The concept of metamaterials appeared in the years 2000 with the achievement of artificial structures enabling nonconventional propagation of electromagnetic waves. The electromagnetic response of metamaterials is based on the presence of optically resonant elements of sub-wavelength size and well-designed morphology and organization.

In order to create controlled geometrical structures inherent to metamaterials design, block copolymer self-assembly constitutes an emerging strategy. Indeed, the periodic structures inherent to their segregation behavior can be used as scaffolds to create various regular or ordered nanoparticles arrays. The main objectives of this study is to demonstrate that block copolymer self-assembly can indeed lead to a high level of control for a variety of designed nanostructures, in an easy and scalable way, and to correlate the structural parameters of the nanoparticles arrays with their optical properties.
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As a first demonstration, a lamellar-forming (poly(styrene)-block-poly (2-vinylpyridine) was used to create high refractive index surfaces. The selective and customizable metal incorporation within the out-of-plane lamellae produces azimuthally isotropic metallic nanostructures of defined geometries, for which a clear relationship between the gold content and the refractive index was established. Further studies were dedicated to the correlation between the geometrical parameters of the nanoparticles arrays and the optical properties through the macromolecular engineering of a series of cylinder-forming block copolymers having a wide range of molecular weights. Through this strategy, the particle diameter and the inter-particle distance were tuned leading to the production of metasurfaces with various optical characteristics. More complex metasurface designs were also obtained using a layerby-layer self-assembly strategy, i.e., bimetallic raspberry nanoclusters or layered hybrid (metallic/polymer) structures. In all cases, the nanoparticles arrays were thoroughly analyzed using microscopy and small-angle X-ray scattering techniques in order to better apprehend the optical properties derived from variable-angle spectroscopic ellipsometry analysis.

Résumé

Le concept de metamatériaux est apparu au cours des années 2000 avec la réalisation de structures artificielles permettant une propagation non-conventionnelles des ondes électromagnétiques. La réponse électromagnétique des metamatériaux est liée à la présence d'éléments optiquement résonants, de dimensions inférieures aux longueurs d'onde d'excitation, arrangés dans une structure périodique prédéfinie.

Afin de produire les structures géométriques inhérentes au design de metamatériaux, l'auto-assemblage des copolymères à blocs constitue une méthodologie émergente. En effet, les structures périodiques produites lors de la séparation de phase de ces matériaux peuvent être utilisées en tant que canevas pour la création de réseaux périodiques de nanoparticules.

L'objectif principal de ces travaux de thèse a ainsi été de démontrer la validité de cette stratégie pour la réalisation, d'une manière simple et reproductible, d'une large gamme de nanostructures et de corréler les paramètres structuraux de ces réseaux de nanoparticules aux propriétés optiques.

Une première démonstration de ce concept a été obtenue en utilisant un copolymère à blocs formant une structure lamellaire afin de réaliser des surfaces possédant des indices de réfraction élevés. La formation contrôlée de particules métalliques au sein de cette structure a permis de produire des surfaces décorées par ces nanoparticules, pour lesquelles une corrélation entre la teneur en or et l'indice de réfraction résultant a pu être établie. Ce concept a été poussé plus en avant en utilisant une gamme de copolymères à blocs de différentes masses molaires et formant une morphologie cylindrique. En effet, un contrôle accru des paramètres structuraux des réseaux de nanoparticules (diamètre et distance inter-particules) a permis la réalisation de metasurfaces aux propriétés optiques variées. Enfin la mise au point d'une stratégie d'auto-assemblage itérative nous a permis d'obtenir des metasurfaces au design complexe, avec notamment la production de surfaces décorées par des clusters bimétalliques ou des multicouches hybrides polymère/métal. Dans l'ensemble des cas, les surfaces décorées de nanoparticules ont été minutieusement caractérisées par des techniques de microscopie et de diffraction RX afin de mieux appréhender les propriétés optiques dérivées d'analyses d'ellipsométrie spectroscopique à angle variable. 
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General Introduction

Nanotechnology is defined as the manipulation of matter on an atomic, (macro)molecular and supramolecular scale. By the precise manipulation of nanoscale building blocks, novel "engineered" materials, exhibiting significantly different physical properties than the bulk counterparts, are at the core of new devices finding applications in medicine, electronics or energy production. The underlying concept was first introduced by Richard Feynman in a talk entitled "There's Plenty of Room at the Bottom" in which he described the possibility to directly manipulate individual atoms as a design tool more powerful than conventional chemistry. Relying on the invention of scanning tunnelling and atomic force microscopies in the 1980's and on the development of powerful lithographic tools, two main approaches, i.e., "bottom-up" and "top-down", are used in nanotechnologies to produce the artificial features inherent to the engineering of functional systems. Recently, explorations of artificial materials for manipulating electromagnetic waves obtained through structural engineering at the nanoscale have attracted a lot of attention, with notably the first demonstration of an invisibility cloak at microwave frequencies by Schurig, Pendry, and Smith. This class of artificial materials defined thus a novel interdisciplinary research field, called metamaterials.

Metamaterials (from the Greek word μετά meta, meaning "beyond") are novel artificial materials with unusual electromagnetic properties that are not found in naturally occurring materials. The concept of metamaterials appeared in the 2000's, with the achievement of artificial structures showing a frequency band with a negative refraction index. In such metamaterials, an unconventional propagation of electromagnetic waves is enabled. The peculiar electromagnetic response is based on the presence of optically resonant elements of sub-wavelength size with tailor-made shape and organization. More generally, metamaterials exhibit the potential to control the light propagation from the precise design of nanoscale features. These tailor-made resonant nanostructures might exhibit properties such as negative refractive index, electromagnetic bandgap or optical magnetism. However, the fabrication routes of metamaterials are still cumbersome and constitute a bottleneck for the widespread development of such nanotechnologies. Indeed, most demonstrators have been produced by lithographic techniques which require expensive tools and strong environmental management.

An alternative would be to develop bottom-up approaches able to produce the tailormade geometrical structures. In particular, block copolymer self-assembly applied to the definition of nanoscale features constitutes an emerging strategy with recent industrial breakthroughs in microelectronics. The periodic structures inherent to their segregation behaviour can be used as scaffolds to create regular and ordered arrays. Consequently, the main objective of this Ph.D. is to translate block copolymer fabrication strategies to the field of metamaterials. More precisely, the self-assembly of block copolymers in thin films will be used to gain a high level of control in the design of nanostructures, in an easy and scalable way. The resulting structures (denominated metasurfaces) will further be probed as regards to their optical properties with the challenge to originate unconventional responses.

The Chapter 1 of this manuscript will describe the general context of this study. The paradigm of metamaterials and their classification into different classes depending on the final structure will be introduced. Since the properties of these materials strongly depend on the arrangement of the constitutive units at the nanoscale, the different fabrication strategies will be presented. As this Ph.D. thesis is focused on the bottom-up strategies, the most relevant ones will be introduced with a strong emphasis on the phenomenon leading to the block copolymer self-assembly into ordered structures. Furthermore, the techniques leading to the hybridization of block copolymer structures with metals or dielectrics will be reviewed as such strategies will be used to tune the optical responses of the block copolymer arrays. Finally, some pioneer works concerning the application of block copolymer templates to the design of metamaterials will be presented.

In Chapter 2, a first geometry of metasurfaces will be designed using the self-assembly of poly(styrene)-block-poly(2-vinylpyridine) (PS-b-P2VP) into out-of-plane lamellar morphology. The selective impregnation of the block copolymer domains with metallic salts will be pursued in a controlled manner in order to tune the shape and size of the particles formed from the block copolymer template. Indeed, a progressive evolution from isolated spherical nanoparticles to continuous metallic nanowires will be observed. Finally, the geometrical library of objects will allow us to correlate the optical response of the different metasurfaces with the structural design leading to high refractive index surfaces.

The Chapter 3 will be dedicated to the correlation between the geometrical parameters of the nanoparticles arrays and the optical properties through the macromolecular engineering of a series of cylinder-forming block copolymers having a wide range of molecular weights. Through this strategy, the particle diameter and the inter-particle distance can be tuned leading to the production of metasurfaces with a very strong optical anisotropy.

In Chapter 4, more complex designs of metasurfaces will be introduced, taking advantage of the library of bottom-up strategies developed during this Ph.D. to build tailormade geometrical structures. In particular, a promising strategy based on iterative selfassembly, i.e., a layer-by-layer methodology, allow us to produce bimetallic raspberry nanoclusters or layered hybrid (metallic/polymer) structures. Preliminary results concerning the optical properties of these structures will be as well presented.

Finally, an Annex with all the experimental details and the description of the techniques used during this study is provided at the end of this manuscript. 7 . The insets show some of the most relevant marks in the evolution of metamaterial field (from bottom to top) negative refraction 2 , cloaking 8 and metasurfaces 9 .

List of abbreviations

The word metamaterial was used for the first time in 2000. It was defined as a composite medium, based on a periodic array of interspaced conducting nonmagnetic split ring resonators and continuous wires 2 . Since that, the definition evolves several times, and all these modifications are directly related with the necessity to expand the meaning of the term, from something very specific to more general, at the same speed that new discovers and developments were made. For example, in 2010 metamaterials were already defined as an artificial media structured on a size scale smaller than the wavelength of external stimuli 3 , and finally since 2015 they are simply defined as man-made media providing electromagnetic properties on-demand 4 . Nowadays, after more than 20000 research articles published in the field (see Fig. 1.1), metamaterials constitute one of the most exciting disciplines, with a wide range of technological applications such as antennas 5 or absorbers 6 .

Optical metamaterials

In this Ph.D. thesis, a particular focus was devoted to optical applications of metamaterials. In the following sections, different concepts will be introduced and various strategies for their fabrication will be presented. Nevertheless, a first question should be answered before going further, i.e., why metamaterial design is of interest for optical applications? To answer it, we should go back to 1968. At this time, the seminal work of Veselago et al. demonstrated that combining a negative electric permittivity with a negative magnetic permeability could produce a material with a negative refractive index 10 . However, these results were based on theoretical considerations and the conclusion of the manuscript pointed out the absence of such materials in nature. Following this pioneer study, tremendous efforts were devoted by the scientific community towards the fabrication of metamaterials, considering their applications as super-lenses 11 or even in the design of an invisible cloak 12 .

A subsequent question is how can we create such materials? Negative permittivity is quite common in metals at optical wavelengths but it is very unusual to find natural materials that exhibit magnetic response at high frequencies 13 . A first answer to this question was given by Pendry and coll. in 1999. They showed that a split-ring resonator (SRR) (Fig. 1.2A) with dimension smaller than the excitation wavelength (micro-wave in their study) used as a building block for the fabrication of a textured structure, could lead to a magnetic response at the resonant frequency of this oscillator, even in non-magnetic parent materials 14 . This design allows currents to run in a loop, concentrating the electromagnetic energy in a very small volume (around the gap), thus increasing its density by a huge factor, and greatly enhancing any nonlinear effects. This proof-of-concept opens the way to engineer electromagnetic properties in optical frequency. In other words, it is possible to design materials exhibiting both a negative permeability and a negative permittivity which should subsequently translate into negative refractive index metamaterials (Fig. 1.2B). Finally, in 2000, Smith and coworkers 2 demonstrated a negative refractive index material for microwave frequencies, using the SRR concept. Other kinds of structures, such as paired nano-rods 15 or metal/dielectric/metal fishnet structures 16 , were then proposed, extending the range of structures and giving rise to optical metamaterials with tailored optical properties.

In summary, the metamaterials properties derive not only from the properties of the building block materials, but also from their designed structures. They are generally based on the presence of optically resonant elements of sub-wavelength size of well-designed morphology packed in a defined organization. A precise control of the shape, the geometry, the orientation and the arrangement of the structural units allows to manipulate electromagnetic waves, i.e., by blocking, absorbing, enhancing, or bending waves, thus achieving benefits that go beyond of what is possible with conventional materials. But, what does it mean to be a conventional (unconventional, respectively) material from an optical point of view? In the following section some basic considerations about material optics will be presented.

Optics of materials

The optical properties of materials are characterized by the complex refractive index (𝑛 ̅), that is defined as:

𝑛 ̅ = 𝑛(𝜆) + 𝑖𝑘(𝜆) (1.1)
Where the real part, n, is also called the optical refractive index and the imaginary part, k, the absorption coefficient.

This imaginary part represents the energy loss by an electromagnetic radiation passing through a medium. A real refractive index at a defined wavelength means that the electromagnetic wave goes through the medium without being absorbed (k = 0), or in other words, the medium is transparent for this particular wavelength.

For all materials, the complex refractive index can by described by two parameters 14 , the electric permittivity, 𝜀̅ , and the complex magnetic permeability, 𝜇̅ , following the expression:

𝑛 ̅ = √𝜀̅ (𝜆) 𝜇̅ (𝜆) (1.2)
All the materials can be classified according to these two parameters into four different groups as represented in Fig. 1.3A. The first quadrant (I) covers materials with simultaneously positive permittivity and permeability and includes most dielectric materials. The quadrant (II) embraces metals, ferroelectric materials, and doped semiconductors that could exhibit negative permittivity at given frequencies (i.e., below the plasma frequency). The quadrant (IV) describes the behaviour of some ferrite materials with negative permeability at microwave frequencies. Finally, the quadrant (III) is a region of special interest for the metamaterials field, since both the permittivity and the permeability are negative. As mentioned earlier, there is no such material in nature. 

Nanostructuration is the key

The index of refraction provides a measure of the speed of an electromagnetic wave as it propagates within a material. Additionally, it provides information on the deflection of a light beam when crossing the interface between two materials having different refractive index values. This phenomenon was studied by Willebrord Snell in 1621 and René Descartes in 1637, giving the following relation:

𝑛 1 𝑠𝑖𝑛𝜃 1 = 𝑛 2 𝑠𝑖𝑛𝜃 2 (1.3)
Where the indices of refraction of the first and second media are denoted by n1 and n2, respectively, and θ1 and θ2 are the angles the light makes with the surface normal of each medium.

According to Snell's law, when a light beam is incident from a positive-index medium (n1) to another positive-index medium (n2), the light ray is deflected by a positive angle, θ2, with respect to the perpendicular axis to the interface (Fig. 1.4A). On the contrary, when a light beam is incident from a positive-index material to a negative-index one, the refracted beam lies on the same side of the normal as the incident one (Fig. 1.4B).

Figure 1.4: Schematic of refraction of ordinary material medium (A) and negative index material medium (B).

To obtain a negative refraction in a homogeneous and isotropic material, the refractive index has to be negative, i.e., the electrical permittivity and the magnetic permeability have to be simultaneously negative. Interestingly, for an anisotropic material with a complex refractive index, a negative refraction can be obtained without necessarily having both negative permittivity and permeability 17,18 . In order to engineer such kind of optical properties in the visible range, the basic structures of the anisotropic material should be smaller than the visible wavelengths (400-750 nm).

Consequently, "nanostructuration" is the key to manipulate the electromagnetic properties of materials. Both double negative indexes metamaterials and negative refractive behaviours could be derived from nanostructured materials with appropriate designs as theoretically predicted in the literature 19 . In the following sections, some of these structures will be explained, starting from the simplest one (meta-atom) to the most complicated (real 3D metamaterials).

From metamaterials to metasurfaces 2.1. Metamaterial classification

In the previous sections, optical metamaterials were defined as an artificial material structurally designed with the purpose of producing extraordinary optical properties. An easy and short classification of the different metamaterials can be proposed according to the basic units used to create such materials, the so-called meta-atoms or meta-molecules. They have to be considerably smaller than the operating wavelengths and the distance between the neighbouring meta-atoms should also be in the subwavelength range. Therefore, depending how these so-called meta-atoms are arbitrarily arranged into periodic arrays, they are classified as one-dimensional (1D) materials (chains), two-dimensional (2D) materials (metasurfaces), and three-dimensional (3D) materials (metamaterials), as shown in Fig. 1.5. In the next sections, some theoretical considerations governing the physical properties of metamaterials will be introduced.

Metasurfaces

Metasurfaces are the two-dimensional version of metamaterials and have attracted increasing attention due to their ability of light manipulation (phase, amplitude or polarization) over subwavelength propagation distances. They are commonly made of structures with specially designed size, geometry, and orientation to generate specific optical responses. Compared with 3D bulk metamaterials, metasurfaces have a negligible layer thickness with respect to the working wavelength, thus occupying much less physical space.

Other important advantage is the suppression or the decrease of the undesirable losses, due also to their ultralow thickness. This can be even improved by using appropriately chosen materials and metasurface structures.

Generally, optical metasurfaces can be divided into two main categories, i.e., plasmonic and dielectric, as regards to the material properties used to create the basic unit. The responses of plasmonic and dielectric metasurfaces are all dependant on the characteristics of the unit structure such as dimensions and materials. Electron-beam lithography is the only technique used to create dielectric metasurfaces [20][21][22] . Since the objective of this work is to explore the possibility of using block copolymers (BCP) selfassembly to create patterned metasurfaces, we focused on plasmonic metasurfaces. First because BCP can present selective chemical interaction with metallic species and also because the surfaces obtained are more stable (Au versus Si).

Plasmonic metasurfaces

The starting point of this section is to clearly define the term "plasmonic metasurfaces". Such structure is made of metallic meta-atoms whose optical responses are governed by the particle plasmon resonances. When an electric field is applied to a metallic particle, the conduction electrons (which are loosely bound) are displaced from their equilibrium positions with respect to the core ions, leading to an excess charge at the surface and a polarization of the particle. In a time-varying external field, this collective motion can be described as an oscillator and presents a resonance at a defined frequency. The polarizability of a spherical particle is defined as:

𝛼 = 3𝜀 0 𝑉 𝜀-𝜀 0 𝜀+2𝜀 0 (1.4)
Where V is the volume of the sphere, ε0 the free-space permittivity and ε the (absolute) permittivity of the spherical object. For very small particles (less than a few tens of nanometres), the electric field penetrates the whole volume of the particle, polarizing it completely, thereby resulting in a dipolar response whose resonant frequency depends on the particle material, shape and dielectric environment. However, when the particle dimensions are larger, the electric field acts primarily on the surface electrons, giving rise to higher-order multipole resonances (see Fig.

1.6A).

In both cases this phenomenon is called localized surface plasmon resonance (LSPR).

For these larger particles, the plasmon resonance is even more sensitive to the size and shape of the particle. Even if LSPR is going to affect light propagation even for isolated objects, a crucial question remains; how the arrangement of these meta-atoms into a 2D array is going to affect the optical response of the final material.

In fact, different phenomena take place when these plasmonic meta-atoms are arranged at close proximity. The plasmonic modes (distribution of the polarization charges)

supported by an individual meta-atom (Fig. 1.6B) are modified by the presence of the other members of the array (Fig. 1.6C). Firstly, the proximity of the nearest neighbours modifies the field distribution around a particle, thereby altering its polarizability. Secondly, if the array period is of the order of the wavelength of the particle resonance, the neighbouring particles can coherently interact, leading to collective modes known as surface lattice resonances (SLRs) 24 .

Therefore, the response of plasmonic (and also dielectric) metasurfaces are very sensitive to the unit structure characteristics, such as material, shape and size of the resonator but also to the lattice structure. Several types of nanoresonators have been proposed in the literature and some of them will be presented in the next section. which the resonant frequency further depends on the orientation and size of the particle, relative to the driving field 25 . Another example of meta-atom is a metal nanorod with subwavelength dimensions (Fig. 1.7B), which acts as a dipole antenna that supports a halfwavelength resonance along its principal axis 26 . Using these two basic elements, it is possible to build up more complex meta-atoms. For example, folding a nanorod along its middle creates a V-shaped 9 antenna (Fig 7C). Such geometrical configuration has two main effects: a frequency tunability due to the dipolar interactions between both ends of the nanorod, and the creation of a new symmetry allowing dark (non-radiating) modes to couple the incident light for appropriate directions of the incident electric field. As the magnetic moment for a V-shaped antenna is weak, U-shaped 27 (Fig. 1.7D) split-ring resonators or C-shaped 28 (Fig. 1.7E) were further designed to enhance the aforementioned phenomena.

Plasmonic meta-atoms

To achieve a negative-index material, fishnet structures (Fig. 1.7F) were designed with long wires inducing a metallic response 29 . Thus, electric and magnetic field components can be designed to couple, enabling near fields to take on a chiral character (Fig. 1.7G). This can ultimately result in chiroptical far-field effects like optical activity or circular dichroism, far stronger than anything observed in natural materials 30 .

As presented above, there is a great variety of meta-atoms which can be used for the design of different plasmonic metasurfaces. The next question is then related to how they can be prepared. Which techniques can be used? A quick survey of the literature shows that techniques such as electron beam lithography, focused ion beam or nanoimprinting lithography were employed, since they allow a precise design of the shape and orientation of the meta-atoms, as well as of the lattice structure. This highlights the necessity to develop techniques that allow us to obtain very well-ordered and controllable structures on a large scale. For that, two different methodologies have been used in the literature, top-down and more recently bottom-up approaches. In the next section, the advantages and drawbacks of each one will be discussed.

Top-down vs bottom-up

There are two different strategies to obtain the required ordering of the meta-atoms, i.e., the top-down and bottom-up methods. Top-down approaches can be likened to sculpting from a block of stone in order to obtain the desired shape. Nanoscale features are commonly produced using lithographic techniques such as conventional photolithography, e-beam lithography, focused ion-beam etching or nanoimprint lithography. With these techniques, patterns with controllable dimensions and shapes are prepared with a nanometric periodicity.

Photolithography is the most widely used for fabricating large-area integrated devices. Briefly, it consists in the transfer of geometric patterns in a substrate using optical radiation and photosensitive resins (Fig. 1.8) 31 .The main disadvantage of photolithography is related to the diffraction limit, which restricts the feature resolution to around 40 nm using 193 nm immersion lithography. With newly developed techniques such as e-beam lithography, it is possible to produce feature sizes around 20 nm, but the cost of production grows exponentially, and such process is constrained to very small scale due to the sequential nature of the pattern formation. As opposed, "bottom-up" approaches can be likened to building a house with bricks, taking advantage of the self-organization of atomic, molecular or even colloidal building blocks to provide access to nanostructures with a corresponding range of characteristic length scales.

Self-assembly of colloidal particles (Fig. 1.9A) has proven to be an inexpensive method to fabricate nanometric structures, from monolayers to 3D materials. Controlled drying of NP suspensions can produce 3D dense assemblies of resonators of interest [32][33][34] . Controlled 2D assemblies are less accessible using capillary effects unless template substrates are used to direct the NPs organization, as in the so-called "capillary force assembly" 35 . Recently other methodologies such as the synthesis of patchy particles (Fig. 1.9B) have been developed in order to create more complex structures 36 . Nevertheless, the complexity of the synthesis and assembly also increased, limiting the application to small scales. BCP self-assembly in the thin film configuration is another promising method to create highly ordered structures. It is based on the segregation behaviour of sequenced polymers (and more particularly BCPs) leading to the formation of periodic structures with nanometric periodicity. This thermodynamically driven fabrication process through solution wet processes offers unique opportunities to design large structured areas of nanometric features with controlled periodicity. In the following sections, some considerations about BCP materials and their self-assembly behaviour will be presented, both in bulk and in thin film.

BCP self-assembly

A BCP is a macromolecule formed by two or more chemically different polymers, called the blocks, covalently linked together. Depending on the connectivity between the blocks, various macromolecular architectures have been developed, such as diblock, triblock, star or graft copolymers (Fig. 1.10). A rich variety of nanostructures have been produced by selfassembly of these macromolecules. Indeed, several geometrical structures, i.e., lamellae, cylinders or spheres have been obtained controlling the BCP phase behaviour 37 . The phase separation process leading to the formation of nanostructures in BCP is driven by the combination of an unfavourable mixing enthalpy coupled to a small mixing entropy of the two polymer components. Assuming a BCP structure formed of two blocks A and B, an unfavourable mixing Gibbs free energy between the A and B blocks, will lead to a phase separation into different domains containing the A and B chains. As the chemical bond between the blocks prevents a separation at the macroscopic scale, the separation appears locally, and the periodic structures formed from the phase separation process has a length scale related to the radius of gyration of the polymer chains.

Flory and Huggins currently developed a lattice theory to describe the thermodynamics of binary polymer solutions in the early 1940s 38,39 . Using the Stirling's approximation, Flory and Huggins obtained the following expression for the entropy of mixing:

𝛥𝑆 𝑚 = 𝑘 𝐵 (-𝑁𝑙𝑛𝛷 𝐴 -𝑁𝑙𝑛𝛷 𝐵 ) (1.5)
Where kB is the Boltzmann constant, φ the volume fractions of each block and N the degree of polymerization of each block. The microphase separation occurring in BCP systems is controlled by the free energy of the system (ΔGm) which can be written as:

𝛥𝐺 𝑚 = 𝛥𝐻 𝑚 -𝑇𝛥𝑆 𝑚 (1.6)
Where ΔHm is the heat of mixing. Flory and Huggins introduce a new parameter, the so-called Flory-Huggins interaction parameter.

It can be seen as measurement gauge of the degree of incompatibility between the A and B blocks, and can be written as:

𝜒 𝐴𝐵 = 𝛥𝐻 𝑚 𝑁𝑘 𝐵 𝑇𝛷 𝑎 𝛷 𝑏 = 𝑍 𝑘 𝐵 𝑇 [𝜀 𝐴𝐵 - (Ꜫ 𝐴𝐴 +Ꜫ 𝐵𝐵 ) 2 ] (1.7)
Where kB is the Boltzmann constant, T is the temperature, Z is the network coordination number, and ε are the interaction energies between two monomers.

Finally, the free energy of mixing of the system (ΔGm) is obtained by combining the entropic and enthalpic terms:

𝛥𝐺 𝑚 𝑘𝑇 = 𝛷 𝐴 𝑁 𝐴 ln(𝛷 𝐴 ) + 𝛷 𝐵 𝑁 𝐵 ln(𝛷 𝐵 ) + 𝜒 𝐴𝐵 𝛷 𝑎 𝛷 𝑏 (1.8)
According to this equation, the microphase separation mainly depends on three parameters, the volume fractions of each block (φ), the degree of polymerization of each block (N), and the Flory-Huggins parameter, χAB. The enthalpy change of the process, ΔHm, is largely determined by the Flory-Huggins parameter, χ, while the change in entropy of the process, ΔSm, mainly depends on the polymerization degree of the chain, N. Thereby, the product of the interaction parameter with the overall degree of polymerization, χABN, as well as the BCP composition, φ, regulates the phase behaviour of BCPs. Self-assembly of the AB-type BCP (demixing) spontaneously occurs if ΔGm is positive (generally accompanied by an entropy loss).

The χABN product will additionally dictate the phase separation threshold, i.e., the frontier between a mixed phase (referred to as the disordered state) and a phase separated state (referred to as the ordered state). Indeed, an increase of the interaction parameter will further accentuate the block incompatibility, thus favouring an extended phase separation.

An increase of the degree of polymerization parameter favours the phase separation as well, since the entropy gain occurring through mixing of the A and B blocks will be further reduced.

Consequently, a critical value of the χABN product, denoted as (χABN)ODT, demarcates the frontier (order-disorder transition) between a homogeneous and a segregated BCP system (Fig. 1.11). As the interaction parameter is inversely proportional to the temperature, this order-disorder transition can be triggered by a modification of the temperature. An increase of the temperature induces larger thermal fluctuations and reduces the repulsive interactions between the A and B segments. Beyond a certain temperature, denoted as order-disorder transition temperature TODT, the system is thus in a disordered state (mixed state). On the opposite, when the temperature is lower than TODT, the blocks are segregated into microdomains.

As previously introduced, a third factor allows tuning the order-disorder transition: the relative volume fraction of the blocks (φ). The theoretical phase diagram of an A-B BCP is plotted as function of the volume fraction in Fig. 1.12. It shows how the boundary between the ordered and disordered states varies with the composition of the BCP and further details will be given in the next section.

Phase diagram of diblock copolymers

Extensive research works over the last 50 years led to the definition of the BCP phase diagrams in the φ/χN referential (Fig. 1.12). When a BCP is in an ordered state, the morphology of the segregated structures depends on the φ and χN values. The Flory-Huggins parameter, the degree of polymerization and the volume fraction affect the conformation of the polymer chains and, more importantly, have a strong impact on the spontaneous curvature adopted by the interface between the two blocks. This leads to the definition of a library of morphologies based on the minimization of the free energy of the BCP system depending on the macromolecular parameters of the BCP. Thus, for a BCP with values of χABN much smaller than 10.5, the blocks are homogeneously mixed (Fig. 1.13A). As χABN approaches 10.5, the chains of the A and B blocks start to segregate. As the incompatibility between the blocks is not very high, the segregation is weak, with not clearly-defined interfaces. This stage is named fluctuating disordered state (Fig.

1.13B).

For values of χABN larger than 10.5, an ordered mesophase is formed (Fig. Finally, we should note that there are significant differences between the theoretical and the experimental phase diagrams, the most important one is the asymmetry with respect to φA due to the different volumes and persistence lengths of the two monomer units (Fig. 1.12C).

BCP thin films

As described in the last section, BCP are a class of self-assembling materials that spontaneously segregate at nanometre length scales, making them ideal for the definition of nano-patterns in the thin film configuration. Thin film applications of BCP span the nanotemplating, separation, optoelectronic and coatings fields [42][43][START_REF] Segalman | Block Copolymers for Organic Optoelectronics[END_REF][START_REF] Joo | Block Copolymer Film with Sponge-Like Nanoporous Strucutre for Antireflection Coating[END_REF] . As previously explained, the phase separation in the bulk state mainly depends on three fundamental factors: the incompatibility between the blocks (χ); the degree of polymerization (N) and the volume fraction (φ). In thin films, other parameters have to be taken into account such as the interactions with the substrate and the free surface or the confinement effects. But before explaining the influence of these parameters, some experimental details about how BCP thin films are prepared will be provided. 

Surface substrate effect

The substrate surface energy and the surface chemistry are important parameters for controlling BCP thin film self-assembly, both with regards to microstructure stability [START_REF] Segalman | Patterning with block copolymer thin films[END_REF] and microstructure orientation (essentially for lamellae and cylinders) [START_REF] Epps | Substrate Surface Energy Dependent Morphology and Dewetting in an ABC Triblock Copolymer Film[END_REF] . For example, if the surface is preferential for one of the blocks, this block domain will tend to wet the surface and in-plane orientations will be preferentially obtained (parallel to the substrate). On the contrary, if the surface of the substrate is neutral for both blocks, out-of-plane orientation can be obtained, depending on the film thickness and its commensurability as regards to the BCP period [START_REF] Han | Perpendicular Orientation of Domains in Cylinder-Forming Block Copolymer Thick Films by Controlled Interfacial Interactions[END_REF] .

The most common strategy to modify the substrate surface, and therefore to control the microstructure orientation, is the use of grafted random copolymers (Fig. 1.15). The random copolymer methodology relies on the statistical composition of the copolymer to tune the substrate surface energy/chemistry generating neutral or preferential surfaces. The copolymers can be end-grafted [START_REF] Mansky | Controlling Polymer-Surface Interactions with Random Copolymer Brushes[END_REF] or side-grafted [START_REF] Ji | Generalization of the Use of Random Copolymers To Control the Wetting Behavior of Block Copolymer Films[END_REF] to substrates to form a brush layer covering the substrate (Fig. 1.15B). This strategy not only allows controlling the orientation but also guiding the azimuthal orientation of the morphology, using chemical patterned surfaces [START_REF] Li | Directed self-assembly of block copolymers by chemical or topographical guiding patterns: Optimizing molecular architecture, thin-film properties, and kinetics[END_REF] . 

Free surface effect

The domain affinity at the free surface (surface in contact with the air) is a similar field effect to that emanating from the substrate surface discussed in the last section. Preferential or neutral interactions also affect both microstructure orientation and stability. This surface property can be tuned by two different strategies, thermal or solvent vapour annealing. For some systems with block surface energies approximately equal, a neutral free surface can be created by heating the samples at the right temperature [START_REF] Han | Perpendicular Orientation of Domains in Cylinder-Forming Block Copolymer Thick Films by Controlled Interfacial Interactions[END_REF] . But the temperature window between the Tg (glass transition temperature) of the blocks and the degradation temperature of the involved components might only be very small. Thus in order to avoid polymer degradation, solvent vapour annealing can provide a powerful alternative [START_REF] Cavicchi | Solvent annealing thin films of poly(isoprene-b-lactide)[END_REF][START_REF] Sinturel | Solvent Vapor Annealing of Block Polymer Thin Films[END_REF][START_REF] Di | Structural Rearrangements in a Lamellar Diblock Copolymer Thin Film during Treatment with Saturated Solvent Vapor[END_REF] . In this case, since a solvent swells the BCP thin film , the final morphology can also be affected by the interactions between the solvents and polymers, leading to structures that cannot be achieved by thermal annealing [START_REF] Park | Lateral Ordering of Cylindrical Microdomains Under Solvent Vapor[END_REF] .

Solvent vapour exposure was widely used during this work, since it could be used for multiple purposes. Firstly the vapour establishes surface preferentiality at the free surface of the film [START_REF] Cavicchi | Solvent annealing thin films of poly(isoprene-b-lactide)[END_REF][START_REF] Horvat | Phase behavior in thin films of cylinder-forming ABA block copolymers: Mesoscale modeling[END_REF][START_REF] Knoll | Phase Behavior in Thin Films of Cylinder-Forming Block Copolymers[END_REF] . Besides, by swelling the BCP film, such treatment effectively lowers the glass transition temperatures (Tg) of the blocks, increasing chain mobility and promoting thus the ordering of the BCP structure [START_REF] Cavicchi | Solvent annealing thin films of poly(isoprene-b-lactide)[END_REF][START_REF] Horvat | Phase behavior in thin films of cylinder-forming ABA block copolymers: Mesoscale modeling[END_REF] . Additionally, the presence of solvent in the film affects the interactions between the blocks (χ) and potentially the relative volume fractions, leading to changes in the phase diagram [START_REF] Cavicchi | Solvent annealing thin films of poly(isoprene-b-lactide)[END_REF][START_REF] Horvat | Phase behavior in thin films of cylinder-forming ABA block copolymers: Mesoscale modeling[END_REF] . Additionally, the solvent and solvent-swollen polymer interactions with the substrate surface can lead to the screening of undesirable surface interactions [START_REF] Cavicchi | Solvent annealing thin films of poly(isoprene-b-lactide)[END_REF] or film dewetting [START_REF] Epps | Substrate Surface Energy Dependent Morphology and Dewetting in an ABC Triblock Copolymer Film[END_REF] . Finally, the swelling followed by the rapid drying quench of the film, leads to an effective polymer domain spacing (L0) that can be greater [START_REF] Di | Structural Rearrangements in a Lamellar Diblock Copolymer Thin Film during Treatment with Saturated Solvent Vapor[END_REF] or lower [START_REF] Horvat | Phase behavior in thin films of cylinder-forming ABA block copolymers: Mesoscale modeling[END_REF][START_REF] Knoll | Phase Behavior in Thin Films of Cylinder-Forming Block Copolymers[END_REF] than the bulk L0, affecting commensurability considerations. Experimentally, two different types of solvent annealing can be distinguished, dynamic or static. In the first case, a continuous gas flow passes through a reservoir of solvent and is then introduced in another chamber containing the polymer film (Fig. 1.16A). In the static case (Fig. 1.16B), a reservoir of solvent is enclosed in a "bell jar" with the polymer film for a certain period of time. In both cases, the solvent is removed quickly to trap the non-equilibrium, but often well-ordered structures [START_REF] Horvat | Phase behavior in thin films of cylinder-forming ABA block copolymers: Mesoscale modeling[END_REF][START_REF] Rodwogin | Polylactide-Poly(dimethylsiloxane)-Polylactide Triblock Copolymers as Multifunctional Materials for Nanolithographic Applications[END_REF] . In both cases numerous parameters should be investigated including solvent affinity towards the blocks, annealing time, swollen film thickness, and solvent removal rate.

Confinement effect

The confinement of the BCP thin film between the substrate and the surface in contact with air is a very important parameter to take into account and can induce significant deviations from the predicted bulk structures. As an example, Bai et al. [START_REF] Bai | Thin Film Morphologies of Bulk-Gyroid Polystyrene-blockpolydimethylsiloxane under Solvent Vapor Annealing[END_REF] showed that starting from a bulk-gyroid forming polystyrene-block-polydimethylsiloxane (PS-b-PDMS), it was possible to obtain various thin film morphologies , only by controlling the film thickness (Fig.

1.17A).

Another example of the importance of the film thickness on the final morphology in thin films was presented by Knoll et al. [START_REF] Knoll | Phase Behavior in Thin Films of Cylinder-Forming Block Copolymers[END_REF] In their work, they studied the different morphologies obtained from a cylindrical BCP as a function of the film thickness. Perforated lamellae, different orientations of the cylindrical structure as well as coexistence between two different morphologies were demonstrated for different sample thicknesses. (Fig. 1.17B). The confinement effect, ergo the film thickness, is controlled through the deposition methods and,

as it has been presented here, constitutes one of the most critical parameters in order to control the final morphology in thin films. In the following sections, we will discuss how these well-ordered structures could be used as a template in order to obtain inorganic or metallic arrays, useful for the formation of metasurfaces.

Strategies for inorganic or metallic incorporation into BCP films

Generally, two different strategies have been used to obtain inorganic replicas using BCP films as a template: in situ and ex situ methods. In ex-situ method, pre-synthesized objects are incorporated in the BCP structure mostly through their dispersion in the BCP solution before deposition. As opposed, for the in-situ methods, metallic or inorganic precursors are selectively infiltrated into one of the blocks. In the next sections, the various techniques allowing to hybridize BCP structure will be introduced, starting from the ex-situ and finishing with the in-situ methodologies.

Ex-situ techniques

As previously introduced, this strategy consists in the incorporation of NPs (NPs) into the initial BCP solution leading to NPs-BCP composite thin films. The successful incorporation of NPs into polymer matrices is the result of a balance between the polymer conformational entropy, enthalpy of the insertion into the polymer matrix (due to the creation of polymer-NPs interfaces), and NP translational entropy. Different parameters such as the NP size, shape, concentration, surface chemistry or the BCP length scales and architectures have a huge influence on the distribution of these NPs inside the polymer matrix [START_REF] Lo | Effect of particle size on the phase behavior of block copolymer/nanoparticle composites[END_REF][START_REF] Chiu | Distribution of Nanoparticles in Lamellar Domains of Block Copolymers[END_REF][START_REF] Laicer | Gold Nanorods Seed Coaxial, Cylinder-Phase Domains from Block Copolymer Solutions[END_REF] . Nevertheless, this strategy suffers from the disruptive effect of the NPs on the BCP self-assembly. Li and coworkers [START_REF] Li | Responsive Assemblies: Gold Nanoparticles with Mixed Ligands in Microphase Separated Block Copolymers[END_REF] , for example, have shown the possibility of selectively incorporating P2VP functionalized gold NPs in P2VP polystyrene-block-poly-2-vinylpyridine (PS-b-P2VP) domains.

The particles used for that study present a diameter around 2-3 nm to avoid disturbing the polymer structure (Fig. 1.18AB). Indeed, with this strategy only small objects, with a diameter less than 10 nm, have been successfully incorporated [START_REF] Chiu | Distribution of Nanoparticles in Lamellar Domains of Block Copolymers[END_REF] . For bigger particles, important disruptions of the BCP structure have been observed, limiting greatly the density of incorporated NPs 63 , making it not interesting for the purpose of this study 

In-situ techniques

On the other hand, in situ techniques, as they are inherently post self-assembly fabrication methods, avoid large perturbations of the BCP self-assembly and have been shown

to be excellent methodologies for inorganic or metallic nanofeature fabrication. In the following section, some of the most important strategies, such as evaporation, ALD or aqueous metal reduction, will be introduced.

Evaporation and sputtering of metals on BCP templates

A straightforward strategy consists in using the nanostructured BCP films as a template by selectively etching one of the BCP domains. This step is followed by the evaporation, the electroplating or the sputtering of a metal through the BCP template in order to define geometrical features with defined periodicity. A final step consisting in the removal of the BCP template is often required to obtain the metallic pattern (see Fig. 1.

19).

In 1997, Park et al., reported the first demonstration of pattern transfer using a BCP [START_REF] Park | Block Copolymer Lithography: Periodic Arrays of 1011 Holes in 1&nbsp[END_REF] . This opens new avenues to use these porous polymer films in order to create patterned metallic structures [START_REF] Park | Large area dense nanoscale patterning of arbitrary surfaces[END_REF] . Even if the earliest works were done using PS-b-poly(butadiene) or PS-bpoly(isoprene), further studies using this evaporation technique largely concern PS-b-poly(methyl methacrylate) systems due to the introduction of directed self-assembly methodologies. Another interesting example was reported by Russel and coll. in 2002. They demonstrated the fabrication of an high areal density (10 11 cm -2 ) metallic array using PS-b-PMMA templates and Cr evaporation [START_REF] Shin | A Simple Route to Metal Nanodots and Nanoporous Metal Films[END_REF] . The PMMA domains were selectively removed by UV exposure/acetic acid washing protocol (dry plasma etching can also be used [START_REF] Borah | Plasma etch technologies for the development of ultra-small feature size transistor devices[END_REF] ). Metal evaporation leads to the formation of Cr nanodots after the PS matrix removal. Magnetic Co nanodots [START_REF] Xiao | Graphoepitaxy of cylinderforming block copolymers for use as templates to pattern magnetic metal dot arrays[END_REF] , Ag nanowires [START_REF] Park | Preparation of Metallic Line Patterns from Functional Block Copolymers[END_REF] and Au NPs [START_REF] Zschech | High-temperature resistant, ordered gold nanoparticle arrays[END_REF] were also obtained by such methodology underlining its high versatility. More recently PS-b-P4VP [START_REF] Park | From Nanorings to Nanodots by Patterning with Block Copolymers[END_REF] , PS-b-PDMS [START_REF] Hosaka | Controlling of 6 nm Sized and 10 nm Pitched Dot Arrays Ordered along Narrow Guide Lines Using PS-PDMS Self-Assembly[END_REF] or PS-b-PLA [START_REF] Baruth | Non-lift-off Block Copolymer Lithography of 25 nm Magnetic Nanodot Arrays[END_REF] have also be used as templating materials as their higher χ parameter allows the definition of metallic structure of lower periodicity.

Atomic layer deposition

Atomic layer deposition (ALD) is a versatile technique for the deposition of inorganic materials with the controlled formation of uniform layers via vapour phase precursors [START_REF] George | Atomic Layer Deposition: An Overview[END_REF] . ALD relies on the alternate pulsing of precursor and reactant gases, separated by purge steps, resulting in self-limiting surface reactions [START_REF] George | Atomic Layer Deposition: An Overview[END_REF][START_REF] Johnson | A brief review of atomic layer deposition: from fundamentals to applications[END_REF] . Due to the cyclic nature of the process, the reactants are deposited layer-by-layer, which gives an unparalleled control of the thickness at the atomic level. The BCP self-assembly combined with ALD is a functional route to create porous host materials with a high control, uniformity, and precision in the incorporation of inorganic species.

Figure 1.20: (A) and (B) Al2O3 nanowire features following ALD spacer deposition, (C) and (D)

Si nanostructure and nanotubes after Si etching. Side view and high-resolution SEM images of (E) nanopillars and (H) nanofin features using robust ALD Al2O3 mask patterns for enhanced pattern transfer. (a-f) [START_REF] Moon | Atomic Layer Deposition Assisted Pattern Multiplication of Block Copolymer Lithography for 5 nm Scale Nanopatterning[END_REF] (g, h) [START_REF] Gay | CMOS compatible strategy based on selective atomic layer deposition of a hard mask for transferring block copolymer lithography patterns[END_REF] A good example of the potential of this technique was recently showed by Moon et al [START_REF] Moon | Atomic Layer Deposition Assisted Pattern Multiplication of Block Copolymer Lithography for 5 nm Scale Nanopatterning[END_REF] . Line space features or perpendicular cylinders of Al2O3 on silicon were obtained by the deposition of a uniform 5 nm thick Al2O3 layer within the grooves produced by removing the PMMA domains of a nanostructured PS-b-PMMA film (Fig. 1.20). Another interesting application is to use this porous PS film combined with ALD as a hardmask, producing high-fidelity silicon nanostructures [START_REF] Gay | CMOS compatible strategy based on selective atomic layer deposition of a hard mask for transferring block copolymer lithography patterns[END_REF] .

Peng et al [START_REF] Peng | Nanoscopic Patterned Materials with Tunable Dimensions via Atomic Layer Deposition on Block Copolymers[END_REF] introduced a new strategy for the use of ALD combined with BCP selfassembly (in later publications, this methodology is called sequential infiltration synthesis or SIS). The SIS process involves the initial exposure of the PS-b-PMMA films to the precursor molecules (trimethyl aluminium (TMA) or titanium tetrachloride(TiCl4) / water), which show a high affinity toward the PMMA domains. Indeed, the PMMA domains behave as selective growth sites for subsequent ALD cycles, due to the selective reaction between the carbonyl groups and the TMA or TiCl4 molecules [START_REF] Elam | New Insights into Sequential Infiltration Synthesis[END_REF] . A final etching step leading to the removal of the BCP matrix leads to the formation of Al2O3 or TiO2 arrays. Other BCPs such as PS-b-P2VP, PSb-P4VP or PS-b-PLA can be also used in this approach [START_REF] Yin | Highly ordered TiO 2 nanostructures by sequential vapour infiltration of block copolymer micellar films in an atomic layer deposition reactor[END_REF][START_REF] Li | Highly Porous Metal Oxide Networks of Interconnected Nanotubes by Atomic Layer Deposition[END_REF] , due to the presence of reactive moieties, e.g. carbonyl groups or pyridine sites.

Aqueous metal reduction

Another route for the metal inclusion into polymer films, directly related to the SIS methodology, is the aqueous metal reduction (AMR). It consists in the immersion of a BCP thin film in an aqueous acidic metal containing solution. In 2007, Chai et al. [START_REF] Chai | Assembly of aligned linear metallic patterns on silicon[END_REF] reported highly defined Au, Pd and Pt nanowires obtained from metal ions loading into a cylinder-forming PSb-P2VP followed by the subsequent reduction with O2 plasma (Fig. 1.21). This strategy represents a versatile, straightforward and inexpensive approach in comparison with the others presented is the previous sections, since no High-Tech equipment is needed. This ease and low-cost make it the ideal candidate for highly scalable process [START_REF] Li | From Precision Synthesis of Block Copolymers to Properties and Applications of Nanoparticles[END_REF] .

Figure 1.21: (A-D) Top-down SEM images of Fe, Co, Cu and Ni metallic lines fabricated via aqueous metal reduction and O2 plasma, (E) Scheme of metal ion reduction after immersion of a PS-b-P2VP film into an acidic medium forming mushroom caps followed by O2 plasma

revealing metallic lines [START_REF] Chai | Assembly of aligned linear metallic patterns on silicon[END_REF] .

It is noteworthy that AMR is directed by the chemical interactions (in that case, the acid-basic interaction) between the polymer and the metal ions present in the aqueous solution.

Following this report, several protocols have been developed in order to obtain Fe2O3 87 or TiO2 [START_REF] Mayeda | Metal oxide arrays from block copolymer thin film templates[END_REF] NPs or even more complex systems like Pt-Au binary NPs [START_REF] Shin | Multicomponent Nanopatterns by Directed Block Copolymer Self-Assembly[END_REF] .

In all these reports, an O2 plasma treatment after the metal incorporation was necessary for both the removal of the polymer matrix and the reduction of the metallic precursors into their metallic state. Even if thermal annealing, UV/ozone or selective solvent sonication [START_REF] Mokarian-Tabari | Large Block Copolymer Self-Assembly for Fabrication of Subwavelength Nanostructures for Applications in Optics[END_REF] could be used for this purpose, O2 plasma is one of the most effective strategies for the reduction of noble metals such as Au, Pt or Pd [START_REF] Zou | Reduction of supported noble-metal ions using glow discharge plasma[END_REF] . This could be explained taking into account the high abundance of high energy electrons formed during the plasma (independently of the plasma-forming gas) which act as reducing species [START_REF] Zou | Reduction of supported noble-metal ions using glow discharge plasma[END_REF] .

To summarize this section, we can stress that the AMR strategy is an effective way to incorporate metal precursors inside a BCP template, maintaining the well-ordered structure produced at the time of the self-assembly. This is clearly emphasized by the large variety of metals that could be incorporated into a nanostructured BCP thin film. Consequently, the AMR methodology is one of the most promising and straightforward techniques in order to create plasmonic metasurfaces consisting of metallic NPs arrays. In the next sections, several examples of this type of structures made by combining BCP self-assembly and AMR will be presented.

Metasurfaces based on block-copolymer self-assembly

The use of BCPs to design metamaterials has been mainly focused on the study of 3D structures and has only very recently been devoted to 2D structures and metasurfaces. This section will start introducing how and why the BCPs have been employed in this field, giving some examples of 3D metamaterials and their properties. Finally, a few examples of 2D structures obtained from BCP self-assembly will be described.

3D metamaterials based on BCP self-assembly

In the early 2010's, several theoretical studies showed the potential of BCP nanocomposites with different morphologies, like in-plane lamellar or double gyroid, to obtain 3D metamaterials at visible wavelengths [START_REF] Oh | On the Origin of Chirality in Nanoplasmonic Gyroid Metamaterials[END_REF][START_REF] Hur | Three-Dimensionally Isotropic Negative Refractive Index Materials from Block Copolymer Self-Assembled Chiral Gyroid Networks[END_REF][START_REF] Wood | Directed subwavelength imaging using a layered metal-dielectric system[END_REF] . In the case of the gyroid structure, the chirality of the structure resulting from the BCP templating leads to a potential negative refractive index. For the in-plane lamellar structure, the anisotropy between the metallicdielectric layers formed from the two BCP domains can be responsible for unconventional optical behaviours leading to a hyperbolic effect. In the following sections, these two examples will be discussed in more details.

Double gyroid based 3D metamaterials

The gyroid morphology is particularly interesting due to its potential to create metamaterials at visible wavelengths. This type of structure is accessible from a AB BCP, but the structure is achiral and centrosymmetric. Nevertheless, by using an ABC triblock terpolymer, chiral spirals composed of the A and C domains are obtained from the phase separation process. A chirality can lead to a cross-coupling between electric and magnetic dipoles, breaking the degeneracy between two circularly polarized waves and giving rise to a 

22E).

Other examples of this type of structures were created using hollow alternating gyroid structures [START_REF] Salvatore | A high transmission wave-guide wire network made by selfassembly[END_REF] or gyroids loaded with gold and platinum NPs [START_REF] Li | Linking experiment and theory for three-dimensional networked binary metal nanoparticle-triblock terpolymer superstructures[END_REF] . Although this approach has not yet demonstrated a negative refractive index, gyroid metamaterials strongly affect light propagation beyond standard dichroism and pave the way for the potential mass production of optical metamaterials, which can lead to a variety of large-scale applications.

Hyperbolic metamaterials based on lamellar self-assembled BCPs

Hyperbolic metamaterials represent the ultra-anisotropic limit of traditional uniaxial crystals and are usually composed of multi-layered metal-dielectric composites. In such metamaterials, one of the principal components of their permittivity (ε) tensors is opposite in sign to the other two principal components [START_REF] Belov | Backward waves and negative refraction in uniaxial dielectrics with negative dielectric permittivity along the anisotropy axis[END_REF][START_REF] Smith | Electromagnetic Wave Propagation in Media with Indefinite Permittivity and Permeability Tensors[END_REF][100] . In short, they are materials which behave like a metal in one or two directions (ε < 0) and like a dielectric (ε > 0) in the orthogonal directions. This behaviour makes them ideal for different applications such as negative refraction 101 , super-resolution 102 or biosensing 103 materials.

Basic electromagnetic properties of hyperbolic metamaterials may be understood by considering a non-magnetic uniaxial anisotropic material with principal axes (x, y, z) and a permittivity tensor:

𝜀 = ( 𝜀 1 0 0 0 𝜀 1 0 0 0 𝜀 2
) with 𝜀 𝑥 = 𝜀 𝑦 = 𝜀 1 and 𝜀 𝑧 = 𝜀 2 (1.9)

The iso-frequency dispersion relation in these materials is given by:

(𝑘 𝑥 2 + 𝑘 𝑦 2 -𝜀 1 𝜀 0 𝜇 0 𝜔 2 ) ((𝑘 𝑥 2 + 𝑘 𝑦 2 )𝜀 1 + 𝑘 𝑧 2 𝜀 2 -𝜀 2 𝜀 1 𝜀 0 𝜇 0 𝜔 2 ) = 0 (1.10)
Where kx, ky and kz are respectively the x, y and z components of the wave vector and ω is the wave frequency.

The two terms describe the behaviour of waves of different polarizations: polarization in the 
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Variable-angle spectroscopic ellipsometry and several theoretical models were used in order to extract the permittivity tensor in the two polarizations. The results show the possibility to obtain a hyperbolic effective medium in a given region of the visible spectrum (520 < λ < 560 nm) (Fig. 1.23C).

BCP based metasurfaces

The use of BCP templates to create and design metasurfaces is a novel and promising strategy. In 2016, Young Kim et al. 106 demonstrated the potential application of this technique.

High and tuneable refractive index materials were created by modifying the inter-objects distance. PS-b-PMMA films with hexagonal cylindrical packing were created on silicon substrates. After etching of the PMMA domains by immersion in acetic acid and UV exposure, hexagonal gold nanodots were obtained by e-beam evaporation onto the PS porous film (Fig. In order to modify the inter-particle distance, the gold structure was transferred to a PMMA substrate by a lift-off process, and then deposited onto a PDMS stamp allowing a shrinkage of the inter-objects distance through thermal annealing. A heat treatment at 180°C for 3 min promotes a film shrinkage of 40%, with a subsequent decrease of the inter-objects distance from 33 nm to 2.8 nm. Since the inter-objects distance and the particle size are the two significant parameters in order to control the refractive index 107 , the precise manipulation of the inter-objects distance allowed to increase the refractive index of such metasurfaces up to 

1.24A)

Conclusions

During this bibliographical chapter, the concept of metamaterial has been introduced.

The electromagnetic response of metamaterials is based on the presence of optically resonant elements of sub-wavelength size and well-designed morphology and organization. As it was presented, the arrangement of these meta-atoms into 1D, 2D or 3D structures leads to different classes of metamaterials. One of the most promising fields is devoted to the design of different metasurfaces. Up to now, the top-down approach is the reference in order to obtain controlled geometrical structures. But some examples have recently revealed BCP selfassembly as an emerging strategy. Indeed, the periodic structures inherent to their segregation behavior can be used as scaffolds to create various regular or ordered NPs arrays.

Several strategies for inorganic or metallic incorporation into BCP films have been presented.

For all the reasons presented in this chapter, the main objective of this study is to demonstrate that BCP can indeed lead to a high level of control of a variety of designed nanostructures, in an easy and scalable way, and to correlate the structural parameters of the NPs arrays and their optical properties.

During the next chapters several examples of metasurfaces prepared using straightforward methodology based on the selective hybridization of BCP self-assembled film will be presented. The great degree of structural control achieved on 2D structures allows us to create also layer-by-layer 3D structured metallic materials. The optical properties of all the structures created are presented along this manuscript.

Introduction

Going beyond the physical limit attainable with natural materials is the purpose of the design of metamaterials 1 . As discussed in the last chapter, the experimental realization of a negative refractive index has been one of the main focus in this field [2][3][4] . But it is also important to note that the value of the refractive index is also limited in the positive regime 5 . At visible frequencies, most materials show a threshold value of the refractive index around 2. Thus, the realization and the modification on demand of the refractive index towards high positive values constitutes a challenge to be addressed.

In The resulting decorated surfaces with nanometer periodicities will further be studied as regards their optical properties, using variable-angle spectroscopic ellipsometry. Such characterization will allow us to determine the structure/properties relationships between the critical geometrical parameters of the metallic arrays (shape and density of the particles, periodicity of the BCP array) and the resulting refractive indexes extracted from the spectroscopic measurements.

Self-assembly of lamellar-forming PS-b-P2VP

The objective of this study is to obtain a lamellar morphology with an out-of-plane orientation, i.e., perpendicular to the substrate. In the previous chapter, several parameters inherent to the formation of the desired BCP morphology were highlighted, such as the incompatibility between the blocks (χ), the degree of polymerization (N) and the volume fraction of each block (φ). In thin films, two new critical parameters need to be taken into consideration: the interactions with the two interfaces (substrate/BCP film and air/BCP film)

and the film thickness (and in particular its commensurability with the BCP periodicity). In order to have a better control of the morphology and its orientation, several strategies have been proposed in the literature, i.e., solvent vapor annealing 6 , grafted layers of statistical copolymers 7 and variation of the BCP film thickness 8 . For that reason, in a preliminary study, we have explored these different techniques applied to our BCP system, in order to optimize the targeted BCP structure, which is an out-of-plane lamellar morphology.

Solvent vapor annealing

Solvent vapor annealing (SVA) consists in exposing the as-prepared BCP thin film to vapors of one (or more) solvent. As introduced in Chapter 1, the main effect of the SVA is to swell the BCP film and to give mobility to the polymer chains in order to form well-organized structures 9 .

The polymer used in this study is a PS102k-b-P2VP97k material. Small-angle X-ray scattering (SAXS) experiment was performed in the bulk and Bragg peaks characteristic of a lamellar order at positions q/q* = 1:2:3:4 (q is the scattering vector and q* the position of the first Bragg peak) corresponding to a period of L0 = 63nm were observed. The molecular weight and dispersity were determined by SEC and 1 H-NMR (see experimental section). min to 5 h) to a continuous stream of THF or toluene vapors produced by bubbling nitrogen gas through the liquid solvent. The evolution of the nanostructure during SVA strongly depends on the affinity between the solvent and the copolymer blocks. The Hansen solubility parameters (reported in Table 2.2) can be used to evaluate these affinities. A solvent is considered as good solvent for a given polymer when the difference between the Hansen solubility parameters of the solvent and the polymer is low. As shown in Table 2.2, toluene is a poor solvent for P2VP chains due to its low polarity. This is why, we observed during preliminary experiments, that SVA with toluene failed to produce the desired out-of-plane orientation. In contrast, THF is a neutral solvent for the PS-b-P2VP since it presents dispersion component similar to that of PS as well as an important polar component close to that of P2VP. Due to its non-selectivity, it has been revealed as one of the most efficient solvents to obtain out-of-plane lamellar orientation for the system under study [9][10][11] as the use of THF in the annealing process provides "neutral" interfaces to a certain extent that promote the vertical orientation of the lamellae. For each time, the sample was quickly removed from the chamber, in order to quench the state reached during the SVA. After the spin-coating, a poorly-defined BCP structure is obtained (see Fig. 2.1A). After only 15 min in the solvent annealing chamber, (Fig. 2.1B) small out-of-plane domains (lamellae or in-plane cylinders) start to be formed. After 1 h of solvent annealing (Fig. 2.1C), the structure has evolved to a clear out-of-plane lamellar structure indicated by the presence of characteristic out-of-plane orientation defects, i.e., dislocations or tilted domain 12,13 . The reason for the well-ordered nature of the system clearly relates to the neutrality of the THF solvent which lowers the interactions between the PS and P2VP by effectively separating the blocks and increasing the chain mobility, allowing defect annihilation. Finally, after 5 h of exposure to THF vapors, some islands, characteristic of the formation of an in-plane lamellar structure 14,15 , start to appear and the out-of-plane orientation is partially lost. Therefore, during the THF annealing process, two different phases can be distinguished. During the spin-coating, the diffusion process of the BCP chains is limited due to its high molecular weight. Thus, the sample is kinetically trapped into a non-equilibrium illdefined structure (Fig. 2.2A). THF, being a good solvent for both blocks, swells the film giving mobility to the polymer chains to diffuse and a reorganization of the segregated structure occurs. As THF is a non-selective solvent, the BCP morphology predicted for a symmetric composition is adopted (Fig. Longer exposure times in the solvent chamber have shown undesirable effects. In our case, an exposure time longer than 5 h starts to damage the film with some partial dewetting.
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Besides, with a prolonged annealing time, the thermodynamically stable orientation of the BCP morphology, i.e., in-plane lamellae, is partially retrieved, as both interfaces are fundamentally non-neutral to the BCP domains. Other solvents, such as CHCl3 or PGMEA, were tested to prepare the initial BCP solution. Additionally, CHCl3 has been used as an alternative solvent for the SVA process. In all cases, the final results were similar, and we thus choose to use for all the studied BCP films the protocol described beforehand.

To summarize, out-of-plane oriented lamellar structures were obtained using THF solvent vapor annealing. Nevertheless, we opted to optimize further the quality of the BCP structure and we thus considered a strategy involving the use of grafted copolymers layers to tune the surface energy between the substrate and the BCP thin film.

Control of the surface energy by a grafted layer

Fig. 2.3A shows a schematic representation of the process followed to obtain the desirable out-of-plane lamellar orientation. In order to neutralize the effect of the surface of the substrate during the microphase separation process, a solution of 1.5 wt.% PS-stat-PMMA with 73 wt.% PS was prepared in PGMEA and spin-coated (30 s, 1500 rpm) on the silicon wafer.

Thermal treatment at 240°C for 10 minutes was carried out in order to promote the copolymer grafting onto the silicon surface. After rinsing with PGMEA to remove the excess of polymer not grafted onto the silicon surface, the thickness (t) of the remaining grafted layer was measured by ellipsometry and found to be 7 nm. The grafting density (Σ) was calculated from the measured brush thickness, as follows:

𝛴 = 𝑡𝜌𝑁 𝑎 𝑀 𝑛 (2.1)
Where ρ is the polymer density, Na is the Avogadro's number, and Mn is the number-average molecular weight 16 . In order to better understand the effect of this layer on the self-assembly, we have determined the surface energy of the grafted PS-stat-PMMA film by surface tension measurements obtained using a contact angle goniometer. The results as well as their comparison with the tabulated surface energies 17 In a subsequent step, 1 wt.% solution of PS102K-b-P2VP97K in PGMEA was cast upon the grafted substrate. The AFM topographic image presented in Fig. 2.3B shows the well-defined out-ofplane lamellar structure obtained, with a periodicity, L0 = 64 nm. It is important to note that the periodicity extracted from the AFM data (64 nm) is in a good agreement with the bulk SAXS periodicity (63 nm). In this case, the solvent used for the thin film deposition was PGMEA. This solvent has a high boiling point, 146°C, in contrast with 66°C of THF. This means that the solvent evaporation during the spin-coating process is slower, giving more mobility to the polymer chains and allowing them to have a better diffusion into well-defined structures 19 . As it was previously introduced, the film thickness is also a very important parameter to consider. Several solutions with concentrations from 1 to 3 wt.% were prepared in PGMEA, and spin-coated onto PS-stat-PMMA grafted silicon substrates. Thickness measurements by spectral reflectometry were carried out on the thin films obtained, giving thicknesses, t, from 37 nm (1 wt.%), 56 nm (2 wt.%) and 71 nm (3 wt.%) respectively. The observed behavior can be separated in different regimes depending on the comparison between the BCP film thickness and the periodicity of the BCP (L0 = 64 nm). As the film thickness is close to ½ L0 (for the 1 wt.% solution), the out-of-plane orientation is favored (Fig.

2.4A).

As opposed, when the thickness is close to L0 (2 wt.%), some islands appear (Fig.

2.4B),

and with a thickness larger than L0, the out-of-plane orientation is lost (Fig. 2.4C). This is in accordance with previous observations made by Ham and coworkers 20 , where for PS-stat-PMMA grafted layers with a high PS content, the out-of-plane orientation is limited to a very narrow window in composition and always for a relationship t/L0 <<1.

Nevertheless, the use of this particular grafted layer for BCP film thickness lower than L0 leads to the formation of well-defined out-of-plane structure with increased correlation length (grain size) as shown in Fig. 2.4. Further treatment by SVA of the as-cast films, as performed in the previous section, revealed unsuccessful for the improvement of the BCP structure (in particular the grain size).

GISAXS experiments were also performed to confirm the lamellar orientation of the structure. As shown in Fig. 2.5, the GISAXS pattern mainly consists of intense Bragg rods inherent to the in-plane organization of the BCP domains produced during the PS-b-P2VP spincoating. The GISAXS pattern line-cut along qy integrated around the Yoneda band confirms the lamellar structure for the neat BCP thin film since a first Bragg rod maximum at q*=0.103 nm - 1 (period, L0 = 61 nm in accordance with the AFM and SAXS characterizations) and higher order Bragg rods at q/q* = 1, 2, 3 are clearly visible (see Fig. 2.5A-B).

Figure 2.5: (A) GISAXS pattern of the PS-b-P2VP film obtained by spin-coating on a grafted silicon substrate and (B) GISAXS pattern line-cut along qy integrated around the Yoneda band.

To conclude this section, well-defined out-of-plane self-assembled lamellar films were obtained directly by spin-coating the BCP solution onto the grafted substrate. In contrast, the SVA approach was not as efficient in this particular case since some dewetting and inhomogeneities were observed for long treatments. In the next section, we will focus on the selective impregnation of the P2VP blocks with a metallic salt.

3. Selective impregnation of the block copolymer structure 

Alternative reduction method by UV irradiation

UV irradiation, known for triggering the photo-decomposition of HAuCl4 into metallic Au in Au-loaded polymer composite film 25,26 was used as an alternative to the plasma treatment in order to preserve the BCP template. 

Monitoring the gold volume fraction. From spheres to continuous lines

As the plasmonic properties of decorated surfaces are strongly influenced by the gold content, a substantial gold salt incorporation in the BCP template is highly desired. Therefore, the BCP thin films were immersed in an aqueous HAuCl4 solution for different times in order to swell the P2VP domains. Water was chosen as the solvent to avoid surface reconstruction of the BCP thin film structure observed by using ethanol. The SEM images presented in Fig. All the obtained values are listed in Table 2.5. The shape of the particles clearly changes with the immersion time. One hour of immersion time leads to quasi-spherical particles with a diameter of 9 nm and an aspect ratio of 1.1 (Fig. 2.17 I.B-D). After longer immersion times (48 h), the particles elongate, with an aspect ratio around 1.5 (see Fig. 2.17 II.A-D). Elongated particles with an aspect ratio of 1.9 are obtained after 120 h of immersion into the Au precursor solution (Fig. In summary, several methodologies for the selective impregnation of PS-b-P2VP outof-plane lamellar films were presented. The first strategy consists of spin-coating the metallic precursor solution on top of the polymer film. The second one involves the immersion of the film into the metallic solution. A controlled metal loading was obtained with the last strategy by monitoring the immersion time. After a subsequent reduction process, this strategy gives access to different particles shapes (from spherical NPs to rod-like ones) or even continuous metallic lines. These changes in the shape, size and inter-distances between the particles are expected to have an important impact on the optical properties.

show the different

Optical characterization of the decorated surfaces

Key samples (1 h, 48 h and 120 h of immersion followed by an O2 plasma treatment)

were further analyzed by variable angle spectroscopic ellipsometry (VASE) in reflection in order to correlate the geometry of the decorated surfaces with their plasmonic properties.

The evolution of the measured ellipsometric angles Ψ and Δ as a function of the photon energy, between 0.6 and 4.8 eV, (see Extracting, from the ellipsometric data, the optical index ñ = n + ik or the permittivity ε = εr + iεi of a thin film of material deposited on a substrate requires, on the one hand, a multilayer ellipsometric model representing the sample+substrate system, whereby indices and thicknesses of most layers are known and, on the other hand, an appropriate optical model of the film which can be challenging for nanostructured and anisotropic materials, including some degree of disorder, such as the ones studied here. The studied films are represented by a multilayer ellipsometric model comprising a silicon semi-infinite substrate, a first layer of SiO2 of thickness 2 nm and the unknown (sample) film of thickness t. In a first approximation, nanocomposite materials can be represented with a simple effective medium law, which relates the effective permittivity of the composite medium to the permittivity of the constituent materials, irrespective of the precise structure of the composite provided that the characteristic dimensions are smaller than the wavelength of the incident light. The simplest effective medium law is the Maxwell Garnett formula 27 , which is well adapted for dilute spherical inclusions in a matrix and is given by:

𝜀 𝑒𝑓𝑓 -𝜀 𝑚 𝜀 𝑒𝑓𝑓 +2𝜀 𝑚 = 𝑓 𝜀 𝐴𝑢 -𝜀 𝑚 𝜀 𝐴𝑢 +2𝜀 𝑚 (2.2)
where εeff is the effective permittivity of the gold NP-air composite, εm is the matrix permittivity, here for air ε = 1, εAu is the NP gold permittivity, and f is the gold volume fraction in the film. values of n and k, as a function of the photon energy, for the samples with immersion times 1, 48 and 120 h. The precise control on the shape, structure and volume fraction obtained with the fabrication process along with the effect of the localized surface plasmon allows modulating the optical response, while keeping a low gold content and little plasmonic coupling effects.

All films present a resonant behavior, but the amplitude of this resonance greatly increases 

Conclusions

In summary, a straightforward strategy enabling the fabrication of nanostructured plasmonic surfaces with a high refractive index was demonstrated by using BCP thin films as periodic patterned templates. Reproducible spherical and rodlike gold NP arrays over large surface area were produced by varying the surface preparation parameters, which allows to tailor the material refractive index. The effective optical properties of this type of samples were reproduced by the classical Maxwell Garnett model, adapted for non-spherical objects. Finally, high refractive index values were obtained, due to the nanoparticle shape rather than plasmonic couplings.

Introduction

In Chapter 2 the control of the packing and the shape of the "meta-atoms" was shown to yield an important effect on the optical properties of the final material. Using nanostructured out-of-plane lamellar block copolymer (BCP) thin films, selectively hybridized with different amounts of gold, allowed us to gain a precise control of their refractive index.

Gold nanoparticles (NPs) with different shapes were obtained, ranging from spherical to continuous lines, passing by ellipsoids with different eccentricity.

Nevertheless, the lamellar BCP configuration only offers the possibility to have a control of the structural parameters in one dimension, determined by the periodicity of the BCP (which is related with the molecular weight of the BCP (Fig. 3.1A)). In order to go further and have a better control of our assembled structure, we decided to explore cylindrical morphologies. This BCP morphology offers the possibility of a two-dimensional control of the resulting hybridized structure determined by both the molecular weight of the polymer (intercylinder distance) and the BCP composition (diameter of the "meta-atoms") as shown in Fig.

3.1B. Figure 3.1: Scheme of (A) BCP out-of-plane lamellar system (top) and the particles obtained after the selective hybridization followed by the reduction process via O2 RIE plasma (down) and (B) BCP cylindrical system (top) and the particles obtained after the selective hybridization followed by the reduction process via O2 RIE plasma (down).

In First, we will describe the synthesis of the BCPs with different molecular weights via sequential anionic polymerization. After that, we will present the preparation and the structural characterization of the nano-composite BCP films to better apprehend the formation of these hybridized structures. Key stages in this process are: iv. the formation of the nanostructured BCP thin films which has been probed by both imaging (AFM and SEM) and scattering techniques (GISAXS), v. the selective precursor incorporation into the BCP structure by different techniques depending of the precursor nature (ALD, aqueous metallic salt immersion…), vi. and, the reduction of the metallic salts into metallic particles.

The resulting decorated surfaces with nanometer periodicities will further be studied as regards to their optical properties, mainly by variable-angle spectroscopic ellipsometry.

Such characterization will allow us to determine the structure/properties relationships between the critical geometrical parameters of the metallic arrays (size of the particles, periodicity of the BCP array) and the resulting optical properties extracted from the spectroscopic measurements.

Synthesis of BCPs with different molecular weights

The design of macromolecular architectures is one of the most active fields in polymer chemistry 1 . Several synthetic approaches have been developed over the years to control the production of well-defined polymers including BCPs, i.e., reversible addition-fragmentation chain transfer (RAFT) 2 , atom transfer radical polymerization (ATRP) 3 or anionic polymerization 4 . All of them show some advantages and drawbacks 1 (for instance, versatility as regards to the available monomers for radical controlled polymerization versus unmatched polymerization control for anionic polymerization).

The anionic polymerization technique is a well-established method for the synthesis of well-defined BCPs, as it yields BCPs with controlled molecular weight and low dispersity. It requires high purity reagents and the use of vacuum or controlled atmosphere procedures to prevent chain termination during the polymerization due to the presence of impurities (protic impurities, H2O or O2). This technique has been the work-horse of the BCP scientific community for the production of BCPs since clear relationships between the macromolecular parameters and the self-assembly behavior can be readily established.

During this work, several PS-b-P4VP and PS-b-P2VP BCPs were synthesized by living anionic polymerization, according to the standard procedure reported in the literature 5,6 and presented in Fig. 3.2. Sec-butyllithium (Sec-BuLi) was used to initiate the polymerization of the styrene monomers in THF at -78°C. After complete conversion of the styrene monomers (about 30 min), the reactivity of the active species was decreased using 1,1-diphenylethylene (DPE) followed by the subsequent polymerization of the 2VP or 4VP monomers. The typical polymerization procedure was as follows. In a 500 mL flamed dried round flask equipped with magnetic stirrer, tetrahydrofuran (THF, 400mL) was introduced. The solution was cooled to -78°C. Sec-BuLi was charged followed by the addition of styrene. The reaction mixture was stirred for 30 min and the living polystyryl lithium anions were endcapped with 1,1-diphenylethylene. 4-vinylpiyridine monomers were added after 30 min and the reaction mixture was kept stirring for 30 min. Finally, the reaction was terminated by the addition of degassed methanol, concentrated, precipitated in cyclohexane and dried in vacuum oven at 35°C. The different BCPs were characterized by 1 H NMR ( (ppm), 400 MHz, THF), and size exclusion chromatography (SEC) in THF. The elution times were converted to molecular weights using a calibration curve based on low dispersity polystyrene standards. As previously presented, the objective of having different molecular weight BCPs was to control the structural parameters of the BCP arrays, i.e., the center-to-center distance and the diameter of the cylinders. Indeed, after the metallic impregnation, these two parameters are the critical parameters for the definition of the geometry of the decorated surfaces (pattern symmetry, size and inter-object distance).

BCP self-assembly

The self-assembly of BCPs with periodicity higher than 100 nm remains challenging because of the difficulties in the synthesis of ultrahigh molecular weight BCPs (> 200 kg.mol -1 ) and the related low chain mobility [7][8][9] . In the previous section, we described the synthesis of different molecular weight PS-b-P4VP BCPs, with molecular weights ranging from 26 to 500 kg.mol -1 . Different BCPs lead to different strategies in order to obtain well-ordered selfassembled structures. In this section, we will describe the different procedures followed to self-assemble the synthetized BCPs as well as the characterization methodologies used to obtain the structural parameters (AFM and GISAXS). favouring the polymer chains mobility and allowing them to form well-defined self-assembled structures 10 .

The out-of-plane orientation can be explained in relation with the solvent affinity and the solvent evaporation rate during the spin-coating process 11,12 . The Hansen solubility parameters (reported in Table 3.2) can be used to evaluate these affinities. A solvent is considered a good solvent for a given polymer when the difference between the Hansen solubility parameters of the solvent and the polymer is low. PGMEA is a neutral solvent for the PS-b-P4VP since it presents dispersion component similar to that of PS as well as an important polar component close to that of P4VP. Non-selective solvents promote the out-of-plane orientation since the balanced interactions of the solvent with the two blocks increase the solvent evaporation rate during the spin-coating. Additionally, the non-selectivity imparts substantial mobility to the copolymer which enhances lateral order 12 . In any case, the out-of-plane structure obtained during the evaporation of the solvent is trapped in a non-equilibrium state, and heating the film above the glass transition temperatures of the blocks would lead to films having cylindrical microdomains oriented parallel to the surface 13 . Summing up, the combination of a small molecular weight BCP with high polymer chain mobility and the use of a non-selective solvent result in well-ordered structures exhibiting out-of-plane orientation, even without any subsequent process, i.e., solvent or thermal annealing. 
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Figure 3.4: (A) GISAXS pattern and (B) GISAXS pattern line-cut along qy integrated around the

Yoneda band of a PS14.7K-b-P4VP6.3k film after spin-coating.
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A 2.5 wt.% solution of PS150K-b-P2VP32k in PGMEA was spin-coated (30 s, 4000 rpm) onto bare silicon wafers to give a thickness of 80 nm. The AFM topographical image obtained immediately after the polymer deposition is showed in Fig. 3.5A. As the molecular weight of this particular BCP is higher, the self-assembled structure after spin-coating is ill-defined due to a lower chain mobility, thus inhibiting a fast microphase separation process. Therefore, a subsequent solvent vapour annealing (SVA) process was necessary to improve the BCP ordering. A scheme of the setup used for the SVA process is shown in the inset of Fig. 3.5A. It consists in a closed container, in which is kept the sample and a small vessel containing the solvent. In this case, the chosen solvent was THF, a good solvent for both blocks, as already discussed in Chapter 2. The solvent starts to evaporate due to its low boiling point and the partial solvent vapour pressure increases inside the container. THF vapours penetrate into the BCP film, leading to a swelling of the film and allowing a reorganization of the BCP chains due to an increased mobility. After a given SVA duration, the BCP film is removed from the container and the associated fast evaporation process quenches the BCP nanostructure. Fig.

3.5B

shows the results of the SVA process after 16 h of SVA with THF and we can clearly notice a better ordering of the self-assembled structure with larger grains. nm with q* =0.110 nm -1 , was determined corresponding to a center-to-center distance of dC-C = 65.95 nm between the cylinders. The lack of higher order reflections hints at the poor quality of the self-assembled structure obtained directly after casting. When the sample is exposed to a SVA, higher order Bragg rods develop, indicating an improved order of the hexagonal BCP structure with qy/qy* = 1, √3 and √7 (see Fig 3 .6C-E). Interestingly, an increase of the periodicity of the BCP structure is noticed with annealing time as the value of q* starts to shift to lower q values (Fig 3 .6BCE). Finally, at the end of the process, the first Bragg rod maximum is positioned at q* =0.091 nm -1 (indicating a period of L0 = 2𝜋 𝑞 * = 69.05 nm between scattering planes, corresponding to a center-to-center distance of dC-C = 79.7 nm between cylinders in accordance with the AFM characterizations). At the end of the SVA process, higher order Bragg rods at q1/q* = √3 and √7 are as well visible (see Fig. 3.6AE) and confirm the hexagonal packing.

Figure 3.6: GISAXS patterns of PS-b-P2VP films at different solvent vapour annealing time (A) as-cast, (B) 1h, (C) 6h and (D) 16h. (E) GISAXS pattern line-cut along qy integrated around the

Yoneda band for all the samples.

The increase in the periodicity of a BCP structure during the SVA or after the quench in ambient air was already reported in the literature 14,15 . Gu et al. have realized an in-situ study of the morphological changes occurring on a nanostructured BCP film during SVA by GISAXS 15 .

The film thickness gradually increases during the SVA duration due to the swelling of the BCP domains in contact with the solvent vapours. They noticed an increase as well of the BCP periodicity (L0) during the SVA treatment. At the end of the SVA, the rapid evaporation of the solvent (through the removal of the sample from the solvent atmosphere) leads to a decrease of the BCP film thickness to its original value. Nevertheless, an increase of the BCP period of around 12% was still observed from the as-cast state as regards to the final state of the SVA process. This phenomenon can be understood since the rapid evaporation of the solvent leads to the anisotropic shrinkage of the BCP thin film (important shrinkage in the out-of-plane direction versus dimensional stability in the in-plane direction) which does not allow the BCP structure to retrieve its thermodynamic equilibrium periodicity L0. Besides, due to the thicker films studied in this work and the higher molecular weight of the BCP, some molecules of solvent can also be retained into the film, even after the deswelling process, increasing also the periodicity of the structure.

An indirect proof of the swelling of the BCP film was obtained by analysing the as-cast and after SVA topographical AFM images presented in Fig. 3.5. A contrast inversion inherent to the swelling of the P2VP domains (from small depressions (around 2-3 nm) in the as-cast samples (Fig. 3.5A) to bumps around 4 nm after 16 h of SVA (Fig. 3.5B)) is noticed underlining the presence of solvent in the BCP thin film after the SVA process.

The improvement in the long-range order during the SVA could be also quantified using the full width at half maximum (FWHM) of the first Bragg rod. Fig. 3.7A shows the Gaussian fitting obtained of the normalized first Bragg rods for different times of SVA (0 h, 1 h, 6 h and 16 h). The FWHM corresponding to the various SVA duration is presented in Fig. 3.7A. The FWHM is related to the grain size (D) (in our case the domain size) following the formula 16 :

𝐷 = 2𝜋𝐾 𝐹𝑊𝐻𝑀 (3.3)
Where K is the Scherrer constant, mostly cited in the literature as having a value of about 0.9, as derived in Scherrer's original paper 17 with 

𝐾 = 2 ( 2ln ( 
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Increasing further the molecular weight of the BCP leads to very low polymer chain Additional insights in the reduction process were obtained using X-ray fluorescence (XRF). XRF consists in the analysis of the emitted fluorescent radiation from a material that has been excited by high-energy X-rays. This emitted radiation is characteristic of each element, thus XRF provides an elementary analysis of the sample 19 . The measurements were carried out on the SIRIUS beamline of the SOLEIL synchrotron, using an energy irradiation of 8

keV and an incidence angle of 0.18°. They all present a first peak around q* = 0.23 nm - 1 and at least one higher order peak at q/q* = √3, confirming the hexagonal packing of the P4VP cylinders (see Fig. 3.11A). Following the hybridization of the BCP structure with the Au salts, a strong increase of the scattering intensity is noticed due to the high scattering cross section of Au atoms (see Fig. 3.11B), confirming indirectly the selective introduction of the Au salts into the P4VP domains. Inherent to this increase of contrast, both gold containing films present several high order peaks, such as q/q*= 3, 7 for the gold salt loaded BCP film, which confirms as well the hexagonal packing of the P4VP cylinders and its stability during the process. 

3.12.

The GenX software 20 was used to fit the experimental data and obtain the scattering length density (SLD) profiles of the films. The SLD is a measure of the scattering power of the material, in other words, the more the electron density, the higher the SLD. Fig. 3.12C shows the SLD profile obtained after fitting the experimental reflectivity curve corresponding to the pristine polymer. It displays the plot of the electron density as a function of the z coordinate (distance from the substrate). High SLD values are observed at small z due to the silicon substrate but the SLD rapidly decays for higher z. A uniform SLD profile consistent with a homogeneous polymer film is observed with a value of 0.31 Å -3 . At the surface of the film, the SLD decreases to zero with a certain interface thickness, due to roughness and in our case the difference in the height between the two different domains (P2VP cylinders are higher than the PS matrix). In order to compare with the theoretical values expected for a polymer film, the theoretical SLD values were calculated. SLD can be computed from the scattering lengths and material densities as:

𝑆𝐿𝐷 = ∑ 𝑏 𝑖 𝑁 𝑖=1 𝑉 𝑚 (3.5)
Where we sum the scattering length contributions (bi) from the N atoms, divide by the volume,

Vm of this unit cell that can be represented as:

𝑉 𝑚 = 𝑀 𝜌𝑁 𝑎 (3.6)
X-ray scattering length contribution (bi) can be calculated from the tabulated atomic scattering factors for each atom as:

𝑏 𝑖 = 𝑒 2 4𝜋𝜀 0 𝑚 𝑒 𝑐² 𝑓 1 (3.7)
Where f1 is the real part of the atomic scattering factor (and can be approximated as equal to the atomic number Z), e is the charge of the electron, ε0 is the permittivity of free space, me is the mass of the electron and c is the speed of light. During this section, SLD values will be expressed in Å -3 , obtained by dividing the SLD value by the Thomson radius (re = 2.818x10 -15 m).

By considering a polymer density of ρ=1.04 g/cm 3 for the BCP, a theoretical SLD value of 0.33 Å -3 was predicted for the PS-b-P2VP BCP (the calculation can also be done with an online calculator: https://sld-calculator.appspot.com). Therefore, the experimental value is in agreement with the theoretical one, which allows us to confirm the homogeneity of the BCP film. 𝑆𝐿𝐷 𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 = 𝑆𝐿𝐷 𝑝𝑜𝑙𝑦𝑚 𝛷 𝑝𝑜𝑙𝑦𝑚 + 𝑆𝐿𝐷 𝐴𝑢 𝛷 𝐴𝑢 (3.8) Where 𝑆𝐿𝐷 𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 = 0.41 Å -3 , 𝑆𝐿𝐷 𝑝𝑜𝑙𝑦𝑚 = 0.31 Å -3 , 𝑆𝐿𝐷 𝐴𝑢 = 1.01 Å -3 and 𝛷 𝑝𝑜𝑙𝑦 + 𝛷 𝐴𝑢 = 1.

As was already presented in Chapter 2, Section 3.1, the gold salt inside the polymer matrix can be partially reduced to Au (I), for that reason the calculated volume fraction presented here could not be completely accurate, lower values can be expected, since the AuCl salt presents higher calculated SLD values (1.81 Å -3 ) than the Au (III) salt (1.01 Å -3 ). Assuming a 30-40% proportion of partially reduced salt, we can estimate a φAu of 10-11%. 

A versatile strategy: various decorated surfaces using the same templating methodology

One of the great advantages of this approach is its versatility: different metallic salts can be used in order to obtain a wide variety of metallic structures. H2PtCl6, for example, can be used as a precursor and, using the same strategy as gold, the process produces metallic Pt arrays (Fig; 3.13AB). Other metallic salts such as AgNO3 or H2PdCl6 can also be used as precursors to obtain the corresponding metallic arrays (Fig. 3.13C). In the case of the silver salts, the procedure is slightly different. The film is immersed into the salt solution (AgNO3 1 wt.% in H2O) to obtain the loading of the P4VP cylinders but, as the silver is rapidly oxidised in air, we decided to reduce it without damaging the polymer matrix. For that reason, a chemical route was used to reduce the silver salts by using either an immersion of the film in sodium citrate or citric acid at room temperature 21,22 . Metallic silver was observed by XPS (Fig.

3.13D),

proving that the polymer matrix acts as a scaffold protecting the silver NPs against the oxidation. Another strategy consists in using the BCP film as a platform to link selectively preformed NPs, using specific interactions between the NPs surface and the BCP domains. Nonmetallic ordered structures can be obtained as well by using "sequential infiltration synthesis" 23 , and, in the following sections, these methodologies will be presented in greater details.

Hybridization with pre-formed gold NPs

Gold NPs were synthetized by standard Turkevich method 24 , consisting in a reduction of gold(III) chloride salt by citrate acid or sodium citrate in water at 80°C, and producing a colloidal suspension of citrated capped spherical gold NPs of 20 nm diameter. A PS-b-P2VP thin film was subsequently immersed into the colloidal suspension for 5 hours, then rinsed with water and dried under N2 flow. The AFM topographical view presented in Fig. 3.14A

shows that the gold NPs are preferentially deposited onto the P2VP domains. Indeed P2VP and P4VP have been widely used as surface modifiers for the immobilization of NPs on the surface of different substrates because of the strong affinity of the pyridyl group with metals 25,26 . In this particular case, since the P2VP cylinders have a diameter around 35 nm, only a unique gold NP can bind to the cylindrical domain. Thus, the BCP thin film allow for a spatial ordering of the gold NPs into a hexagonal packing directed by the nanostructured PSb-P2VP thin film. This, was clearly observed on the AFM topographical view presented in Fig. Once the form factor of the particles is determined, we can obtain the structure factor of the created metallic array. For that, and since the halo due to the form factor scattering of the spherical particles was very intense, we divided the experimental data by the fit data obtained for the spherical particles. Fig 3 .16B shows the results of this operation, and higher order Bragg peaks appear. Their position at q/q*≈ 3, 2 confirms the hexagonal order of the NPs, and their selective link onto the P2VP cylinders.

Figure 3.16: (A) GISAXS qy line-cut of PS-b-P2VP pristine films and hybridized with the Au NPs (black curve) and the corresponding fitting obtained for spherical objects of 20 nm diameter (red curve). (B) GISAXS pattern line-cut along qy integrated around the Yoneda band obtained after the division of the curves presented in (A).

Hybridization of BCP domains using atomic layer deposition

Formation of Alumina arrays from nanostructured BCP films

The procedure of exposing nanostructured BCP films to different ALD precursors in vapour phase has several terminologies in literature, but all of them are describing effectively the same process. ''Multiple Pulsed Infiltration'' (MPI) 28,29 ''Sequential Infiltration Synthesis'' (SIS) 30,31 or ''Sequential Vapour Infiltration'' (SVI) 32,33 are based on the ALD technique, relying on the alternating pulsing of precursor and reactant gases, separated by purge steps, resulting in self-limiting surface reactions. Using this approach, different dielectric materials, i.e., Al2O3, TiO2 or SiO2, can be grown inside BCP domains. A first pulse of the reactive species impregnates selectively a BCP domain. This first pulse is followed by a second oxidative one in order to form the oxide materials. During this section, we will expose the procedures and the results obtained in the objective to create Al2O3 NPs arrays using BCPs as template.

A typical procedure is described thereafter. A first pulse of trimethylaluminum (TMA) vapour (0.015 s) is introduced in the vacuum chamber containing the nanostructured BCP sample. TMA selectively "reacts" with carbonyl groups, C=O (PLA or PMMA) and pyridine groups (P2VP or P4VP) 34,35 . The infiltration of the TMA vapours into the P2VP cylinders is promoted by an increase of the pressure in the chamber. After a purge step to remove the unreacted precursor (2.5 min), a second pulse of H2O (0.015 s) takes place leading to the formation of Al2O3 through the reaction of H2O with TMA. After a defined number of alternating precursor/oxidant pulses, Al2O3 structures templated by the P2VP domains are obtained. The associated GISAXS pattern presented in Fig. 3.18A shows that the out-of-plane orientation of the polymer template is maintained after the infiltration process. Thereby, intense Bragg rods are observed with a first Bragg rod position established at q* = 0.085 nm -1 (centre-to-centre distance dc-c = 85 nm) and higher order Bragg rods at q/q* = √3, 2 and √7 are clearly visible confirming the hexagonal packing of the hybrid structure (Fig. 3.18B). To gain further insights on the shape of the Al2O3 dots produced following this protocol, XRR measurements were carried on and the results will be presented in Chapter 4, Section 3.2.2.3.

Formation of titania (TiO2) arrays from nanostructured BCP films

In the case of TiO2, a first pulse of tetrakis(dimethylamino) titanium (TDMAT) vapor (0.015 s) is introduced in the vacuum chamber in which was previously introduced the BCP sample. TDMAT reacts selectively with the P4VP domains and the infiltration into the P4VP cylinders is promoted by an increase in the pressure in the chamber. After a purge vacuum step in order to remove the precursor that did not interact with the P4VP domains, a second pulse takes place, (H2O 0.015 s) and the molecules of water react with the TDMAT to form TiO2. After a series of alternating precursor/oxidant pulses, TiO2 structures were obtained (Fig.

3.19F).

Different sizes, different metals, a large library of decorated surfaces

All the different strategies that were presented in this chapter were applied to all the synthetized polymers, giving rise to a great variety of different structures as shown in Fig. 3.19.

Our objective to control the different center-to-center distances and the size of the meta-atoms was, therefore, fulfilled. The next step is to determine how this structural control affects the optical properties of these decorated surfaces. This will be analyzed and presented in the next section.

Besides, this structural control and the versatility in the materials that can be produced will allow us to create more complex structures using a multilayered strategy 36 , not accessible by conventional BCP self-assembly. This will be the topic of Chapter 4. 

𝐼 𝑠 = 𝑠𝑖𝑛(2𝜓)𝑠𝑖𝑛(𝛥) (3.9 
)

𝐼 𝑐 = 𝑠𝑖𝑛(2𝜓)𝑐𝑜𝑠(𝛥) (3.10) 
The small gold NPs, produced using PS-b-P4VP-21k as a template, gave a very weak plasmonic signal (red line Indeed, a more intense band corresponds to the particles obtained using the thicker film as template, indicating that the thicker the BCP film is, the larger the particles are. This is also indicated by the shift in the maximum values of the plasmonic resonance, from a peak centered at 2.33 eV in the case of NPs obtained using the thinner film to a maximum centered at 1.90 eV in the case of the NPs obtained using the thicker one. This means that we are passing from quasi-spherical NPs for the low thickness film, to cylindrical (rods, columns)

particles for the thicker one. Unfortunately, this assumption could not be confirmed by the AFM measurements (see schema in For the thinner film (80 nm), the AFM and SEM images (Fig. 3.22 A-B) show that most of the polymer has been degraded during the O2 RIE. In the initial stage, the gold atoms are homogeneously distributed along the P2VP cylinders, but during the reduction process of the plasma, an increase of the gold density is observed to form the particle (height of the particle ≈ 18 nm vs 80 nm height of the BCP cylinder). Since the conditions of the plasma are always the same, a similar polymer thickness will be degraded in the initially thicker films, causing that some of the height of the gold cylinder will remain cover by the polymer (helping also in the stability of the structure). In the ellipsometric measurements, the whole film will impact the data.

To conclude this section, the optical response of the samples can be completely tuned, first using different BCPs as a template, creating NPs arrays with different structural parameters in each case. Secondly, using the same template but modifying the film thickness gives us the opportunity to tune the optical response of the metallic features obtained on top of the surfaces, since the morphology of the objects change to more elongated ones.

In the next section, we will present the full analysis realized for the biggest particles created using the PS267k-b-P4VP177k BCP as a template.

Metasurfaces with a strong optical anisotropy

As we have introduced in Chapter 2, Section 4, it is possible to extract the optical index ñ = n + ik or the permittivity ε = εr + iεi of a thin film of material deposited on a substrate from the ellipsometric data, using a multilayer ellipsometric model. In this case, the studied films are represented by a multilayer ellipsometric model comprising a silicon semi-infinite substrate, a first layer of SiO2 of 2 nm thickness and the unknown (sample) film of thickness D. In a first approximation, nanocomposite materials can be represented with a simple effective medium law, which relates the effective permittivity of the composite medium to the permittivities of the constituent materials, irrespective of the precise structure of the composite provided that the characteristic dimensions are smaller than the wavelength of the incident light. Considering the AFM data and noticing that all the ellipsoidal NPs have a parallel major axis oriented perpendicular to the surface of the substrate (Fig. 3.24C), we used a modified Maxwell Garnett formula dedicated to oriented ellipsoids, defined as: The extracted Lz value (0.155) is related with a prolate spheroid (elongated) which is in contradiction with the AFM data where oblate objects were detected. This contradiction can be explained by two different factors. First, since lateral dimensions are strongly distorted by AFM tip convolution effects, giving the impression of wider features 40 (Fig. 3.26A), the lateral dimensions obtained from the topographical profile are not reliable. Secondly, an image dipole effect can also disturb the optical response of the material. Indeed, since the particle is deposited on a substrate, the optical response of the particles can be extremely dependent on the irradiation conditions and the particle environment 41 . The spherical symmetry of the dipole generated by a plasmon particle is broken by the presence of the nearby interface of a high index substrate, generating an anisotropy and interfering in the final shape of the particle predicted by the ellipsometric model (Fig. 3.26B). For these reasons, in this case, we cannot precisely correlate the particle shape given by the ellipsometric model with the one obtained by the experimental results. Once the parameters f and L have been determined, the oriented ellipsoids modified Maxwell Garnett formula gives access to the anisotropic effective permittivity, 𝜀 𝑥 = 𝜀 𝑟,𝑥 + 𝑖𝜀 𝑖,𝑥 and 𝜀 𝑧 = 𝜀 𝑟,𝑧 + 𝑖𝜀 𝑖,𝑧 of the composite film. Fig. 3. 27 shows the values of εr and εi, as a function of the photon energy for both directions. In all the cases the film presents a resonant behaviour close to the plasmonic resonance of the Au NPs (2.3eV) 39 . Interestingly, we can observe three different regions of strong anisotropy, denoted as (A) 𝜀 𝑧 > 𝜀 𝑥 > 0, (B) 𝜀 𝑥 > 𝜀 𝑧 = 0 and (C) Producing materials with low impedance at fixed frequency is one of the aims pursued for a new generation of antennas and optical circuits 42,43 . Our materials, with an electric permittivity close to 0 in the z direction and high optical index contrast, with low losses (Fig.

𝜀 𝑥 > 𝜀 𝑧 > 0, indicated on

3.28A-B)

for the spectral window from 516 to 590 nm, open the door to new metasurfaces for the development of new optical devices such as superlenses, perfect absorbers, or ultrafast switches.

Figure 3.28: Perpendicular (black line) and parallel (red line) components of the optical index of the studied films obtained by the modified Maxwell Garnett formula for the ellipsoidal

NPs on top of the silicon substrates.

Conclusions

In this chapter, BCPs ranging from low to ultra-high molecular weights with low dispersity were synthetized using living anionic polymerization. The self-assembly of these BCPs into cylindrical ordered structures have been studied using several techniques, i.e., AFM and GISAXS in order to obtain the structural parameters inherent to the BCP self-assembly Several selective hybridization processes have been studied during this chapter,

showing the great versatility of the approach developed in this Ph.D. First of all, the gold impregnation procedure was followed at each step of the process by XRF, confirming the final reduction to metallic gold by the O2 RIE treatment. The homogeneous distribution of the gold salt inside the polymer film was studied by XRR and GISAXS. Other examples of selective impregnations by immersion into metallic precursor solutions were also provided. Indeed, metallic platinum nanowires and metallic silver NPs were obtained using this methodology.

Besides ordered hexagonal structures of pre-synthetized gold NPs were obtained using the BCP film as a spatial registration tool. The immersion of the BCP film in an aqueous colloidal suspension of gold NPs leads to a selective binding of the gold NPs onto the polymer film. The AFM and GISAXS studies corroborate the final structure. Finally, we have showed that Al2O3 and TiO2 NPs arrays could be obtained using the ALD technique and BCP films as template.

The optical properties of the gold NPs arrays were studied with VASE. The modification of the structural parameters by using different BCPs or hybridization methodologies enables us to tune the optical response of the different decorated surfaces. The particle diameter and inter-particle distance have a dramatic effect on the LSPR of the objects created. Also, we have shown the possibility of tune even further the optical response by controlling the film thickness and thus by increasing the volume fraction of gold on the surface. Thicker BCP films produce bigger and more elongated objects with enhanced LSPR effect.

Finally, the effective optical properties of the sample have been modelled using the Maxwell Garnett formalism adapted to oriented ellipsoids. A strong anisotropy has been observed and an effective electric permittivity close to 0 has been extracted for a region of the spectra. This opens the door for the use of such metasurfaces in the development of new of optical devices.

Introduction

As The self-assembly of these meta-atoms into different 3D structures has been studied using different techniques, i.e., microfluidics 7 , DNA interactions 11 or non-specific electrostatic forces 12 . But there is no satisfactory method so far to obtain the ordering of these structures onto a surface monolayer. Another limitation is the necessity to establish a new synthetic route for each desired metal-dielectric combination.

In Chapters 2 and 3, we presented the possibility of obtaining several ordered structures made from a large variety of both metallic and dielectric species, using BCPs as templates (Fig. 4.2). The synthesis of different molecular weight BCPs gives the opportunity to have a good control of the particle sizes and inter-distances. Table 4.1 exemplified the versatility of such approach with the characteristics of the NPs arrays formed following this methodology. 

Table 4.1: Structural parameters of the polymers used in this study

In this chapter, a new strategy to obtain bimetallic raspberry-like nanoclusters will be presented. This strategy is inspired by the pioneer works of Majewski et al. using an iterative self-assembly to form 3D stuctures [13][14][15] . We translated this methodology for the formation of complex metallic-dielectric hybrid NPs using the sequential self-assembly of different molecular weight BCPs selectively impregnated with different metallic-dielectric combinations. Such strategy allows us to obtain more complex metallic structures not directly accessible by BCP self-assembly.

1. Firstly, the fabrication process will be explained step by step. AFM will be used to characterize the sample at each stage of the process while GISAXS and XRR will provide complementary information on the structure of the nanoclusters.

2. As a perspective, some other complex structures will be demonstrated using the same methodology but varying the iterative self-assembly process.

Bimetallic raspberry-like nanoclusters

A scheme of the procedure to prepare bimetallic raspberry-like nanocluster arrays using BCPs as template is presented in This last step is necessary in order to deposit the second BCP on top of the alumina dots, acting thus as a topographical field to guide the next BCP layer self-assembly. After that a 0.5 wt.% solution of PS14.7K-b-P4VP6.3k in PGMEA (2000 rpm, 30s) was spin-coated on top of the first layer. The thickness of this film is around 30 nm and the BCP used in this step had a centre-to-centre distance of 29 nm and the cylinders formed have a diameter of 12 nm (Fig.

4.4C)

. By a subsequent immersion in an aqueous metallic salt solution (HAuCl4, 1 wt.% in H2O) for 30 minutes, the gold precursor was selectively incorporated into the P4VP domains. In a final step, the samples were exposed to an O2 RIE (30 s, 10 sccm and 60 W). Therefore, the gold salt was reduced into metallic gold while the polymer was degraded, resulting in a structure of Al2O3 particles (diameter around 36 nm) decorated by gold dots (diameter around 15 nm).

This approach has as main advantage the high versatility as several metal-dielectric combinations can be derived using always the same strategy (see In both cases, big dots with a hexagonal order corresponding to the Al2O3 cylinders with a diameter around 36 nm are observed. They correspond to the Al2O3 particles obtained via the self-assembly of the high molecular weight BCP followed by the subsequent sequential infiltration synthesis. On top of these large particles, small satellites corresponding to the Au dots (diameter of 12 nm) formed from the low molecular weight BCP are visible, even if it is difficult to assert the homogeneity of their distribution on top of the large particles. 

X-ray characterization

Two different kinds of X-ray experiments were implemented in order to better apprehend the configuration of these decorated surfaces. On one hand, GISAXS experiments were performed to study the in-plane ordering of the structure. On the other hand, X-ray reflectivity was used to analyse the materials distribution along the out-of-plane direction.

3.2.1. Grazing-incidence small-angle scattering GISAXS experiments were performed at each step of the process. = 73.9 nm between scattering planes, corresponding to a centre-to-centre distance of dC-C = 83.3 nm between cylinders, in accordance with the AFM characterizations. Higher order Bragg rods at q/q* = √3 and √7 clearly confirmed the hexagonal order of the cylindrical structure (Fig. 4.6B).

When the second BCP layer is deposited on top of the previous one, the GISAXS pattern undergoes drastic modifications (Fig. 4.6C). An intense Bragg rod appears at q = 0.241 nm -1 .

The GISAXS pattern line-cut along qy integrated around the Yoneda band confirms that the morphological characteristics of the Al2O3 under-layer remains unchanged (q* = 0.086 nm -1 with the same sequence of Bragg rods) (Fig. Therefore, the GISAXS data confirm the AFM and SEM observations, and show that, with the multilayer strategy, it is possible to obtain ordered distributions of bimetallic nanoclusters decorating a surface on a large scale. 

Specular reflectivity from an interface

The study of the internal structure (perpendicular to the interface) is crucial to have a complete understanding of the obtained morphologies. X-ray reflectivity (XRR) constitutes one of the most efficient techniques to characterize the structure of thin films with high sensitivity. XRR offers some unique advantages of working at the small-length scales because it has a high spatial sensitivity (resolution can be around 0.1 nm), a high penetration and being a non-destructive technique. In the following sections, some theoretical overview is provided and finally the results obtained for the samples studied are presented. simultaneously so that the angle 2θ between the incident x-ray beam and the reflected beam, is changed twice faster than the angle θ between the incident beam and the sample surface.

With this geometry, the curve of specular reflectivity versus incidence angle is measured. When an x-ray beam of intensity I0 interacts with an interface between two media of refractive indices n1 and n2, the beam is partially reflected. The intensity, I, of the reflected beam is given by the following formula

𝐼 = 𝐼 0 𝑒𝑥𝑝 {- 4𝜋𝜇𝑑 𝑘 𝑧,1 𝜆 } |𝑟 𝑒𝑥𝑝 {-2𝑘 𝑧,1 2 𝜎 2 }| 2 (4.1) 
Where the first exponential factor accounts for the absorption of x-rays of wavelength λ, traveling a distance d through the first medium with a linear absorption coefficient μ before interacting with the interface of the second medium 16 .

The wave vector in the j medium kj has a component normal to the interface, kz,j, given by the following formula:

𝑘 𝑧,𝑗 = 2𝜋 𝜆 𝑛 𝑗 sin 𝜃 𝑗 (4.2)
The second exponential factor represents the effect of the roughness σ of the interface on the measured reflectivity. The coefficient r is the Fresnel reflection coefficient of a smooth interface 17 for a beam with an incident angle θ1, and a refracted angle θ2 following Snell's law 18 (Eq. 4.3).

𝑟 =

𝑛 1 sin 𝜃 Some information can be obtained directly from the reflectivity curve, i.e., the thickness and the density of the film. To go further in the analysis and to extract all the information required for a better understanding of the internal structure of the film, it is necessary to establish a model that fits with the experimental data.

In an absorbent medium, the refractive index n in the wavelength range of X-rays can be defined as:

𝑛 = 1 -𝛿 -𝑖𝛽 (4.5)
with the real term  related to the dispersion, and the imaginary term  related to the absorption. In the x-ray wavelength range, both δ and β are small quantities (about 10 -4 to 10 - 8 ).

In order to fit non-homogeneous density profiles, one usual approach consists in splitting the whole thickness of the film in a certain number of independent homogeneous layers. This can be done through building the complex sample layer by layer, using a software called GenX 19 . Different structures were created using the GenX software to model the different samples and obtain the best fitting with the experimental results. In order to have a better starting point, some geometrical data derived from the AFM and SEM images as well as some thickness measurements were used. Theoretical values of SLD for the different elements were calculated using the same procedure followed in Section 4.2.2 of Chapter 3 and are listed in 4.3, it corresponds to the silicon substrate. At z=0, the SLD rapidly decreases to a uniform SLD value of 0.31 Å -3 . Since the theoretical SLD value expected for the polymer was 0.33 Å -3 we can affirm that we have a homogeneous polymer film. At the upper surface of the film, the SLD decreases with a certain interface thickness, due to the different heights of the polymer (see AFM image and topographical profile in Fig. 4.10), the electron density decreases along the z axis while the material quantity present also is diminishing, which we interpreted as related to the quasihemispherical shape of the P2VP cylinders. The thickness of the sample is found to be 103 nm, including the small native SiO2 layer between the silicon and the polymer. The fabrication process of the nanoclusters continues with the incorporation of Al2O3 into the P2VP domains by ALD (Fig. 4.3). In this case, the model that fits better the XRR data is more complicated, consisting in four layers. The FOM of the fit is 5.68x10 -2 showing that the proposed model matches very well the experimental results (Fig. 4.9B). The SLD profile obtained is therefore more complex (Fig. 4.11). First, like in the previous case, a high SLD value of 0.71 is obtained, which is assigned to the silicon substrate. Then the SLD value decrease until 0,33 Å -3 . This value is the same as the theoretical one predicted for the pristine polymer.

δ
The following layer has a higher SLD (0.39 Å -3 ), which we interpret as the introduction of Al2O3, since the presence of the Al2O3 atoms causes an increase of the electron density of the film.

Thus, the incorporation of the alumina by ALD does not occur homogeneously in the whole cylinder height: the sample has a thickness around 100 nm and the alumina penetration is found to be 50 nm deep into the polymer film. This is clearly observed in the SLD profile, which increases progressively from around 50 nm from the surface of the substrate, starts to increase until it reaches the maximum value (0,46 Å -3 at 100 nm). Thereby, the volume fraction of the Al2O3 through the film is not the same. It can be calculated with the following expression.

𝑆𝐿𝐷 𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 = 𝑆𝐿𝐷 𝑝𝑜𝑙𝑦 𝛷 𝑝𝑜𝑙𝑦 + 𝑆𝐿𝐷 𝐴𝑙 2 𝑂 3 𝛷 𝐴𝑙 2 𝑂 3 (4.8)

Where 𝑆𝐿𝐷 𝑝𝑜𝑙𝑦𝑚 = 0.31 Å -3 , 𝑆𝐿𝐷 𝐴𝑙 2 𝑂 3 = 1.15 Å -3 and 𝛷 𝑝𝑜𝑙𝑦 + 𝛷 𝐴𝑢 = 1.

A volume fraction of 6.96% of Al2O3 is calculated at 70 nm thickness, increasing to 13% close to the film surface. An increase in the thickness is also observed (around 20 nm), which agrees with the AFM observations and is attributed to the Al2O3 growth onto the P2VP cylinders (see AFM and topographical profile in Fig. 4.11). We suppose this shape explains the smooth decrease of the SLD profile at the upper surface of the film. In the next step, the sample was exposed to an UV/O3 treatment in order to remove partially the BCP layer. Then the second film of BCP (PS26k-b-P4VP5.6k) was spin-coated on top of the alumina array and impregnated with the gold salt. An O2 RIE treatment was carried out to remove this second BCP layer and reduce the gold salt to metallic gold. Bimetallic nanostructures composed of an Al2O3 core covered by metallic Au satellites were obtained on the top of the surface. XRR was performed at this step of the process, in order to gain some insights on the internal structure of the nanoclusters.

The reflectivity fringes obtained in this case (Fig. 4.9C) suggest a more complex structure formed by different objects, as some destructive interferences can be observed. The model requires appropriately adjusting the reflectivity data and is thus more complex, and 12 different layers were necessary to obtain a satisfactory fit of the XRR data. The FOM obtained with this model was established in 3.07x10 -2 and the SLD profile obtained is presented in Fig.

4.12.

At z < 0 and z= 0, the silicon substrate is observed as well as a thin layer of SiO2 corresponding to a SLD value of 0.71 Å -3 , in agreement with the theoretical values listed on Table 3. Between z = 0 and z = 20 nm, three thin layers with SLD values of 0.37 Å -3 , 0.41 Å -3 and 0.37 Å -3 , respectively. The SLD values, higher than expected for the pristine polymer (0.33 Å -3 ), suggest the presence of some metallic impurity. One possible explanation could be related to the residual BCP layer below the Al2O3 particles which is feebly impregnated by the gold salt solution at the time of the formation of the Au dots. Above these copolymer impurity layer, the SLD value increases again due to the presence of the alumina in the polymer. A constant SLD value of 0.44 Å -3 is observed from 22 to 44 nm, corresponding to a 𝛷 𝐴𝑙 2 𝑂 3 of 11.3%. A higher SLD value (0.53 Å -3 ) is observed in the vicinity of the surface of the film due to the presence of the gold NPs (also the imaginary part decreases to negative values). Finally, the decrease of the SLD is consistent with the presence of Au NPs on top of the larger alumina dot (see AFM image and topographical profile on Fig. 4.12).

Other complex structures

In order to generalize this strategy, another type of hybrid nanostructure was studied (see Fig. Once the platinum nanowires were obtained, a 0.5 wt.% solution of PS26k-b-P4VP5,7k in PGMEA was spin coated on top of it. After a subsequent immersion in a metallic gold solution (HAuCl4 1 wt.%) and a successive O2 RIE (30 s, 10 sccm, 60 W), a hexagonal array of gold nanodots was obtained, decorating the platinum nanowires and creating a bimetallic complex structure (Fig. 4.13C).

These two examples show the high versatility of this strategy to produce different hybrid structures. During this section the formation of several complex structures, i.e., spheres-onlines or spheres-on-spheres have been presented. Indeed, a wide variety of metallic-metallic or metallic -dielectric combinations are accessible with this approach, giving rise to the possibility of exploring different surface properties.

Raspberry structures have already shown interesting results in colloidal suspensions and 3D assembled materials 10,20 . Indeed, isotropic artificial optical magnetism (μ ≠ 1) at visible frequencies was detected using extinction and light scattering. The studied structures consist into a 103 nm silica core, surrounded by gold satellites in an average number of 26 with a diameter of 30 nm. As presented in the introduction of this chapter, no method to obtain an ordered monolayer of these objects has been reported in the literature.

Recent efforts, within a collaborative framework between the MaFIC team at CRPP and the Chemistry of Nanomaterials group at ICMCB, have been devoted to the preparation of monolayers of plasmonic dodecapods, formed by a silica core with twelve gold satellites. The fabrication process of these meta-atoms is as follows. First, silica particles with a controlled number of dimples (12 in the case of the dodecapods) were prepared following a synthetic route developed in the group 21 A comparison between the ellipsometric parameters obtained for the bimetallic raspberrylike nanoclusters obtained using BCP multilayer self-assembly (Fig. 4.16 black lines) and the dodecapods (Fig. 4.16 red line), suggests that the optical responses are similar. Thereby, we can conclude that the strategy proposed in this section is a straightforward alternative in order to obtain these complex structures, with the additional benefit of providing a well-ordered and defined monolayer organization.

The ellipsometry data of both samples can also be plotted as the ellipsometric angles Ψ and Δ (see Fig. 4.17). They show the existence of a maximum of the ellipsometric intensity angle Ψ at Ψ = 90°, while the ellipsometric phase angle Δ jumps abruptly of more than 180° at an incidence angle between 60° and 70° and a photon energy of 2.7 eV. A similar behaviour has been called ''plasmon-induced Brewster'' extinction 22 , when the ellipsometric angle Ψ is minimum at Ψ = 0°, while the ellipsometric phase angle Δ jumps abruptly. It has been identified as a method to reach very sensitive plasmonic detection 23 in biological or chemical sensors, thanks to the very large phase jump. The relation between the ellipsometric angles Ψ and Δ and the reflection coefficients for parallel and perpendicular polarizations is given by the following expression, that constitute the basic equation in ellipsometry

𝜌 = |𝑟 𝑝 | |𝑟 𝑠 | 𝑒 𝑖(𝛿 𝑝 -𝛿 𝑠 ) = tan (𝛹)𝑒 𝑖𝛥
In this case, the remarkable point returned by the ellipsometer as Ψ = 90°, corresponds to the conditions for which the s-polarized light is not reflected (rs = 0), whereas Ψ = 0° corresponds to rp=0. For a simple isotropic film, which can be described by a single effective optical index n = n + ik, the extinction corresponds to a specific combination of the parameters defining rs, 6. Building a UV transparent absorber

Introduction

Besides manipulation of light for optical devices, nanoplasmonic surfaces can also find applications in the field of photovoltaics. Indeed, in the last decade, organic photovoltaics (OPVs) has shown impressive progress. Continuous improvements in material synthesis and advancements in cell architecture gave rise to power conversion efficiencies (PCE) of up to 12% 25,26 . Incorporation of plasmonic nanostructures for light trapping in these thin-film devices offers an attractive solution to increase further the PCE of these systems 27 .

Various light trapping strategies have been explored to enhance the sunlight absorption in the light-harvesting layer(s) of photovoltaic devices, including front and back surface texturing 28,29 and using photonic crystals 30 . This strategy is well-suited for thick conventional inorganic photovoltaics (IPVs) but not for thin film OPVs. A new method for achieving light trapping in thin-film solar cells is the use of metallic nanostructures that support surface plasmon resonances 31 . But the main problem of these solutions is so far that they require the use of a backing metallic layer (see Fig. In our case, we consider substituting this metal layer with an optical metasurface, made of plasmonic gold NPs synthetized using a BCP thin film as a template, and then, start to grow consecutive layers, to create an optical device able to selectively absorb incident light, thanks to the localized surface plasmon resonance (LSPR) of the gold NPs, in a desired frequency range while being almost completely transparent outside this range. During the following sections we will present the fabrication process and the optical characterization of this composite.

Layer-by-layer deposition

The fabrication process is presented in At wavelength above 800 nm, the transmission is close to 90%, pointing out the selective absorption of our system. This selective and high absorption makes this device very suitable for several applications, from photovoltaics to optical filters. But even more interesting, it could be a platform to build tailored hyperbolic metamaterials.

Towards a 3D metamaterial

During this thesis we have presented the high level of control that we have over 2D structures, and in the last sections we have demonstrated that it is possible to build a 3D material in a controllable way. Recently, as it was presented in Section 6.1.2 of Chapter 1, Wang et al. 32 have demonstrated the possibility of using a self-assembly methodology for the fabrication of bulk hyperbolic metamaterial. Using the self-assembly of a lamellar BCP and the selective impregnation with metallic salt, nanocomposites consisting of alternating pure PS and Au NPs:P2VP layers were obtained (Fig. The in-situ nature of the gold nanoparticles synthesis does not allow a full control on the size, shape and distribution of the particles inside of each layer. The strategy developed herein overpasses this limitation. The sequential growth by a layer-by-layer technique allows us to obtain an unprecedented control over the structural parameters. The size and interdistances between the particles can be controlled as we have previously showed only choosing the suitable BCP. Different metals or non-metal species can be introduced, only modifying the impregnation process. Besides the interlayer distances can also be tuned by controlling the cross-linkable polystyrene layer thickness.

In order to have a proof-of-concept of the optical properties that could be possible to achieve with this material, the ten layered sample was further analysed by variable angle spectroscopic ellipsometry (VASE) in reflection. even if additional and more robust analysis is needed in order to confirm this behaviour.

We can conclude this section pointing out that such strategy is promising even if further studies are needed to completely assess its potential. As a motto, this strategy could be summarized as "From 2D to 3D, building on-demand 3D structures".

General conclusions

During this Ph.D., plasmonic nanostructured surfaces were created by taking advantage of the BCP segregation behaviour. A straightforward approach was developed based on the selective hybridization by metallic or dielectric precursors of self-assembled BCP films as an alternative to traditional top-down techniques. In the aim of controlling the optical responses by structural design, various metallic or metallic/dielectric arrays (dot arrays, continuous lines and complex multi-component structures) were produced from a library of block copolymers having different macromolecular characteristics. These resulting structures were further probed as regards to their optical properties with the challenge to induce unconventional responses.

Firstly, high refractive index surfaces were obtained using the self-assembly of a lamellar PS-b-P2VP. The selective and controllable hybridization of the BCP films with gold salts leads to arrays, after a subsequent O2 RIE treatment, formed by gold NPs with different aspect ratios. Indeed, decorated surfaces consisting in spherical, rod-like particles with different degree of elongation or even continuous lines were obtained following this methodology. The morphological evolution of the gold NPs has a significant effect on the final optical properties as the gold patterns, formed by elongated spheroids, with a high degree of homogeneity and a gold content as low as 16 vol %, reach a refractive index of more than 3 in the visible domain.

Nanostructured plasmonic surfaces have also been produced through the macromolecular engineering of a series of cylinder-forming block copolymers having a wide range of molecular weights. Arrays of gold dots, regularly organized in a hexagonal lattice, were obtained and the optical properties of these samples were tuned by controlling the structural parameters of the arrays, i.e., the NPs diameter, the interparticle distance or the height of the structures created on top of the surface. A significant and anisotropic plasmon resonance signature was obtained for the gold arrays prepared from the selective impregnation of an ultra-high molecular weight BCP. The spectroscopic ellipsometry data indicated a near-zero effective electric permittivity in the out-of-plane direction in the spectral

Introduction

In this Annex, a description of the structural and optical techniques as well as the experimental conditions used during this study will be presented. We will start by describing the polymer synthesis and the different techniques of characterization to access their macromolecular parameters (NMR and SEC). After that, spin coating will be introduced as it is the main deposition technique used to prepare the thin polymer films. Finally, the different structural and optical techniques used to characterize the properties of the nanostructured thin films will be thoroughly described, including AFM, SEM, XPS, KPFM, GISAXS, Spectral reflectometry and VASE

Polymer synthesis

2.1. Materials and purification.

In chapter 3, various PS-b-P2VP and PS-b-P4VP having different molecular weights were synthetized via sequential anionic polymerization 1 . The monomers and solvents were distilled as previously described in the literature 2,3 in order to remove impurities (mainly protic species). The vinylpyridine monomers were doubly cryo-distilled under vacuum over CaH2.

Styrene was first cryo-distilled over CaH2 followed by a second cryo-distillation over dibutylmagnesium (1.0 M in heptane, Sigma Aldrich). Tetrahydrofuran (THF, Sigma Aldrich) was obtained from a Braun MB-SPS-800 solvent purification system and stored over sodium benzophenone ketyl under dry atmosphere prior to use.

All the anionic polymerizations were performed in an inert atmosphere of argon using schlenk techniques to avoid the introduction of oxygen in the media. Monomers and solvent were stored in burettes after their cryo-distillation, and the sec-BuLi initiator was introduced with a sealed syringe through a septum surrounded by parafilm. The glassware was flamedried and at least three cycles of vacuum / argon were performed before the beginning of the reaction. The reaction was carried out under a small argon overpressure to limit the risks of contamination. First, the substrate is coated with the solution containing the polymer dissolved in a solvent (Fig. 5.7A). The substrate starts to rotate at a constant acceleration rate until the desired rotation speed is reached (in our case 2000-4000 rpm), and the majority of the solvent is evaporated during this process (Fig. 5.7B). Varying the rotation speed or the polymer concentration in the solution allows us to control the thickness of the film 4-6 .

Reactive ion etching plasma

Plasma etching has proven to be a great tool for revealing metallic arrays using BCP films as a template [7][8][9] . The polymer material is chemically etched by reactive species of the plasma (i.e., radicals or ions created in the plasma), inducing the formation of volatile products in the plasma chamber (Fig. 5.8A). It is also a good method to reduce noble metal salts to their metallic state (Au, Ag and Pt) 10 . For these reasons, it was used during this study in order to remove the polymer and reduce the gold or platinum salts selectively loaded in one of the BCP domains. The plasma etcher used in this study is a PE-100 Benchtop Plasma System (Fig. 

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic technique that measures the elemental composition at the parts per thousand range, empirical formula, chemical state and electronic state of the elements that exist within a material. XPS spectra are obtained by irradiating a material with a beam of X-rays while simultaneously measuring the kinetic energy and number of electrons that escape from the material being analyzed. XPS requires high vacuum (P ~ 10 -8 millibars) or ultra-high vacuum (UHV; P < 10 -9 millibars) conditions.

During this study, XPS analysis was carried out using a Thermo Fisher Scientific K-Alpha spectrometer with a monochromatic Al Kα source (E = 1486.6 eV). The X-ray spot size was 200 μm. The spectrometer was calibrated with monocrystalline gold and silver foils. Spectra were 

Spectral reflectometry

Reflectometry is especially suitable for thickness measurements. Light is reflected from the different surfaces (wafer and top of the film), and interferences are incurred upon collection. The light going through the longer path acquires an additional phase.

This phase difference leads to an oscillatory behavior of the reflected intensity, with a frequency directly related to thickness (Fig. iε"(λ)) of the layer, is done by a fitting procedure. In order to model the thin film decorated with gold nanoparticles, we use an effective medium model. The Maxwell-Garnett effective medium approximation (EMA) 17 , was chosen to describe our samples, and it is defined as Where εeff is the effective permittivity of the gold NP-matrix composite, εm is the matrix permittivity, εAu is the NP gold permittivity, and f is the gold volume fraction in the film.

The original derivation of the Maxwell-Garnett EMA assumed that material B consisted of spherical inclusions within the host matrix composed of material A. The Maxwell-Garnett EMA is considered a valid approximation in the limit of small spherical inclusions well separated from each other. In practice, volume fractions of less than 30%, and diameters of less than one fifth of the wavelength, are normally acceptable. An extension of the model for ellipsoidal objects can be used 18 by introducing a new parameter, the depolarization factor (L). L is related to the aspect ratio, b/a, of the ellipsoids, and values for L with 0 ≤ L ≤ 1/3 (prolate ellipsoids), L = 1/3 (sphere) and 1/3 ≤ L ≤ 1 (oblate ellipsoids) are possible.

The goodness of the fits was assessed by the value of the parameter χ 2 with N the number of measured points (typically several hundreds). (5.6)
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 11 Figure 1.1: Number of papers published per year in the field of metamaterials between 2000 and 2015. Dashed line is the speculative projection of this trend into the near future 7 . The insets
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 12 Figure 1.2: (A) Schematic representation of a split ring resonator (SRR) and (B) of the metamaterial lattice used to demonstrate negative refraction index formed by an array of square split-ring resonators that gives the material a negative magnetic permeability.

Figure 1 . 3 :

 13 Figure 1.3: (A) and (B), classification of materials based on the "electric permittivity (Ꜫ)" and "magnetic permeability (μ)".

Figure 1 . 5 :

 15 Figure 1.5: From single meta-atom to 3D metamaterials: A single nanoresonator (A) is arranged at close proximity with several other ones to form chains (B) leading to a planar 2D structure (C). Such structures can be subsequently extended to form a 3D material (D).

  For dielectric metasurfaces, the meta-atoms or resonator units are high refractive index dielectric materials such as silicon, germanium or tellurium, which can withstand electric and magnetic dipole responses based on Mie resonances. When a dielectric particle is illuminated by a light wave whose frequency is below or near the bandgap frequency of the material, both the magnetic dipole (first Mie resonance) and the electric dipole (second Mie resonance) are excited. The magnetic and electric Mie resonances can then enhance the magnetic and electric fields at the particle centre at optical frequencies and this enhancement is related to the intrinsic properties of the dielectric particles. On the other hand, plasmonic metasurfaces are made on the basis of metallic meta-atoms whose optical responses are driven by the plasmon resonances supported by metallic particles.

Figure 1 . 6 :

 16 Figure 1.6: (A) Illustration of surface plasmon resonance (SPR) resulting from the collective oscillations of delocalized electrons in response to an external electric field and the electric field distributions (V/m) of (B) a single Au nanoparticle (NP) and (C) a NP dimer 23 .

Fig. 1 . 7

 17 Fig. 1.7 shows a library of different plasmonic meta-atoms proposed recently in the literature. The simplest feature consists in spherical or ellipsoidal particles (Fig. 1.7A), for
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 17 Figure 1.7: (A) Nanodisks fabricated by template stripping. (B) Rod antennas fabricated by nanoimprint. (C) V-shaped antennas fabricated by electron-beam lithography. (D) U-shape SRR fabricated by electron-beam lithography. (E) C-shape SRR fabricated by nanosphere lithography. (F) Double fishnet structure fabricated by nanoimprint. (G) double-layer righthanded (top) and left-handed (bottom) chiral metamaterials fabricated by electron-beam lithography.

Figure 1 . 8 :

 18 Figure 1.8: Schematic representation of a photolithography process. (A) The photoresist layer is deposited on top of the substrate of interest. (B) A pattern is transferred using a mask into the photosensitive resist. (C) The photoresist layer is developed using plasma or wet chemistries. (D) An etching step is used to transfer the pattern into the substrate. (E) The removal of the residual photoresist layer is obtained by plasma or wet chemistries.
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 19 Figure 1.9: (A) Self-assembly of colloidal nanospheres and (B) different self-assembly of patchy particles proposed in the literature 36 .
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 110 Figure 1.10: Schematic representation of different BCP configurations: (A) diblock copolymer, (B) linear triblock copolymer and (C) miktoarm terpolymer.

Figure 1 . 11 :

 111 Figure 1.11: Schematic representation of the order-disorder transition for a diblock copolymer.

Figure 1 . 12 :

 112 Figure 1.12: (A) Equilibrium morphologies of A-B BCPs in bulk: S and S' = body-centred-cubic spheres, C and C' = hexagonally packed cylinders, G and G' = bicontinuous gyroids, and L = lamellae. (B) Theoretical phase diagram of A-B BCPs predicted by the self-consistent meanfield theory; CPS and CPS' = close-packed spheres 40 . (C) Experimental phase diagram of poly(styrene)-b-poly(isoprene), PL = perforated lamellae 41 .

  1.13C and D), with a morphology depending on the volume fraction of the blocks. Therefore, for a symmetric BCP where φ ≈ 0.5, the system will adopt a lamellar (L) configuration, increasing φa or φb results in more curved interfaces as gyroids (G) φ ≈ 0.38, cylinders (C) φ ≈ 0.15-0.37 and spheres (S) φ ≈ 0.05-0.15, are sequentially obtained. For values larger than 10.5, but close to it, weakly segregated structures will be obtained (Fig. 1.13C). Diffuse interfaces with sinusoidal density profiles of A and B blocks in the domains are observed. Increasing the χABN value will further drive the incompatibility between the blocks resulting in a strong segregation regime, with sharp interfaces between the domains (Fig. 1.13D).

Figure 1 . 13 :

 113 Figure 1.13: Phase separation regimes for diblock copolymers. (A) homogeneous disordered state at χN << (χN)ODT,(B) fluctuating disordered state at χN < (χN)ODT (C) weakly segregated lamellae at χN > (χN)ODT, and (D) strongly segregated lamellae at χN >> (χN)ODT.
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 21 From bulk to thin films BCP thin films are usually prepared by spin-coating, where drops of a polymer solution dissolved in a volatile organic solvent are deposited on a spinning solid substrate (often silicon wafers, chosen for their flatness) The polymer film spreads by centrifugal forces and the volatile solvent is rapidly driven off (Fig. 1.14). With this technique films with a low surface roughness over areas of square millimetres or centimetres are obtained. The film thickness can be controlled through the spin speed and acceleration, the concentration of the BCP solution or the volatility of the solvent 46 .

Figure 1 . 14 :

 114 Figure 1.14: The different "stages" of spin-coating process. (A) Deposition of the solution on the wafer. (B) Starting of the rotational movement. (C) Spreading of the solution in all the wafer thanks to the centrifugal forces. (D) Evaporation of the solvent and end of the process.
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 115 Figure 1.15: Effect of the surface fields on the BCP domain orientation. (A) preferential surface for one of the blocks leads to an in-plane orientation while (B) the grafting of a neutral layer grafting can induce (C) an out-of-plane orientation.

Figure 1 . 16 :

 116 Figure 1.16: Schematic representation of both types of solvent annealing: (A) dynamic and (B) static.

Figure 1 . 17 :

 117 Figure 1.17: The self-assembly of BCP is fundamentally influenced by the boundary conditions and confinement effects (film thickness). (A) and (B) poly(styrene-b-butadiene-b-styrene) SFM images. (C) height profile of the phase images shown above. (D) simulated morphologies as function of the film thickness.
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 118 Figure 1.18: TEM of PS-b-P2VP/gold NPs: A (1:1) and B (3:1) mixtures 64 .

Figure 1 . 19 :

 119 Figure 1.19: Schema of the process of fabrication of metal nanodots using PS-b-PMMA and Cr evaporation. (A) Side-view scanning electron microscopy (SEM) image of porous PS matrix following selective PMMA removal. (B) Top-down and (C) side-view SEM images of evaporated Cr nanoarrays using a host PS matrix. Inset in (C) shows the transmission electron microscopy (TEM) image of gate oxide on Cr dot 67 .

  negative refractive index. Particularly, the alternating gyroid structure (G A ) obtained with the ABC terpolymers presents chiral spirals along seven axes, <100> and <111>. Using this type of structure, Vignolini et al. demonstrated in 2012 the first 3D chiral metamaterial made by selfassembly 95 . The alternated gyroid structure was created using poly(isoprene-b-styrene-b-ethylene oxide) PI-b-PS-b-PEO. Polyisoprene was selectively removed by UV-ozone treatment. The resulting pores were filled by electro-deposition of gold into the voided template. A subsequent plasma etch was used to remove the remaining polymer template leading to a free-standing single gyroid network of gold that replicated the original structure (see Fig 1.22A-D) with a unit cell of size ≈ 50 nm, which is far below optical wavelengths.

Figure 1 . 22 : 95 .

 12295 Figure 1.22: Self-assembly of a 3D chiral metamaterial using a BCP template. (A) BCP was assembled into a G A morphology. (B) Selective etching of one of the domains. (C) Selective deposition of Au in the porous structure. (D) Polymer removal resulted in a free-standing singlegyroid network of gold. (E) The anisotropic sample exhibited gyrotropic transmission that selectively allowed the passing of circularly polarized light corresponding to the structural chirality 95 .

  (x, y) plane for the first term and polarization in a plane containing the z direction for the second. When set to zero, the two terms correspond respectively to a spherical and an ellipsoidal isofrequency surface in the k-space, this is normally what occurs in the natural materials (Fig.1.23Ai). As opposed, in hyperbolic metamaterials, the anisotropy is very strong and the two components ε1 and ε2 have opposite signs, thus the product verifies ε1ε2 < 0.Then, the first term defines either an isotropic propagation or vanishes because it is algebraically impossible. The second term results in a hyperboloidal isofrequency surface, which defines a hyperbolic medium. Two different possibilities exist, if ε1>0 and ε2<0 the hyperbolic medium is called dielectric hyperbolic or Type I hyperbolic (Fig.1.23Aii). If ε1<0 and ε2>0, the hyperbolic medium is called metallic or Type II hyperbolic (Fig.1.23Aiii)104,105 .

Figure 1 . 23 :

 123 Figure 1.23: (A) The isofrequency contour for (i) an isotropic dielectric, for (ii) hyperboloid of a type I (Ꜫ1>0 and Ꜫ2<0) and (iii) hyperboloid of a type II metamaterial (Ꜫ1<0 and Ꜫ2>0). (B) Backscattering scanning electron microscopy side-view image (SEM) of the 265 nm-thick film of alternating layers of pure polymer (PS, appearing black) and of Au NPs:P2VP nanocomposite, appearing white, for a number of cycles of gold impregnation and reduction of 5 (a), 10 (b), 20 (c), 30 (d). (C) Parallel (red line) and perpendicular (green line) components of the uniaxial dielectric function of the lamellar nanoplasmonic stack 100 .

Figure 1 . 24 :

 124 Figure 1.24: (A) Schematic for metal NP ensemble preparation by (i) BCP selfassembly and substrate transfer and (ii) pattern shrinkage. (B) Ellipsometry measurements of refractive indices of Au, Ag and Au-Ag alloy NP ensembles before (dashed line) and after (solid line) pattern shrinkage 106 .
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 10 natural materials have around 2 as maximum), as is shown in Fig. 1.24B. Lamarre et al. 108 have proposed also another strategy using the BCP to organize Au NPs in colloidal solutions. Gold NPs are dispersed in a chloroform PS-b-PMMA solution and then spread at the air-water interface in a Langmuir-Blodgett set-up 109 . Based on the higher affinity of water for PMMA, PMMA thin films on the water surface decorated with PS islands were obtained. Depending on the ligand and size of the particles, they are located in the PS part or in the air/PS/PMMA triple interface, forming nanorings. Then these features were deposited on a solid substrate and their optical properties were studied. Interestingly, they have shown the possibility of tuning the optical resonances from visible to near IR spectrum, based on the ring organization of the particles.

  this chapter, we propose a straightforward fabrication technique of high-refractive index surfaces based on the hybridization of an out-of-plane PS-b-P2VP lamellar morphology with metallic precursors. The selective metal incorporation into the P2VP domains (as exemplified for gold in this chapter) allows us to obtain multiple arrays of defined geometries: from discrete gold NPs to continuous gold lines with tailored shapes and periodicity. First, we will start describing the preparation and the structural characterization of the BCP nanocomposite films to better apprehend the formation of these hybridized structures. Key stages in this process are: i. the formation of BCP nanostructured thin films with controlled orientation with respect to the substrate, which has been probed both by imaging (AFM and SEM) and scattering techniques (GISAXS), ii. the selective metal precursor incorporation into the BCP structure evidenced by structural and chemical analyses (KPFM and XPS), iii. the reduction of the metallic salts into metallic particles following two different processes based on reactive ion plasma treatment or UV irradiation.

Figure 2 . 1 :

 21 Figure 2.1: AFM topographical images of PS-b-P2VP films, immediately after spin-coating (A), and after 15 min (B), 1 hour (C) and 5 hours (D) of solvent annealing treatment.

  2.2B). This structure is then quenched when the solvent annealing chamber is open due to the quick evaporation of the solvent from the film, leading to well-defined out-of-plane lamellae (Fig.2.2C).

Figure 2 . 2 :

 22 Figure 2.2: Schematic illustrations of the changes occurring in the film of PS-b-P2VP during the annealing process. (A) Ill-defined structure obtained after spin-coating. (B) Homogeneous swelling of the film due to the solvent exposure leading to the self-assembly of the BCP chains into a lamellar morphology. (C) Quick evaporation of the solvent freezing the film morphology.

Figure 2 . 3 :

 23 Figure 2.3: (A) schematic illustration of the fabrication process of out of plane lamellar structures, in the first step a PS-stat-PMMA is grafted to the silicon surface and in a second step the PS-b-P2VP BCP is deposited onto the grafted neutral substrate. (B) AFM image of PSb-P2VP out of plane lamellar structures, immediately after spin-coating.

Fig. 2 .

 2 4 shows the AFM topography images of the different results obtained after the spin-coating.

Figure 2 . 4 :

 24 Figure 2.4: AFM topographical images of PS-b-P2VP film obtained from different concentration solutions: (A) 1 wt.%, (B) 2 wt.% and (C) 3 wt.%.

3. 1

 1 Fabrication of decorated surfaces: a structural study Nanoparticles (NPs) decorated surfaces were produced by combining thin film BCP selfassembly and selective hybridization of the BCP domains with metallic precursors following a methodology described in Fig. 2.6.

Figure 2 . 6 :

 26 Figure 2.6: Scheme of the fabrication of nanoplasmonic surfaces. (A) An out-of-plane lamellar BCP thin film can be obtained directly by spin-coating using a grafted layer. (B) These nanostructures are then used as a platform to selectively introduce the gold salt. Finally, gold NPs arrays were obtained by two different strategies, either (D) by O2 RIE or (C) by UV irradiation.

Figure 2 . 7 : 2 .

 272 Figure 2.7: (A) AFM images of PS-b-P2VP out of plane lamellar structures, immediately after spin-coating. (B) Gold-loaded P2VP domains by spin-coating of 1 wt.% gold precursor solution, and arrays of gold NPs obtained by (C) 10 seconds or (D) 60 seconds of oxygen plasma treatment.
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 28 Figure 2.8: SEM images of gold lines and discreet gold NPs arrays formed on a silicon substrate using a PS-b-P2VP copolymer template: (A) immediately after gold deposition, (B) after 10 s and (C) 60 s of oxygen plasma treatment.
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 29 Figure 2.9: GISAXS patterns and their corresponding line-cuts along qy integrated around the Yoneda band at different steps of the process: (A-B) after polymer deposition, (C-D) with the gold salt selectively incorporated into the P2VP domains and (E-F) after 60s of O2 RIE.
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 210 Figure 2.10: (A) Experimental and (B) simulated GISAXS patterns. The simulated GISAXS pattern corresponds to truncated spheres arranged in a 1D paracrystalline array and was obtained using FitGISAXS.

Figure 2 . 11 :

 211 Figure 2.11: High resolution XPS of Au 4f. (A) After impregnation with the gold salt. This profile is indicative of a mixture of Au(I) and Au(III). (B) After reduction of Au ions via 60 s O2 plasma treatment. This profile indicates Au(0) exclusively.

Figure 2 . 12 :

 212 Figure 2.12: (A) Topography and (B) CPD images obtained using the frequency modulation mode of gold NPs on Si substrate after 60 s of O2 plasma. (C) Work function map (in eV) of the sample surface retrieved from the composite topographical and CPD images.

Fig. 2 .

 2 13 shows SEM and AFM topographical images of PS-b-P2VP sample immersed in the gold precursor solution and exposed to UV irradiation for 24 h. A three-color pattern attributed to the PS, P2VP and Au can be observed in the SEM image. The AFM micrograph and N2 XPS spectra confirm that the polymer film has not been damaged during the exposure (for comparison, the N2 XPS spectrum of PS-b-P2VP sample immersed in the gold precursor and exposed to 60 s of O2 RIE is provided). Besides the Au XPS spectrum confirms the gold reduction during the UV irradiation treatment.

Figure 2 . 13 :Figure 2 . 14 :

 213214 Figure 2.13: (A) SEM and (B) AFM topographical images and the corresponding (C) N2 and (D) Au XPS spectrum of PS-b-P2VP sample immersed in the gold precursor solution and exposed to UV irradiation for 24 h.

  Au structures obtained after plasma treatment (60 s, 60 W, 10 sccm O2 or Ar) for immersion time ranging from 5 h to 120 h (for comparison the Au structure obtained via the spin-coating methodology is also included in Fig.2.15A). After 1 h of immersion, well defined Au dots with a 20 nm diameter were obtained, while, for 48 h of immersion, rod-like Au particles are formed after the O2 plasma treatment (Fig.2.15B). By further increasing the immersion time to 120 h, an increase of the length of the Au rods was observed leading to the formation of Au dashed lines on the SiO2 surface (Fig.2.15C).Interestingly, continuous gold lines were produced using an Ar plasma (60 s, 60 W, 10 sccm) for a 120 h immersion time of the BCP thin film (Fig.2.15D).

Figure 2 . 15 : 2 .

 2152 Figure 2.15: SEM images of discreet gold NPs arrays formed on a silicon substrate using a PSb-P2VP copolymer template by immersion in an aqueous 1 wt.% gold precursor solution for different times. (A) 1 hour, (B) 48 h and (C) 120 h followed by a subsequent O2 RIE treatment. (D) SEM image of continuous gold lines formed on a silicon substrate after 120 h of immersionin the gold precursor and a subsequent Ar plasma treatment.

Figure 2 . 16 :

 216 Figure 2.16: (A) High resolution XPS spectrum of Au 4f for three different polymer films immersed into the gold salt for different times 1 h (black line), 48 h (red line) and 120 h (blue line). (B) Total area of the peaks for the three different immersion times (1 h, 48 h and 120 h)

Figure 2 . 17 :

 217 Figure 2.17: (A) SEM images converted to B/N 8 bits images and treated with Visio Assistant software of discreet gold NPs arrays formed on a silicon substrate using a PS-b-P2VP copolymer template by immersion in an aqueous 1 wt.% gold precursor solution for different times: (I) 1 h, (II) 48 h and (III) 120 h. (B and C) histograms of dimensions of the particles and (D) histogram of the aspect ratio. All distributions were fitted with a Gaussian function of discreet gold NPs arrays formed on a silicon substrate using a PS-b-P2VP copolymer template by immersion in an aqueous 1 wt.% gold precursor solution for different times. 1 hour (I.), 48 h (II.) and 120 h (III.)

Fig 2 . 18 )

 218 reveals a clear resonance feature in the region ≈ 2.3 eV, which is attributed to the effect of the localized surface plasmon resonance (LSPR) of the Au NPs templated from the P2VP domains.A progressive evolution of the resonance band is observed, due to the increase of the gold amount on the surface and the shape evolution of the produced Au NPs. A slight shift in the SPR spectral position is also observed, from 2.30 eV (539 nm) to 2.20 eV (563 nm).

Figure 2 . 18 :

 218 Figure 2.18: Evolution of the measured ellipsometric angles, Ψ (full lines) and Δ (dotted lines), as a function of the photon energy for an angle of incidence of θ = 70° for three different immersion times 1 h (red), 48 h (blue) and 120 h (green).

Equation 2 . 2 3 )L 3 (

 2233 was applied to the set of measured Is and Ic values over all measured angles of incidence for each sample at different immersion times (1, 48 and 120 h), using for the gold permittivity a function modified from the Johnson and Christy tabulated data28,29 . The plots of the experimental results, for the incident angle 70°, and the corresponding fits are presented on Fig.2.19A-C.Two fitting parameters are used: the gold volume fraction f (involved in Equation 2.2), and the thickness t of the film (involved in the ellipsometric model). Fitting is satisfactory for the spectra in the cases of short immersion times (Fig.2.19A) when the produced NPs are spherical. On the opposite, when the NPs are elongated (Fig.2.19B-C) the quality of the fits decreases, particularly in the spectral region of the LSPR of the gold NPs (≈ 2.4eV). In order to obtain better-quality fits, we used a modified Maxwell Garnett formula dedicated to disordered ellipsoids30,31 defined as:This function applies to an assembly of ellipsoids of revolution (or spheroids) of dimensions a = c ≠ b, with a, b and c the three principal semi-axes of the ellipsoids and L the depolarization factor given by: is related to the aspect ratio, b/a, of the ellipsoids, and values for L with 0 ≤ L ≤ 1/prolate ellipsoids), L = 1/3 (sphere) and 1/3 ≤ L ≤ 1 (oblate ellipsoids) are possible.

Figure 2 . 19 :

 219 Figure 2.19: Plots of the experimental ellipsometric quantities, Is and Ic (red dotted curves) and the corresponding fitting (blue continuo lines) using (A, B, C) spherical Maxwell Garnett formula and (D, E, F) non-spherical Maxwell Garnet formula for three different immersion times: (A, D) 1 h, (B, E) 48 h and (C, F) 120 h. In each graph is given the value of the χ²parameter, indicative of the goodness of the fits.

Fig. 2 .

 2 Fig.2.17 presents the aspect ratio obtained by analyzing the SEM images of the Au structures obtained. All parameters are listed in Table2.6. The good agreement of the ellipsoidal Maxwell Garnett model, applying to non-interacting NPs, with both the ellipsometric data and the structural analysis indicates that plasmonic couplings are not significant in the optical response of the nanostructured film.

  with immersion time, and its spectral position shifts to lower energy; the shift goes from wavelength of 506 to 576 nm. These evolutions are related to the controlled increment in the gold volume fraction and the increased aspect ratio of the elongated produced NPs. Highrefractive index surfaces (n = 3.2) with relatively low extinction coefficient(1.4) are obtained at the maximum time of immersion (120 h). It is useful to note that an application of the simple spherical Maxwell Garnett model with similar gold volume fraction values would provide significantly lower values of n (nmax= 1.4 vs 1.8 for 10.3 vol.% and nmax= 1.6 vs 3.2 for 15.7 vol.%). It is noteworthy that the nanoplasmonic gold decorated surfaces with the highest n values reported in the literature32 (n = 5) required a gold content above 40 vol%.

Figure 2 . 20 :

 220 Figure 2.20: Optical index of the studied films obtained by the modified Maxwell Garnett formula. The blue, red and black curves correspond to the samples obtained from immersion time of 1 h, 48 h and 120 h respectively.

  this chapter, we propose a straightforward fabrication technique of hexagonal ordered NPs arrays, based on the selective hybridization of an out-of-plane PS-b-P2VP (or PS-b-P4VP) cylindrical morphology obtained from BCPs of various molecular weights. Several metals or dielectric species are selectively incorporated into the P2VP (or P4VP) domains leading to the production of arrays of meta-atoms with different structural parameters.

Figure 3 . 2 .

 32 Figure 3.2. Scheme of the reaction. Polystyrene is obtained in THF at -78°C in the presence of LiCl as additive. Polystyrene living chains were end-capped with a unit of diphenyl ethylene (DPE) before adding 4-vinylpyridine (4VP).

3. 1 .

 1 Self-assembly of PS-b-P4VP-21k A 0.5 % wt. solution of PS14.7K-b-P4VP6.3k in PGMEA was spin-coated (30 s, 2000 rpm) onto bare silicon wafers to give a film thickness of 30 nm. The AFM topographical image obtained immediately after the polymer deposition is showed in Fig. 3.3A. We can clearly observe regularly organized dots, which we interpret as the top surface of out-of-plane P4VP cylinders surrounded by a PS matrix. The Fast Fourier Transform (FFT) (inset Fig. 3.3A) of the AFM image reveals the hexagonal packing of the P4VP cylinders (P6mm symmetry) in accordance with the BCP phase diagram for this particular BCP composition. The Power Spectral Density (PSD) function calculated as the square of the absolute intensity value of the FFT (Fig. 3.3B) shows the position of the correlation peak (1.43), from which we can extract a cylinder centre-to-centre distance of 31 nm. The use of a high boiling point solvent during the spin-coating process (PGMEA, 145°C) limits the solvent evaporation from the wet BCP layer,

Figure 3 . 3 : 1 and 3 2 )

 33132 Figure 3.3: (A) AFM topographical image of the PS-b-P4VP out-of-plane cylinders obtained after casting from a 0.5 wt.% in PGMEA solution (inset correspond to the FFT of the image) and (B) power spectral density function calculated as the square of the absolute intensity value of the FFT.

Figure 3 . 5 :

 35 Figure 3.5: (A) AFM images of PS-b-P2VP film immediately after spin-coating and (B) the same film after 16h under THF solvent vapour annealing.

Applying Equation 3 . 3

 33 to the FHWM values calculated for our samples, we obtain an estimation of the grain size as showed in Fig.3.7B. We can confirm the previous AFM resultsshowing that, with longer SVA duration, larger BCP domains are formed (a decrease of the FWHM). For 16 h SVA, an increase of about 70% in the grain size is consequently noticed as regards to the as-cast state, until reaching almost 400 nm, typically ten times the periodicity of the nanostructure.

Figure 3 . 7 :

 37 Figure 3.7: (A) Normalized first brag rod peak of the sample at different SVA times, 0 h (black), 1 h (red), 6 h (blue) and 16 h (green), and the Gaussian fitting of each peak in order to determine the FWHM. (B) FWHM and the grain size values obtained after the Scherrer analysis 16 .

  mobility. In order to circumvolve this issue, prolonged SVA treatment was used to selfassemble PS267k-b-P4VP177k. A 2.5 wt.% BCP solution in toluene was spin-coated (30 s, 4000 rpm) onto bare silicon wafers to give a thickness of 110 nm. SVA treatment was performed in various solvent atmospheres for different durations and conclusive results were obtained for 24 h SVA in THF vapour. The AFM topographical image obtained after a subsequent solvent vapour annealing (SVA) of the sample in THF vapour for 24h is showed in Fig 3.8A. Out-ofplane cylinders of P4VP inside of PS matrix are observed. The power spectral density (PSD) of the Fast Fourier Transform (FFT) of the AFM image gives a centre to centre distance of 110 nm (Fig 3.8B).

Figure 3 . 8 :

 38 Figure 3.8: (A) AFM topographical image of the PS-b-P4VP out of plane cylinders obtained after casting from a 2.5 wt.% in toluene solution and after 24 h THF SVA and (B) Power spectral density graph calculated as the square of the absolute value of the FFT.

Figure 3 . 9 :

 39 Figure 3.9: AFM topographical images of (A) pristine PS-b-P4VP film, (B) polymer film after 30 min of immersion in the gold precursor solution and (C) after O2 RIE reductive process (60 W, 60 s, 10 sccm).

Fig. 3 .

 3 10A shows the results for the spectral region of interest. The black line represents the results obtained for the pristine polymer film: as expected, no gold or chlorine signals were detected. The signal that appears at 1860 eV corresponds to the Ar filling the sample chamber to minimize the X-ray absorption by ambient air. When the sample was immersed in the gold precursor solution (red line), two new peaks appear, one at 1780 eV assigned to Au and another more intense centred around 1830 eV and corresponding to the chlorine. Fig. 3.10B shows a scheme of the interaction between the polymer and the gold salt and allows a better understanding of the XRF spectra. The chloroauric acid first protonates the pyridine function. The tetrachloroaurate ions are then the neutralizing charge associated with the protonated pyridine moieties, leading to the detection of both Au and Cl signals on the XRF spectra. After the O2 RIE treatment, the signal attributed to the chlorine disappeared, while the gold peak remains, showing the reduction of the gold from Au(III) to Au(0).

Figure 3 . 10 :

 310 Figure 3.10: (A) XRF (X-Ray Fluorescence) results of three different samples, PS-b-P4VP pristine film (black), PS-b-P4VP after immersion in the gold precursor solution (red) and after O2 RIE treatment (blue). (B) scheme of the interaction between the polymer and the metallic saltprecursor.

Figure 3 . 11 : 4 . 2 .

 31142 Figure 3.11: GISAXS patterns (upper panel) and GISAXS pattern line-cut along qy integrated around the Yoneda band (lower panel) of the BCP film at different steps of the process: (A) BCP template, (B) with the gold salt selectively incorporated into the P4VP domains and (C) after 60 s of O2 RIE.

Figure 3 . 12 :

 312 Figure 3.12: XRR reflectivity data (black line) obtained for (A) PS-b-P2VP pristine film, (B) PS-b-P2VP films impregnated with gold salts. Red lines are the fitting obtained using the GenX software and were used to derive the SLD profiles for both samples (C and D respectively)

Figure 3 . 13 :

 313 Figure 3.13: AFM topographical images of different metallic arrays obtained using different BCP as a template. (A) hexagonal ordered arrays using PS-b-P4VP and (B) continuous lines obtained using lamellar PS-b-P2VP. (C) SEM image of Ag metallic NPs synthesis inside the BCP matrix and (D) Ag 3d XPS spectrum of the metallic array.

3. 14A .

 14A The topographical profiles, extracted from the AFM images, of the BCP films before and after immersion in the colloidal gold solution are also provided in Fig.3.14B. A small protuberance, around 2 nm, due to the P2VP cylinders is clearly detected on the pristine BCP film before immersion. After the selective binding of the gold NPs onto the P2VP domains, the height of the protuberances increases to 20 nm, demonstrating the selective binding between the gold NPs and the P2VP cylinders.

Figure 3 . 14 :

 314 Figure 3.14: (A) AFM topographical image of the PS-b-P2VP film after immersion in the Au NPs colloidal suspension. (B) Scheme of the process and topographical profiles obtained from the AFM topographical images of pristine polymer (left) and the polymer film with the NPs (right).

Figure 3 . 15 :

 315 Figure 3.15: GISAXS patterns of PS-b-P2VP pristine films (A) and hybridized with the Au NPs (B) and their corresponding GISAXS pattern line-cut along qy integrated around the Yoneda band (C and D). The red line in D represents the curve obtained for spherical objects of 20 nm diameter.

Fig. 3 .

 3 17A shows the AFM topographical image of the pristine PS-b-P2VP BCP polymer film. After the subsequent infiltration process in the ALD chamber, Al2O3 is selectively grown into the P2VP domains (see Fig. 3.17B). Finally, the sample is exposed to a UV/O3 treatment to remove the polymer and only maintain the inorganic part as small dots of Al2O3 are clearly observable after this process (see Fig. 3.17C).

Figure 3 . 17 :

 317 Figure 3.17: (A) and (B) AFM topographical images of PS-b-P2VP pristine film and after the incorporation of the Al2O3, respectively. (C) 45° tilted SEM image of the Al2O3 features obtained after removal of the polymer by a UV/O3 treatment.

Figure 3 . 18 :

 318 Figure 3.18: GISAXS patterns of PS-b-P2VP films after Al2O3 infiltration (A) and its GISAXS pattern line-cut along qy integrated around the Yoneda band (B)

Figure 3 . 19 : 3 . 20 .

 319320 Figure 3.19: AFM topographical images of all the possible structures created using the three different BCPs as a template (A-C) PS14.7K-b-P4VP6.3k, (D-F) PS150K-b-P4VP32k and (G-I) PS267k-b-P4VP177k, and using metallic salt impregnation (A, D, G) or ALD (B, C, E, F, H, I)

Fig. 3 .

 3 20).With the larger BCP templates, a progressive evolution of the resonance band is observed, due to the increase of the gold amount on the surface and the size evolution of the produced Au NPs. For that reason and since the most intense signals are attributed to the medium and bigger particles, we decided to focus our efforts to study more in details these two samples.

Figure 3 . 20 :

 320 Figure 3.20: Evolution of the measured ellipsometric parameters, Is (right) and Ic (left), as a function of the photon energy for an angle of incidence of θ = 50° for the three different size

Figure 3 . 21 :

 321 Figure 3.21: Evolution of the measured ellipsometric parameters, Is (right) and Ic (left), as a function of the photon energy for an angle of incidence of θ = 50° for the gold NPs obtained using three different PS150K-b-P4VP32k BCP film thicknesses, 80 nm (black line), 110 nm (red line) and 140 nm (blue line).

Fig. 3 .

 3 22), since harsher plasma conditions for the thicker films lead to the collapse of the structure because high elongated objects cannot maintain the vertical orientation.

Figure 3 . 22 :

 322 Figure 3.22: Scheme of the different structures obtained using different PS150K-b-P4VP32k BCP film thickness. I. Self-assembly, II. Selective impregnation with gold salts, III. O2 RIE treatment (60 W, 10 sccm, 60 s). (A) AFM and (B) 45° tilted SEM image of the gold NPs obtained using the 80 nm thick film.

Figure 3 . 24 :

 324 Figure 3.24: (A) AFM image and (B) topographical profile obtained for the Au NPs created on the silicon surface after etching the PS267k-b-P4VP177k BCP film, selectively charged with metallic salt. (C) Schematic of the particles with the structural dimension, and 45⁰ tilted 3D AFM image of the NPs on top of the silicon substrate.
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 12432534 Figure 3.25 Plots of the experimental ellipsometric quantities, Is and Ic (black lines) and the corresponding fitting using oriented ellipsoids Maxwell Garnett formula (red lines) for Au NPs decorated surfaces obtained after etching the PS267k-b-P4VP177k BCP film, selectively charged with metallic salt.

Figure 3 . 26 :

 326 Figure 3.26: (A) an AFM artefact due to the tip convolution arises from the measurement of small objects deposited on a substrate. (B) Scheme of the image dipole effect produced by the interaction between the particle and the surface of the substrate.

Fig. 3 . 27 .

 327 In the regions A and C, 𝜀 𝑥 and 𝜀 𝑧 present both high positives values. On the contrary, in the region B, the two components of the dielectric permittivity tensor ε have a very different value. Thus, for the spectrum region from 2.1 eV to 2.4 eV (516-590 nm -1 ) 𝜀 𝑧 presents a value close to 0 while 𝜀 𝑥 remains with a high value. This is a clear proof of the strong anisotropy of the decorated surfaces obtained following the hybridization of nanostructured BCP films. Interestingly, very dispersive dielectric permittivity values are obtained in the spectral region around 2.3 eV, due to the LSPR of the Au NPs created.

Figure 3 . 27 :

 327 Figure 3.27: Perpendicular (blue line) and parallel (orange line) components of the (A) real and (B) imaginary dielectric functions of ellipsoidal NPs obtained on top of the silicon substrates. The three different colors indicate the three regions of interest.

presented in Chapter 1 ,

 1 controlling independently the dielectric permittivity (ε) and the magnetic permeability (μ) can open the possibility of obtaining materials with extraordinary properties. Double negative materials (simultaneous negative values of ε and μ) have the potential to be integrated in perfect lens, which are of particular interest for lithography and optics1 . Nevertheless the control of μ is not trivial, since the natural materials have a negligible susceptibility at optical frequencies 2 . Thus, the design, synthesis and assembly of different artificial nanocomposites in order to tailor the magnetic response have been important foci in this field in the last years. Practical fabrication of such designs often involves elaborate chemistry and/or nanofabrication, which limits the capacities of scalability and development. New fabrication methods are needed, which can give access to large scale surfaces with few process steps.In the first chapter, some examples were given of how artificial optical magnetism has been observed in structures thinner than the wavelength of light as a non-local effect using complex structures, i.e., double fishnet or double ring resonators. Recently other types of nanocomposites were proposed. One of the most promising was presented by Lerond and coworkers in 20113 . It consists in the assembly of metallic nanoparticles (NPs) into plasmonic nanorings. Gold NPs are dispersed in a chloroform PS-b-PMMA solution and then spread at the air-water interface in a Langmuir-Blodgett set-up4 . Based on the higher affinity of water for PMMA, PMMA thin film on the water surface decorated with PS islands were obtained.Depending on the ligand and size of the particles, they are located in the PS part or in the air/PS/PMMA triple interface, forming nanorings. Different nanorings with different aspect ratio allow to tune the plasmonic resonances of the material5 .Another interesting structure is the raspberry-like magnetic nanoclusters, consisting in a dielectric core particle assembled with metallic satellites. The design of this type of metaatoms was proposed by Simovski-Tretyakov 6 in 2008. The successful synthesis of such objects (presented in Fig.4.1) by bottom-up approach was described recently7,8 . Silica NPs are coated by polycations (Fig.4.1A) inducing the assembly of negatively charged silver NPs (Fig.4.1B) to form raspberry-like meta-molecules. Finally, an outer silica layer is grown to stabilize the nanostructure (Fig.4.1C). Artificial optical magnetism (μ≠1), generated by resonant loops of plasmonic currents induced by the light wave9 , has been demonstrated recently for these structures10 .

Figure 4 . 1 :

 41 Figure 4.1: Schematic representation of the hierarchical self-assembly process of raspberry magnetic nanoclusters.

Figure 4 . 2 :

 42 Figure 4.2: AFM topographical image of hexagonal arrays of different materials obtained after impregnating PS-b-P(4)(2)VP BCPs films: (A,B and C) PS26k-b-P2VP5,7k, (D, E and F) PS247k-b-P2VP57k and (G, H and I) PS440k-b-P2VP353k.

Fig 4. 3 .

 3 

Figure 4 . 3 :

 43 Figure 4.3: Schematic representation of the process: (A) PS-b-P2VP self-assembly, (B) alumina infiltration by ALD, (C) controlled removal of 30 nm polymer film, (D) self-assembly of a second PS-b-P2VP BCP, (E) metal impregnation, (F) metal reduction.

Figure 4 . 4 :

 44 Figure 4.4: AFM topographical images of the different steps of the process to obtain bimetallic raspberry-like nanoclusters: (A) PS-b-P2VP self-assembled film. (B) Alumina dots obtained after 30 min of treatment with UV/O3. (C) Self-assembly of the second BCP on top of the Al2O3 dots. (D) small gold nanodots obtained on top of the Al2O3 particles after impregnation and O2 RIE.

3. Structural characterization of the nanoclusters 3 . 1 .

 31 Direct imaging of the nanoclusters (AFM and SEM)In a first step, the samples were characterized by AFM (Fig.4.5A) and SEM (Fig.4.5B).

Figure 4 . 5 :

 45 Figure 4.5: (A) AFM topographical image of the bimetallic nanoclusters formed by a core of Al2O3 and gold satellites (see schematic representation and topographical profile in inset) and (B) SEM image of the same sample (the Al2O3 dots are marked with blue circles to facilitate their recognition)

Fig. 4 .

 4 6A shows the GISAXS pattern obtained for the samples composed of Al2O3 particles made by sequential infiltration synthesis with the high molecular weight BCP film acting as a template. It mainly consists of intense Bragg rods inherent to the out-of-plane orientation of the BCP domains produced during the PS150K-b-P2VP32k spin-coating and subsequent solvent annealing. The position of the first Bragg peak (q*=0.085 nm -1 ) indicates a period of L0 = 2𝜋 𝑞 *

4 .

 4 6D). Thus, the newly visible Bragg rod observed at q = 0.241 nm -1 correspond to the gold dots created on top of the alumina layer. The period, between scattering planes (corresponding to a centre-to-centre distance of dC-C = 30.1 nm between cylinders) is in accordance with the AFM characterization and with the GISAXS data for the pristine polymer films obtained for this polymer (Chapter 3, Section 4.1).

Figure 4 . 6 :

 46 Figure 4.6: GISAXS patterns of the film in different steps of the process. (A) Al2O3 infiltrated into the P2VP domains of the high molecular weight BCP and (C) at the end of the process, with the gold NPs on top of the alumina dots. (B) and (D) correspond to the GISAXS pattern line-cuts along qy integrated around the Yoneda band of the corresponding samples.

Fig. 4 .

 4 Fig. 4.7A shows the measurement geometry used during the experiment. The measurements were made using the most frequently used geometries in x-ray reflection studies: the so-called θ-2θ scans. During a θ-2θ scan, the sample and the detector are rotated

Figure 4 . 7 :

 47 Figure 4.7: A) θ-2θ measurement geometry used during the XRR experiments and B) typical reflectivity curve obtained for an interface specular reflection.

Fig. 4 .

 4 Fig. 4.7Bshows the curve of the reflected intensity versus incidence angle corresponding to a unique interface between air and a homogeneous material. The X-ray reflection intensity is smoothly attenuated, and no oscillation fringes were discernible since there is no interferences between media of different electron densities.

Figure 4 . 8 :

 48 Figure 4.8: (A) X-ray reflection of a layer and (B) typical reflectivity curve obtained for a layer on top of a substrate and the relation between the profile of the X-ray reflectivity and the structural parameters.

  and β are constant in each of these created layers. The fit uses the Parrat formalism which iterates the calculation of the transmission and reflection at each interface to obtain at the end of the process an adjusted profile of the scattering length density (SLD) of the whole film thickness. The SLD obtained by the GenX software is related with δ and β by the following expressions, were re is the Thomson radius with a value of 2.818x10 -15 m. 2.3.-Raspberry-like nanocluster XRR characterization In order to have a better understanding of the nanostructure of the raspberry nanoclusters fabricated by the multi-layered self-assembly, XRR experiments were implemented at each step of the fabrication procedure (see Fig. 4.9).

Figure 4 . 9 :

 49 Figure 4.9: XRR reflectivity data (black line) obtained for (A) PS-b-P2VP pristine film, (B) PS-b-P2VP films infiltrated with Al2O3 and (C) PS-b-P2VP infiltrated with Al2O3 and with Au NPs on top of the surface. Red lines correspond with fitting obtained by GenX.

  In case of the pure polymer sample, the best fit with a figure of merit (FOM, quantity used for assessing goodness-of-fit) of 4.26x10 -2 (Fig.4.9A line black and red respectively) correspond to only one homogeneous layer with some roughness at the surface. Once the correct model was established, the scattering length density (SLD) profile was obtained as a function of the height Z (Fig.4.10). For negative Z, a SLD value of 0.71 Å -3 is obtained. For comparison with the theoretical values listed in Table

Figure 4 . 10 :

 410 Figure 4.10: SLD profile obtained after fitting the experimental XRR data for a PS-b-P2VP pristine polymer layer. Some graphical representations, AFM image and topographical profile are also presented to help the data interpretation.

Figure 4 . 11 :

 411 Figure 4.11: SLD profile obtained after the fitting the experimental XRR data for a PS-b-P2VP impregnated with Al2O3. Some graphical representations, AFM image and topographical profile are also presented to help the data interpretation.

Figure 4 . 12 :

 412 Figure 4.12: SLD profile obtained after the fitting the experimental XRR data for a PS-b-P2VP layer impregnated with Al2O3 and with Au NPs on top of it. Some graphical representations, AFM image and topographical profile are also presented to help the data interpretation.

4 .Figure 4 .

 44 Figure 4.13 (A) Schematic representation of the process to obtain decorated bimetallic nanowires. AFM topographical images of the different steps of the process to obtain decorated bimetallic nanowires (B) Pt nanowires obtained by selective impregnation of the out-of-plane PS-b-P2VP lamellar films and (C) bimetallic Au-Pt nanowires obtained by self-assembly of cylindrical BCP on top of the Pt nanowires.

  (Fig. 4.15A left). Afterwards, gold NPs are grown in a controlled manner to form patches at the dimples sites (Fig. 4.15A right). Fig. 4.15B shows the different conditions used in order to control the particle growth.

Figure 4 . 15 :

 415 Figure 4.15: (A) TEM images of the pristine silica particles with the 12 dimples (left) and after growth of the Au NPs in the patches (right). (B) reaction conditions used for the NPs controlled growth.

Figure 4 . 16 :

 416 Figure 4.16: Ellipsometric parameters Is and Ic as a function of the photon energy for different angles of incidences of θ = 50°, 60° and 70° obtained for the raspberry-like bimetallic nanoclusters formed by an alumina core surrounded by gold satellites (black lines) and the dodecapods consisting in a silica core surrounded by gold satellites (red lines).

Figure 4 . 17 :

 417 Figure 4.17: Evolution of the measured ellipsometric angles, Ψ (left) and Δ right), as a function of the photon energy for an angle of incidence of θ = 50° (black curve) θ = 60° (red curve) and θ = 70° (blue curve) for the raspberry-like bimetallic nanoclusters formed by a alumina core surrounded by gold satellites.

4 . 18 ).

 418 This element, crucial for the proper operation of the absorber, makes the transmission coefficient of the device approximately equal to zero for any frequency and is thus an important restriction limiting the possible application of such devices.

Figure 4 . 18 :

 418 Figure 4.18: (A and B) examples of stacks leading to optical absorbers with the backing metallic layer leading to (C) zero transmission at any frequency.

Fig. 4 . 19 .

 419 It consists in the deposition of consecutive layers of metallic NPs and polystyrene layers as spacer.

Figure 4 . 19 :

 419 Figure 4.19: Schematic representation of the fabrication process of transparent UV absorbers. (A) self-assembly of the cylindrical BCP, (B) selective hybridization and O2 RIE treatment in order to obtain the metallic NPs array, (C) cross-linkable polystyrene layer deposition by spincoating, (D) cross-link process, (A2) deposition of the second BCP layer. The process continues N times until obtaining the desirable number of layers.

Figure 4 . 20 :Fig. 4 .

 4204 Figure 4.20: AFM topographical images at different steps of the fabrication process, (A) after casting from a PS-b-P4VP 2.5 wt. % in toluene solution and after 24h THF SVA, (B) after selectively impregnation and O2 RIE, (C) after deposition of a PS layer, crosslinked by heating at 240°C for 10 min (D) after casting the second layer from a PS-b-P4VP 2.5 wt. % in toluene solution and after 24h THF SVA.

Figure 4 . 21 :

 421 Figure 4.21: (A) Images of the samples at different steps of the process in front of a white paper with grey dots (upper part) and in front of a white paper with a printed black logo (B) AFM image of the upper surface of the film after the deposition of 10 layers.

Fig. 4 .

 4 Fig.4.22 shows the transmission (T) measurements obtained for a sample ranging from 1 to 10 layers. A progressive decrease of the transmission in the spectral region from 500-600 nm - 1 is observed. This is assigned to the surface plasmon resonance of the gold NPs. Each additional layer induces a decrease in the transmission by 8-10%. At the end of the process

Figure 4 . 22 :

 422 Figure 4.22: (A) VIS-IR spectrometry measurements in transmission obtained for films from 1 to 10 layers. (B) Transmission and absorption VIS-IR spectrometry data corresponding to the sample after 10 layers.

Figure 4 . 23 :

 423 Figure 4.23: Backscattering scanning electron microscopy side-view image (SEM) of the 265 nm-thick film of alternating layers of pure polymer (PS, appearing black) and of Au NPs:P2VP nanocomposite, appearing white, for a number of cycles of gold impregnation and reduction of 5 (a), 10 (b), 20 (c), 30 (d).

Fig 4 .

 4 24 presents the evolution of the measured sample at different incident angles (ranging from 50° to 70°). The two ellipsometric parameters Ic and Is are presented as a function of the photon energy, between 1.4 and 3.3 eV. Ic and Is are related with the two ellipsometric angles (Ψ, Δ) by Equation 4.8 and 4.9.

Figure 4 . 24 : 3 . 11 ) 4 Table 4 . 4 :

 424311444 Figure 4.24: Ellipsometric parameters Is and Ic as a function of the photon energy for different angle of incidence (θ = 50° (black), 60° (red) and 70° (blue) obtained for the 10-layers sample.

Figure 4 . 25 :

 425 Figure 4.25: Plots of the experimental ellipsometric quantities, Is and Ic (red line) and the corresponding fitting using the oriented ellipsoids Maxwell Garnett formula (black line) for an angle of incidence θ = 50°.

Figure 4 . 26 :

 426 Figure 4.26: Perpendicular (black line) and parallel (red line) components of the (A) real and (B) imaginary dielectric functions extracted from the MG oriented ellipsoidal formula for the 10 layers sample.

Fig; 4 .

 4 Fig; 4.26 shows the potential of this strategy to create highly anisotropic 3D metamaterials
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 5253 Figure 5.2: 1 H-NMR (CD2Cl2, 400 MHz) of the PS150K-b-P2VP32k

Figure 5 . 7 :

 57 Figure 5.7: (A) Scheme of the procedure and picture of the spin-coater used during this study. (B) Schematic example of different stages during the spin coating process: a. deposition of the solution, b. and c. evaporation of the solvent during the rotation and d. final film.

Figure 5 . 8 :

 58 Figure 5.8: (A) Schema of the plasma etching steps and (B) plasma etcher used during this study.

Figure 5 . 10 :

 510 Figure 5.10: (A) Schematic of backscattered electron image and (B) SEM used during this study

  In our case, GISAXS experiments were performed on the Dutch Belgian Beamline at the European Synchrotron Radiation Facility (ESRF) station BM26B in Grenoble (12keV) (Chapter 2) and on SIRIUS (Soft Interfaces and Resonant Investigation on Undulator Source) station at the SOLEIL synchrotron (Gif-sur-Yvette) (8 keV) (Chapter 3 and 4).In both cases, the incidence angle was set in the range of 0.12 -0.19, which is between the critical angle of the PS-b-P2VP film and the silicon substrate. The beam illuminates the samples with a typical footprint of 150 mm 2 . 2D scattering patterns were collected with a PILATUS 1M Dectris detector and the sample-to-detector distance was set to 3060 mm (ESRF) and 4459 mm (SOLEIL). The beam center position and the angular range were calibrated using a silver behenate standard sample.In the case of the experiments performed at ESRF, GISAXS patterns were reduced using a home-made Matlab-based code. Intensity cuts along the horizontal qy and vertical qz were extracted from the GISAXS patterns after normalization for the incident photons and the exposure time by averaging the intensity of 5 adjacent pixel arrays, where 𝑞 𝑦 = 2𝜋/𝜆[sin (2𝜃 𝑓 ) cos(𝛼 𝑓 )] and 𝑞 𝑧 = 2𝜋/𝜆[sin(𝛼 𝑓 ) + sin (𝛼 𝑖 )] are the modulus of the scattering vectors in the direction parallel and perpendicular to the substrate plane and 𝛼 𝑖 , 2𝜃 𝑓 and 𝛼 𝑓 are the incident and scattering angles in the horizontal and vertical directions, respectively. For the GISAXS patterns obtained in SOLEIL the structural characterization was done using FitGISAXS software14 .

5 .

 5 13A). For this work a FILMETRICS F20-UV reflectometer with a thickness range from 1 nm to 40 μm was used (Fig.5.13B). The results were fitted with the software provided by FILMETRIC.

Figure 5 . 13 :

 513 Figure 5.13: (A) Schematic of principle of the spectroscopic reflectometry and its correlation with the film thickness and (B) system used during this study.

4. 7 .

 7 Variable angle spectroscopic ellipsometrySpectroscopic ellipsometry (SE) is an optical technique used for thin films and measures the change of polarization of the reflected (or transmitted) light as a function of the wavelength15,16 . The two fundamental values in the measurements are Ψ and Δ, which represent the module ratio and phase difference between reflected light waves known as pand s-polarized light waves, respectively (see Fig.5.14). These are defined with respect to the plane of incidence, which contains by definition the incident beam and the normal to the sample surface. The p-polarized light is a wave polarized parallel to the plane of incidence and s-polarized light is a wave polarized perpendicular to the plane of incidence.

Figure 5 . 14 3 )Figure 5 . 15 :

 5143515 Figure 5.14 Schematic of the principle of ellipsometry
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Table 2 .

 2 

	1 lists the

Table 2 .

 2 .% solution of PS102K-b-P2VP97K in toluene was spin coated (30 s, 2000 rpm) onto bare silicon wafers to give a film thickness of 38 nm. The film thickness was determined using a spectral reflectometer (see Section 4.6 of Annex) for experimental details). The self-assembly of the BCP thin films was promoted by exposing samples for different times (ranging from 15

1: Molecular characteristics of the PS-b-P2VP copolymer used in this work

A 1 wt

1/2 ) Polarity (MPa 1/2 ) Hydrogen (MPa 1/2 )

  

	Toluene	18.0	1.4	2.0
	THF	16.8	5.7	8.0
	PS	18.6	0.2	0.0
	P2VP	18.1	6.8	7.2

Table 2 . 2 :

 22 Hansen solubility parameters (MPa 1/2 ) for the materials used in this work.

	Atomic force microscopy (AFM) was used to probe the resulting structure after THF
	vapor annealing. Topographical images for several annealing times are presented in Fig. 2.1.

Table 2

 2 

	Polymer	Styrene (%) Mn (g/mol -1 ) Mw/Mn Σ (nm -2 )	t (nm)
	PS-stat-PMMA	73%	14620	1.8	0.317	7

.3 lists the set of parameters concerning the statistical copolymer used in this study.

Table 2 .3: Material

 2 

characteristic, Mn and Mw are the average number and mass molecular weights, respectively, Σ is the grafting density and t the thickness obtained by ellipsometry.

Table 2 . 4 .

 24 of PS and P2VP are summarized in It appears that the surface energy of the grafted layer lies between those of the PS and P2VP domains. Even if such analysis has to be used with caution, such grafted layer with an

	Polymer	Surface energy (mN.m -1 )
	PS-stat-PMMA	43±1
	PS	41.5
	P2VP	46.7

intermediate surface energy as regards to both BCP blocks is expected to promote an out-ofplane orientation of the lamellae

7,18 

.

Table 2 . 4 :

 24 Surface energy values for the PS-stat-PMMA, PS and P2VP.

Table 2 . 5 :

 25 Structural parameters obtained from the statistical analysis of the SEM images usingVisio assistant software.

	Sample	B length (nm)	A length (nm)	Aspect ratio
	1 h Au immersion	9.20	9	1.07
	48 h Au immersion	13.2	8.7	1.47
	120 h Au immersion	27.6	14.5	1.90

2.17 III.A-D).

Table 2 . 6 :

 26 Sample structural parameters with t MG the film thickness extracted from the fit of the ellipsometry data to the modified Maxwell Garnett formula, t AFM the film thickness obtained from the AFM topographical profiles. f MG the gold volume fraction and LMG the depolarization factor are both extracted from the fit of the ellipsometry

	Immersion time	t MG (nm)	t AFM (nm)	f MG (%)	L MG	b/a MG b/a SEM
	1 hour	8	8.5	5.1	0.3	1	1.1
	48 hours	9.3	9.7	10.3	0.23	1.5	1.4
	120 hours	10.1	10.4	15.7	0.18	1.9	2
	data to the modified Maxwell Garnett formula (Equation 2.3). From L MG , we can extract
	an aspect ratio, b/a MG , and compare it to the mean aspect ratio b/a SEM given by
	statistical analysis of the SEM images.				

Once the parameters f and L have been determined, the Maxwell Garnett formula (Equation

2

.3) gives access to the optical index of the composite film. Fig.

2

.

20 

shows the

Table 3 .

 3 1 lists the macromolecular parameters of the various BCPs: Mn and Mw were extracted from the SEC analysis while the S and P molar fractions were extracted from the NMR analysis.NMR spectra and SEC analysis graphs are provided in the Annex at the end of this thesis.

	Sample	Mn	Mw	Mw/Mn	Fraction S	Fraction P
		(kg/mol)			(molar ratio)	
	PS-b-P4VP-21k	21,0	25,9	1,23	69,9	30,1
	PS-b-P2VP-183k	182,7	248,7	1,36	81,9	18,1
	PS-b-P4VP-444k	443,9	500,3	1,13	58,3	41,7

Table 3 .1: Macromolecular

 3 

characteristics of the synthetized PS-b-P4VP BCPs.

Table 3 . 2 :

 32 Hansen solubility parameters (MPa 1/2 ) for the materials used in this work.

		1/2 )	Polarity (MPa 1/2 )	Hydrogen (MPa 1/2 )
	PGMEA	15.6	6.3	7.7
	PS	18.6	0.2	0.0
	P4VP	18.5	7.8	6.2

Table 3

 3 

	.3 lists all

Table 3 . 3 :

 33 SLD theoretical values for the materials of interest in this study, calculated using

https://sld-calculator.appspot.com.

Table 4 .2).

 4 

	Dielectric (core)	Metal (satellites)
	Al2O3	Au
	TiO2	Pt
	SiO2	Ag
		Pd

Table 4 . 2 :

 42 Dielectric-metal hybrid nanoclusters obtained following the described strategy (bold) and other proposed combinations (italic).

Table 4 . 3 .

 43 During this section SLD values will be expressed in Å -3 , obtained dividing the SLD value by the Thomson radius (re).

	Material	Formula	Density	SLD (Å -2 )	SLD / re (Å -3 )
	Silicon	Si	2.3	2.0x10 -5 -i 4.6x10 -7	0.71 -i 1.6x10 -2
	Polymer	C15H15N	1.02	9.3x10 -6 -i 1.3x10 -8	0.33 -i 4.6x10 -4
	Gold	Au	19.6	1.25x10 -4 -i 1.3x10 -5	4.44 -i 0.46
	Alumina	Al2O3	3.95	3.25x10 -5 -i 3.8x10 -7	1.15 -i 1.3x10 -2

Table 4 . 3 :

 43 SLD theoretical values for the materials of interest in this study, calculated using

https://sld-calculator.appspot.com.

II

CHAPTER 2 |High refractive index in low metal content nanoplasmonic surfaces from self-assembled block copolymer thin films III CHAPTER 3 |Controlling the optical response through the macromolecular engineering of cylinder-forming block copolymers

Selective hybridization

Through this section the different strategies to selectively impregnate BCP domains will be presented. Such methodologies allow obtaining a great variety of both metallic and non-metallic ordered arrays from BCP structures. Since the procedures are independent of the BCP molecular weight, each procedure will be exemplified as regards to a particular case, even if all the techniques and procedures were applied to all the polymers under study.

Metallic impregnation of nanostructured thin films

In section 3.1, we have described the procedure to self-assemble the PS14.7K-b-P4VP6.3k

BCP into well-ordered periodic structure (see Fig. 3.9A). In order to produce the desired metallic arrays, the second step of the fabrication process consists in the selective impregnation of the BCP structure. In the case of gold, the selective incorporation into the P2VP domains is insured by the Brønsted base character of the 4VP units forming pyridium salts in the presence of the tetrachloroauric acid (HAuCl4) through the protonation of the pyridine moieties 18 . Thereby, the polymer film was immersed in the metallic salt precursor solution (HAuCl4, 1 wt.% in miliQ H2O) for a fixed duration (30 min) to facilitate the ionic interaction between the pyridine and the Au(III) ions. The penetration of the gold salts is facilitated by the swelling in water of the P4VP domains and appears to be homogeneous along the whole film thickness. It is noteworthy that the swelling of the P4VP cylinders also induces an increase of the diameter of the cylinders, while keeping the centre-to-centre distance unchanged. This can be clearly observed in the topographical AFM image presented in Fig. 3.9B, obtained after a subsequent step of water rinsing. A final step of O2 RIE (60 W, 60 s, 10 sccm) was performed in order to remove the BCP template and reduce the metallic salts, as already described in the previous chapter. At the end of the process, the decorated surface consists of a hexagonal array of metallic gold NPs deposited on the silicon wafer (see Fig. through the Fresnel coefficients, namely the wavelength , the angle of incidence, the index N = n + ik of the film material and those of the ambient (air) and substrate media. Only a limited number of examples of extinction of rs have been described, so far, in the literature 24 , and even less in self-assembled nanostructures.

Conclusions

Through this chapter, we have introduced an interesting type of meta-atoms consisting in a dielectric core surrounded by different metallic satellites. This design leads to structures presenting artificial optical magnetism (μ ≠ 1). Due to the final shape, these objects are commonly named as raspberry nanoclusters. We have presented here a versatile and straightforward strategy to obtain on-demand bimetallic raspberry nanoclusters using multilayered self-assembled BCP films, selectively impregnated with different metallic species.

Indeed, for the first time, ordered monolayers of this kind of structures have been obtained.

Several techniques, i.e., AFM, SEM, GISAXS and XRR, have been used to characterize the designed structures. Finally, optical measurements by VASE have revealed the similarities between our structures and the ones synthetized by a colloidal chemistry approach.

In the second part of the chapter we have presented how the control obtained in the self-assembly of 2D structures can help us to create on-demand 3D materials, where all the structural parameters can be easily tuned. Layer-by-layer deposition of gold NPs arrays obtained by self-assembled BCP films, allows us to obtain a transparent and selective absorber in the visible region of the spectra, with possible applications in the OPV field. Moreover, this approach constitutes a very promising starting point in the design of new structures for hyperbolic 3D metamaterials.

region from 516 nm -1 to 590 nm -1 , leading potentially to the application of such structures as low impedance metasurfaces.

Besides, we extended the variety of hybridized materials to others metals and dielectrics. For instance, metallic Pt and Ag structures were created by immersion of BCP thin films into precursor solutions. In another demonstration, colloidal gold NPs were selectively bound to the BCP domains. Finally, dielectric Al2O3 and TiO2 arrays were produced using the ALD technique adapted to the hybridization of BCP thin films.

All these different combinations of structural parameters and materials allow us to create more complex structures using a layer-by-layer self-assembly strategy. As examples, raspberry-like bimetallic nanoclusters and layered hybrid (metallic/polymer) structures were designed paving the way to the production of on-demand 3D structures from BCP selfassembly. Preliminary optical characterizations also showed the potential of such complex structures for manipulating electromagnetic waves.

The different strategies presented herein are thus promising even if further work is needed to completely assess the potential of these decorated surfaces. A particular point of interest would be to design anisometric plasmonic NPS arrays. Indeed, a recent collaborative project with Pr. Kildemo, from the Norwegian University of Science and Technology, has been launched with the objective of exploring the innovative concept of phase gradients along the surface. Such phase gradients can be produced from gradients in the orientation, size and shapes of the particles along the surface. Such metasurfaces can then be exploited to control properties such as colour and polarization. We believe BCP self-assembly can provide a great alternative in order to create these phase gradient surfaces.

ANNEX | Instruments and methods

Polymer characterization

1 H-NMR spectra were recorded using a Bruker AC-400 NMR spectrometer at room temperature. The resonance frequency was at 400 MHz and the solvent used was CD2Cl2. Size Exclusion Chromatography (SEC) was performed at room temperature and the samples were prepared in a mixture of THF/trichlorobenzene (1L/2mL) as solvent. Trichlorobenzene is used as a flow marker and the measurements are performed at 30°C at a flow rate of 0.8 mL.min -1 using a differential refractometer RI (Varian) and a UV-Visible spectrophotometer (Varian) operating at 260 nm and using 3TSK gel Tosoh columns. The elution times were converted into molecular weights using a calibration curve based on low dispersity polystyrene standards.

The shoulders appearing in Fig. 5.5 and 5.6 are attributed to the presence of some PS homopolymer impurities produced during the reactions (i.e., uncomplete crossover between the styrene and the vinylpyridine blocks).

1 H-NMR characterization

Below are given the 1 H NMR spectra of the copolymers synthesized during this study. All 

SEC characterization

Below are presented the SEC traces for the copolymers synthesized in this study. Depending on the type of sample-tip interaction, there are three operation modes: contact mode, non-contact mode and tapping mode. In contact mode, the tip constantly touches the sample surface and scans across the surface. The contact mode microscopy gives an accurate image with high resolution, but both the sample and the tip may be damaged due to the direct contact. Such damage can be avoided by using the non-contact mode; however, the resolution is decreased. Hence, the tapping mode, a combination of contact and noncontact mode, appears to be a good solution. In tapping mode, the tip is alternatively placed in contact with the surface to provide a high resolution and lifted above the surface to avoid dragging the tip across the surface. The cantilever oscillates close to its resonant frequency with an amplitude between 20 and 100 nm.

In this work, a Dimension Fast Scan AFM from Bruker was used in tapping mode to characterize the surface morphology of the different films (Fig. 5.9B). Silicon cantilevers (Fastscan-A) with a nominal tip radius of 5 nm and a spring constant of 18 N/m were used. The resonance frequency of the cantilevers was 1400 KHz. The images were analysed using the WSxM software 11 .

Scanning electron microscopy

The signals used by a scanning electron microscope 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: SEI and 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 (Fig. 10A), 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 12 .

acquired at a 200 eV pass energy and the high resolution spectra were acquired with a pass energy of 40 eV. Thermo Scientific Avantage software was used for fitting and quantification.

Kelvin probe force microscopy (KPFM)

The Kelvin probe force microscopy (KPFM) is a noncontact variant of atomic force microscopy (AFM) (Fig. In our case, KPFM experiments were performed in ambient conditions using a commercial AFM (Dimension Icon, Bruker) in frequency modulation mode (FM-Kelvin Probe Force Microscopy) with highly doped Si probes (PFQNE-AL, Bruker). For KPFM experiments, AC voltages of 5 V were applied to the sample. In FM-KPFM, the contact potential difference (CPD) is measured simultaneously to the surface imaging. KPFM images were analysed with Nanoscope analysis software (v1.8, Bruker).

Grazing-Incidence Small-Angle X-ray Scattering (GISAXS)

Grazing-Incidence Small-Angle X-ray Scattering (GISAXS) is a surface-sensitive scattering technique used to probe the nanostructure of thin films; essentially a reflectionmode version of SAXS. It is a versatile and powerful technique, which enables studies of nanoscale objects deposited on surfaces (e.g. nanoparticles), thin and ultra-thin layers of nanomaterials (e.g. block-copolymers) or nanostructured surfaces (e.g. lithographic patterns).

A typical GISAXS experiment involves directing a focused and collimated X-ray beam towards the surface of a thin film supported on a flat substrate. The grazing-incidence angle is carefully controlled using a sample-tilt stage and is typically on the order of 0.05° to 0.50°.

At these shallow angles, the X-ray beam is efficiently reflected off the sample or substrate surfaces (Fig.