguish two main steps in the solvent annealing process. The first step consists in putting into contact the film with the solvent vapours, which is accompanied by a swelling of the film (in the case of the use of a good solvent) because of the solvent adsorption and of the diffusion of the solvent within the film. The second step is the removal of the film from the solventsaturated atmosphere. When this step is quickly carried out (out-of-equilibrium), the BCP structure is frozen into the state it had in the swelled state [START_REF] Cushen | Ordering poly(trimethylsilyl styrene-block-D,L-lactide) block copolymers in thin films by solvent annealing using a mixture of domain-selective solvents[END_REF].

Using a selective solvent to one of the two blocks will lead to an unequal partition of the solvent molecules within the domains. This swelling of the block(s) will give to the chains sufficient mobility to self-organize [START_REF] Cushen | Ordering poly(trimethylsilyl styrene-block-D,L-lactide) block copolymers in thin films by solvent annealing using a mixture of domain-selective solvents[END_REF]. In order to have an insight of the interactions between the blocks in the swollen state, it is usual to define the effective Flory-Huggins interaction parameter, χeff.

This parameter reflects the presence of the solvent in the system during the solvent annealing [START_REF] Lee | In Situ Nanolithography with Sub-10 nm Resolution Realized by Thermally Assisted Spin-Casting of a Self-Assembling Polymer[END_REF]. For example, the preferential swelling of one of the blocks will increase the incompatibility of the blocks resulting in an increase of χeff [START_REF] Sinturel | Solvent Vapor Annealing of Block Polymer Thin Films[END_REF]. In the case of a non-selective solvent, the homogeneous repartition of the fluid within the blocks will lead to a disorder polymer state (decrease of χeff) contrary to a selective solvent [START_REF] Bosworth | Control of self-assembly of lithographically patternable block copolymer films[END_REF].

As a preferential swelling can lead to a change in the volume fraction of the block, it can thus lead to a change in morphology. As example, Borsworth et al. observed an order-order transition during the annealing of poly(α-methylstyrene)-b-poly(4-hydrostyrene) by acetone vapour (selective to the 4-hydrostyrene block) with a transition from a cylindrical to spherical morphology [START_REF] Bosworth | Control of self-assembly of lithographically patternable block copolymer films[END_REF], [START_REF] Sinturel | Solvent Vapor Annealing of Block Polymer Thin Films[END_REF]. Paik et al. studied using grazing-incident small angle X-ray scattering (GISAXS) the organization of the same copolymer and also found that order-order transitions can occur depending on the annealing conditions. Indeed, spheres were obtained after the solvent annealing of the film with acetone (selective to the 4-hydrostyrene block), while a solvent annealing process with tetrahydrofurane (THF) (solvent with a low selectivity) led to in-plane cylinders. Finally, they showed that by alternating these two solvents during the annealing process (THF and acetone), it was possible to switch from one morphology to the other in a reversible way (Figure 1-24) [START_REF] Paik | Reversible Morphology Control in Block Copolymer Films via Solvent Vapor Processing: An in Situ GISAXS Study[END_REF]. These works highlighted the importance of the choice of the solvent to ensure the organization of the BCP domains into the desired morphology. It is consequently common to use a mixture of solvents to avoid morphological transition to occur; each solvent having an affinity for each block.

By controlling the degree of swelling of each block (via the control of the solvent vapour flow rate), it is then possible to swell the two blocks in the same way and thus retain the volume fractions of the blocks [START_REF] Cushen | Ordering poly(trimethylsilyl styrene-block-D,L-lactide) block copolymers in thin films by solvent annealing using a mixture of domain-selective solvents[END_REF], [START_REF] Yin | Membranes with Highly Ordered Straight Nanopores by Selective Swelling of Fast Perpendicularly Aligned Block Copolymers[END_REF], [START_REF] Sinturel | Solvent Vapor Annealing of Block Polymer Thin Films[END_REF]. Moreover, a mixture of solvent can be very effective because it will decrease the miscibility of the blocks increasing thus the effective interaction parameter so that is possible to organize BCP systems whose the product χABN is not sufficiently high [START_REF] Cushen | Ordering poly(trimethylsilyl styrene-block-D,L-lactide) block copolymers in thin films by solvent annealing using a mixture of domain-selective solvents[END_REF].

Conversely, the use of a non-selective solvent will result in an increase of the miscibility of the domains (= decrease of the effective interaction parameter) and thus a decrease of their periodicity [START_REF] Sinturel | Solvent Vapor Annealing of Block Polymer Thin Films[END_REF], [START_REF] Russell | Characteristics of the surface-induced orientation for symmetric diblock PS/PMMA copolymers[END_REF]. These variations can be preserved after a quick drying, the structure remaining frozen in its current swollen state. Apart from the block selectivity, a key criterion for choosing the solvent is the vapour pressure.

The vapour pressure can be defined as the pressure at which the phase gas of a substance is in equilibrium with its liquid or solid phase at a given temperature in a closed system. Thus, the vapour pressure of a solvent will dictate the ease with which the molecules passed from the liquid phase to the gaseous phase. The highest is this pressure, the fastest the solvent molecules will move to the vapour phase to achieve the equilibrium pressure (= high evaporation rate). As one needs to provide sufficient mobility to the chains, the solvent molecules must remain long enough in the polymer film and therefore the evaporation rate of the solvent has to be slower than the characteristic diffusion time of the chains. For this reason, lower vapour pressure solvents such as toluene or chlorobenzene (21 mmHg and 87 mmHg at 20°C, respectively) are preferred to high vapour pressure solvents such as tetrahydrofuran (144 mmHg at 20°C) or dichloromethane (355 mmHg at 20°C) [START_REF] Gotrik | Morphology control in block copolymer films using mixed solvent vapors[END_REF]. Moreover, Kim et al. reported that the residence time of the solvent in the film is crucial to avoid the appearance of structural defects [START_REF] Bain | Comparison of self-assembled monolayers on gold: coadsorption of thiols and disulfides[END_REF] which is linked to the solvent vapour pressure and its affinity for the blocks.

Several theories are currently being discussed to describe the mechanisms taking place during the second stage of drying. The most frequently reported is considering a solvent front inducing a solvent concentration gradient in the BCP film that further generates both the organization and the orientation of the nanodomains as shown in the Figure 1-25 [START_REF] Cushen | Thin film self-assembly of poly(trimethylsilylstyreneb-d, l-lactide) with sub-10 nm domains[END_REF], [START_REF] Sinturel | Structural Transitions in Asymmetric Poly(styrene)-block-Poly(lactide) Thin Films Induced by Solvent Vapor Exposure[END_REF], [START_REF] Kim | A Top Coat with Solvent Annealing Enables Perpendicular Orientation of Sub-10 nm Microdomains in Si-Containing Block Copolymer Thin Films[END_REF], [START_REF] Sinturel | Solvent Vapor Annealing of Block Polymer Thin Films[END_REF], [START_REF] Kim | Highly Oriented and Ordered Arrays from Block Copolymers via Solvent Evaporation[END_REF]. To summarize, the efficiency of the solvent vapour annealing techniques lies on the numerous parameters allowing the fine tuning of the self-assembly thermodynamics and kinetics. Thanks to this wide range of parameters, it is thus possible to drive the organization of the nanodomains into a highly ordered structure which is difficult to obtain with thermal annealing. As an example, Historically, the method used to control the substrate affinity as regards to the BCP domains is based on the use of self-assembled monolayers called "SAM". SAMs are composed of two functional groups: a head group having an affinity for the surface (typically thiol, silane or phosphate) and a "body" group (generally a long alkyl chain). In the case of sulphur terminated SAMs, a gold surface is the common substrate as the SAM molecules can easily adsorb via a strong gold-sulphur interaction to form ordered and oriented monolayers [START_REF] Cossaro | X-ray Diffraction and Computation Yield the Structure of Alkanethiols on Gold(111)[END_REF], [START_REF] Bain | Comparison of self-assembled monolayers on gold: coadsorption of thiols and disulfides[END_REF]. For silicon substrates, SAMs of alkylsiloxanes are commonly used [START_REF] Peters | Using Self-Assembled Monolayers Exposed to X-rays To Control the Wetting Behavior of Thin Films of Diblock Copolymers[END_REF]. The main advantage of the SAMs is their crystalline structure allowing to form a flat and impenetrable film [START_REF] Bain | Comparison of self-assembled monolayers on gold: coadsorption of thiols and disulfides[END_REF], [START_REF] Sohn | Perpendicular lamellae induced at the interface of neutral selfassembled monolayers in thin diblock copolymer films[END_REF]. Moreover, the surface chemistry of the SAMs can be modified by exposure to X-rays in order to tune its surface energy [START_REF] Heier | Thin Diblock Copolymer Films on Chemically Heterogeneous Surfaces †[END_REF]- [START_REF] Niemz | Fabrication of Nanoporous Templates from Diblock Copolymer Thin Films on Alkylchlorosilane-Neutralized Surfaces[END_REF].

In 1997, Heir et al. were the first to study the wetting behaviour of BCPs on alkanethiols functionalized SAMs. They obtained out-of-plane lamellae of PS-b-P2VP using a -CH3 terminated SAM while in-plane lamellae were obtained with a -OH terminated SAM [START_REF] Heier | Thin Diblock Copolymer Films on Chemically Heterogeneous Surfaces †[END_REF]. Following this work, Nealey's group worked on the effect of a X-ray chemically-modified SAM of octadecyltrichlorosilane on the self-assembly of PS-b-PMMA BCPs [START_REF] Peters | Using Self-Assembled Monolayers Exposed to X-rays To Control the Wetting Behavior of Thin Films of Diblock Copolymers[END_REF], [START_REF] Kim | Chemical Modification of Self-Assembled Monolayers by Exposure to Soft X-rays in Air[END_REF]. They observed a transition from symmetric to neutral to asymmetric wetting with the increasing of the X-ray dose due to an increase of the hydrogen and dipole-dipole interactions between the surface and the PMMA block. Other examples of the use of SAMs can be found elsewhere and have demonstrated the ability of SAMs to control the self-assembly of BCPs in thin films [START_REF] Smith | Combinatorial Study of Surface Pattern Formation in Thin Block Copolymer Films[END_REF]- [START_REF] Liu | Easy Orientation of Diblock Copolymers on Self-Assembled Monolayers Using UV Irradiation[END_REF].

(

2) Grafting of random copolymers

Nowadays, the grafting of random copolymers is the most conventional technique for substrate neutralization. The principle is to modify the substrate with a random copolymer brush with a finely tuned composition in A and B monomers so that none of the A and B blocks have a preferential interaction with the substrate. Mansky et al. were the first to demonstrate the grafting of a random copolymer to neutralize a silicon substrate [START_REF] Mansky | Controlling Polymer-Surface Interactions with Random Copolymer Brushes[END_REF]. For this purpose, a hydroxylterminated PS-r-PMMA was grafted by dehydration at 140°C for 2 days with fPS = 0.57, which was found to be the neutral composition for the lamellar PS-b-PMMA used in this study [START_REF] Mansky | Controlling Polymer-Surface Interactions with Random Copolymer Brushes[END_REF]. Han et al. studied the evolution of the orientation of cylinder-forming and lamellar-forming PS-b-PMMA by varying the PS-r-PMMA composition from fPS = 0.45 to fPS = 0.72 [START_REF] Han | Effect of Composition of Substrate-Modifying Random Copolymers on the Orientation of Symmetric and Asymmetric Diblock Copolymer Domains[END_REF]. The Figure 1-28 presents the scanning electron microscope (SEM) images of lamellar-forming PS-b-PMMA after their selfassembly on the grafted PS-r-PMMA copolymers. For fPS ≤ 0.50, the brush has a slight affinity for the PMMA block. However, the lamellar structure is not strongly affected as out-of-plane lamellae are still observed although a large number of defects is present reflecting the non-optimal selfassembly. When the fraction of PS increases, the BCP domains orient perpendicular over the entire surface. Beyond fPS= 0.52, a mixed orientation of the BCP domains is obtained as the grafted layer is PS-affine. (

3) Grafting of homopolymer or BCP

The main drawback of the random copolymer approach is its lack of versatility. Indeed, it implies to have monomers that can be randomly polymerized, thus having similar reactivity ratios. However, it is difficult to obtain random copolymer brushes for high-χ BCPs, as the monomers constituting the BCPs have very different polymerization abilities, thus limiting the use of random copolymers to particular BCP systems. That is the reason why the grafting of homopolymers and BCPs has been utilized as an alternative method to obtain perpendicular microdomains.

In this way, homopolymers can also be grafted allowing the neutralization of the substrate. For example, Guo et al. played on the grafting density of PS-OH brushes with the respect to thickness commensurability in order to obtain out-of-plane lamellae and out-of-plane cylinders. It was assumed that the PS brush induced surface heterogeneity directing the microdomain orientation [START_REF] Guo | Perpendicular orientation of microdomains in PS-b-PMMA thin films on the PS brushed substrates[END_REF]. Another example was provided by Ji et al. by using a mixture of PS-OH, PMMA-OH and a short PS-b-PMMA as underlayer. Indeed, the short PS-b-PMMA (Mn,PMMA = 5000 g.mol -1 and Mn,PS = 5000 g.mol -1 ) plays the role of compatibilizer in order to graft homogeneously the homopolymers onto the substrate. This method allows to obtain out-of-plane lamellae for a symmetrical PS-b-PMMA BCP [START_REF] Ji | Preparation of Neutral Wetting Brushes for Block Copolymer Films from Homopolymer Blends[END_REF]. Similarly, Gu et al. grafted a hydroxyl-terminated PS-b-PEO BCP onto a silicon substrate [START_REF] Gu | Orienting Block Copolymer Microdomains with Block Copolymer Brushes[END_REF], and demonstrated its ability to neutralize the surface for PS-b-PEO BCPs having similar compositions.

(4) Crosslinked neutral layer

Instead of grafting a neutral layer, it is also possible to crosslink a polymer layer to allow the subsequent deposition of a BCP thin film. The main advantage of this approach is the production of neutral surfaces independently of the substrate surface chemistry. Indeed, the dehydration of hydroxyl-groups leading to grafted underlayers requires substrates presenting oxidized surfaces. There are also other grafting chemistries such as thiol-gold interactions [START_REF] Kim | From Self-Assembled Monolayers to Coatings: Advances in the Synthesis and Nanobio Applications of Polymer Brushes[END_REF],

azide-alkyne cycloaddition [START_REF] Ostaci | Polymer Brushes Grafted to "Passivated" Silicon Substrates Using Click Chemistry[END_REF] or thiol-ene click [START_REF] Biggs | Grafting to" of RAFTed Responsive Polymers to Glass Substrates by Thiol-Ene and Critical Comparison to Thiol-Gold Coupling[END_REF], but they are still limited to a particular type of substrates. The use of a crosslinked polymer layers could thus provide an alternative way for substrate independency as the crosslinking reaction should not be affected by the underlying substrate [START_REF] Wang | Thermal Approaches to Perpendicular Block Copolymer Microdomains in Thin Films: A Review and Appraisal[END_REF].

In Both thermal-and UV-crosslinking reactions used in order to obtain a neutral layer are all following a two-step procedure: a spin-coating step and a subsequent crosslinking. Moni et al.

reported the only study describing an one-step process to produce a crosslinked underlayer of poly(divinyl benzene) (PDVB) using iCVD (Initiated Chemical Vapour Deposition) [START_REF] Moni | Ultrathin and Conformal Initiated Chemical-Vapor-Deposited Layers of Systematically Varied Surface Energy for Controlling the Directed Self-Assembly of Block CoPolymers[END_REF]. The mechanism of formation of the PDVB layer will be discuss in the 3 rd chapter as they further used this methodology to deposit a neutral top-coat layer.

Methods for directed self-assembly

One of the challenges for the integration of the BCPs in the microelectronics industry is the lack of long-range ordering of the BCP structures. Indeed, most of the applications required the precise positioning or registration of the BCP domains; however, a polygrain BCP structure is experimentally observed in thin film due to slow coarsening kinetics, even if the equilibrium energy state of a BCP nanostructured film is a single grain of well-ordered domains. This weak thermodynamic driving force led scientists to develop DSA methods providing means to control domain alignment and orientation while inducing defect annihilation at grain boundaries. The most developed methods of alignment are graphoepitaxy, which is based on the use of topographical constraints to guide the BCP self-assembly, and chemoepitaxy, which used chemical affinity to drive the self-assembly process.

a) Graphoepitaxy

The graphoepitaxy technique consists of depositing a BCP into topographical patterns (generally trenches) obtained by optical lithography. The pattern will act as a physical guide for the BCP nanostructure to align during the annealing process. Indeed, the BCP domains will be constrained by both side walls, which will lead to an orientational field inducing the long-range ordering of the BCP structure. Moreover, this lateral ordering is generally enforced by inducing a selective wetting of one of the block at the side walls by grafting homopolymer brushes for example [START_REF] Bita | Graphoepitaxy of Self-Assembled Block Copolymers on Two-Dimensional Periodic Patterned Templates[END_REF], [START_REF] Jeong | Directed self-assembly of block copolymers for next generation nanolithography[END_REF]. Figure 1-32 shows the principle of the technique for the alignment of a lamellar-forming BCP [START_REF] Jeong | Directed self-assembly of block copolymers for next generation nanolithography[END_REF]. Graphoexpitaxy implies the use of photosensitive resins to fabricate the guiding patterns.

However, the self-assembly of the BCP often requires the use of solvents and high annealing temperatures (200-250°C) that might damage most of the commercially available resins. Some studies highlight the use of silica-based inorganic resins or the chemical modification of conventional resins to address this problem [START_REF] Chevalier | Study and optimization of the parameters governing the block copolymer self-assembly: toward a future integration in lithographic process[END_REF]. Another solution is to use the resin as a sacrificial layer: the pattern of the resin is transferred into a hard material in order to obtain a topographical feature that is resistant to the BCP self-assembly conditions.

The dimensions of the guiding pattern are also a key parameter for the control of the BCP ordering.

The periodicity of the template should be an integer number of the periodicity of the selfassembled BCP in order not to distort the BCP chains [START_REF] Segalman | Graphoepitaxy of Spherical Domain Block Copolymer Films[END_REF], [START_REF] Kim | The SMARTTM Process for Directed Block Co-Polymer Self-Assembly[END_REF], The width of the pattern is also crucial for the alignment of the BCP domains as the alignment of the BCP is mostly induced by the walls of the topographical pattern. In the case of trenches, the alignment quality can be lost in the center of the pattern if the trench width exceeds a certain threshold value [START_REF] Segalman | Graphoepitaxy of Spherical Domain Block Copolymer Films[END_REF], [START_REF] Morris | Directed self-assembly of block copolymers for nanocircuitry fabrication[END_REF].

b) Chemoepitaxy

The chemoepitaxy consists of depositing the BCP chains on a chemically patterned surface having an affinity with one of the blocks in order to promote the alignment of the BCP domains as shown in the Figure 1-34 [START_REF] Jeong | Directed self-assembly of block copolymers for next generation nanolithography[END_REF], [START_REF] Morris | Directed self-assembly of block copolymers for nanocircuitry fabrication[END_REF]. This BCP alignment method has been the most actively researched area following the pioneering works of Nealey and co-workers, which developed a process for the alignment of lamellar-forming PS-b-PMMA. This is as today the accepted process flow for the integration of BCP self-assembly into integrated circuit manufacturing with a patented process known as the Liu-Nealey (LiNe)

process [START_REF] Liu | Fabrication of Lithographically Defined Chemically Patterned Polymer Brushes and Mats[END_REF]. deposited a photosensitive resin in order to define a pattern using immersion lithography or electron-beam lithography (step B). The periodicity of the lines has to be n times the periodicity of the lamellae in order to match the affine PS lines with the PS domains (see the step F). Moreover, to control more precisely the width of the patterned lines (to be equal to the selected BCP domain size), the resin is etched (see step C, the term "trimming" is commonly used). The crosslinked PS that is not covered by the resin is then removed by a dry etching process (step D) followed by the removal of the resin (the term "stripping" is commonly used) resulting in a patterned substrate with crosslinked PS lines. A PS-r-PMMA brush is then deposited and grafted in between the PS a b lines, which result in a surface alternating PS-affine lines and neutral areas (step E). Finally, the PS-b-PMMA is deposited and annealed in such way that the PS domains follow the crosslinked PS lines in order to obtain a long-range ordering of out-of-plane lamellae. Researchers at IBM have extended the Nealey process and proposed a process called "lift-off" (see ). The main innovation is the use of a photosensitive resin that can be "switched" from positive to negative polarity. Indeed, a chemically amplified 193 nm positive resin (CAR) is deposited and exposed using immersion lithography (step A). As stated in the previous section, the exposed part of the resin can then be removed using an alkaline solution (tetramethylammonium hydroxide -TMAH) due to the acidolysis of the pendant tertiary ester groups to produce carboxylic acid groups. The lines are further exposed to deep-UV irradiations in order to catalyse the deprotection of the remaining protecting groups (ester groups) (step B).

A neutral brush is then deposited and grafted (step C). The resin is removed with TMAH (lift-off) carrying with it the non-grafted chains of the neutral brush (step D). Finally, a PS-b-PMMA is deposited and annealed in such way that the PMMA domains follow the lines non-covered by the neutral brush leading to a long-range ordering of out-of-plane lamellae. Scientists at AZ Electronic Materials designed a similar method than the LiNe process, the only difference being that they start with the deposition of the neutral layer (see Figure 1-35(c)) [START_REF] Kim | The SMARTTM Process for Directed Block Co-Polymer Self-Assembly[END_REF]. 

III. Conclusion

In this chapter, the concept of DSA lithography based on BCP self-assembly has been introduced. We have shown that BCP self-assembly is a good alternative to address the limitations of conventional lithography methods since it allows to produce spontaneously self-assembled structures with nanometric length scale. However, some challenges remain to be tackled in order to assert the viability of this bottom-up approach at an industrial scale. The achievement of smaller features requires high-χ BCP systems whose the design and development are tedious.

Indeed, these systems have to meet several specifications which can be identified as: (i) possess a high Flory-Huggins parameter, (ii) allow the easy selective removal of one the domains to obtain a mask and (iii) have a good etching resistance in order to transfer the pattern into an underlying substrate. Moreover, the control of the organization and of the orientation at a long-range using an industrially-friendly process is needed.

The objective of our work is to demonstrate the potential of the semi-crystalline PDMSBb-PS BCP for nanolithography applications considering the specifications that were highlighted in this state-of-the-art. The following chapter will be dedicated to a fundamental study of the selfassembly behaviour of the polymer in bulk and in thin film in order to evaluate its ability to segregate into various nanostructures using industrially-friendly processes.

The next chapters will subsequently present a new methodology to control the orientation of lamellar-forming PDMSB-b-PS BCP, morphology of interest for the line/space arrays. This control was achieved with a crosslinkable top-coat material and that allows us to build complex nanostructures of the film. 

I. Introduction

Numerous studies have been performed to develop high-χ BCPs in order to decrease the characteristic dimension of the self-assembled nanostructures below 20 nm. Several strategies were highlighted in the last chapter such as the increase of the incompatibility between the blocks by incorporating inorganic atoms or by inducing crystallinity in one of the domains [1]- [3].

In this work, we decided to focus on the poly(1,1-dimethylsilacyclobutane)-b-poly(styrene) (PDMSB-b-PS) system which answers the specifications of a BCP system for lithography (Figure 2-1). Indeed, preliminary studies have shown the potential of this system to provide sub-20 nm features thanks to the Si-containing semi-crystalline block [2], [4], [5]. Moreover, this Sicontaining block provides the etching contrast between the BCP domains during subsequent pattern transfer, allowing thus the removal of the PS domains while keeping the oxidized PDMSB domains as mask [5]. A series of PDMSB-b-PS BCPs was synthetized during a former study via sequential anionic polymerization of (1,1-dimethyl silacyclobutane) and styrene (Figure 2-2) with various molecular weights and compositions. Table 2-1 summarizes the macromolecular characteristics of the BCPs.

Si b C H 3 CH 3 CH 3 CH 3 n m
The molecular weight of the BCPs was determined using a combination of size-exclusion chromatography (SEC) and 1 H NMR spectroscopy while the volume fraction of the PDMSB block was estimated from 1 H NMR spectra. The glass transitions (Tg) were determined using differential scanning calorimetry (DSC) on a TA Instruments Q100. The samples were first heated to 150°C and cooled to -160°C at 10°C.min -1 . A second heating run was then performed to 150°C at 10°C.min -1 to evaluate the Tg. As shown the Figure 23, it is possible to see two glass transitions around -70°C and 90°C corresponding to the ones of the PDMSB and PS blocks, respectively [6], [7]: the appearance of two glass transitions on the DSC traces hints a segregated state of the BCPs.

Moreover, an endothermic peak corresponding to the melting of the semi-crystalline PDMSB block can be seen on the DSC traces, confirming the potential interplay between crystallization and chemical phase separation in this particular system.

For the determination of the Flory-Huggins parameter (see in section II), we used the overall Flory degree of polymerization, NFlory, which was calculated using the density values of PDMSB (0.895 g.cm -3 ) and PS (0.969 g.cm -3 ) at 140°C and using a reference volume, ν0, of 118 Å 3 [8]. In the following parts, the polymers will be denoted as PDMSBn-b-PSm with n and m the Flory degree of polymerization of the PDMSB and PS blocks, respectively. with near to symmetric composition. Figure 234shows the intensity profile of the BCPs at 140°C.

The SAXS reflections are consistent with a lamellar structure with well-defined peaks with q/q* ratios of 1, 2, 3, 4 and 5, where q* is the wavevector of the first peak. The values of the interdomain spacing, d, were calculated from the first order peak position, q*, using the following equation: 

Determination of the Flory-Huggins interaction parameter

We have determined the Flory-Huggins parameter of the PDMSB-b-PS using our set of lamellar-forming BCPs (see in Table 2-1). Indeed, as discussed in the previous chapter, the Flory-Huggins parameter can be expressed as a linear relationship with the inverse of temperature [11]:

(eq. 2-1) χ 𝐴𝐵 = 𝐴 + 𝐵 𝑇
For a symmetric diblock copolymer, the order-disorder transition takes place in first approximation at:

(eq. 2-2) (χ 𝐴𝐵 𝑁) 𝑂𝐷𝑇 = 10.5

Consequently, by measuring the order-disorder temperature for BCPs having different degree of polymerization, it is possible to determine the χ(T) of a BCP system. For this purpose, the TODT values were measured using an Anton Paar MCR302 rheometer with a plane-plane geometry (8 mm diameter). Samples of each BCP were prepared by melt pressing the polymer within circular molds at 180°C for 10 min. The measurement of the dynamic elastic modulus (G') was performed as a function of the temperature (heating rate of 2.5°C.min -1 ) at a frequency of 1 rad.s -1 in the linear viscoelastic domain (strain, γ = 1%). Upon heating, the order to disorder transition is accompanied with a sudden drop of G' (see Figure 23456). The TODT was taken at the onset of the drop using a tangent method. For each polymer, it is finally possible to calculate the χODT using the equation 2- The Flory-Huggins interaction parameter of the PDMSB-b-PS was thus estimated to be 0.13 ± 0.06 at RT. This value is four times the value of the conventional PS-b-PMMA system (χPS-b-PMMA = 0.03 at RT [12]) which confirms the interest of using the PDMSB-b-PS architecture for the definition of sub-20 nm features. reflections are consistent with a cylindrical structure with defined peaks at q/q* ratios of 1, √3, 2, √7, 3 and √12. One can note a shift of the first order peak to lower q values from PDMSB74-b-PS224

to PDMSB207-b-PS906 which is consistent with the increase of molecular weights. From the first order peak, it is possible to determine the interdomain spacing, d, of the cylinder-forming BCPs that corresponds to the spacing between the (10) planes of the hexagonal lattice (see Table 2-3). SAXS reflections are consistent with a double gyroid structure with well-defined peaks at q/q* ratios of √6, √8, √14, √16, √20…. The first order peak is centered at a q value of 0.419 nm -1 corresponding to a unit cell dimension, aG, of 35 nm (see in In this section, we perform the self-assembly of cylinder-forming PDMSB-b-PS BCPs in thin film using a thermal annealing process. We highlight the experimental parameters that have to be taken into account in order to control the self-assembly and the orientation of PDMSB cylinders in thin films. Several strategies have been proposed in the literature in order to have a control of the morphology and its orientation, i.e. thermal annealing and variation of the BCP film thickness.

In a preliminary study, we consequently have explored these different methods in order to optimize the BCP structure. Moreover, we introduce a new parameter to control the orientation of the cylinders in thin film, the crystallinity.

For this purpose, 2% wt. solution of PDMSB74-b-PS224 was prepared in methyl isobutyl ketone. The solution was spin-coated onto silicon substrates at either 2000 rpm or 4000 rpm in order to reach film thicknesses of 42 nm and 35 nm, respectively. The BCP film was then thermally-annealed at 180°C for 5 min. The AFM characterization of this BCP layer did not reveal any self-assembled structure. To understand this phenomenon, the estimation of the surface energy of PDMSB and PS was performed by measuring the contact angle of three typical liquids (water, diiodomethane and ethylene glycol) on PDMSB-OH and PS-OH brushes grafted on silicon substrates at 200°C for 75 s.

The angles were determined with a Drop Shape Analyzer -DSA100 (KRÜSS) and the surface energy was estimated using the Owens, Wendt, Rabel and Kaelble (OWRK) method. As shown in the Table 2-5, PDMSB has a low surface energy consistent with the formation of a PDMSB-wetting layer on top of the PDMSB-b-PS self-assembled structure. We consequently performed a CF4/O2 (17 sccm of CF4, 3 sccm of O2, 40W and 45 s) reactive ion etch (RIE) treatment in PE-100 chamber (RIE, Plasma Etch) to remove this PDMSB wetting layer and Figure 2-11 shows AFM images of the PDMSB74-b-PS224 films after this etching step. As expected, the affinity of the PDMSB block for the free interface led to a parallel orientation of the PDMSB cylinders. The interdomain spacing, L0, of the PDMSB cylinders was found to be ~21 nm for both thicknesses. L0 was determined using the 2D-Fast Fourier Transform (FFT) of the topographical images. There is consequently a factor of 2/√3 between this value and the d-spacing deduced from the SAXS data which corresponds from the spacing between the (10) planes of the hexagonal lattice.

For a film thickness of 42 nm (corresponding to ~ 2L0), a smooth film is obtained ( We used an image analysis tool developed by Murphy et al. [19] in order to highlight the relationship between the improvement of the ordering and the annealing time. This tool is an available macro that can be uploaded on the Image J software to evaluate the characteristics (such as the density of defects or the correlation length) of in-plane cylinder-or lamellar-forming nanostructures. The correlation length is related to the degree of ordering of the nanostructured film. It describes the average distance over which the orientational order is maintained. Figure This analysis is thus in agreement with an enhanced diffusion of the polymer chains with the increase of the thermal budget as reported in the literature [20]- [22]. To understand this behaviour, we looked at the DSC thermograms of the polymers (Figure 23456789101112131415).

As the molecular weight of the polymer increased, the size of the PDMSB domains concurrently increased (for nearly constant composition) leading to an increase of the stacking of folded chains.

As the Tm, PDMSB is related to the thickness of the crystalline lamellar stack, there is thus a shift of the Tm, PDMSB to higher temperatures [23].

Consequently, we can access a range of melting temperatures around the RT, with the small molecular weight PDMSB-b-PS having a melting temperature below RT, while the higher molecular weight ones having a melting temperature above this threshold value. Consequently, it appears that a correlation exists between the orientation of the cylinders and the Tm, PDMSB with the respect to the RT: in-plane cylinders are obtained for the BCPs having a melting temperature . This is due to the non-commensurability of the film thickness with the periodicity of the cylinders. Indeed, as the average film thickness is less than a repeating distance (21.9 nm), hills and valleys are formed such that in higher regions the thickness is equal to an integer number of repeat distances [13]. For the thin film containing 50% of PDMSB74-b-PS224, a smoother film is obtained with a mixed orientation consisting of out-of-plane cylinders and ill-defined in-plane cylinders (see in the This out-of-plane orientation is obtained for the blend having a Tm, PDMSB close to 20°C, which is in agreement with our hypothesis of an underlying crystallization that kinetically trapped the perpendicular structure. Moreover, the persistence of the out-of-plane cylinders regardless of the film thickness allows thus to decorrelate this orientation from an effect related to the commensurability between the thickness and the periodicity of the domains. The self-assembly of cylinder-forming PDMSB-b-PS was performed in thin film using a thermal annealing process. We studied some of the main parameters that have been proposed in the literature for the formation of well-defined nanostructures that are the thermal annealing time and the variation of the BCP film thickness. In the case of our semi-crystalline system, we also hilighted the effect of the cristallinity on the orientation of the cylinders in the film. Indeed, by playing with the melting temperature of the PDMSB block with the respect to RT, it is possible to balance the thermodynamic with a fast crystallization to kinetically trapped the perpendicular orientation. Consequently, it is possible to obtain well-defined out-of-plane cylinders for different film thicknesses without using neutral layers.

Gyroid-forming PDMSB-b-PS BCP

Among the wide range of accessible BCP self-assembled structures, the three-dimensional double gyroid (DG) phase is of particular interest because of its bicontinuous structure. As noted in the Introduction section, this bicontinuous phase consists of two interwoven continuous networks of the minority polymer block held in a matrix phase of the majority block. The gyroid phase has been observed in bulk for diblock copolymers [24], [25], blends of two diblock copolymers [26], blends of diblocks with homopolymers [27], [28] and small plasticizing molecules [29]. Although many studies were performed on the phase behaviour of the DG phase in bulk, only few studies on BCP forming DG in thin films were reported [4], [30]- [35]. The first reason is that the DG structure is located in a narrow window of the phase diagram which makes difficult to target the required macromolecular characteristics. When having the appropriated BCP system, the formation of this 3D structure in thin film is another challenge. Indeed, the stability of the DG phase is influenced by many parameters such as the commensurability between the film thickness and the unit cell lattice, the interactions between the film and the surface leading in some cases to the suppression of the structure or to order-order transitions [34], [36].

Moreover, all the reported self-assembled nanostructures were obtained using a solvent annealing [4], [32]- [35] or long thermal-annealing [30], [31] processes. For these reasons, we decided to study the self-assembly of the gyroid-forming PDMSB54-b-PS124 in thin film using a thermal annealing process. We have explored the parameters that are inherent to the formation and stabilization of the structure in thin film, i.e the thermal annealing temperature and the film thickness.

For this purpose, 3% wt. of PDMSB54-b-PS124 in a mixture of THF and propylene glycol methyl ether acetate (PGMEA) (70:30) were spin-coated on silicon substrate at 1000 rpm to reach a 200 nm thickness (thus above the DG unit cell determined by SAXS, aG = 35 nm). The self-assembly of PDMSB54-b-PS124 thin film was achieved with a thermal annealing at 180°C for 5 min. The CF4/O2 RIE treatment was then applied to preferentially remove the PDMSB phase. The structure and its orientation were also confirmed by GISAXS. As shown in the Figure 2-22, the GISAXS experimental data matches the simulated pattern obtained for a 𝐼𝑎3 ̅ 𝑑 cubic structure with the (211) DG plane parallel to the air surface. From the GISAXS results, it is also possible to extract the unit cell dimension of the structure which was found to be 36.5 nm which is in good agreement with SAXS analysis (see section II.4). SCFT study during the epitaxial cylinder-to-gyroid transition [37]. SCFT calculations were also performed by Ji et al. to show that lamellar-to-gyroid transition could also occur from a metastable cylinder-like phase with a similar pattern to the one we observed in Figure 2-23(a) [38]. At 180°C, the DG structure with the characteristic "double wave" pattern (Figure 2-23(c)) is retrieved.

By increasing the annealing temperature, an order-order transition from the DG structure to inplane PDMSB cylinders was observed as it can be expected from the phase diagram (Figure 2-23(e)). Indeed, the χ parameter of the system decreases with the increase of the temperature, shifting the BCP equilibrium phase toward the cylindrical window. To study the effect of the film thickness, the same experiment was performed with a film thickness around 70 nm (twice the unit cell dimension). Interestingly, we were not able to stabilize the gyroid morphology. Indeed, there is a direct transition from the metastable "dot and line" pattern to in-plane PDMSB cylinders. This result is similar to the work of Aissou et al. where they showed that the complete formation of the gyroid requires a film thickness well above the unit cell lattice for similar annealing conditions [4]. In our case, the stabilization of the DG phase occurs for a film thickness which is four times the unit cell dimension. Finally, if we keep increasing the annealing time at the same temperatures, there is a direct transition from the metastable "dot and line" pattern to in-plane PDMSB cylinders with a 18.2 nm periodicity. This structure seems thus to be the most stable structure for these conditions. In summary, we reported the successful stabilization of a gyroid structure with the smallest unit cell reported up to date using a short thermal annealing process. We also highlighted the main parameters leading to the stabilization of this particular structure in thin film: a rapid and high temperature annealing is required to kinetically trap the DG structure in films largely thicker than the DG unit cell. Indeed, such configuration allows a decrease of the interactions between the BCP film and the interfaces (substrate and/or air) while limiting the geometric confinement due to the three-dimensional nature of the DG structure. 

IV. Conclusion

To conclude, the phase behaviour of the PDMSB-b-PS system was deciphered in order to highlight its potential for nanolithography applications. The Flory-Huggins parameter of the PDMSB-b-PS system was estimated to be 0.13 ± 0.06 at RT which is four times the value of the conventional PS-b-PMMA BCP (χPS-b-PMMA = 0.03 at RT [12]). Moreover, we have demonstrated the ability of the PDMSB-b-PS to segregate into lamellae, gyroid and cylindrical nanostructures in bulk and have provided an understanding of the self-assembly behaviour of our semi-crystalline BCPs in thin film. Cylindrical and gyroid nanostructures were obtained in thin film using industriallyfriendly processes (i.e. thermal annealing, compatible solvents and fast process) with an emphasis on the parameters that have to be taken into account for the control of the organisation and orientation of the nanostructures. In this context, out-of-plane and in-plane cylinders were obtained with various periodicities and the stabilization of a DG structure in thin film was demonstrated using a short thermal annealing process.

Nevertheless, the main structure of interest for BCP lithography is related to an out-ofplane lamellar morphology, which is difficult to stabilize for high-χ systems due to the important mismatch of surface energy between the BCP domains. Consequently, the next chapter will be dedicated to the methodologies allowing the formation of out-of-plane lamellae in the thin film configuration. In this chapter, we propose an approach to control the orientation of lamellar-forming PDMSB-b-PS BCP as it is the main structure of interest for BCP lithography. The design of a TC material that provides an easy deposition of the material on top of the BCP layer, a tuning of its surface energy and a crosslinking ability is described. Crosslinking the TC using a thermal crosslinking agent is achieved in 3 min. This TC was further used for the self-assembly of three lamellar-forming PDMSB-b-PS BCPs leading to smooth films of out-of-plane lamellae with 14.6 nm, 17.2 nm and 22.7 nm periodicities. Finally, taking advantage of the crosslinking ability of our TC material, we use the TC as a new substrate to build multi-layers stacks with a controlledorientation of each BCP layer.

Design of crosslinkable top-coats for the controlled orientation of block copolymer structures

I. Neutral top-coats: state of the art

In the case of high-χ BCPs, thermodynamics often drives the self-assembled nanostructure toward a parallel orientation as the block with the lower surface energy tends to form a wetting layer at the free interface. However, the perpendicular orientation is preferred for most applications in order to generate a topographical pattern after the selective removal of one of the domains. These patterns could indeed be used for nanolithography applications as well as for the production of hydrophobic surfaces, nanoporous membranes or low refractive index films [1]. To overcome this limitation, one has to neutralize the interfacial energy of both segregated domains with the bottom and top surfaces to induce a perpendicular orientation of the BCP structure. While the neutralization of the bottom interface by grafted polymer layers is well-documented [2]- [12],

studies are currently devoted to the development of top-coats (TCs) allowing a mitigation of the surface energy effects at the polymer/air interface. A TC is a material that is generally deposited on the BCP film to control the selective wetting behaviour at the polymer/air during the annealing process in order to produce a perpendicular orientation of the BCP domains. There are several parameters that have to be taken into account to choose a TC. Firstly, the material has to be neutral for the BCP domains which limits the type of accessible material chemistry. Secondly, the deposition method has to be compatible with the underlying BCP layer in order to keep it intact while depositing the TC. For instance, if the TC is deposited by spin-coating, the solvent of the TC shall not dissolve or extensively swell the BCP layer meaning that the solvent has to be orthogonal to the BCP. However, materials that are soluble in those orthogonal solvents have different physical-chemistry properties from the ones of the targeted BCP meaning a different interfacial energy. Moreover, once an appropriate material has been chosen, one has to insure a uniform coating of the TC on the BCP film. The following section will present the different strategies that were developed in order to overcome these issues. As only a few examples were reported in the literature, each approach will be described in details and will be discussed in terms of efficiency, cost and viability at industry level.

Use of a top-coat in solvent vapour annealing process

Kim et al. used a poly(vinyl acetate)-r-poly(vinyl alcohol) (PVA) as a TC to control the orientation of PS-b-PDMS thin films [13]. The random PVA copolymers are commercially available at low cost, making it compatible for a development at the industrial level. In addition, they are soluble in polar solvents that are usually orthogonal to the majority of high-χ BCPs. Consequently, the PVA copolymers can be deposited by spin-coating without damaging the underlying BCP film.

Finally, thanks to a tuneable hydrolysis degree, it is possible to access a wide range of surface energy allowing to envision the use of this random copolymer architecture for various BCP systems. Kim et al. used thus a partially hydrolysed PVA layer to obtain out-of-plane cylinders of PS-b-PDMS by acetone vapour annealing. Three TCs with different hydrolysis degree (40%, 80% and 89% denoted PVA40, PVA80 and PVA89, respectively) were studied in order to find the optimum conditions for a perpendicular alignment of the cylinders regardless of the thickness of the film.

A calculation of the interfacial energies using the Wu's method showed that PVA40 has a lower interfacial energy difference with the PS and PDMS domains. This can be explained by a Hildebrand solubility parameter (H) that is closer to PS and PDMS as compare to the PVA80 and PVA89 (HPVA40 ≈ 19.6 MPa ½ , HPS ≈ 17.5 MPa ½ , HPDMS ≈ 15.0 MPa ½ et HPVA-fully hydrolysed ≈ 25.8 MPa ½ ).

This interfacial energy is even more reduced in the swollen state, due to a screening effect of the solvent molecules, which thus allows approaching a total neutrality of the TC regarding the BCP domains. Finally, PVA40 has a solubility parameter close to that of acetone (Hacetone ≈ 20.3 MPa ½ ) and a high rate of acetone vapour swelling can thus be achieved providing enough mobility for the BCP chains to organize. Figure 3-1(a) and (b) show the SEM images of the out-of-plane cylinders obtained using the TC via the solvent vapour annealing process. However, it is important to note that the perpendicular orientation of the cylinders strongly depends on the annealing method.

Indeed, as shown the Figure 3-1(c), in-plane cylinders are obtained when using a thermal annealing process regardless the use of the PVA TC. When a solvent vapour annealing process is performed in the absence of TC, out-of-plane PDMS cylinders are produced through the thickness of the film but a wetting layer of in-plane PDMS cylinders is visible at the top interface (see Figure 3-1(d)). In addition, the thickness of the TC has to be optimized to control the solvent vapour concentration gradient in the film, which is the crucial parameter in the self-assembly process.

This technique is therefore limited to one type of BCP system and studies remain to be performed in order to establish the viability of the approach at industrial scale, since the use of solvent vapour annealing could be detrimental for the industrial integration. However, several improvements are still needed to translate this proof of concept into a robust method for the lithographic industry. Indeed, the design of these specific TCs is tedious. The emphasis of the balance between neutrality and solubility is not always possible to achieve depending on the BCP systems. The optimization of the chemistry between the various monomers (solubility switch vs neutrality) needs to be repeated for each new BCP system and probably even for each variation in composition, rendering this approach difficult to generalize [17].

Willson's team thus developed, in 2013, new TC materials to overcome these drawbacks. The maleic anhydride unit is still present but associated with two styrene units to form an alternating copolymer whose ratio of styrene units is supposed to extend the accessible range of surface energies although no surface energy measurements supported this hypothesis (Figure 3-4) [17], [18]. A poly(methyl methacrylate)-b-poly(hexafluoro isopropyl methacrylate) BCP was chosen as additive. Indeed, the fluorine-rich block has a low surface energy that will promote the migration of the additive at the top interface during the self-assembly process [21]. On the other hand, the methacrylate block confers the neutrality of the polymer with respect to PS-b-P2VP [22]. In addition, the poly(methyl methacrylate)-b-poly(hexafluoro isopropyl methacrylate) system was proven to be easily removed during the following process steps.

Using Gas Cluster Ion Beams -X-ray photoelectron spectroscopy (GCIB-XPS), a significant fluorine concentration was revealed on the first nanometers of the film which is consistent with the presence of a TC when the additives concentration is sufficiently high (20% weight compared to the BCP). Out-of-plane lamellae with a period of 28 nm were thus obtained with this process as shown in Figure 3-7(b) [19]. This approach allows simplifying the self-assembly process and the orientation of the PS-b-P2VP because it does not require the additional step of a TC deposition. Consequently, it avoids the associated issues such as the compatibility between the solvents of the BCP and the TC. In addition, it is possible to anneal at a higher temperature (here, 250°C for 5 min) which decreases the self-assembly defects while this temperature is generally limited to the TC glass transition to prevent diffusion of the TC through the BCP layer [16]. However, a large load of additives is necessary to obtain the total covering of the surface and to minimize the mixing with the BCP leading to detrimental dewetting phenomenon.

Following a similar methodology, Ankit et al. added a hexafluoroalcohol polymer (PHFA)

to the formulation of their high-χ poly(styrene)-b-poly(methyl 5-methyl-2-oxo-1,3-dioxane-5carboxylate) (PS-b-PTMC-Me) BCP [23]. Similarly, the addition of fluorinated groups allows the orientation of the BCP at the air interface as shown in Figure 3-8(a)) [21]. Due to the presence of fluorinated tertiary alcohols, this additive only segregates on the top of the PTMC-Me domains thanks to hydrogen bonding with the polar carbonyl groups (Figure 3-8(b)) [10][11]. This approach reduces the high surface energy of the carboxylate block to compensate the BCP/air interfacial energy resulting in a perpendicular orientation of the lamellae (Figure 3-8(c)) [26]. In addition, it requires a much lower concentration of additive (2% weight) compared to the previous approach for which a total surface coverage was required [19]. An indirect demonstration was performed to highlight the preferential interaction of the additive with the block PTMC-Me. For this purpose, the BCP was deposited on top of a PHFA underlayer. P2VP into out-of-plane lamellae through the use of a TC [27]. The originality of this approach lies on the deposition process of the neutral layer as it is deposited in vapour phase by iCVD (Figure 3-10) [28]. For this purpose, monomer and initiator molecules are sent through hot tubes (200-300°C) in a vacuum chamber containing the BCP film. There is thus a decomposition of the initiator into free radicals with the temperature while the monomer, more stable, remains intact.

As shown in

By keeping the BCP film at a lower temperature (20-50°C), reactive molecules adsorbed on the surface of the film on which the radical polymerization of the monomers occurs [29], [30]. In this study, divinylbenzene (DVB) and di-tert-butyl peroxide were used as monomer and initiator, respectively. The temperature causes the cleavage of the O-O bond of the di-tert-butyl peroxide which is then separated into β-tert-butoxy radicals to form methyl radicals [31]. Nealey and co-workers hypothesized that these small and highly reactive molecules could be solvated and diffuse at the interface between the BCP and the PDVB layer being formed [30]. These radicals could activate the aromatic carbons of the P2VP and PS cycles present at the surface by extracting protons and the resulting active sites would then be able to react with DVB [32], [33]. The existence of this layer grafted to the P2VP-b-PS-b-P2VP was confirmed by contact angle measurements, angle resolved X-Ray photoelectron spectroscopy (ARXPS) and attenuated total reflection-Fourier-transform infrared spectroscopy (ATR-FTIR), that showed the presence of pyridine and polysubstituted pyridine moieties. This grafted polymer interface is supposed to be responsible for neutralizing the P2VP-b-PS-b-P2VP/air interfacial energy and thus for the perpendicular orientation of the lamellae.

An inorganic mask of alumina was then obtained by selective infiltration of aluminium precursors into the P2VP domains, allowing the transfer of a 18.5 nm period pattern into a silicon substrate as shown in the Figure 3-11. Finally, a chemo-epitaxy process was used to direct the self-assembly and a photosensitive resin was deposited on the TC to define patterns on a larger scale by electron beam lithography as shown in Figure 3-12. However, this process is associated to some bottlenecks as regards to its implementation in microelectronics. First of all, the iCVD chamber is a very specific and expensive equipment, not readily available on common lithography tracks. Moreover, this approach is not versatile as it is limited to BCP systems bearing aromatic rings. Finally, dewetting issues during the TC deposition and the thermal annealing have also to be taken into account.

Oh et al. proposed a more general method to create out-of-plane orientations using a filtered argon plasma treatment of the BCP films (Figure 3-13) [34]. This specific plasma allows physical collisions between atoms to occur on the top-surface of the BCP film without damaging it. Indeed, the filter is supposed to block the ion bombardment and the generated VUV/UV, so that only the neutral argon species can interact with the first few nanometers of the BCP film to form a crosslinked layer. The integrity of the BCP film after the filtered plasma was confirmed by ARXPS.

It is this crosslinking process freezing the BCP in its disordered (as-cast) state that is supposed to enable the neutralization at the free surface even if no surface energy measurements were reported to support this hypothesis. This approach is very powerful and can be applied to numerous BCP systems as the neutral layer is obtained through the disordered (and thus compositionally similar) BCP state.

These studies led us to establish the following list of criteria for the development of a neutral TC in order to control the self-assembly of high-χ lamellar-forming BCPs in thin film using a thermal annealing process:

The TC has to be neutral for the targeted BCP, i.e. the mismatch of interfacial energy between the BCP domains and the interfaces should be minimized.

The neutrality of the TC should be easily tunable in order to apply the methodology to various BCP systems with different molecular weights and compositions, i.e. macromolecular design through the variation of TC composition should allow to access a large range of surface energy.

The deposition of the TC should keep the underlying BCP film intact.

The deposition process has to be simple and at low cost to be viable at industrial level.

The TC has to allow high temperature annealing of the BCP layer to promote the selfassembly while avoiding dewetting of the BCP layer during the thermal process, i.e. the kinetics of crosslinking has to be faster than the dewetting kinetics.

The TC should be easily removed by either plasma or wet chemistries.

II. Development of a crosslinkable top-coat

Considering our industrial requirements and the previous studies, we choose to develop a crosslinkable neutral TC. The main advantage of using a crosslinked layer as neutral TC is to mechanically maintain the BCP film during the thermal annealing step to avoid dewetting issues (Figure 3 Moreover, a crosslinked neutral layer can also act as a new "substrate" to deposit a subsequent BCP layer [34]. By repeating the process, it would be thus possible to build multi-layer stacks with BCPs of different morphologies, periodicities or thicknesses independent of the BCP layers thanks to the intermediate TC layers. The orientation of the different BCP layers could be achieved by controlling the surface energy of each TC (by varying its chemical composition) in a simple manner.

III. Characterization of the top-coats

A series of random copolymers was synthetized via controlled free-radical polymerization in the Groupement de Recherche de Lacq (Arkema) with a molecular weight ranging from 2000 to 3000 g.mol -1 . The Table 3-1 summarizes the macromolecular characteristics of the polymers. In the following parts, the different polymers will be rated as GwMxHeyHpz with w, x, y and z the respective molar fraction of 2,3-epoxypropyl methacrylate (so-called GMA for glycidyl methacrylate), 2,2,2-trifluoroethyl methacrylate (so-called Matrife), hydroxyethyl methacrylate (HEMA) and hydroxypropyl methacrylate (HPMA) in the polymer. Four polymers (G25M75, G27M47He26, G25M37.5He37.5, G20M24He56) were synthetized with various Matrife/HEMA ratio while keeping the GMA content constant to study the effect of (i) the Matrife/HEMA ratio on the surface energy of the polymer; (ii) the HEMA content on the solubility of the polymer in polar solvents.

The G65Hp35 was synthetized with a higher content of GMA to study its effect on the crosslinking reaction. 

IV. Crosslinking characterization

The crosslinking reaction of the TCs developed in this study is based on the catalysed ringopening of the epoxy group, similarly to the one involved within CARs (see Introduction section).

Indeed, the carbons of an epoxide group are considered as reactive electrophiles mainly due to the strained ring that can be opened upon a nucleophilic attack. The catalyst of this reaction is an acid that can be thermally-activated. In this work, the ammonium trifluoromethanesulfonate (ATMS) was chosen as thermally-activated acid to initiate the crosslinking reaction of the TC (see the structure in Figure 3-19(a)). Upon heating, the ATMS undergoes a thermal decomposition releasing a proton that will induce the opening of the epoxy group ( The crosslinking reaction of the TCs was followed by DSC. For this purpose, solutions of 20% wt.

in ethanol of G25M75, G27M47He26, G25M37.5He37.5, G20M24He56, G65Hp35 and ATMS were prepared. 60 μL of TC/ATMS blends (9:1) were drop-casted into DSC pans and dried in open air until the complete evaporation of the solvent. The polymer/ATMS blends were first annealed for 3 min above the Tg of the TCs at 90°C and quenched at -70°C. A temperature ramp was then performed until 240°C to follow the crosslinking exotherm. Finally, a second quenching followed by a heating ramp was performed in order to verify that the polymer was fully crosslinked. To follow the crosslinking reaction in a thin film configuration, 2% wt. solutions of G25M75, G27M47He26, G25M37.5He37.5, G20M24He56 and G65Hp35 were prepared in 1-methoxy-2-propanol. 2%

wt. solution of ATMS was prepared in ethanol and added to the polymer solution with a volume ratio of 9:1. Films were then obtained by spin-coating at 2000 rpm the polymer/ATMS solution on silicon substrate in order to reach a film thickness of 60 nm. Finally, the films were heated at 90°C to initiate the crosslinking of the TCs. G27M47He26, G25M37.5He37.5, G20M24He56) or methanol (for G25M75). As shown the Figure 3-21, the crosslinking reaction of the G25M75, G27M47He26, G25M37.5He37.5 and G20M24He56 is rapid and the polymer films are fully crosslinked after only 3 minutes at 90°C. One can note that the crosslinking reaction of the G25M75 is slower than the crosslinking reaction of the other polymers, which means that the hydroxy-block is also involved in the crosslinking mechanism. In order to probe the crosslinking mechanism of the polymer, ATR-FTIR measurements were performed on drop-casted films as a function of the heating time. Figure 3-22 shows the FTIR spectrum of an as-cast G25M37.5He37.5 film. The spectrum corresponds to the typical spectrum of a methacrylate-based polymer with the presence of the characteristic peaks of the ester and of the aliphatic carbons. The hydroxyl groups of the HEMA units are also visible with the presence of the O-H and C-O bonds stretching at 3500 cm -1 and 1070 cm -1 , respectively. Moreover, the C-O bond stretching of the epoxy group can be observed at 1220 cm -1 (see Table 3-2 for the detailed assignments [35]). However, it was not possible to clearly identify the characteristic signal of the trifluoromethyl group due to an overlap of the C-F signal with the stretching modes of the -C-O-Cgroup between 1400 cm -1 and 1000 cm -1 . Finally, as the main objective of developing a crosslinkable neutral material was to mechanically maintain the BCP film to avoid its dewetting during thermal annealing, mechanical measurements were performed. We measured the Young modulus of G25M37.5He37.5/ATMS by AFM to have an insight into the hardness of the material. As shown the Figure 3-24, there is an increase of the Young modulus with the heating time, in line with a crosslinking reaction of the TC layer. 

V. Self-assembly of the PDMSB-b-PS with the crosslinkable top-coat

The self-assembly of the lamellar-forming PDMSB120-b-PS143 (see relevant characteristic in the Table 3-3) was performed using the crosslinkable TCs. For this purpose, we investigated the effect of the TC composition on the BCP self-assembly. G27M47He26, G25M37.5He37.5, G20M24He56 and G65Hp35 were chosen as TCs while G27M47He26 and G25M37.5He37.5 were used as underlayers (ULs)

to tune the surface energy of the substrate. Moreover, we decided to use a hydroxyl-terminated poly(methyl heptyl acrylate) (PMHA) as a third UL. This polymer has nearly the same surface energy as the G27M47He26 which would allow us to eventually determine the effect of the polymer structure on the final BCP assembly. The G27M47He26, G25M37.5He37.5 and PMHA were thus grafted onto silicon substrates via their hydroxyl groups before performing the self-assembly of the PDMSB120-b-PS143 using different TCs. The same procedure was used for all the tests and is The Figure 3-27 summarizes the different orientations of the PDMSB120-b-PS143 that were observed by SEM after the removal of the TCs. In-plane lamellae are obtained when using the G65Hp35 as TC for almost all the ULs which could be expected from the surface energy measurements (Figure 3-18). In the same way, an in-plane orientation is observed when using the G27M47He26 as TC associated to the G27M47He26 and G25M37.5He37.5 as ULs. When we keep decreasing the surface energy of the TC, we start to observe out-of-plane lamellae until a fully-perpendicular lamellar structure (pitch: 17.2 nm) is obtained with the use of G27M47He26 regardless of the ULs.

Interestingly, when we use the PMHA as UL, out-of-plane lamellae are obtained for almost all the TCs. It can thus be assumed that there is an "orientational field" induced by the neutrality of the UL which can be sufficient to drive the out-of-plane orientation of the lamellae through the thickness of the film. To further understand these results, the interfacial energies of both PDMSB and PS with the UL and TC were estimated using a harmonic mean equation describing the polymer-surface interfacial interactions [38]: where γpolymer-surface is the interfacial energy between the PDMSB or PS block and the UL or TC. γ is the total surface energy while γ d and γ p are the dispersive and polar components of the total surface energy, respectively.

𝛾 𝑝𝑜𝑙𝑦𝑚𝑒𝑟-𝑠𝑢𝑟𝑓𝑎𝑐𝑒 =
The respective interfacial energy of the PDMSB and PS blocks with each UL and TC layer were calculated using the surface energy measurements performed on PDMSB-OH and PS-OH grafted on Si wafers as described in the previous chapter, while the surface energy of the crosslinked TCs and the grafted ULs were determined using the estimation of the contact angle with three typical liquids (water, diiodomethane and ethylene glycol) by the OWRK model (Figure 3-28). The main objective of using neutral layers at the bottom and top interfaces is to avoid a preferential interaction of one of the domains with the substrate and/or the air. When appropriately chosen, these materials should thus lead to a minimization of the interfacial energy difference between the domains and the interfaces resulting in a perpendicular orientation of the domains. Contrary to our expectations, the ULs and TCs allowing an out-of-plane orientation of the PDMSB120-b-PS143 lamellae (PMHA and G27M47He26, respectively) are the ones for which the interfacial energy difference, ΔγPS-PDMSB = γPS-surface -γPDMSB-surface, is the highest (see Table 3-4 and Table 3 -5).This apparent lack of correlation could be attributed to the harmonic mean equation that has been used for the calculation of the interfacial energies. Indeed, we used a harmonic mean to predict the interfacial energy between polymers and low energy materials which might not be the most suitable approximation for such layers [39]. Moreover, the temperature is not taken into account in the evaluation of the surface energy. As the self-assembly of the BCP occurs at 240°C, it means that the measurements performed at RT do not reflect the actual surface energies of the layers during the thermal annealing process [40].

Nevertheless, it is noteworthy that the out-of-plane lamellae are obtained for the smallest values of γPDMSB-surface. Consequently, it appears that the lowering of the interfacial energy between the PDMSB and both interfaces is the driving force inducing the perpendicular orientation of the BCP domains (making the assumptions that our surface energy measurements correctly reflected the state of the system during the thermal annealing). In order to validate the ability of our crosslinkable layers to obtain out-of-plane lamellae, we also performed the self-assembly of two other BCPs (PDMSB84-b-PS123 and PDMSB165-b-PS195), by γpolymer-surface (mN.m -1 ) PMHA G27M47He26 G25M37.5He37. 

VI. PDMSB-b-PS multi-layers

Finally, we decided to use the crosslinked layer as a new "substrate" to deposit a subsequent BCP layer. As shown in the Figure 3-30, it is possible to build a multi-layer stack of BCP layers in a simple manner. Indeed, after performing the self-assembly of the first BCP layer, one can use the TC as a substrate to deposit a second BCP layer. Finally, a subsequent TC can be deposit on the BCP film prior to perform the self-assembly of the BCP (see pathway 1 of the Figure 3-30). In another pathway, it is also possible to deposit and crosslink all the layers and perform a unique thermal annealing to self-assemble the two BCP layers (see pathway 2 of the Figure 3-30).

Moreover, we saw in the previous section that is was possible to control the orientation of the lamellar-forming BCPs by varying the chemical composition of the TC and UL. Consequently, by choosing the appropriate sets of UL/TC, we could thus be able to control the orientation of each BCP layer in an independent manner. As a proof of concept, we decided to stack two lamellar-forming PDMSB-b-PS BCPs having (i) different periodicities, (ii) different orientations and (iii) different thicknesses. For this purpose, we prepared 1.5% wt. and 1% wt. solutions in methyl isobutyl ketone of PDMSB120-b-PS143 and PDMSB220-b-PS238, respectively (Table 34567). The PMHA was chosen as the first UL for the self-assembly PDMSB220-b-PS238 because it offers a high versatility as regards to the choice of the top coat due to a strong "orientational field"

inducing lamellar out-of-plane orientation independently of the TC (Figure 3-27). We consequently choose one of the TCs that could lead to an in-plane orientation of the subsequent PDMSB120-b-PS143 layer, i.e. a G20M24He56/ATMS layer. Finally, we choose a G65Hp35/ATMS layer as TC for the second BCP layer. The Figure 3-31 shows the characterization of the stack by FIB-STEM.

We successfully obtain a layered stack with in-plane and out-of-plane lamellae of PDMSB120-b-PS143 and PDMSB220-b-PS238 with a periodicity of ~17 nm and ~24 nm, respectively. The bended shape can be attributed to the FIB preparation process (during the platinum deposition or during the cutting of the slide). We have further implemented this iterative self-assembly method by stacking three As out-of-plane lamellae of PDMSB165-b-PS195 and PDMSB84-b-PS123 were demonstrated using a G25M37.5He37.5/ATMS layer as both bottom and top neutral layers, this TC composition was chosen for the self-assembly of these two BCPs. Moreover, we also saw in the same section that out-ofplane lamellae of PDMSB120-b-PS143 could be obtained using G25M37.5He37.5/ATMS and G27M47He26/ATMS as TC and UL, respectively. Consequently, to build a stack of PDMSB165-b-PS195

(1 st layer), PDMSB120-b-PS143 (2 nd layer) and PDMSB84-b-PS123 (3 rd layer) having perpendicular orientation (such as the Figure 3-32), we performed the following protocol:

i. crosslinking of G25M37.5He37.5/ATMS at 240°C for 2 min followed by a rinsing step, ii. spin-coating of 2% wt. solution of PDMSB165-b-PS195 film at 1500 rpm, iii. spin-coating of G25M37.5He37.5/ATMS solution at 2000 rpm, 

VII. Conclusion

In this chapter, an approach relying on the use of TC layers to control the BCP self-assembly in thin film was developed for the production of out-of-plane PDMSB-b-PS lamellae. Indeed, we have designed a TC material that (i) prevents the lower surface energy PDMSB block to segregate at the top interface during thermal annealing (and leading to an in-plane orientation) and (ii) limits the dewetting of the BCP film during the annealing. The design of the TC layers was rationalized through the different functionalities provided by a methacrylate-based random copolymer architecture providing an easy deposition of the material on the BCP, a tuning of its surface energy and its crosslinking ability. This latter property constitutes the major originality of our approach as compared to the current state of art.

We have demonstrated the crosslinking ability of the TC using a thermal crosslinking agent that allows a fast crosslinking of the material in 3 min. This crosslinked TC was further used for the self-assembly of the lamellar-forming PDMSB120-b-PS143 in thin film and leads to the achievement of a smooth film of out-of-plane lamellae with a 17.2 nm pitch. These results were extended to two other lamellar-forming PDMSB-b-PS BCPs in order to obtain films of out-of-plane lamellae with 14.6 nm and 22.7 nm periodicities showing the versatility of the approach.

Finally, taking advantage of the crosslinking ability of our TC material, we have built two-and three-layers stacks of lamellar PDMSB-b-PS. By controlling the surface energy of the crosslinked material at bottom and top interfaces, it was possible to control the orientation of each BCP layer in an independent way. Consequently, we successfully obtained a two-layer stack of in-and outof plane lamellae with two BCPs having different periodicities and film thicknesses. We also performed the stacking of three lamellar PDMSB-b-PS BCPs although an optimization of the process remains to be done to achieve a perfect control of BCP alignment within the stack. In this chapter, we have extended the potential ability of the TC to build complex structures by investigating the patternability of the material in order to guide the self-assembly of the lamellar BCP in specific areas of the film. Three different strategies have been studied to photocrosslink the TC layer in deep-UV and in the visible range. We have compared and optimized the crosslinking efficiency of the material with various photosensitive crosslinking agents to achieve fully-crosslinked films after 2 min and 1 s of flood exposure under UV-light and deep-UV, respectively. We have then performed the patterning of the TC above the PDMSB-b-PS film, which allowed a control the orientation of the lamellae in specific areas of the film with a good resolution.

I. Introduction

The fact that the developed TCs can be photocrosslinked is the major originality of our study as compared to the current state-of-the-art. By combining the neutralization functionality with the crosslinking ability, patterning strategies by standard UV lithography, electron-beam lithography or nanoimprint can be designed which would lead to the definition of chemical patterns in order to control the BCP orientation at specific locations of the film. Nealey and coworkers already demonstrated the potential of photoresists to define patterns at a second scale with the use of a commercial resist deposited on the top of the neutral layer after the self-assembly of the BCP [1]. Here, we propose to directly use the neutral TC material as a platform for the definition of patterns through a simple process as shown in Figure 4-1. 

II. Evaluation of crosslinking systems for top-coat patterning 1. Crosslinking under deep-UV irradiation a) Absorbance of the PAGs

To photocrosslink our TCs, we have decided to use a pathway involving the use of PAG. In this work, diphenyl iodonium and triaryl sulfonium salts were chosen as PAGs since they are reported to be the most stable, efficient and in high abundance at industrial scale [3]. A series of 5

PAGs (Table 4-1) were evaluated in order to investigate the effect on the PAG characteristics of (i) the counter-anion, (ii) the cation chemistry and (iii) the chemical structure. Indeed, the cation will determine the photochemistry of the molecule including the light sensitivity, the maximum of absorbance and the thermal stability. On the other hand, the anion will determine the strength of the acid that will be formed upon photochemical decomposition of the onium cation [3]. This preliminary study was designed to choose the best candidate for the crosslinking of the TCs. As shown in the Figure 4-3, different reaction kinetics were observed for the crosslinking of G65Hp35 layers depending on the PAG: the crosslinking is 2 times faster with the dPi-PF6 and tPS-OTf than with the dPi-TS, while there is almost no reaction with the tPS-Br. Indeed, the kinetic of crosslinking is related to the nucleophilicity of the counter-anion. Weakly coordinating anions (WCA) are necessary to have a low nucleophilicity in order to reduce the ion-pairing decreasing the catalytic activity of the cations [3], [6]. To limit the nucleophilicity, the strategy is generally to shield the anion charge with phenyl groups or to surround it with poorly polarizable fluorine atoms. This is the reason why superacid-forming fluorinated anions such as hexafluorophosphate, tetrafluoroborate, hexafluoroarsenate, hexafluoroantimonate or triflate are classically used in PAG formulations. This explains the faster kinetics observed with dPi-PF6 and tPS-OTf (Figure 4-3)

[3], [7]. In the case of the tPS-Br, the negative charge is only located on the bromine atom leading to a much higher ion-pairing that completely inhibits the catalytic activity. Finally, in the case of the dPi-TS, the charge is delocalized over the oxygen which decreases the nucleophilicity of the anion explaining the intermediate kinetic profile.

Studying the reactivity of the PAGs enabled a first evalutation of the potential of theses different salts as efficient PAGs for the crosslinking of our TCs. At this stage, dPi-PF6 and tPS-OTf are the best candidates allowing a fast crosslinking reaction of the film with a reasonable loading.

2. Crosslinking in UV-visible using a photosensitizer species having low oxidation potential such as anthracenes [3].

There are two main sensitizing species: photosensitizer (pS) and photoinitiator (pI). A pS absorbs the light energy to form excited species from which an electron transfer process occurs with the onium salt in order to give a pS-cation radical and an onium radical. The radical cation will then initiate the cationic ring-opening reaction by releasing a protonic acid through the hydrogen abstraction of a hydrogen donor specie (such as protic solvent or monomer) followed by coupling reactions (Figure 4-5) [5]. On the other hand, a pI undergoes unimolecular or bimolecular photochemical reactions to yield reactive species. Indeed, a type I pI undergoes unimolecular bond cleavage upon irradiation to produce two radical species. The majority of these radicals can then be oxidized directly or indirectly by onium salts leading to the formation of cationic initiating species. In the case of type II pIs, there is a bimolecular reaction upon irradiation that involves the exited state of the pI and Films of G65Hp35/tPS-OTf/pI were thus prepared to evaluate the crosslinking ability of the G65Hp35 in the visible range using the two-components photoinitiating system. For this purpose, 2% wt. solutions of tPS-OTf/pI (DMPAP or TPO) were prepared in ethanol with a molar ratio of 0.7 and added to a 2% wt. solution of G65Hp35 at different volume ratio. The solution was then spin-coated at 2000 rpm on silicon substrate and exposed to irradiation in the visible range for different irradiation times using a UVP 280 lamp provided by Eleco Panacol. The exposure was followed by a post-exposure bake at 90°C for 1 min. As shown in Figure 45678, by increasing the photoinitating system loading, there is an increase of the photogenerated acids leading to an improvement of the crosslinking reaction of the G65Hp35 layer. It is thus possible to obtain a fully crosslinked film of G65Hp35 within 5 minutes with a volume ratio of 9:1 using tPS-OTf/DMPAP and tPS-OTf/TPO as photoinitiating system. To further decrease the exposure time without increasing too much the pI system loading, we investigated the effect of the tPS-OTf/pI molar ratio on the crosslinking kinetics. Several molar ratios of tPS-OTf and pI were prepared using 2% wt. solutions and added to a 2% wt. solution of G65Hp35 with a volume ratio of 9:1. As shown in the Figure 4-9, there is an increase of the crosslinking rate with the increase of the tPS-OTf/pI molar ratio. It means that the decrease of pI loading results in an improvement of the crosslinking kinetics. Indeed, the increase in DMPAP or TPO molar loadings results in the formation of more initiating radial species that can favour termination reactions [3]. By plotting the insoluble fraction of the G65Hp35 as a function of the tPS-OTf/pI molar ratio, one can see that the insoluble fraction reaches a plateau from 0.7 tPS-OTf/pI molar ratio ( Several films of G65Hp35/dPSPT-OTf were prepared to evaluate the crosslinking ability of the G65Hp35 in the visible range using this particular PAG. For this purpose, 2% wt. solution of dPSPT-OTf was prepared in ethanol and added to a 2% wt. solution of G65Hp35 with a volume ratio of 9:1.

The solution was then spin-coated at 2000 rpm onto silicon substrate and exposed in the visible range for different irradiation times. The exposure was followed by a post-exposure bake at 90°C for 1 min. The films were then rinsed in ethanol to remove the non-crosslinked part. As shown in In summary, three strategies have been presented in order to photocrosslink our TC materials.

Conventional PAGs have been used to photocrosslink the TCs using deep-UV. The crosslinking rate was found to be strongly related to the structure of the PAG, especially depending of the structure of the anion that is responsible for the salt reactivity. On the other hand, the polymer can also be crosslinked in the visible range using a structurally modified PAG or via a sensitizing molecule. In the latter case, it was shown that the crosslinking efficiency was determined by the termination reactions induced by the radical species of the sensitizing molecule. By optimizing the composition of the photoinitiating system, it was thus possible to reach a fully-crosslinked film in 2 min.

III. Top-coat patterning under deep-UV irradiation 1. Patterning of the TC under deep-UV irradiation on silicon substrate

In the previous section, we have demonstrated the crosslinking ability of the TCs under deep-UV irradiation using the dPi-TS, dPi-PF6 and tPS-OTf. Consequently, the self-assembly of the PDMSB120-b-PS143 was performed using the three TC/PAG formulations in order to evaluate the effect of the PAG on the TC surface energy, and subsequently on the BCP self-assembly behaviour.

For this purpose, G65Hp35 was chosen as the reference TC material for the self-assembly of the lamellar PDMSB120-b-PS143: as the material is non-neutral for the BCP, in-plane lamellae are expected as seen in Chapter 3.

2% wt. solutions of G65Hp35 were formulated with the dPi-TS, dPi-PF6 and tPS-OTf (2% wt. in ethanol) with a volume ratio of 9:1 for the dPi-PF6, 9:1 for the tPS-OTf and 8:2 for the dPi-TS according to the results of the Figure 4-3. The thickness of the PDMSB120-b-PS143 was fixed at 35 nm (~2L0) using 1% wt. solution in methyl isobutyl ketone spin-coated at 2000 rpm for 30 sec. As the BCP thickness is low, the structure will also be strongly affected by the surface energy of the substrate. Consequently, thermally-crosslinked G27M47He26, G25M37.5He37.5, G20M24He56 and G65Hp35

were used as ULs to vary the surface energy of the substrate and evaluate its effect on the orientation of the self-assembled structure. The UL/ATMS solutions (2% wt. solution of the polymer in a mixture of ethanol and 1-methoxy-2-propanol (9:1) with 2% wt. solution of ATMS in ethanol (9:1)) were thus spin-coated on silicon substrates and crosslinked at 240°C for 2 min. The PDMSB120-b-PS143 was spin-coated on top of the ULs which was followed by the spin-coating of the different G65Hp35/PAG TCs. The TCs were irradiated at 172 nm for 1 sec and baked at 90°C for 2 min. Finally, the BCP was thermally-annealed at 240°C for 5 min. The TCs were then etched with an Ar/O2 plasma (10 mTorr, 80 sccm of Ar, 40 sccm of O2 and source power: 200 W -bias power:

G65Hp35/dPi-TS G65Hp35/tPS-OTf G65Hp35/dPi-PF6 Indeed, the hexafluorophosphate anion of the dPi-PF6 contains 6 fluorine atoms which could be responsible for the decrease of the surface energy of the G65Hp35 film shifting this particular TC towards the BCP neutrality window. As the trifluoromethanesulfonate anion of the tPS-OTf contains only 3 fluorine atoms, it can be assumed that there is a slight decrease of the surface energy which is not enough to obtain out-of-plane lamellae for most of the ULs. In the case of the dPi-TS, as there is no fluorine atoms on the anion, there is not a strong evolution of the surface energy of the G65Hp35 film leading to in-plane orientation of the lamellae regardless of the ULs.

One can also note that out-of-plane lamellae were observed using the G65Hp35/tPS-OTf as TC and G27M47He26/ATMS as UL which means that the "orientational field" induced by the neutrality of the UL can be sufficient to drive the out-of-plane orientation of the lamellae through the thickness of the film. On the other hand, out-of-plane lamellae were observed with the G65Hp35/dPi-PF6 regardless the surface energy of the UL. Consequently, it could also mean that the neutrality of the TC is sufficient to drive the perpendicular orientation through the film even with a non-neutral UL.

Studying the impact of the PAGs on the polymer surface energy together with the study of their reactivity (section I.1.b)) led us to highlight two main criteria for the evaluation of the salts as pertinent PAGs for the patterning of our polymers. Indeed, the PAG should allow the crosslinking of the polymers with a low loading and within a short exposure time to be viable at industrial scale. Consequently, only dPi-PF6 and tPS-OTf can be considered. Moreover, the PAG should have minimum impact on the surface energy of the polymer in order to have further control of the interfacial energy between the crosslinked layer and the BCP. This is the key reason why the tPS-OTf was chosen as PAG for the patterning of the TC on top of the BCP thin film.

Top-coat patterning under deep-UV irradiation on top of BCP thin films

By combining the neutrality with the patternability of the TCs, it is possible to control the orientation of the BCP structure at specific locations of the film. For this purpose, 1% wt. solution of PDMSB120-b-PS143 was prepared in methyl isobutyl ketone. On the other hand, the neutral TC was prepared using 2% wt. solution of G25M37.5He37.5 in a mixture of ethanol and 1-methoxy-2propanol (9:1) mixed with 2% wt. solution of tPS-OTf in ethanol (9:1). In order to neutralize the surface energy of the substrate, the PMHA was grafted onto the silicon substrate. For this purpose, a 2% wt. solution of the polymer was prepared in methyl isobutyl ketone and spin-coated (700 rpm -1 min) on silicon substrates. Thermal treatment was then performed at 200°C for 75 s to promote the grafting of the polymer chains. The film was subsequently rinsed with methyl isobutyl ketone to remove the excess of non-grafted polymer chains. Finally, the BCP was spincoated (2000 rpm -30 sec) followed by the spin-coating of the G25M37.5He37.5/tPS-OTf TC formulation.

To selectively UV-crosslinked the neutral TC, a part of the film was covered by a portion of silicon substrate in order to mask the covered parts from deep-UV irradiation while exposing the noncovered parts as shown in Figure 4-12 (see steps 2 and 3). After performing a post-exposure bake at 90°C for 3 min, the film was rinsed in ethanol in order to remove the non-crosslinked parts. To avoid the dewetting of the PDMSB120-b-PS143 film that is not covered by the neutral TC, the nonneutral G65Hp35/tPS-OTf formulation was spin-coated and UV-crosslinked (1 sec at 172 nm -90°C for 2 min) before performing the thermal annealing of the BCP. 

Patterning of the TC in UV-visible using a photosensitizer

Before performing the patterning of the TCs using the mask aligner, we initially checked the crosslinking kinetic in flood exposure (i.e. exposure of the resist to blanket radiation (all over) with no pattern). According to the optimization process performed on the photoinitiating system (see Section II.2), 2% wt. solutions of tPS-OTf/DMPAP were prepared in ethanol with a molar ratio of 0.9 and added to a 2% wt. solution of G65Hp35 with a volume ratio of 9:1. The solution was then spin-coated at 2000 rpm on silicon substrate and exposed with the MJB4® in flood exposure mode As shown in the Figure 4-17, the crosslinking kinetics is drastically slowed down when using a mask aligner. Indeed, 30 min are necessary to achieve a complete crosslinking of the film while only 2 min was needed using the UVP 280 lamp. The same rate of crosslinking was found using the EVG6200® mask aligner as shown in the Figure 4-17.

To increase the efficiency of the crosslinking reaction and thus decrease the exposure time, postexposure bake (PEB) optimization was performed. Indeed, the PEB is a crucial step in the crosslinking process as it allows an acceleration of the crosslinking reaction. Generally, the PEB temperature range is 80-100°C to promote the diffusion of the photoacid as well as to ensure the mobility of polymer chains improving thus the crosslinking rate The patterning of G65Hp35 layers was performed with the EVG6200® mask aligner following the three sets of parameters giving the best results in flood exposure mode [{100°C-5min};{110°C-2min};{110°C-5min}] to compare the profile of the patterned lines. For this purpose, the films were exposed for 15 min through a mask with 50 μm-width lines and baked under the different predefined conditions. The films were then developed by dipping the films in ethanol and dried with compressed air. The quality of the patterns was characterized by profilometry and compared to the patterns that were obtained with the reference procedure (15 min exposure followed by a post-exposure bake at 90°C for 1 min). First, a thickness loss between 40% and 60% was observed when passing from flood exposure mode to the patterning mode. This thickness loss is reduced as the post-exposure bake temperature increases which is consistent with an enhancement of the photoacid diffusion improving the crosslinking efficiency. Moreover, one can also notice a poor development of the lines when long PEB (5 min) are applied (see in the Figure 45678910111213141516171819). It can be explained by a diffusion of the photoacid into the non-exposed areas leading to a blurring of the original mask pattern.

We can thus conclude that is it possible to pattern G65Hp35 films using the bi-component photoinitiating system. An optimization of the PEB conditions allowed an increase of the crosslinking efficiency leading to the well-defined lines of the G65Hp35 films after 15 min exposure.

Indeed, performing a fast baking at high temperature {110°C-2min} improves the diffusion of the photoacid in the exposed part (by reducing the thickness loss) while avoiding its lateral diffusion in the non-exposed parts (by limiting a blurring of the original mask pattern). However, the exposure time remains very long (15 min) which is a critical issue for industrial considerations.

Further increase of the baking temperature above 110°C was considered but did not result in a significant decrease of the exposure time. Besides higher temperature treatment could induce a dewetting of the BCP film when performing the TC patterning on top of it during the full process (Figure 4-1) and, consequently, should be avoided. We tentatively linked the low crosslinking efficiency to the small reduction potential of the sulfonium salt (𝐸1 2 𝑟𝑒𝑑 = -1,2 𝑒𝑉), rendering the sensitization process difficult [5]. The use of the corresponding iodonium salt could be a way to improve the electron transfer reaction and thus the crosslinking efficiency.

3. Top-coat patterning upon UV-visible exposure using a structurally modified PAG a) Patterning of the TC on silicon substrates Following the same strategy, a study of the crosslinking kinetic of the G65Hp35 was performed in flood exposure using the dPSPT-OTf prior to the patterning. For this purpose, 2%

wt. solution of dPSPT-OTf was prepared in ethanol and added to a 2% wt. solution of G65Hp35 with a volume ratio of 9:1. The solution was then spin-coated at 2000 rpm on silicon substrates and exposed with the EVG6200® mask aligner for different irradiation times. The exposure was followed by a PEB at 90°C for 1 min. The films were then rinsed in ethanol to remove the noncrosslinked part. As shown the Figure 4-21(a), the crosslinking kinetic is comparable with the one obtained with the previous UVP 280 lamp as 2 min is sufficient to obtain a fully crosslinked film.

By increasing the PEB duration, it is even possible to divide by two the exposure time that is necessary to reach 100% of insoluble fraction as shown the Besides, we noticed a deviation from the expected rectangular shape of the features after patterning even for overexposed films. This heterogeneity is most likely related to the development step which predominantly affects the top surface of the films. Indeed, the compressed air drying might mechanically damage the top of the patterned lines. In order to remove the ethanol after the development step, one more step was added to the protocol. After rinsing the films with ethanol, the films were dipped in water. Water was chosen for its miscibility with ethanol while being a bad solvent for the polymer. As shown in the Figure 4-22, the quality of the pattern was significantly improved with the patterning of 40 nm height lines of rectangular shape. In the previous section (IV.3.a)), we have demonstrated the ability to obtain well-defined lines of G25M37.5He37.5 using the dPSPT-OTf using a fast and industrially-friendly process. In order to pattern the TC on the lamellar-forming PDMSB-b-PS, the effect of the PAG on BCP self-assembly was investigated. For this purpose, self-assembly of PDMSB120-b-PS143 was performed using G27M47He26, G25M37.5He37.5 and G20M24He56 as crosslinked TC while G27M47He26, G25M37.5He37.5 and G20M24He56 were used as grafted ULs to vary the surface energy of the substrate and following the same procedure:

i. grafting of the UL at 200°C for 75 s followed by a rinsing step, The patterning of G25M37.5He37.5 was consequently performed above PDMSB120-b-PS143 following the optimized protocol developed in section IV.2.a).:

i. 2% wt. solution of G25M37.5He37.5 in a mixture of ethanol and 1-methoxy-2-propanol (9:1) mixed with a 2% wt. solution of dPSPT-OTf in ethanol (9:1) (2000 rpm for 30 sec),

ii. exposure with the EVG6200® mask aligner for 45 s and baked at 90°C for 2 min, iii. development in ethanol and rinse with water. However, when performing the thermal annealing of the G25M37.5He37.5 at 240°C for 5 min, dewetting of the PDMSB120-b-PS143 film between the patterned lines was noticed as shown on the SEM images (Figure 4-27). The complete dewetting of the BCP film was confirmed with Energydispersive X-ray (EdX) spectroscopy (Figure 4-28). Indeed, the signal of the carbon (green) is strong on the TC lines while the silicon signal is predominant in-between the lines which is consistent with a dewetting of the BCP layer leaving exposed the bare silicon substrate. The thickness of the grafted UL is so thin that its carbon signal is not detectable. However, when the TC is removed using the typical Ar/O2 plasma, we can see that the BCP film below the patterned lines has also been strongly affected by the dewetting of the BCP layer between the lines. Indeed, there is a dislocation of the BCP film on the edges that are in contact with the dewetted parts of the film. Interestingly, the dislocation seems to be lower with the increase of the annealing temperature.

However, the BCP lines are heterogeneous and it therefore renders the homogenous removal of the TC fastidious. In order to obtain a homogenous film with well-defined lines of out-of-plane lamellae and to avoid the dewetting of the BCP layer in-between the lines, we choose to refill the developed parts of the neutral TC pattern by a non-neutral crosslinkable material before performing the thermal annealing as already done in the section 2 (see Figure 4 To conserve enough TC material for the further thermal annealing of the BCP, the patterned TC has thus to be way thicker than the BCP film as the plasma will still etch a part of the TC.

Consequently, the patterning of the G25M37. Moreover, to mechanically maintain BCP between the patterned lines, it is also possible to refill the pattern with a crosslinkable neutral (or not) material followed by the thermal annealing of the BCP. The patterned TC can thus be used as mask for the etching of the BCP in between the lines using the same CF4/O2 plasma (10 mTorr, 100 sccm of CF4, 10 sccm of O2 and source power: 200 W-bias power: 10 W) as before (Figure 4-34(a)). 

V. Conclusion

Our objective was to demonstrate the potential of our methacrylate-based material as patternable neutral TC to guide the self-assembly of lamellar-forming PDMSB-b-PS into an out-ofplane orientation in specific areas of the film. For this purpose, three different strategies have been presented in order to photocrosslink our TC layer in deep-UV and in the visible range (see Table 4-2). The reactivity of various pI systems has been investigated in order to obtain, for each approach, an efficient crosslinking reaction, which consequently resulted in fully-crosslinked films after 2 min and 1 s of flood exposure under UV-light and deep-UV, respectively. We have proposed two different approaches in order to pattern the TC material using (i) a two-component system with a PAG and a pI, and (ii) a structurally modified PAG. An optimization of the lithography conditions allowed to obtain well-defined patterned lines of the crosslinked TC for only 45 sec exposure when the polymer was formulated with the dPSPT-OTf while a slow crosslinking kinetic was observed when the polymer was formulated with the dPSPT-OTf/DMPAP and which is probably due to the small reduction potential of the sulfonium salt. The patterning of the TC/dPSPT-OTf above a lamellar PDMSB-b-PS BCP allowed a control the orientation of the lamellae in specific areas of the film with a good resolution. These results are very promising for the building of complexes nanostructures. For deep-UV conditions, the complexity of our objective led us to highlight and study the effect of the sensitive species on the surface energy of the initial material in order to be able to control de surface energy of the TC layer. This allowed us to demonstrate the patterning of our polymer/PAG formulation to produce out-of-plane lamellae at specific locations of the film within extremely short time. An appropriate lithography tool could allow to further explore the possibilities offered by this TC in order to define areas of out-of-plane lamellae with a high-resolution. crystallization occurring for PDMSB-b-PS BCPs having Tm, PDMSB results in a kinetically trapped perpendicular orientation of the nanodomains after the spin coating step. Consequently, it is possible to counter thermodynamics in order to obtain well-defined out-of-plane cylinders for different film thicknesses without using neutral layers. Finally, we have performed the selfassembly of gyroid-forming PDMSB-b-PS in thin film with the smallest unit cell reported to date using a short thermal annealing process. The stabilization of this 3D-structure required a rapid and high temperature annealing to kinetically trap the structure in films largely thicker than the gyroid unit cell in order to decrease the interactions between the BCP film and the interfaces (substrate and/or air). Further work should be performed on the cylinder-forming PDMSB-b-PS in thin film to give additional proofs of the underlying crystallization, for example, by using wideangle X-ray scattering in order to access the crystalline structure of the PDMSB in thin film.

Further studies could perform the same experiments with a PDMSB-b-PS where random units are incorporated in the PDMSB block in order to break the crystallinity and see the effect on the selfassembly. Additionally, the gyroid-forming PDMSB-b-PS film could serve as a template to build functional materials. By removing the PDMSB domains (using a fluorinated treatment), one could access to nanoporous film that could be used (i) as catalytic support in polymer/organic chemistry due to the high specific surface, (i) as template to build bulk heterojunction for solar cells, (iii) as membranes or (iv) as starting material for photonic applications.

On the other hand, as the main structure of interest for BCP lithography is the out-of-plane lamellar morphology, we have developed an approach in order to obtain perpendicular PDMSBb-PS lamellae. This approach is based on the design of a methacrylate-based random copolymer that allows an easy deposition of the material on top of the BCP layer, a tuning of its surface energy and a crosslinking ability: these three properties were provided by the combination of the hydroxyethyl, matrife and glycidyl moieties, respectively. We have demonstrated that TC materials with finely tuned composition were able to prevent the lower PDMSB surface energy block to segregate at the top interface during thermal annealing. Importantly, we have shown that such crosslinked TCs were able to limit dewetting phenomena occurring in the BCP film during the annealing. Consequently, smooth and non-dewetted films of out-of-plane lamellae with 14.6 nm, 17.2 nm and 22.7 nm periodicities were obtained after a high temperature process. Finally, we have built two-and three-layered stacks of lamellar PDMSB-b-PS BCPs. Indeed, the crosslinked TC was used as a "new" substrate for the deposition of a subsequent BCP layer. The stacking of BCP layers was demonstrated as an easy process to access more complex structures as compared to the ones obtained from a single layer of a diblock copolymer. As a proof of concept, stacking of two BCP layers of in-and out-of-plane lamellae with BCPs having different periodicities and film thicknesses was realized but further works have to be performed in order to provide a better control of these stacking methodologies.

We have further explored the crosslinking ability offered by our TC material to build even more complex nanostructures. Indeed, we have used the TCs as a patternable material to guide the self-assembly of lamellar-forming PDMSB-b-PS into an out-of-plane orientation in specific areas of the films. For this purpose, a set of photosensitive crosslinking agents were studied and tested to achieve an efficient photocrosslink of the TC in deep-UV and in visible light. Following an optimization process of the patterning conditions, we have demonstrated the patterning of the TC above the lamellar-forming BCP to obtain well-defined lines of out-of-plane lamellae in the visible range. This complex structuration of the BCP thin films could be useful for advanced nanolithography in semi-conductor industry as the process employs microelectronic-compatible solvents, a thermal annealing process and a simple methodology with tools that are already common on lithography tracks.

The "crosslinkability" as well as the "patternability" of TC layers developed in this study open new avenues for BCP nanotechnologies. In particular, such patternable layers were demonstrated to define chemically modified surfaces of high interest for the long-range ordering of BCPs through chemoepitaxy. It would be indeed possible through the use of TC layers to control both the orientation of the domains (in-plane vs. out-of-plane) and the overall translational correlation length of the BCP structure (long-range order with improved defectivity). A second challenge linked to this study is the realization of BCP stacks with functional properties. One of the possibilities could be the insertion of functional materials between the crosslinked layers in order to build hybrid stacks. Another possibility to obtain such functional design would be to utilize selective hybridization methodologies of BCP domains (using sequential infiltration synthesis, metallic salt incorporation of sol-gel chemistry) in order to convert the BCP patterns into functional structured surfaces such as bit-patterned media, field effect transistors, optical metamaterials, filtration membranes or photonic structures. As most of these applications require the precise positioning or registration of the BCP nanostructure, the methods developed during this Ph.D. would constitute a great asset towards such realizations. Finally, the transposition of this work at the industrial level lays down a challenge for "technological integrators" and further optimization of the processes (considering the reproducibility, defectivity and scaling on large surfaces) will be needed to fully fulfil the technological potential of TC materials in BCP nanotechnology.

I. Characterization of the material in bulk 1. Differential scanning calorimetry

Differential scanning calorimetry is a thermoanalytical technique that allows the determination of the different phase transitions of a material (e.g. glass transition, melting transition, crystallization or crosslinking). The principle of the technic is based on the measure of the difference in the amount of heat that is required to increase the temperature of a sample and a reference as a function of temperature. Both the sample and reference (generally empty alumina capsule) are maintained at nearly the same temperature during the experiment and the reference has a well-known heat capacity over the range of temperatures to be scanned.

II. Thin film process 1. Spin-coating

The spin-coating process remains the most common technique to obtain polymeric thin films and is widely used in industry and in laboratories. The principle of the technique is depicted in the Figure 5-1. The main advantage of the technic is its ability to produce uniform films with controlled thicknesses of a few nanometers in an easy and quick process. A polymer solution is first deposited on a substrate (step 1 in the Figure 5-1). The substrate will then start rotating at a constant acceleration rate (step 2) until the desired rotation speed is reached (step 3). The majority of the solvent is ejected during the acceleration stage (step 2) while the airflow allows to evaporate the remaining solvent traces (step 3). The final thickness will depend on the rotation speed and on the solution concentration. 

Etching plasma

After the spin-coating and thermal annealing processes, an etching treatment is necessary in order to (i) remove the PDMSB wetting layer in case a self-assembly process performed without TC (ii) remove the neutral TC (iii) provide contrast between the two phases for further microscopy characterization. Plasma etching has proven to be a great tool for surface modification or selective etching of polymeric materials and is widely used in semiconductor industry. A plasma is an electrically neutral ionized gas consisting of neutral particles and charged particles (ions and electrons), which can be generated by an electrical discharge. A plasma can etch in three different manners. Indeed, the material can be chemically etched by reactive species of the plasma (e.g. radicals or ions created in the plasma): one talk about chemical etching. The ion bombardment on a polymer surface, which causes sputtering of the surface, is referred to as physical process. The electromagnetic field is strong enough to generate a current in some gases (typically Cl2, HBr, O2, BCl3, CF4, SF6, Ar, CH2F2) [3], [4]. The gas is transformed into an intense and high-density plasma. Figure 5-3 shows the scheme of the plasma chamber. A RF generator connected to the antenna delivers a power of 200 W to 1500 W at 12.56 MHz to create and maintain the plasma in the chamber. This power is absorbed by the electrons and allow thus to control of their density (1010-1012 cm-3 ). The power delivered by this generator is commonly referred as the "power source". On the other hand, a second RF generator (at 13.56 MHz) is connected to an electrode covered with an insulating layer. The substrate placed on this insulation is therefore negatively affected when the generator delivers power (between 0 and 250 W) which allow to control the energy of the ions bombarding the substrate (10-300 eV). The power delivered by this generator is commonly referred as the "power bias" [4]. In this work, a Dimension Fast Scan AFM of the company Bruker was used in tapping mode to characterize the surface morphology of the different films (Figure 5-4(b)). Silicon cantilevers (Fastscan-A) with a nominal tip radius of 5 nm and a spring constant of 18 N.m -1 were used. The resonance frequency of the cantilevers was 1400 KHz. The images were analysed using the NanoScope Analysis software and Matlab code developed in the LCPO.

Electron microscopy a) Scanning Electron Microscopy

The signals used by a scanning electron microscope (SEM) to produce an image result from interactions of the electron beam with atoms at various (small) depths within the sample. The observation can be performed in two different imaging modes: secondary electron imaging (SEI) and backscattered electron imaging (BSEI). SEI refers to the most common SEM mode, which is detection of secondary electrons emitted by surface atoms excited by the electron beam. By scanning the sample and collecting the emitted secondary electrons using a specific detector, an image displaying the topography of the surface is created. BSEI refers to backscattered electron imaging (Figure 5-5), which is formed using an optional backscattered electron detector and is mostly sensitive to the chemical contrast in the sample, with heavier and electron-rich elements scattering more, and appearing brighter in the images [5]. Consequently, in the case of our PDMSB-b-PS BCP, the PDMSB domains will appear brighter than the PS ones. To allow the electrons to easily pass through the sample and obtain the highest transmitted signal, it is necessary to have a very thin sample. For this purpose, a slice of the film is extracted from the initial sample and thinned down using a Focused Ion Beam: the main steps are summarized in 

Annex

IV. X-rays characterization a) Small angle X-ray scattering SAXS is a powerful technique enable to provide information about the dimensions and space group symmetry of a mesostructure. This method is particularly useful because it is nondestructive and provide statistical information of the whole probed sample. The technic is especially interesting in the study of BCP as it can probe the ~1-100 nm length scale (in a typical set-up) that is typically characteristic of BCP morphologies [6], [7].

The principle is based on the interaction between the oscillating incident X-ray radiations and the electrons of the material. Indeed, the electrons in the material placed in the X-ray beam will oscillate at the frequency of the incident X-rays. These oscillating electron clouds (namely scattering centers) will then emit spherical waves of radiation that propagate radially and thus scatter the incident X-rays. In the case the energies of the incident and scattered waves are equal, the scattering is said to be elastic. Only elastic scattering is discussed in this section as it does not carry any structure information. The basic scattering event of a single scattering center is illustrated in Figure 5-8. The wave vector of the incident and scattered radiation is rated as ki and kd, respectively. As the scattering is elastic, the frequencies and amplitudes of the two waves are equal in elastic scattering events. The scattering vector q can thus be defined as the difference between the incident and scattered wave vectors: q = kd-ki. This vector, q, represents the change in momentum incurred by the radiation due to the scattering event. If the angle between kd and ki is defined as 2θ, |𝒒| can be defined as:

(eq.5-1)|𝒒| = 4п 𝜆 sin 𝛳 where λ is the wavelength. It is well common to use this expression because it includes the scattering angle and the wavelength used in a given experiment.

If now, one considers more than one scattering center in a material, the superposition of the scattered waves leads to an interference pattern that depends on the arrangement of the atoms in the material. These interferences can be either constructive (if the scattered waves are in phase) or destructive (if the scattered waves are out of phase) depending on the distance between the scatters and on the observation angle, 2θ.

To understand how the scattering pattern provide structural information about the structure of the material, it is possible to simply describe the different scattering centers as semi-reflective planes, n, with an interplanar spacing d [7]. The Figure 5-9 depicts the pathway of an incident wave upon infinite series of semi-reflective planes. The reflection through the first plane (n=1) is interfered with by reflections from the other planes. Indeed, these reflections must travel an additional distance, 2.d.n.sinθ, to penetrate the layer n and reflect back to the reference plane (n=1) which result in a shift of the phase angle, φ, of 2.d.n.sinθ. This phase shift leads to destructive interference except δ is an integral multiple of the wavelength, a condition known as Bragg's Law: where dhkl are the distances between real space planes of atoms defined by h, k, and l that satisfy Bragg's Law. Finally, combining equations 5-2 and 5-5 leads to the expression for all |𝑞 ℎ𝑘𝑙 | that satisfy the Bragg criteria i.e. the positions at which the scattering peaks can appear for a given Bravais lattice: These qhkl values can be expressed using a series of Dirac delta functions that is known as the form factor (F(q)).

However, the form factor does not take into account the positions of the scatters within the unit cell. Indeed, the scattered wave of an atom will also be affected by the neighborhood. This additional contribution is called the structure factor (S(q)) as it contains information about the specific arrangements of the atoms within the unit cell. S(q) is the sum of the waves scattered by all the individual atoms:

(eq.5-7) 𝑆(𝑞) = ∑ 𝑓 𝑛 𝑒 2𝑖п(ℎ𝒖 𝒏 +𝑘𝒗 𝒏 +𝑙𝒘 𝒏 ) 𝑁 1

where fn is the atomic scattering factor, and un, vn, and wn the coordinates of the atom within the unit cell. One can thus understand that the scattered wave of an atom can destructively interfere with the ones of the neighboring atoms if the arrangement of the atoms within the cell includes symmetry operations such as mirror planes, inversion center or screw axes. A structure factor of zero for specific h, k, and l values indicates the scattering peaks that will not be present for those Miller indices and lead to systematic extinctions even when the reflections satisfy the Bragg criteria.

Finally, the third factor that influences the scattering intensity of a material is the electronic contrast. Indeed, in the case of a A-b-B diblock copolymer, the A nanodomains embedded in a matrix of B must have an electron density different from the one of B in order to be visible in SAXS experiments otherwise, there would be no scattering even if reflections are permitted by the form and structure factors (other technic such as small-angle neutron scattering should thus be 

  compréhension de l'auto-assemblage des CPBs et (iii) des stratégies d'intégration des CPBs dans l'industrie de la microélectronique. Ce consortium réunit le Laboratoire de Chimie des Polymères Organiques (LCPO) et Arkema pour la synthèse de polymères en laboratoire et à l'échelle pilote, ainsi que le Laboratoire des Technologies de la Microélectronique (LTM) et le CEA-Leti pour la définition des procédés d'auto-assemblage compatible avec les pistes lithographiques. Dans le cadre de ce consortium, le LCPO a mis au point une première génération de copolymères diblocs : le poly(styrène)-b-poly(méthacrylate de méthyle). Cette technologie mature a permis de définir des nanostructures avec des périodicités pouvant aller jusqu'à 22 nm. Pour diminuer encore d'avantage la dimension des nanostructures, il faut travailler avec des CPBs ayant un paramètre χ supérieur au PS-b-PMMA (0,03 à température ambiante). C'est pourquoi, le LCPO a développé un système CPB à base de polycarbosilane, le poly(1,1-diméthylsilacyclobutane)-bpoly(styrène) (PDMSB-b-PS), afin de répondre aux exigences de DSA. Ce projet de doctorat a donc été consacré à l'auto-assemblage du PDMSB-b-PS pour des applications en nanolithographie avancée.

Figure 1 :

 1 Figure 1 : Structure du PDMSB-b-PS.

Figure 2 :

 2 Figure 2 : Auto-assemblage du PDMSB74-b-PS224 en couche mince. Images topographiques obtenues par microscopie à force atomique (2 μm x 2 μm) d'un film de 42 nm d'épaisseur recuit pendant 2, 10 et 45 min à 180°C.

Figure 3 :

 3 Figure 3 : Images topographiques par microscopie à force atomique des PDMSB-b-PS auto-assemblés formant des cylindres avec une masse moléculaire croissante. Échelle : 200 nm sauf pour le PDMSB207-b-PS906 pour lequel la barre d'échelle est de 100 nm.

  figure 4. En effet, il faut que l'épaisseur du film soit au moins trois fois supérieure à la dimension de la cellule unité pour pouvoir développer la phase DG. De plus, il faut que l'énergie thermique

Figure 4 :

 4 Figure 4 : Image obtenue par microscopie à force atomique du PDMSB54-b-PS124 formant une phase DG avec un plan (211) parallèle à l'interface air/film. Échelle : 400 nm.

Figure 5 :

 5 Figure 5 : Structure du terpolymère développé pour neutraliser les interactions préférentielles des blocs PDMSB et PS pour l'interface supérieure et ainsi obtenir des lamelles perpendiculaires.

Figure 6 :

 6 Figure 6 : Caractérisation par microscopie électronique à balayage du PDMSB120-b-PS143 auto-assemblé en lamelles perpendiculaires avec 17,2 nm de périodicité. Échelle : 200 nm.

Figure 7 :

 7 Figure 7 : Caractérisation par microscopie électronique à balayage des PDMSB165-b-PS195 et PDMSB84-b-PS123 auto-assemblés en lamelles perpendiculaires avec 22,7 nm et 14,6 nm de périodicité.

Figure 8 :

 8 Figure 8 : Caractérisation par FIB-STEM de l'empilement de PDMSB220-b-PS238 (1 ère couche) et PDMSB120-b-PS143 (2 nd couche).

Figure

  Figure Erreur ! Il n'y a pas de texte répondant à ce style dans ce document.-1: FIB-STEM characterization o layers stack of PDMSB220-b-PS238 (1 st layer) and PDMSB120-b-PS143 (2 nd layer).

Figure 9 :

 9 Figure 9 : Caractérisation par microscopie électronique à balayage du film de PDMSB120-b-PS143 obtenu après avoir effectué la lithographie de la sur-couche neutre. (a), (b) et (c) sont trois grossissements différents.
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 11 Figure 1-1: Principle of optical lithography using a positive photosensitive resin.

Figure 1 - 2 :

 12 Figure 1-2: Principle of the immersion lithography at 193 nm [4].

Figure 1 - 3 :

 13 Figure 1-3: General composition of a positive resin based on DNQ/Novolac.

Figure 1 -

 1 4 shows the mechanism of the photolysis of a PAG based on triphenyl sulfonium salts. Such compounds have a better thermal stability (> 200°C), are non-volatile and have good absorbency properties at 248 nm. They can generate a wide variety of acids through the change of the nature of the counter-ion. Norbornene dicarboxyimidyl triflate (ND-Tf), triphenylsulfonium triflate (TPS-Tf), bis-4-tert butylphenyl iodonium perfluorooctanesulfonate (TBI-PFOS) and bis-4-tert-butylphenyl iodonium triflate (TBI-Tf) are PAG sensitive to 157 nm although generally used for KrF and ArF resins. Studies have shown that the iodonium salts are the most sensitive with a sensitivity at 157 nm which varies according to: TBI-PFOS > TBI-Tf > ND-Tf > TPS-Tf (see Figure 1-5) [8], [9].
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 1415 Figure 1-4: Mechanism of photolysis of PAG based on triphenyl sulfonium salts.
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 16 Figure 1-6: Principle of the extreme ultraviolet lithography [37].

Figure 1 - 7 :

 17 Figure 1-7: Principle of electron-beam lithography [43].
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 18 Figure 1-8: Principle of the UV-assisted nanoimprint lithography [44].
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 19 Figure 1-9: Transition between the disordered and ordered phases as a function of the product χABN for a symmetric diblock copolymer [46].
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 110 Figure 1-10: Illustration of the 5 segregation regimes of a symmetric diblock copolymer [47]. (a) Profile of the local composition of the block A, ΦA, along the radial direction <r> of the nanodomains for each segregation regime. (b) The corresponding segregation states of the system. (c) Definition of the different regimes as a function of the product χABN.
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 111 Figure 1-11: Nanostructures formed by the self-assembly of BCPs. f indicates the volume fraction of the red block [52].
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 112 Figure 1-12: Theoretical phase diagram for a diblock copolymer obtained using SCFT [54]. The phase are labeled: L for lamellae, H for hexagonal cylinders, Q 𝐼𝑎3 ̅𝑑 for the bicontinuous 𝐼𝑎3 ̅ 𝑑 cubic structure, Q Im3 ̅m for BCC spheres, CPS for close-packed spheres and DIS for the disordered phase. Dashed lines denote extrapolated phase boundaries, and the dot denotes the mean-field critical point.
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 113 Figure 1-13: Experimental phase diagram of the poly(isoprene)-b-poly(styrene) system [63]. Open and filled circles represent the order-order and order-disorder transitions, respectively. The dash-dot curve is the mean field prediction for the ODT while the solid curves have been drawn from the experiments.
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 1 14(c)). (ii) When the thickness of the film is not commensurate with the BCP periodicity, islands and holes with nL0 step height, called terraces, form as shown in the Figure II 6(b) and

Figure 1 - 14 :

 114 Figure 1-14: Orientation of the BCP domains regarding the commensurability of L0 with the film thickness and the affinity of the blocks for the interfaces [66]. Lamellae with in-plane orientation are observed in case of symmetric (a and b) and asymmetric (c and d) wetting conditions while out-of-plane lamellae are observed with neutral wetting conditions (e and f). Terraces form when the average film thickness is not commensurate with the natural periodicity, L0, of the BCP (b and d).

Figure 1 -

 1 Figure 1-15: (a) is the atomic force microscopy (AFM) images (right is height and left is phase) and respective height profile of PS-b-PI thin films thermally-annealed on PS brush for a film thickness of 2.3 L0. (b) is the AFM images and respective height profile of PS-b-PEI thin films thermally-annealed on PS brush for a film thickness of 2.3 L0. (c) is the scheme of explaining the topography of the PS-b-PEI where the two blocks are present at the upper interface and the substrate has preferential interaction with one of the blocks [67].

Kim

  et al. illustrated this phenomenon by studying the structure of cylinder-forming PS-b-PMMA b a c

Figure 1 -

 1 Figure 1-16: (a) and (b) are the AFM height and phase images of a PS-b-PMMA thin film thermally-annealed at 160 °C for 24 h, respectively. The inset in (a) corresponds to the height profile along the line. The surface of the film is entirely covered by the PS-wetting layer that appears darker on the AFM phase (b) [68].
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 1 17(a)). Moreover, out-of-plane cylinders were observed in the lower part of the terraces, while in-plane cylinders were observed in the upper part as shown in Figure1-17(b). Indeed, in the thinnest regions, obtaining a parallel orientation of the cylinders b a would constrain the polymer chains, which thus favoured a perpendicular orientation of the cylinders.

Figure 1 -

 1 Figure 1-17: (a) and (b) are the AFM height images of a PS-b-PB-b-PS thin film thermally-annealed at 115°C for 96h. (b) is a zoom image of (a) highlighting the perpendicular and parallel orientations of the cylinders in the hills and in the valleys, respectively [69].
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 11182 Figure 1-18: Bright-field transmission electron micrographs of nanostructured PS-b-PB films (a) with the majority PS block and (b) with the majority PB block. (c) and (d) are the corresponding schemes explaining the self-assembly behaviour as regards to the interactions of the block with the interfaces [70].
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 119 Figure 1-19 : Scheme of the general principle of BCP lithography.

  et al. in which they obtained PDMS cylinders with 8.5 nm diameter and 17.7 nm periodicity from a 16 kg.mol -1 PS-b-PDMS as shown in Figure 1-20. An oxygen/fluorine plasma was performed in order to remove the PS cylinders while leaving a mask of the oxidized PDMS matrix [78].
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 120 Figure 1-20: Transmission electron microscopy (TEM) image of cylinder-forming PS-b-PDMS in thin film. The long-range ordering is obtained using the graphoepitaxy technique [78].
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 121 Figure 1-21: AFM phase image (1 μm x 1 μm) of lamellar-forming PTMSS-b-PLA BCP in thin film after a solvent annealing treatment (L0 = 13 nm) [80].

Figure 1 - 22 :

 122 Figure 1-22: AFM phase image (1 μm x 1 μm) of lamellar-forming PCHE-b-PMMA BCP in thin film after a solvent annealing treatment (L0 = 15 nm) [73].

  of the organization of the BCP domains

  As a demonstration, Hirai et al. used this technique to self-assemble a PMMA-b-PMAPOSS BCP chains into out-of-plane cylinders as shown in the Figure 1-23. The PMMA domains were removed using a O2 etching treatment leading to a PMAPOSS mask [80].

Figure 1 - 23 :

 123 Figure 1-23: AFM images of cylinder-forming PMMA-b-PMAPOSS in thin film after the removal of the PMMA domains [80].

Figure 1 - 24 :

 124 Figure 1-24: Control of the morphology of the poly(α-methylstyrene)-b-poly(4-hydrostyrene) with the solvent used for the annealing treatment. The morphological change was monitored by GISAXS which shows the characteristic pattern (a) of a spherical morphology when using acetone vapours, followed by the one (d) of the cylindrical morphology when using THF vapours and finally, the recovery (h) of the spherical morphology when back to acetone vapours [110].
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 125 Figure 1-25: Scheme of the mechanism proposed in order to explain the orientation and the organization of the BCP domains during the solvent annealing treatment : the orientation of the domains is perpendicular to the evaporation front. Φs is the volume fraction of the solvent and r is the film thickness.

Figure 1 -

 1 Figure 1-26 shows the long-range ordering that Park et al. were able to achieve with poly(styrene)-b-poly(4-vinylpyridine) (PS-b-P4VP) by using an ethanol vapour annealing [98].

Figure 1 - 26 :

 126 Figure 1-26: AFM phase images (2 μm x 2 μm) of a cylinder-forming PS-b-P4VP in thin film before ((a) and (b)) and after ((c) and (d)) the solvent annealing treatment. A Fourier transform and a program based on the Voronoï construction diagram were used to highlight the degree of ordering obtained by the annealing treatment [98].
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 127 Figure 1-27: AFM phase images (1 μm x 1 μm) of cylinder-forming PTMSS-b-PLA thin films: (a) as-cast, (b) after thermal annealing and (c) after the solvent annealing [79].
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 128 Figure 1-28: SEM images of a lamellar-forming PS-b-PMMA BCPs on PS-r-PMMA brushes of different compositions starting from fPS = 0.45 to fPS = 0.72 where fPS is the fraction of styrene in the random copolymer [124].
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 129 Figure 1-29: SEM images of a cylinder-forming PS-b-PMMA BCP on PS-r-PMMA brushes of different molecular weight and grafting density [125].

Figure 1 - 30 :

 130 Figure 1-30: Structure of the random PS-r-PMMA BCP modified with a small fraction of HEMA [128].

  2005, Ryu et al. were the first to demonstrate the use of heat-induced crosslinked polymers as neutral layer. They randomly incorporated 2% of reactive benzocyclobutene functionality along the backbone of a random PS-r-PMMA copolymer to form an insoluble neutral film applicable to Au, Al, Si3N4, and Kapton substrates [136]. Jung et al. incorporated azide groups in the PS block of a cylinder-forming PS-b-PMMA BCP. The self-assembled BCP was then crosslinked allowing the spin-coating and the further self-assembly of a lamellae-forming PS-b-PMMA BCP. Interestingly, the perpendicular lamellae are registered onto the underlying perpendicular cylinders as shown in Figure 1-31 [137]. One can also cite the recent work of Pang et al. on the thermal crosslinking of PMMA by introducing small amount of glycidyl methacrylate moieties [138].

Figure 1 -

 1 Figure 1-31: SEM (left) and TEM (right) images of a lamellae-forming PS-b-PMMA BCP on a crosslinked underlayer of cylinder-forming PS-b-PMMA [137].

Figure 1 -

 1 Figure 1-32: (a) Scheme of the graphoepitaxy method utilizing topographic pattern to direct BCP assembly and (b) SEM image showing long-range ordered lamellae of PS-b-PMMA obtained by graphoepitaxy [143].

  [150], [151]. Figure 1-33 highlights the commensurability conditions for the alignment of spheres, lamellae or cylinderforming BCPs [145].

Figure 1 - 33 :

 133 Figure 1-33 : Schematic diagrams of the commensurability conditions for the alignment of spheres, cylinders and lamellae. The templating features are at integer number of the BCP periodicity [145].

Figure 1 -

 1 Figure 1-34: (a) Scheme of the epitaxy method utilizing a chemical pattern to direct the BCP assembly. The green lines are affine to the blue block so that the blue domains follow the affine lines and induce the longrange ordering. (b) SEM image showing long-range ordered lamellae of PS-b-PMMA obtained by chemoepitaxy [145].
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 1 Figure 1-35(a) shows the different steps of the process. To obtain the chemically patterned substrate, they first deposited and crosslinked a PS layer (step A in the Figure 1-35(a)). Then, they

Figure 1 - 35 :

 135 Figure 1-35: Process flows for chemoepitaxy of block copolymer patterns. (a) is the LiNe process, (b) is the IBM lift-off process and (c) is the process flow from AZ Electronic Materials scientists [143].
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 1 Figure 1-35(b) [152], [154]). The main innovation is the use of a photosensitive resin that can be
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 21 Figure 2-1: Chemical structure of the PDMSB-b-PS BCP.
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 222123 Figure 2-2: Synthesis of PDMSB-b-PS BCPs via sequential anionic polymerization by the subsequent addition of styrene to living PDMSB chains. The polymerization was performed in a THF/heptane mixture (50:50 volume ratio) at -50°C using sec-BuLi (s-BuLi) as initiator. The reaction was terminated with methanol.

  II. Characterization of PDMSB-b-PS in bulk1. Lamellar-forming PDMSB-b-PS BCP Small-angle X-ray scattering (SAXS) was performed in order to confirm the lamellar structure in bulk of the PDMSB79-b-PS76, PDMSB84-b-PS123, PDMSB94-b-PS125 and PDMSB120-b-PS143

  9]. The d-spacing corresponds to the lamellar spacing, L0, and was found to be 13 nm, 15.4 nm, 15.5 nm and 18.2 nm for the PDMSB79-b-PS76, PDMSB84-b-PS123, PDMSB94-b-PS125 and PDMSB120-b-PS143, respectively (see in Table2-2). The secondary scattering peak located at 2q* is not visible for the PDMSB120-b-PS143 which is consistent with an extinction of the form factor for lamellar morphologies having a symmetric composition (see Annex).
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 2422252 Figure 2-4: SAXS profiles of the PDMSB79-b-PS76, PDMSB84-b-PS123, PDMSB94-b-PS125 and PDMSB120-b-PS143 at 140°C highlighting a lamellar phase.

2 .Figure 2 - 6 : 1 )Figure 2 - 7 :

 226127 Figure 2-6: Plot of the elastic modulus, G′, as a function of temperature for lamellar-forming PDMSB-b-PS (a). The order-disorder transition is observed with the fast decrease of G′. Pulsation: ω = 1 rad.s -1 , strain: γ = 1 % and heating rate: 2.5°C.min -1 . The arrows indicate the onset of the drop used to estimate the TODT. (b) Table of the order-disorder temperatures measured for the BCPs with an instrumental error of ± 2.5°C.

  -forming PDMSB-b-PS BCP SAXS experiments were also performed on PDMSB-b-PS BPCs having a ~30% volume fraction of PDMSB. Figure 2-8 shows the intensity profile of six PDMSB-b-PS at 140°C. The SAXS

Figure 2 - 8 :Table 2 - 3 : 4 .

 28234 Figure 2-8: SAXS profiles of the cylinder-forming BCPs at 140°C. Table 2-3: Macromolecular characteristics of the cylinder-forming PDMSB-b-PS BCPs.
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 2924 Figure 2-9: SAXS profile of the PDMSB54-b-PS124 at 200°C highlighting a gyroid structure. The inset shows the peaks between 0.6 and 1.3 nm -1 underlining the long-range ordering of the structure. Table 2-4: Macromolecular characteristics of the gyroid-forming PDMSB-b-PS.
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 210 Figure 2-10: Phase diagram of the PDMSB-b-PS BCPs used in the study. The filled circles, filled square and filled stars correspond to the lamellar-forming, gyroid-forming and cylinder-forming PDMSB-b-PS BCPs, respectively. The curve corresponds to the SCFT simulation of the theoretical phase diagram.
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 2211 Figure 2-11: Self-assembly of cylinder-forming PDMSB74-b-PS224 in thin film. (2 μm x 2 μm) AFM images (height) of (a) 42-nm thick and (b) 35-nm thick films of PDMSB74-b-PS224. (c) is the corresponding height profile obtained from the green line in (b).
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 2122 Figure 2-12: (2 μm x 2 μm) AFM images (height) of self-assembled cylinder-forming PDMSB74-b-PS224 in thin film as a function of the annealing time.

2- 13

 13 shows orientationally colour-mapped images corresponding to the PDMSB74-b-PS224 films presented in Figure2-12. The coloured grains correspond to ordered domains of in-plane cylinders, aligned in a given direction. As shown in the Figure2-13, the increase of the annealing time is correlated with an increase of the grain size up to a correlation length value of 433 nm.

Figure 2 - 13 :

 213 Figure 2-13: Correlation between the annealing time and the grain size in self-assembled cylinder-forming PDMSB74-b-PS224 films.

Figure 2 - 14 :

 214 Figure 2-14: AFM images (height) of self-assembled cylinder-forming PDMSB-b-PS of various molecular weights. Scale bar: 200 nm except for the PDMSB207-b-PS906 for which the scale bar is 100 nm.
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 215126216 Figure 2-15: DSC traces of cylinder-forming PDMSB74-b-PS224, PDMSB79-b-PS251, PDMSB102-b-PS245, PDMSB104-b-PS330, PDMSB200-b-PS636 and PDMSB207-b-PS906. Heating rate: 10°C.min -1 .
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 217 Figure 2-17: Melting and glass transition temperatures of the polymer mixtures as a function of the PDMSB74b-PS224 weight fraction.
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 22182 Figure 2-18: (2 μm x 2 μm) AFM images (height) of self-assembled PDMSB74-b-PS224:PDMSB104-b-PS330 mixtures in thin film with (a) 70%, (b) 50% and (c) 30% of PDMSB74-b-PS224. The scale bar of the inset is 100 nm. (d) is the corresponding height profile of the film with 70% of PDMSB74-b-PS224. The film thickness is 15 nm.

Figure 2 - 19 : ( 2 Figure 2 - 20 :

 2192220 Figure 2-19: (2 μm x 2 μm) (a) AFM images (height) of self-assembled PDMSB74-b-PS224:PDMSB104-b-PS330 blends in thin film with 70%, 50% and 30% of PDMSB74-b-PS224. The film thickness is (a) 65 nm and (b) 140 nm.

Figure 2 -

 2 Figure 2-21 shows the AFM images (phase) of the PDMSB54-b-PS124 thin film after the RIEtreatment. This structure corresponds to a (211) DG plane oriented parallel to the air surface in accordance with the simulation of this particular plane (see inset in the Figure2-21). Indeed, this pattern is the characteristic "double-wave" as it is made of small-and large-amplitude oscillations of the minority domains. The period of the (211) DG plane was estimated to be around 15.8 nm using the 2D-FFT of the topographical image which is consistent with the SAXS data (see Figure2-9).

Figure 2 -

 2 Figure 2-21: (2 μm x 2 μm) AFM phase image of self-assembled gyroid-forming PDMSB-b-PS in thin film. The inset corresponds to the SCFT simulation of the DG structure with the (211) plane parallel to the air surface. Scale bar: 400 nm.

Figure 2 - 22 :

 222 Figure 2-22: GISAXS pattern of the self-assembled PDMSB54-b-PS124 thin film which is consistent with DG structure having a (211) plane parallel to the air surface. The simulated pattern was obtained using the GIXSGUI package assuming that a (211) plane of the DG structure at the air interface.

Figure 2 - 23 : (1 μm x 1 Figure 2 - 24 :

 2231224 Figure 2-23: (1 μm x 1 μm) AFM topographical images of PDMSB54-b-PS124 thin films after a thermal annealing for 5 min at (a) 140°C, (b) 160°C, (c) 180°C, (d) 200°C and (e) 220°C. Film thickness ~200 nm. Scale bar: 200 nm.

Figure 2 - 25 : (1 μm x 1

 2251 Figure 2-25: (1 μm x 1 μm) AFM images (height) of the PDMSB54-b-PS124 after a thermal-annealing for 5 min at 160°C (a), 180°C (b) and 200°C (c). Film thickness ~70 nm. Scale bars: 200 nm.

Figure 2 -

 2 Figure 2-26: (1 μm x 1 μm) AFM images (height) of the PDMSB54-b-PS124 after a thermal-annealing for 45 min at 160°C (a), 180°C (b) and 200°C (c). Film thickness ~70 nm.
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 312 Figure 3-1: SEM images of nanostructured PS-b-PDMS films for various self-assembly processes. Cross-sectional images of (a) 70 nm and (b) 700 nm thick BCP films after solvent annealing and removal of the PVA40 TC. (c) Cross-sectional SEM image of a thermally-annealed 250 nm thick BCP film at 170°C for 24 h after the removal of the PVA40 TC. (d) Cross-sectional SEM image of a solvent annealed PS-b-PDMS film without the PVA40 TC exhibiting the in-plane cylinders wetting layer [13].
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 32 Figure 3-2: Ring-opening mechanism of the maleic anhydride unit allowing the polarity switch [15].

Figure 3 - 3 :

 33 Figure 3-3: SEM images of lamellar-forming (a) PTMSS-b-PLA and (b) PS-b-PTMSS-b-PS BCPs [16].

Figure 3 - 4 :

 34 Figure 3-4: Structure of the TC used in order to obtain out-of-plane lamellae of PS-b-PTMSS and PVBD-b-PDSS [17].

Figure 3 - 5 :

 35 Figure 3-5: SEM images of the lamellae of PVBD-b-PDSS obtained (a) after the etching treatment and (b) after their transfer into chrome/SOC substrate [17].

Figure 3 - 6 :

 36 Figure 3-6: Principle of the neutralization method proposed to neutralize the upper interface of the PS-b-P2VP (a) using embedded neutral layer. (b) is the structure of the poly(methyl methacrylate)-b-poly(hexafluoro isopropyl methacrylate) BCP used as embedded neutral layer [19].
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 37 Figure 3-7: (a) Characterization of the air/PS-b-P2VP interface by GCIB-XPS highlighting the evidence of the fluorinated additive. (b) SEM image and (b) the associated integration scheme of out-of-plane PS-b-P2VP lamellae obtained thanks to the full coverage of the surface by the fluorinated additive [19].
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 38 Figure 3-8: (a) General principle of the neutralization method used to control the air/BCP interface. (b) Structures of PS-b-PTMC-Me (right) and PHFA (left). (c) SEM images of the processing steps leading to the transfer of the lamellae into a SiNx substrate [23].

Figure 3 -

 3 9(a) and (b), islands with 21 nm height were observed which is characteristic of an asymmetric BCP wetting for the lamellar morphology. In addition, a phase separation was observed after the annealing of a homoPS/PHFA film while a homogeneous film was observed for a homoPTMC-Me/PHFA mixture (Figure 3-9(c) and (d)).

Figure 3 - 9 :

 39 Figure 3-9: Highlight of the preferential interaction between the PHFA and the PTMC-Me block. (a) and (b): Obtention of 1L0 island after the BCP deposition PHFA underlayer (c) Heterogenous film obtained from a homoPS/PHFA blend (d) Homogeneous film film obtained from a homoPTMC-Me/PHFA blend [23].

Figure 3 - 10 :

 310 Figure 3-10: Scheme of the initiated chemical vapour deposition (iCVD) process used to produce a crosslinked TC on a BCP film. To generate this layer, vinyl monomer and initiator are sent in vapour phase into the iCVD chamber through heated filaments. The initiator decomposes into free radicals with the temperature. As the BCP film is maintained at a lower temperature, radical and monomer molecules diffuse at the film top surface where the free-radical polymerization occurs [27].
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 311 Figure 3-11: Process used to transfer the out-of-plane lamellae formed by a P2VP-b-PS-b-P2VP into a silicon substrate [27].

Figure 3 - 12 :

 312 Figure 3-12: Scheme of the directed self-assembly of P2VP-b-PS-b-P2VP and use of e-beam lithography on the crosslinked TC to define a larger scale pattern [27].

Figure 3 - 13 :

 313 Figure 3-13: Scheme of the filtered plasma treatment to form the crosslinked layer for perpendicular orientation of BCP microdomains [34].

Figure 3 - 14 :

 314 Figure 3-14: SEM images of various thermally-annealed BCP systems with (right) and without (left) the filtered plasma treatment. SML100, SDL43, VSVL47, MDL22, SDC16 refers to (a) lamellar-forming PS-b-PMMA, (b) lamellar-forming PS-b-PDMS, (c) lamellar-forming P2VP-b-PS-b-P2VP, (d) cylinder-forming PMMA-b-PDMS and (e) cylinder-forming PS-b-PDMS [34].
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 315 Figure 3-15: Filtered plasma method used to build 3D multilayer structures. (a) is the cross-sectional SEM image of a SDL43 stack using the following process: SDL43/P2VP/plasma/SDL43/P2VP/plasma/SDL43/ substrate, (b) is the cross-sectional SEM image of SDL43 and SDC16 stack using the following process: plasma/SDL43/plasma/thin SDL43/plasma/SDC/substrate and (c) is the cross-sectional SEM image of a SDL43 stack using the following process: SDC16/plasma/thin SDC16/plasma/SDL43/plasma/thin SDL43/substrate [34].

  -16). Indeed, the development of high-χ BCP to reach sub-20 nm features also implies the use of low molecular weight polymers which leads to the dewetting of the polymer film during the thermal annealing process especially since high temperatures are required to decrease the defect density in the self-assembled structures. Moreover, Si-containing BCPs such as the PDMSBb-PS system tend to dewet due to a low surface energy of the silicon containing block.
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 316 Figure 3-16: Design of the neutral crosslinkable TC. (a) Scheme of the process in order to achieve out-of-plane lamellae using the neutral crosslinkable TC. (b) Co-monomers used to synthetize the TC.
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 31731 Figure 3-17: Synthetic scheme for the free-radical polymerization of random methacrylate-based copolymers. 1,1'-azo-bis-isobutyronitrile (AIBN) was used as initiator.Table 3-1: Relevant macromolecular characteristics of the polymers.
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 3319 Figure 3-19: Structure of the ammonium trifluoromethanesulfonate (ATMS) (a) and its decomposition upon heating (b).
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 3320 Figure 3-20: DSC traces of crosslinkable G25M75, G27M47He26, G25M37.5He37.5 and G20M24He56 during the heating process. (a) and (b) are the DSC traces of the polymers in the presence of the ATMS. (a) the exothermic peak of the crosslinking reaction is visible when the polymer is in the presence of ATMS (b) the second run confirmed that the polymers were fully crosslinked as there is no extra exothermic peak. (c) are the DSC traces of the polymers without ATMS. (d) Summary of the thermal characteristics. The enthalpy of crosslinking was calculated using the weight fraction of the GMA units. Heating rate: 20°C.min -1 .

Figure 3 -

 3 21 shows the insoluble fraction of the five polymers as a function of the heating time. The insoluble fraction was determined by the ratio of the film thickness before and after dipping the crosslinked film in ethanol (for G65Hp35, G25,5M75,

Figure 3 - 21 :

 321 Figure 3-21: Insoluble fraction of the G25M75, G27M47He26, G25M37,5He37,5, G20M24He56 and G65Hp35 formulated with ATMS as a function of the heating time at 90°C. The thicknesses were measured with an error of ± 5 nm.
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 3321 Figure 3-22: ATR-FTIR spectra of the G25M37.5He37.5 drop-casted film.

Figure 3 - 23 :

 323 Figure 3-23: (a) ATR-FTIR measurements performed on a G25M37.5He37.5/ATMS drop-casted film as a function of the heating time. ATR-FTIR spectrum of the G25M37.5He37.5 (the entire spectrum is not shown). (b) Zoom on the area between 1100 and 1700 cm -1 showing the decrease of the C-O bond stretching of the epoxy group at 1220 cm -1 . (c) Zoom on the area between 900 and 1200 cm -1 showing the decrease of the C-O bond at 1028 cm - 1 of the ester group. (d) Conversion of the C-O bond of the ester deduced from (c) which allows to obtain a rough estimation of the crosslinking kinetics.
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 324 Figure 3-24: Measurements of the Young modulus of the G25M37.5He37.5/ATMS thin film as a function of the heating time.

  of the UL at 200°C for 75 s followed by a rinsing step, ii. spin-coating of the 1% wt. solution of the PDMSB120-b-PS143 in methyl isobutyl ketone at 2000 rpm (to reach 2L0 thickness), iii. spin-coating of the TC at 2000 rpm, iv. baking at 90°C for 4 min, v. thermal annealing of the BCP at 240°C for 5 min.
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 33326 Figure 3-26: Measurements of film thicknesses of G25M37.5He37.5/ATMS films as a function of the etching time in order to determine the etching rate of the Ar/O2 plasma.

Figure 3 - 27 :

 327 Figure 3-27: Self-assembly of the lamellar-forming PDMSB120-b-PS143 using different sets of TC and UL. (a) summarizes the different PDMSB120-b-PS143 orientations that have been observed by SEM using G27M47He26, G25M37.5He37.5, G20M24He56 and G65Hp35 as TC and PMHA, G20M24He56 and G25M37.5He37.5 as UL. (b) are some selected SEM images of the lamellar-forming PDMSB120-b-PS143 using six sets of TC/UL. The ULs were grafted onto the silicon substrates. The blue and red frames refer to out-of-plane and in-plane orientations, respectively, while the green frame refers to a mixed orientation. Scale bars: 200 nm.

Figure 3 - 28 :

 328 Figure 3-28: Surface energy measurements of (a) the crosslinked TCs and (b) the grafted ULs. Surface energies were determined by contact angle measurements using the three typical liquids (water, diiodomethane and ethylene glycol) and the OWRK model.

a:Figure 3 - 29 :

 329 Figure 3-29: SEM images of the PDMSB165-b-PS195 and PDMSB84-b-PS123 BCP after the etching of the crosslinked G25M37.5He37.5/ATMS layer using a Ar/O2 plasma for 25 s followed by a CF4/O2 plasma for 45 s.

Figure 3 - 30 :

 330 Figure 3-30: Scheme of the process used in order to achieve a two-layers stack of lamellae having different orientations and periodicities using crosslinkable layers.

Table 3 - 7 :

 37 Macromolecular characteristics of the lamellae-forming PDMSB-b-PS BCPs used to build the twolayers stack. a: Molecular weight determined by SEC using PS standards b: PDMSB volume fraction determined by 1 H NMR With the aim to obtain a thick layer of in-plane PDMSB120-b-PS143 lamellae above a thin layer of out-of-plane lamellae of PDMSB220-b-PS238, we consequently performed the following protocol: i. grafting of the PMHA at 200°C for 75 s followed by a rinsing step, ii. spin-coating of 1% wt. solution of PDMSB220-b-PS238 film at 2000 rpm, iii. spin-coating of G20M24He56/ATMS (9:1) solution at 2000 rpm, iv. baking at 90°C for 4 min followed by a rinsing step, v. thermal annealing of the BCP at 240°C for 5 min, vi. spin-coating of 2% wt. solution of PDMSB120-b-PS143 film at 1500 rpm, vii. spin-coating of G65Hp35/ATMS at 2000 rpm, viii. baking at 90°C for 4 min, ix. thermal annealing of the BCP at 240°C for 5 min.
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 331 Figure 3-31: FIB-STEM characterization of the two-layers stack of PDMSB220-b-PS238 (1 st layer) and PDMSB120b-PS143 (2 nd layer).

  different lamellar-forming PDMSB-b-PS layers (PDMSB165-b-PS195, PDMSB120-b-PS143 and PDMSB84-b-PS123) (Table 3-8).

  for 4 min followed by a rinsing step, v. spin-coating of 2% wt. solution of PDMSB120-b-PS143 film at 1500 rpm, vi. spin-coating of G25M37.5He37.5/ATMS solution at 2000 rpm, vii. baking at 90°C for 4 min followed by a rinsing step, viii. spin-coating of G27M47He26/ATMS solution at 2000 rpm, ix. baking at 90°C for 4 min followed by a rinsing step, x. spin-coating of 2% wt. solution of PDMSB84-b-PS123 film at 1500 rpm, xi. spin-coating of G25M37.5He37.5/ATMS solution at 2000 rpm, xii. baking at 90°C for 4 min followed by a rinsing step, xiii. thermal annealing of the BCP at 240°C for 5 min.
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 332 Figure 3-32: Scheme of the expected three-layers stack of lamellae-forming PDMSB-b-PS having different molecular weights using crosslinkable layers.

Figure 3 - 33 :

 333 Figure 3-33: FIB-STEM characterization of the three-layers stack of PDMSB165-b-PS195 (1 st layer), PDMSB120-b-PS143 (2 nd layer) and PDMSB84-b-PS123 (3 rd layer). (a) is the low magnification view of the characterized slice to highlight the homogeneity of the stack. (b) and (c) are FIB-STEM images highlighting the structure and the orientation of the different PDMSB-b-PS layers.
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 41 Figure 4-1: Scheme of the process in order to achieve out-of-plane lamellae using the neutral patternable TC.

Figure 4 - 2 :

 42 Figure 4-2: UV-visible spectrum showing the different light absorption of typical photoresists [2].
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 415 The different photoacid generators used for the photocrosslinking of the TCs. PAGs studied here include : the diphenyl iodonium p-toluenesulfonate (dPi-TS), the (4methylphenyl)[4-(2-methylpropyl) phenyl] iodonium hexafluorophosphate (dPi-PF6), triphenylsulfonium bromide (tPS-Br), the triphenyl sulfonium trifluoromethanesulfonate (tPS-OTf) and diphenyl (4-(phenylthio)phenyl) sulfonium trifluoromethanesulfonate (dPSPT-OTf). As the triphenyl sulfonium cation contain chromophores, the maximum of absorbance, λmax, is nearly the same for the tPS-Br and the tPS-OTf as shown the Table4-1. In the case of the dPSPT-OTf, there is a red-shift of the λmax due to the presence of the phenylthio substituent that increases the conjugation pathway. The dPi-TS has a maximum of absorbance at 222 nm which is due to the diphenyl iodonium. In the same way, there is a red-shift of the λmax due to the presence of the substituents on the aromatic rings.b) Evaluation of the efficiency of the PAGsThe dPi-TS, dPi-PF6, tPS-Br and tPS-OTf were tested in order to photocrosslink G65Hp35 layers using deep-UV irradiation. For this purpose, 2% wt. solutions of G65Hp35 were prepared in ethanol with different volume ratio of a 2% wt. PAG solution. The films were obtained by spincoating at 2000 rpm the polymer/PAG solution on silicon substrate. The exposure of the TC to deep-UV irradiation was performed in the CEA-LTM facilities using a UV unit provided by Screen (the UV wavelength is 172 nm with a power of 20 mW.cm -2 ). After exposure, a post-bake was performed at 90°C for 2 min to ensure the complete crosslinking of the films. The films were dipped in ethanol in order to remove the non-crosslinked fraction. To evaluate the efficiency of the crosslinking reaction, we have measured the insoluble fraction of the G65Hp35 films as a function of the PAG load using the thickness loss as indicator of the crosslinking efficiency. pag in the formulation

Figure 4 - 3 :

 43 Figure 4-3: Insoluble fraction of the G65Hp35 formulated with different PAGs as a function of the PAG loading.

  It is also possible to use the PAGs in the visible range to crosslink the polymer using the principle of photosensitization. The photosensitization is based on sensitizing species that will interact with light in the visible region. Through a dominant electron transfer mechanism, the cationic photoinitiator will thus be able to initiate the crosslinking reaction without being directly excited (Figure4-4) [3][5].
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 4422 Figure 4-4: Principle of the photosensitization of conventional onium salts for their use in the visible range. PS and FRPI refers to photosensitizers and free radical photoinitiators, respectively [5].

Figure 4 - 5 :

 45 Figure 4-5: General photosensitization mechanism of onium salts using a photosensitizer. The mechanism involves two main steps: the generation of PS cation radical (step (A)) that will induce the release of the initiating protonic acid (step(B)). PS0 refers to the non-excited state of the PS molecules while *PS refers to the excited state of the PS molecules. On + X -refers to the onium salt. DH refers to a hydrogen donor specie that can be a protic solvent or a monomer [5].
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 4647 photosensitization of the tPS-OTf PAG in G65Hp35 TC formulations. As example, Figure4-7 shows the mechanism of the photoinduced cationic polymerization of vinyl ether monomer using a bi-component photoinitiating system with benzoin derivative as type I pI and an iodonium salt as PAG. Upon irradiation, there is a α-cleavage of the benzoin to generate hydroxybenzyl and benzoyl radicals that are electron donating and electron withdrawing, respectively. The radicals can then be oxidized by the iodonium salt leading to the corresponding cation initiating species of the polymerization[5]. In the same way, DMPAP and TPO can undergo a α-cleavage providing radicals that can be oxidized by tPS-OTf to generate the cation initiating species of the ringopening of the epoxide of the GMA moieties.
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 48 Figure 4-8: Insoluble fractions of the G65Hp35 formulated with the tPS-OTf as PAG and (a) DMPAP or (b) TPO as type I pI. The pI system (tPS-OTf/pI) content was varied from 4% to 10% while keeping the molar ratio of tPS-OTf/pI constant in order to evaluate the effect of the pI system loading on the crosslinking kinetics.

Figure 4 -Figure 4 - 9 : 3 .

 4493 photoacid concentration is generated.

Figure 4 -

 4 Figure 4-10, it is possible to obtain a fully crosslinked film of G65Hp35 within 2 minutes with a volume ratio of 9:1 underlining the efficiency of such structurally modified PAG.
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 410 Figure 4-10: Insoluble fraction of the G65Hp35 formulated with dPSPT-OTf as a function of exposure time.

Figure 4 - 11 :

 411 Figure 4-11: Effect of the PAG chemistries on the surface energy of the G65Hp35 TC. (a) are the SEM images of the lamellar-forming PDMSB120-b-PS143 using the three G65Hp35/PAG TCs and the G27M47He26/ATMS as UL. (b) summarizes the different PDMSB120-b-PS143 orientations that have been observed by SEM as a function of the PAG used to crosslink the TC. The self-assembly of the PDMSB120-b-PS143 was performed on ULs having different surface energies. The ULs were crosslinked with the ATMS thermal crosslinking agent. The blue and red circles refer to out-of-plane and in-plane orientations, respectively. Scale bars: 500 nm.
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 412 Figure 4-12: Scheme of the process in order to achieve out-of-plane lamellae using a neutral TC patterned at 172 nm.

Figure 4 -

 4 Figure 4-13 shows the SEM characterization of the PDMSB120-b-PS143 after the removal of the two crosslinked TCs (neutral G25M37.5He37.5/tPS-OTf and non-neutral G65Hp35/tPS-OTf) using an Ar/O2 plasma (10 mTorr, 80 sccm of Ar, 40 sccm of O2 and source power: 200 W-bias power: 20 W) for 20 s. As shown in Figure 4-13(a), the PDMSB120-b-PS143 exhibits a mixed orientation in the area previously covered by the non-neutral material (G65Hp35/tPS-OTf) while fully oriented out-ofplane lamellae are obtained in the area that was covered by the neutral TC (G25M37.5He37.5/tPS-OTf) (see Figure 4-13(b)).
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 413414 Figure 4-13: SEM images of the PDMSB120-b-PS143 after the removal of the patterned TC in (a) the non-neutral area and in (b) the neutral area as illustrated by the scheme. Scale bar: 500 nm.

Figure 4 -

 4 15 shows the standard principle of the machine. The source is generally a mercury lamp that is emitting UV light. An ellipsoidal reflector is used to collect the light while an optical system allows to collimate, redistribute, homogenize and send the light through the mask[8].
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 415 Figure 4-15: Scheme of the general principle of a mask aligner.
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 416 Figure 4-16: Pictures of the (a) MJB4® and (b) EVG6200® mask aligners and the emission spectra of their respective mercury lamps. Pictures and emission spectra are extracted from SUSS MicroTec and EV Group websites.
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 417 Figure 4-17: Insoluble fractions of the G65Hp35 formulated with bi-component photoinitiating system tPS-OTf/DMPAP as a function of exposure time and comparison of the crosslinking kinetics depending on the lamp.

[ 9 ]Figure 4 - 18 :

 9418 Figure 4-18: Insoluble fraction of the G65Hp35 formulated with the tPS-OTf/DMPAP after 15 min exposure as a function of the PEB temperature. PEB was performed for 60 s, 120 s and 300 s to evaluate the effect of the PEB duration on the crosslinking efficiency.
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 4419 Figure 4-19: Profiles of the lines obtained after the patterning of the G65Hp35 under different baking conditions.
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 420 Figure 4-20: Characteristic dimensions (height and width) of the profile of the lines obtained after the patterning of the G65Hp35 exposed during 15 min and baked under different conditions.
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 4 21(b).
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 421419 Figure 4-21: Insoluble fractions of the G65Hp35 formulated with the dPSPT-OTf (a) as a function of exposure time and comparison of the crosslinking kinetic depending on the lamp. The exposure was followed by a postexposure bake at 90°C for 1 min (b) as a function of the exposure time. The exposure was followed by a postexposure bake at 90°C for different baking time to see the effect of the PEB duration on the crosslinking efficiency.
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 422 Figure 4-22: Characterization of the profile of the lines obtained after the patterning of the G25M37.5He37.5 at different exposure times which was followed by a post-exposure bake at 90°C for 2 min. (a) and (b) are the height and the width of the lines at the different exposure time, respectively. (c) to (f) are the (12 μm x 12 μm) AFM (height) images of the lines at the different exposure time with their corresponding height profiles.
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 423 Figure 4-23: (12 μm x 12 μm) AFM (height) image of the lines obtained with the G25M37.5He37.5 and the corresponding height profile. The film was exposed for 45 s followed by a post-exposure bake at 90°C for 2 min. The film was then developed in ethanol and dipped in water.

  of the 1% wt. solution of the PDMSB120-b-PS143 in methyl isobutyl ketone at 2000 rpm (to reach 2L0 thickness), iii. spin-coating of the TC at 2000 rpm, iv. exposure with the UVP 280 lamp for 3 min, v. baking at 90°C for 3 min, vi. thermal annealing of the BCP at 240°C for 5 min, vii. removal of the TC.The Figure4-24 summarizes the different orientations of PDMSB120-b-PS143 that were observed by SEM after the removal of the UV-crosslinked TCs. Well-defined out-of-plane lamellae are obtained when using G27M47He26, G25M37.5He37.5 as TC and UL which is consistent with the results obtained in the Chapter 3.
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 424 Figure 4-24: SEM images of the lamellar-forming PDMSB120-b-PS143 using the G27M47He26, G25M37,5He37,5 and G20M24He56 as crosslinked TCs (using the dPSPT-OTf) on different grafted G27M47He26, G25M37,5He37,5 and G20M24He56 underlayers. The blue, red and green circles refer to out-of-plane, mixed and mostly in-plane orientations, respectively. Scale bar: 200 nm.

Figure 4 -Figure 4 - 25 :

 4425 Figure 4-25 shows the AFM characterization of the patterned G25M37.5He37.5 line above the PDMSB120-b-PS143 film after the development step. One can see that there is a uniform coating of the crosslinked G25M37.5He37.5 on the BCP film while keeping the good definition of the line (Figure 4-25(b)). Moreover, the PDMSB120-b-PS143 is not dewetted after the patterning of the G25M37.5He37.5 due to the PEB performed at a relatively low temperature. This PEB is already sufficient to induce the self-assembly of the BCP into out-of-plane lamellae with a short-range ordering.

Figure 4 -

 4 26(b) shows the pictures of 1.5 x 1.5 cm silicon wafers coated with a b stacks of UL, PDMSB120-b-PS143 and patterned G65Hp35, G25M75, G27M47He26 and G20M24He56 at specific exposure time; the pattern is becoming more defined as we increase the exposure time.

Figure 4 -

 4 Figure 4-26: (a) Insoluble fractions of the G65Hp35, G25M75, G25M37.5He37.5, G27M47He26 and G20M24He56 formulated with the dPSPT-OTf as a function of the exposure time and (b) pictures of 1.5 x 1.5 cm silicon wafers with patterned G65Hp35, G25M75, G27M47He26 and G20M24He56 after 35, 45 and 55 sec exposure times. The thicknesses were measured with an error of ± 5 nm.

Figure 4 - 27 :

 427 Figure 4-27: SEM images of the patterned lines of G25M37.5He37.5 on top of PDMSB120-b-PS143 (a) before and (b) after the thermal annealing. Scale bar 10 μm.

Figure 4 - 28 :

 428 Figure 4-28: SEM images of the patterned lines of G25M37.5He37.5 on top of PDMSB120-b-PS143 after the thermal annealing at 240°C of the BCP (left) and the corresponding EdX spectroscopy (right). Scale bar 1 μm.

Figure 4 -

 4 29 shows the AFM characterization of the PDMSB120b-PS143 that were annealed at different temperature: 100°C, 150°C, 200°C and 240°C.
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 429 Figure 4-29: Characterization of the BCP films after the thermal annealing and the removal of the TC. (a) is the scheme representing the BCP film after the process and is illustrating the AFM images (5 μm x 5 μm) of thermally-annealed PDMSB120-b-PS143 at (b) 100°C, (c) 150°C, (d) 200°C and (e) 240°C after the removal of the patterned lines and their corresponding height profiles. The parts of the film that were not covered by the crosslinked TC dewet which impact the adjacent areas where the BCP film was covered by the TC.
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 430 Figure 4-30: SEM images of the PDMSB120-b-PS143 obtained from a non-neutral patterned TC refilled with a neutral TC. (a) and (b) are two different magnifications.
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 431432 Figure 4-31: Scheme of the procedure used to obtain well-defined lines of out-of-plane lamellae. The TC is used as a mask to remove the BCP between the lines.

  5He37.5 was performed above the PDMSB120-b-PS143 as shown in the Figure 4-33 and following the following protocol: i. grafting of the UL at 200°C for 75 s followed by a rinsing step, ii. spin-coating of the 1% wt. solution of the PDMSB120-b-PS143 in methyl isobutyl ketone at 2000 rpm (to reach 2L0 thickness), iii. 4% wt. solution of G25M37.5He37.5 mixed with a 4% wt. solution of dPSPT-OTf (9:1) in a mixture of ethanol and 1-methoxy-2-propanol (85:15) (2000 rpm for 30 sec to reach ~90 nm thickness), iv. exposure with the MJB4® mask aligner followed by a development step, v. etching of the BCP between the patterned lines using the CF4/O2 plasma (10 mTorr, 100 sccm of CF4, 10 sccm of O2 and source power: 200 W-bias power: 10 W) vi. thermal annealing of the BCP at 240°C for 5 min, vii. removal of the TC using the conventional Ar/O2 plasma (10 mTorr, 80 sccm of Ar, 40 sccm of O2 and source power: 200 W-bias power: 20 W) for 20 s followed by a CF4/O2 plasma (10 mTorr, 40 sccm of CF4, 40 sccm of O2 and source power: 200 W-bias power: 10 W) for 13 s and again the Ar/O2 for 10 s to ensure a good contrast between the domains for further microscopy characterization.
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 433 Figure 4-33: SEM images of the PDMSB120-b-PS143 obtained from a patterned neutral TC. (a), (b) and (c) are three different magnifications.
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 4434435 Figure 4-34: (a) is scheme of the procedure used to obtain well-defined lines of out-of-plane lamellae. The TC is used as a mask to remove the BCP between the lines. Another TC material is deposited in order to mechanically maintain the BCP between the patterned lines during the thermal annealing. (b) are the SEM images of the resulting film with different magnifications.
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 436 Figure 4-36: SEM images of the PDMSB120-b-PS143 obtained from a patterned neutral TC after the removal of the TC and of the dewetted parts of the BCP film. (a) and (b) are two different magnifications.

Potential of the different approaches for patterning of

  

Figure 5 - 1 :

 51 Figure 5-1: (a) is the scheme of the general procedure of the spin-coating in order to obtain thin films. (b) is the picture of spin-coater used during this study.

Finally, UV radiation

  from the plasma can also lead to dissociation of chemical bonds, which leads to the formation of low molecular weight materials [1]-[3]. a) Reactive ion etching Most of the plasma experiments presented in the manuscript were carried in the LCPO using a PE-100 Benchtop Plasma System (Figure 5-2). In the case of the reactive ion etching (RIE), those three mechanisms proposed above generally simultaneously occur during the plasma treatment inducing the formation of volatiles products in the plasma chamber. The main advantage of this technique is its selectivity regarding the chemical structure of the polymers.
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 52 Figure 5-2: (a) Schematic representation of the plasma etching process and (b) plasma reactor chamber used in this work.
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 53 Figure 5-3: Schematic representation of the plasma etching process used in this work [4].
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 55 Figure 5-5: Schematic of the SEM principle.

Figure 5

 5 Figure 5-7.

Figure 5 - 7 :

 57 Figure5-7: General procedure for FIB-STEM characterization. The main steps involve the protection of the areas of interest using a platinum coating followed by an etching of the slice using the ion beam and finally, the slice is thinning down to be characterized on a STEM grid.
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 58 Figure 5-8: Schematic representation of the relationship between the incident plane wave ki and the scattered spherical waves kd. The scattering vector q is defined as the difference between the incident and scattered wave vectors kd and ki, respectively. Note that the emitted wave vectors are pointing radially from the scattering center in all directions (spherical waves) such that kd is drawn arbitrarily [7].

  2.d.sinθ = n.λ.

(eq. 5 - 5 )

 55 |𝒓 * | = √(ℎ𝒂 * + 𝑘𝒃 * + 𝑙𝒄 * ). (ℎ𝒂 * + 𝑘𝒃 * + 𝒍𝒄 * ) = 1 𝑑 ℎ𝑘𝑙
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 511 Figure 5-11: Schematic representation of GISAXS geometry. The scattering from the sample is then recorded with a two-dimensional X-ray detector. The position of a point on the detector is defined by qy and qz which are the components of the scattering vector, q. αi is the incident beam angle along the vertical direction, 2θf and αf are the scattered beam angles along the horizontal and vertical directions, respectively [10].

  

  

Table 2 -

 2 4).

							PDMSB 54 -b-PS 124
	(a.u)							
	Intensity	0.6	0.7	0.8	0.9	1.0	1.1	1.2
	0.0	0.5	1.0			1.5
		q (nm -1 )						

Table 2 -5: Surface energies of PDMSB and PS using contact angle measurements and the OWRK model.

 2 

	Material	Total surface energy (mN.m -1 )	Dispersive component (mN.m -1 )	Polar component (mN.m -1 )
	PS-OH	43.5	42.1	1.4
	PDMSB-OH	27.3	25.1	2.2

21.7 nm 22.3 nm 23 nm 27.7 nm 32.2 nm 41.6 nm below

  RT while out-of-plane cylinders are obtained for the ones having a melting temperature above RT as shown the Table 2-6.

				PDMSB 74 -b-PS 224
	-50	0	50	100

Table 3 -4: Calculation of the interfacial energy of the PDMSB and PS with the various ULs.

 3 

Table 3 -5: Calculation of the interfacial energy of the PDMSB and PS with the various TCs.

 3 

  . solutions of the polymers in methyl isobutyl ketone (see Table3-6 for the relevant macromolecular characteristic of the BCPs). A G25M37.5He37.5/ATMS system was used as both TC and UL following the common procedure:

	preparing 1% wti. crosslinking of the G25M37.5He37.5/ATMS at 240°C for 2 min,
	ii.	spin-coating of the BCP solution at 2000 rpm,	
	iii.	spin-coating of the TC at 2000 rpm,		
	iv.	baking at 90°C for 4 min,		
	v.	thermal annealing of the BCP at 240°C for 5 min,	
	vi.	and removal of the TC.			
						5
		PS		3.6	2.5	1.7
		PDMSB	0.5	0.7	0.9
		|ΔPS-PDMSB|	3.1	1.9	0.7
		γpolymer-surface (mN.m -1 )	G65Hp35	G20M24He56 G25M37.5He37.5	G27M47He26
		PS	2.0	5.1	4.6	5.2
		PDMSB	2.1	2.4	0.9	0.3
		|ΔPS-PDMSB|	0.1	2.6	3.8	4.9

Table 3 -6: Macromolecular characteristics of the lamellar-forming PDMSB-b-PS BCPs.

 3 

Table 3 -8: Macromolecular characteristics of the lamellar-forming PDMSB-b-PS BCPs used to build the third- layers stack.

 3 

a: Molecular weight determined by SEC using PS standards b: PDMSB volume fraction determined by 1 H NMR

Table 4 -2: Summary of the different approaches investigated in this chapter for the patterning of the TC.

 4 

Not attributed

χ = (34.16)/T + 0.0855 experimentally determined by Fleury G. et al. (LCPO)

nm

nm Correlation length

"Spin-on carbon"

Obtained from the Sigma Aldrich datasheet

Remerciements

Films of G25M75, G27M47He26, G25M37.5He37.5, G20M24He56 and G65Hp35 were prepared by spin-coating 2% wt. solution of the polymers in 1-methoxy-2-propanol on silicon substrate. As shown in Figure 3-18(a), it is possible to finely tune the surface energy of the polymer from 30 mN.m -1 to 40 mN.m - 1 by playing with the Matrife/HEMA ratio. Indeed, for a high molar fraction of Matrife, the surface energy of the polymer is lowered by the presence of the trifluoromethyl group. With the decrease of the Matrife molar fraction as well as the increase of the HEMA content, there is an increase of the surface energy of the polymer reflected by an increase of the polar component due to the presence of the HEMA hydroxy groups as shown in the Figure 3 First of all, the impact of the TC is directly visible after the thermal annealing of the BCP.

Indeed, Figure 3 plasma etching recipes were used in order to remove the TC layer after the self-assembly process.

Indeed, Ar/O2 is generally used to etch methacrylate-based polymers as it is known to cause breakage of the polymer backbone, side chain scission and depolymerization leading to an efficient etching [36]. CF4/O2 plasma allows to slightly etch the PDMSB domains to provide contrast for further microscopy characterizations [37]. Figure 3-26 shows the Ar/O2 etching rate measurement that was performed by measuring the thickness of a single crosslinked layer of G25M37.5He37.5 as a function of the etching time. The etching rate is the 4 nm.s -1 which allows to remove the TC after 20 s of plasma.

a b

Patterning of the top-coat

General conclusion

During this Ph.D., we have provided an understanding of the self-assembly behaviour of the PDMSB-b-PS system in bulk and in thin film. We have highlighted the potential of this semicrystalline BCP to form sub-20 nm features using industrially-friendly processes thanks to a high Flory-Huggins interaction parameter (Chapter 2). With the aim of controlling the out-of-plane orientation of lamellar-forming PDMSB-b-PS BCPs in thin film, we have proposed an approach relying on the use of crosslinkable neutral TC layers. The versatility of this approach was demonstrated using BCPs having different macromolecular characteristics and further extended to the formation of multi-layer stacks through an iterative self-assembly process (Chapter 3).

Taking advantage of the crosslinking ability of our TC material, we have demonstrated the patterning ability of the TCs using photosensitive crosslinking agents. The patterning of neutral TCs above the lamellar-forming PDMSB-b-PS BCPs further allowed a control of the orientation of the PDMSB-b-PS domains in specific areas of the film (Chapter 4).

Indeed, the phase behaviour of the PDMSB-b-PS system was deciphered using a platform of BCPs having different macromolecular characteristics. We have determined the temperaturedependent Flory-Huggins interaction parameter of this particular system that was found to be 0.13 ± 0.06 at RT (thus higher than the conventional PS-b-PMMA system with χPS-b-PMMA = 0.03 at RT). This highlights the potential of this BCP system for next-generation lithography as low molecular weight BCPs (i.e. segregating with a low periodicity) are able to form well-defined structures. As a complementary study, we have also explored the ability of PDMSB-b-PS BCPs to self-assemble into the cylindrical and gyroid nanostructures establishing the main processing parameters for a control of the organization and orientation of the BCP domains. Cylindrical nanostructures were thus obtained in thin film with periodicities ranging from 21.7 nm to 41.6

nm. Different orientations of the PDMSB cylinders were observed depending on the melting temperature of the semi-crystalline PDMSB block with an out-of-plane orientation of the cylinders when Tm, PDMSB > RT and an in-plane orientation of the cylinders when Tm, PDMSB < RT. The

Annex

III. Thin film characterization 1. Atomic Force Microscopy

To characterize the structure of the self-assembled BCP thin films, the atomic force microscopy was used during this thesis. AFM is a high-resolution type of scanning probe microscopy technique. It is one of the foremost tools for imaging and measuring surface features at the nanoscale level. The Figure 5-4 shows the general scheme of the AFM. A tip is mounted on a reflective cantilever (the cantilever and the tip together are known as the probe) made of silicon nitride, silicon oxide or pure silicon fabricated with standard techniques used in semiconductor industry. In Tapping mode (or intermittent contact mode atomic force microscopy), the cantilever is oscillating up and down at or near its resonance frequency, in a direction normal to the sample surface. A laser beam is focused onto the back of the reflective cantilever (Figure 5-4(a)); as the tip scans the surface of the sample, the tip deflects and the laser beam is bounced of the cantilever.

Depending on the interaction between the tip and the sample, there will be a difference in the intensity of the reflected light. This difference is measured by the photodetector and the signal is sent off to the controller feedback loop. The feedback loop will attempt to keep the cantilever deflection constant by maintaining a constant distance between the cantilever and the sample.

This can be done by moving the piezoelectric scanner (by applying a voltage) in the Z direction at each point. The voltage is then converted to a cantilever deflection. Combining Bragg's Law with the magnitude of the scattering vector leads to:

The Bragg's law applies to scattering from planes of atoms in a unit cell and will define the allowable reflections for a given space group. The unit cell for a perfect crystal describes the location of the scattering centers and can be represented using the lattice vector:

(eq.5-3) 𝑹 𝒉𝒌𝒍 = 𝑹 𝟎 + 𝑢𝒂 + 𝑣𝒃 + 𝑤𝒄

where Ro is the coordinate of scattering center o, the integers u, v, and w are basis coefficients, and a, b, and c are the basis vectors describing the unit cell.

The vector Rhkl can be used to determine the conditions that satisfy Bragg's Law as only specific distances between planes of atoms satisfy the Bragg criteria and allow scattering. To determine these specific distances, it is convenient to introduce the reciprocal space in order to recover the characteristic distances from the angle of the scattered waves.

The reciprocal lattice can thus be defined using the following vector: (eq.5-8) 𝐼(𝑞) ∝ (ρ 𝑖 -ρ 𝑗 ) 2 where ρi and ρj the electron density of i and j, respectively.

To summarize, the form factor dictates the allowable reflections while the structure factor and contrast govern the relative intensities of the allowed peaks. Taking into account these three contributions to the scattering intensity lead consequently to the following equation:

(eq.5-9) 𝐼(𝑞) ∝ (ρ 𝑖 -ρ 𝑗 ) 2 𝐹(𝑞)𝑆(𝑞)

In addition to the positional order, preferential orientation can also be developed within the material. In the case of crystals, only few grains are generally observed while BCPs contain distribution of randomly oriented grains. These latter are reflected by a 2D pattern 11 Finally, to determine the BCP nanostructures, the positions of the peaks can be compared to the allowed positions of given space group symmetries. To determine the values, the magnitude of the reciprocal lattice vector is determined using the unit cell parameters of the space group. The allowable qhkl for the given space group is then deduced by replacing |𝒓 * | in the equation 5-6. Table 5-1 summarizes the allowable qhkl values of the commonly encountered space groups in BCP systems. The domains spacings that are accessible in a scattering experiment depends on λ and θ (equations 5-1 and 5-2). In this work, the majority of the SAXS experiments presented in the Chapter 2 were performed on the Dutch-Belgian Beamline (DUBBLE) at the European Synchrotron Radiation Facility (ESRF) station BM26B in Grenoble [9]. The energy of the x-ray beam was 11 keV, which corresponds to a wavelength of 1.127 Å. One experiment was performed at the Centre de Recherche Paul Pascal using the Xeuss 2.0 (provided by XENOCS). The X-rays are generated with a Cu-Kα source. The energy of the x-ray beam was 8 keV, which corresponds to a wavelength of 1.549 Å in such way that the angle of observation θ~5° to access the 5-50 nm length scale. In practice, the observation angle is adjusted by changing the sample-to-detector distance which allows to vary the q range for the targeted domain spacings.

Annex

b) Grazing-incidence Small angle X-ray scattering GISAXS is a surface-sensitive scattering technique used to probe the nanostructure of thin films. It is a powerful technic for the study of BCP nanostructures as it gives statistical information about the morphology as well as its orientation through the thickness of the film.

The concepts previously described are still applicable except that in GISAXS experiments, the geometry is in reflection mode (while in SAXS it is a transmission mode). Indeed, the incident beam hit the sample with a grazing-incidence angle carefully controlled using a sample-tilt stage and is typically on the order of 0.05° to 0.50°. At these angles, the X-ray beam is efficiently reflected off the sample or substrate surfaces. In order to limit the penetration of the X-rays to the probed film (and not the substrate), the choice of the incident angle is crucial. The critical angle is the angle below which the material becomes totally reflecting which means that the X-rays cannot penetrate the surface of the sample. Consequently, to penetrate the BCP film without penetrating the silicon substrate, the incident angle has to be comprised between the one of the BCP and the one of the silicon substrate. In practice, the incident angle is kept close to the critical angle of the studied BCP system. The critical angle of a material can be either calculated (as it depends on the refractive index of the material, intrinsic to the material) or determined via X-rays reflectivity [6].

For the GISAXS experiment performed on a gyroid-forming PDMSB-b-PS in thin film (Chapter 2), the incidence angle was set in the range of 0.1° -0.14°, which is between the critical angle of the PDMSB-b-PS film and the silicon. The experiment was performed on the Dutch-Belgian Beamline at the ESRF station BM26B in Grenoble.

The scattering from the sample is recorded in the (qy, qz) plane where qy and qz are the components of the scattering vector, q as shown the Figure 5-11 [10]. The structure of the BCP film was then deduced by fitting the scattering pattern with the GIXSGUI matlab code developed by Jiang [11].
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Abstract:

The objective of our work was to highlight the potential of the high-χ PDMSB-b-PS BCP for advanced nanolithography applications. For this purpose, we have demonstrated the ability of our system to self-assemble into well-defined nanostructures in bulk and we have performed the self-assembly of cylinder-and gyroid-forming PDMSB-b-PS BCPs in thin film using industrially-friendly processes (Chapter 2). With the aim of controlling the out-of-plane orientation of lamellar-forming PDMSB-b-PS BCPs in thin film, we have proposed an innovative approach relying on the use of crosslinkable neutral TC layers. The versatility of this approach was demonstrated using BCPs having different macromolecular characteristics and extended to the formation of multi-layer stacks through an iterative self-assembly process (Chapter 3). Taking advantage of the crosslinking ability of our TC material, we have outlined the patterning ability of the TCs using photosensitive crosslinking agents. The patterning of neutral TCs above the lamellar-forming PDMSB-b-PS BCPs further allowed a control of the orientation of the PDMSB-b-PS domains in specific areas of the film (Chapter 4).